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FOREWORD

Three and a half years have passed since the IAEA held its third Symposium on
Neutron Inelastic Scattering in Bombay, India. During this period, studies of the dynamics
of . liquids, solids and magnetic systems by inelastic scattering of neutrons have resulted
in the maturing of the theoretical aspects, and in more sophisticated interpretation of ex-
perimental data. From the many laboratories where neutron scattering research was recently
introduced, the first results have now been obtained. This situation was reflected in the
very large number of abstracts submitted to the selection committee that prepared the pro-
gram for the Fourth Symposium held in Copenhagen from 20 to 25 May 1968. In the
event, 99 papers from 21 countries and two international organizations were selected for
presentation. Because of this large number of contributions, 53 papers were summarized
by seven rapporteurs. These papers were discussed in groups and the discussion is included
in these Proceedings after the full texts of the contributions; the rapporteurs’ texts, however,
have not been included.

Although the meeting concentrated on experimental results and their interpretation,
it was realized that experimental methods and techniques have been greatly improved during
the last few years. Consequently, a Special Session was organized, devoted entirely to this
topic. Several of the new experimental techniques are arousing interest.

Three prominent experts were invited to present review papers covering the advances
of recent years. In addition, two invited papers on competitive, non-neutron techniques
for dynamics studies were included in the program, thereby establishing a connection be-
tween neutron inelastic scattering and nuclear magnetic resonance, optical and other
techniques for investigating the dynamics of solids and liquids.

The Symposium was held at the kind invitation of the Danish Government. Gratitude
is also expressed to the authors of the papers, the rapporteurs, the chairmen of sessions
and the discussion participants for their contributions to the success of the Symposium.



EDITORIAL NOTE

The papers and discussions incorporated in the proceedings published
by the International Atomic Energy Agency are edited by the Agency's edi-
torial staff to the extent considered necessary for the reader's assistance.,
The views expressed and the general style adopted remain, however, the
responsibility of the named authors or participants,

For the sake of speed of publication the present Proceedings have been
printed by composition typing and photo-offset lithography. Within the Limi-
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POJIbL SJIEKTPOHOB B $OPMHUPOBAHUU
®OHOHHOI'O CIIEKTPA METAIJIJIOB

I0 . KAT AH, E.".BPOBMAH
HHCTUTYT ATOMHOHN SHEPI'MHU
umM . 1.B.KYPUYATOBA, MOCKBA,
CCCP

Abstract — Annotauun

THE ROLE OF ELECTRONS IN PHONON SPECTRUM FORMATION IN METALS ¥ The explanation of
phonon spectra insimple metals is based on long-range interaction between ions. A better description can
be obtained if the electrons are included in the treatment. A theory based on the electron-ion system
enables a better understanding of the indirect interaction between ions for a majority of non-transient
metals. The physical and mathematical foundations are constituted, and the theoretical elaboration of
this mode] is presented.

The role of electrons in formations of the phonon spectra in metals is illustrated on examples of
simple metals and metals with hexagonal structure. It is shown that the phonon spectra of complex
metals could be satisfactorily explained by treating the short-range non-pair and the long-range pair
interactions separately.

POJIb SJIEKTPOHOB B $ OPMHPOBAHHWN @OHOHHOT'O CIIEKTPA METAJJIOB. &o-
HOHHbIl CIEKTP NMPOCTbIX METa/OB OCHOBBIBAETCH Ha AaNbHOAEHCTBYOEM B3aUMOAEHCTBHUH Me X~
Ay noHaMu. Bonee nonHo ¢ OHOHHBIA CNEKTP METaMNIOB MOXHO O6BACHUTH, €C/IH YUECTh Haluuue
anexTpoHoB. Teopus, oCHOBaHHAs Ha 371€KTPOH-HOHHOM CUCTeMe MeTasia, AaeT BO3MOXHOCTH
Nyylle MOHATH KOCEEHHOE B3auMoAeHCTBHEe MeXAy WHOHAMM s GONbWHWHCTBA HENEPEeXOAHBIX Me=
Tamios. B nanHoit paGoTe npUBOAATCA U3HUECKHE U MATEMATHUYECKHE OCHOBHI, a TakXe AaeTcs
TeopeTHyeckasa pas3paborka Takoil Moaenu.

Poap 31eKTPOHOB B HOPMHUPOBaHUH ¢ OHOHHOTO CMEKTPa METAaNNOB MAMTIOCTPHPYETCS Ha
ApMMepax NMPOCTHX METa//IOB U MeTalNoB C TeKCaroHasbHOM CTpyKTypoil. IlokasaHo, uto do-
HOHHBI#l CMEKTP CIOKHBX METAN/NOB MOKHO AOCTATOYHO XOPOWO ONHCaTh, B AENAA B ABHOMN
dopMe HemapHoe KOPOTKOAEHCTBYKLEE ¥ NAPHOE NanbHOAEHCTBYLWee B3aUMoAelCTBUA .

BBEIEHURE

B nocnefH¥e TOAH CTANC OTYETIMBO ACHO, 4YTO JNA DOHOHHOTO
CNeKTPa MeTalNOB XapaKTepPHO CymecTBOBAaHWe JaldbHOXelcTBywimero
B3aMMOJe#iCTBUA MeXXy nMOHAMM. 3TOT GarT OHA OCHApPYXeH yXe B M3-
BecTHO padoTe Bpokrxaysa u gp. [ I], B ROTOpOR u3yuanca HOHOH~
Hult cnexTp cBMHOA. OZRaro, moxanyll, HauGonee APKO DOJNb JANBHO-
IeflcTByDLEro B3auMofelicTBMA NPOABMJIACH TOrXa, KOrja Haualuch
uccneropanus GOHOHHOrO CHeKTpa GoNee CJIOEHHX MeTalNOB, TAKUX,
HanpimMep, kak oaoso [2]—[4] nwmw mmr [5], [6], T.e. HERYOU-
YECKHX MEeTaJNOB C JBYMA aTOMaMy B 2JeMeHTapHo} sauelfike. 310 06-
CTOATEeNBCTBO HEe cryuqaltno. Jleno B TOM, UTO CpaBHUTEeNbHAA NPOCTO~
Ta NUCTNEPCUOHHHX KPUBHX B CAyuae NPOCTHX MeTalJ0OB NMOYTH BCErka
IomyckaeT ajbTepHATUBHOE ONUCaHMe Ha A3HKE KODOTKOXeliCTBYDHMETo

An English translation of this paper is available on request from the Editorial and
Publications Section, IAEA.



4 KAT AH u BPOBMAH

B3auMofelicTaua ¢ OnuxajimvMMy KOODAMHAILMOHHHMM cdepammu. [Ipv 9TOM
CXBAaTHBaNTCH OCHOBHHe YEDTH CNeKTPa M yX, BO BCAKROM CIyyae, XO-
POmO ONUCHBARTCHA KHTerpalbHHE N[O CNEKTDPY PU3MUECKUEe BeNNUMHH,
Ing cAOXHHX MeTalNOB KapTMHA OKas3HBaeTcd MHOI. Tax,B ciyyae
0J0Ba MONHTKY YYECTh TOJBEO B3auMoZelicTBMe ¢ CiAuxaiiuumMy XOOpIU-
HamMOHHEMM chepamM¥ npMBENE X HENPABUNBHOMY BUILY CIIeKTDa, Ha 0OC-
HOBE KOTODOTO0 HE yIaBaloCh OOBACHUTL JaXe MHTErpaibHHE NO CNeKTr-
PY BEJMUUEH,

Ina Gojlee MM MeHee Da3YMHOTO OMUCARUA ZUCIEDCUOHHHX KPUBHX
¥ BCEro CneKTpa B LEJNOM NOTPeCOBaNoch yuecTh, mO Kpaitnelt Mepe,

6 xoopIMHAIMORHHX cdep ¥ I4 He3aBMCHUMHX KOHCTAHT [7] , & YyTh
donee xopomee ¢Oriacue MexIy BHUMCIEGHHHMM M HM3MEDEHHHMU IUCTEp~-

CHOHHHMU KDMBHMM XOCTUTalOCh yXe 3a cyeT yueTa 12 koopIvHamMoR-
HHX cdep u 26 cuiosHX xoHcramt [ 8] .

OdpacHenue JalbHOZelicTByDmEro B3aUMOLeHCTBUS,KaK M BoOOme
Bcell TOHKOH CTPYETYDH KMCHEDCHMOHHHX KDUBHX, JIeXuT B 0COGO¥ poiu
3MEKTDPOHOB NPOBOZMMOCTY B $opMMpOBaHMK (OHORHOTO CHEKTpa MeTal-
0B, TOYHEe ropopA, B XapakrTepe KOCBEHHOTO B3auMOJefiCTBUA MEXXY
NOHAMM Yepe3 3NeKTPOHH, OXHakKO pa3BuTHe B NOCHKEXHME TOXH OCmue
npelcTaBlienud 00 SJMeKTPOH-KOHHON cuCTeMe MeTakiaa MO3BONADT IO-
ClleOBATENBHO DEUUTHL BONPOC 'O KOCBEHHOM B3amMojelicTBuu MEXILY
UOHaMy JAA CONBEMHCTBA HENePeXOoAHHX MeTajlloB. TeM CaMHM BO3HU-
KaeT 3aMaHuyBad BOBMOEHOCTH onpelelleHus (POHOHHOrO crexTpa mupo-
KOr'0 RJacca MeTalloB, MCXOLA M3 NEPBHX NPUHIMIOB WAX xe INpuUBJIe-
Kaf OyeHb HeGONBNOE YKCNO DRCIEePUMEHTANBHHX KOHCTAHT.

CHopMyARDYEeM KDATKO Te COBDEeMeHHHEe NpejCTaBlieHua O MeTalie,
KOTODHE CYWECTBEHHH JJf JNanbHelimero aHajiusa.

I. B MeTanle BCe BAJIeHTHHE 3JEKTDOHH KOJAJNEKTHBUIKPYDICH,
006pa3ysd KBa3UCBOGCOIEYD 2JIEKTPOHHYD noacHcremy. JKCHePUMEHTAlb~
HO 9TO Jerko npoBepseTcA N0 00beMy, KOTODHH 3anMManT 9NeKTPOEH
B MMIY/JBCHOM NPOCTDAHCTBE.

2. OcrapmUecs MOHH O0XaZaw? CPABHHTEJNBHO MAJHM DasMepoM,

. 3anumMad npuvepHo I0% oT o0BeMa, NPMXOZAWLErocAa Ha I aToM KpucTral-
fa, [Ipy 3TOM MOHH He NEePEeXPHBADTCA, COXPARADT NPaAKTUUYECKM CBOH-
CTBa W30JMPOBAHHOTO MOHZ U B3AUMONEACTBHE MEXXY HUMH HOCHT
TJH&BHHN 00Da30M, KYAOHOBCKM} XaDakTep ¢ BOSMOXHOW MaNoif NpuMechHD
Ban-xep-BaanbCOBCEMX CHMA. B cuiy sTOro, oo Kpaitne#f Mepe HA cOB-
PeMeRHOM YDOBHE, MH XNOJEHH CYMTATDH NpAMOE KODOTKOZelicTmypmee
B3auMoelicTBne MEXXy momawu, Hanpumep Dopr-Maltepesckoro Tuna,
OTCYTCTBYDHMM, Ha npuMepe HaTpUd 2TO OHIO YETKO NMPONEeMOHCTPUDO-
sano Bocko [9] .

3. B OCHOBHOK uacTn O0LeMa OTHeNBHHE 3AeKTPOH B3ammojelicT-
ByeT C MOHOM UMCTO EYJOEOBCRMM 00pas’oM. B mpelesax xe UOHa
verunnadl Y ~PyHELMA SNEKTPOHA MCIHTHBAET CUNbHHE OCIMJUIATUH,
NIOCKONBKY OHA KOJXHA COHTb OLTOr'OHAJABHA K COOCTBEHHHM (QyHKLMAM
MOHHOTO 0CTOBa. JTO NPMBOZUT K DEe3KOMY yMeHBmeHMD 3ddexTHBHOTO
B3auMOXeICTBMA DJIEKTPOHA C MOHOM ¥, CNeXOBATENBHO, AMIAUTYIH
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paccesHus BJCKTPOHA Ha KOHe NpM GOJABUMX NMepelavax umnyarca. Ta-
KOe yMeHbmeHue B3auMoZelicTBMSA SKBMBAJEHTHO MNOABJEHUD B Npejetax
¥OHa HexoToporo 3hdeXKTUBHOTO OTTAJKMBADEEIO MOTEHLMANA, KOTODHK
B SHAUYNMTENBHOH CTeneHM KOMIEHCUDPYET CAMOCOTJaCOBaHHHI MOTeHUMA
KOHHOI'O OCTOBa, B pe3yJbTaTe NOABAAETCA BO3MOXHOCTL 32aMEHH MC-
TUHHOTO NOTeHmMaha Ha HeKOTOpHH 3dexTuBHHE NCeBRONOTEHIMAT, B
olmeM chayvyae HelOKanbHNIl, Xawmuil Causxoe K UCTHHHOMY 3HayeHue
aMIIUTYIN paccesdHMs ¥ ONU3KOe K NAOCKON BOJNHe NOBexeHue v -
dyrKOMM SJEKTPOHA yEe BO BCeM NpocTpaHcTBe. HoHuenuusa ncesxo-
norexmmana (cM., msanpumep, [10]- [I2]) oxazanach ouens afdexTun-
HOt INf PAacCMOTDEeHMA caMHX Da3JUYHHX CBOWCTB MeTalNioB.

4. OddexTuBHOE yMeHbHEHMe B3aumMoJellcTBMA B mpeNenax MOHa
NPUBOIUT K TOABAEHMD MaNOTO NMapaMeTpa B TEODHM MeTakja. JTHUM ma-
paMeTpoM ABJAAeTcA OTHOmeHWe (iypbe-KOMNOHEHTH NCeBIONOTeHIMala B
Gmuxalimuy ysnax oopaTsod pemerxu Vi & smepryn epun Ep (ana
NPOCTOTH DACCYXKIEHMS MH NpelnofiaraeM NCeBIONOTEHIMAN JNOKANBHHM) .
IMeHHO Haluuye 3TOr0 MaJOTO MapaMeTpa OnpeXeausno CoabWoif ycnex
MOJIeTM KBA3UCBOGOZHHWX 3MAeKTDOHOB NPM OMMCARUM JNEKTDOHHHX CBOHCTB
merannos (em., Hanpumep, [I2] ).

TyeTh Iia MeTala CNpaBelAuBO aluaCaThyeckoe NPUCIMEEHHUE.
(OGcyzgmenne 2TOTO BOMpOCa MpOBeXeNO B clAelybueM paslene). Torga
Ha OCHOBE CKa3aHNHOTO MOXKHO 3aKJDYNTh, YTO, e€CJM U3BECTEH dPpex-
THBHHY NOTeHIMal, onucHBawuuil B3auMolelicTBue BMEKTPOHA C K30/M-
DOBAHHHM MOHOM, TO 3HEPrua Bceff cMCTEMH mpu (MXCUPOBAHHOM NMOJO-
XEeHUM UOHOB, & CJelJOBATENbHO, M COOTBETCTBYDWAA AMHaMyecXad MaT-
pulla xoneGauuit,p NpUHIMNE, ABAADTCH (YHKIMOHANOM OT 3TOT0 B3an-
MOZelcTBUA M He NONXHA COJeDPEATH HMKaKUX IDYTHMX TapaMeTpos Wiy
BENMUMH, KPOME TPUBUANBHHX.

Pemas 3afayy BO BTODOM TOPANKe TEODMM BO3MYUWERNS NO NCeBXO-
NOTEHIMATY , NPUXOIMM K NAPHOMY B38UMOXEHCTBUD MeXAYy MOHAMM LEHT-
PAnBHOTO THNA. VIMEHHO B BTOM NPUGMMEEHMM U OHAM NOAYYEHH BCE
KOHEDeTHHE pe3ynbTats B padorax Toftu [I3] ,[14], Uama [I5]u
Bocko [16] , TXe paccMaTpuBaicd (QOHOHHHM CIEKTDP MPOCTHX meTan-
N0B, PAABHHM 00Da30M, HATDUA. BHUMCIEHUA DasiAnMdaiuCch TOMNBKO Das-
HHM BHOODOM 3(PPeXTHBHOrO 3AeKTPOH-MOHHOTO B3anMOJZeHCTBMA U Das-
HHM XADAETEDOM yyeTa 9JIeKTPOHHOTO oxpawupopamud. (lIpy aTomM B
NepPBHX KBYX padoTax yuMTHBANOCH KODOTKOJefCTBYDIlee BIauMOXelt-
cTBMe Mexly uoHaMu Tuna Bopha-Maltepa, & B TpeThelt padoTe coBep-
MEeHHO Da3yMHO OHO OHJIO ONMYmeHO). AHAIM3 XapakTepa BO3BHUKADIETO
IeHTDANbHOTO B3auMONEHCTBIA MEELYy MOHaMM ¥ DOJb ero B 06pa30Ba-
HUR (QOHOHHOTO CNeKTPa MeTalNOB TUNA HATDUA NMOAPOCHO DPaCCMATPH-
panoch B Zoknaze Kokpana [I17] wa npeimtymem cummosuyme (cu.
taxxe [I18] ), m Mbl clelmanbEO HA 3TOM OCTARABIMBATHCA He Gyaem.

B paGorax asropoB [19, 20] 6sulo nokaszano,
YTO N4 aHaiu3a QOHOHHOrO CIEKTPa OYeHb BAXHO yYeCcTh CleXybmue
YIeHH Da3/OXeHMA DJNEKTDORHOM BHEDPIUM N0 CTeNeHAM NCeBLONOTEeH-
mrana, Oxa3HBaeTCd,dTH YJEHH NPUBOAAT K MOABNEHWD HeIapHOTO
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B3auMolieficTBMA MexLy uoHamu., CleZOBATENbHO, CaAMO KOCBEHHOE
B3aumMofelficTeye uepes 3JNEKTPOHH TNPeLONpekeNdeT BU3HMUKHOBEHME
B MOJIeKyJNe CHJ KOBAJEHTHOrC THNa. X0TA cAelybmui uneH pasnioxe-
HUS 9NEeKTPOHHOM QJHEPTHMM COMEDPEUT [apaMeTh M&ﬂOCTH‘ﬁ&A&, HO B
KONeCaTebHO 3afaye 3TO KOPOTKOZelcTBypmee B3auMomeit¢TBiie MO~
EeT urpaTh BechMa CYMECTBEHEYD DOJb., B UacTHOCTH, 3TO CBABAHO
C TeM, YTO BRJIAK.B GOHOHHWY CNEeKTD OT NPAMOTO KYJOHOBCKOTO B3au-
uofeHcTBMA MERIY MOHAMM M OT [&PHOIO KOCBEHHOI'O B3auMoXelicTBuSf
MOTYT 3aMeTHO KOMIIeHCHPDOBATH IDPYr Xpyra. [[0-BUIUMOMY, B HEKOTO-
PHX Cly4adX TOJBKO YYeT 3TOrc B3aMMOZeHACTBUA MPUBOIMUT K IUHAMU-
YeCKO# CTAOUIBHOCTU PEEEeTKHU.

C TOYRM 3peHMA CNpaBelAWBOCTH NMPUBEIEHHHX BHNEe coolpaxe-
HUlt 0 XapakTepe B3auMOLelCTBMA B 2JNEKTDOH-MOHHON CHUCTeMe Me-

. Talla NPOCTHE MeTa/JIH He MMeDT NpeuMymecTBa nepel CHOXHHMHU. JTO
HaraaAjHO BUAHO Ha npuMepe Tacn, I, rie npuBeleHO OTHOMEHME
o0beMa UOHa E 00BeMy, npuxoiameMmycs Ha I aroM B xpuctaiie Iad
pala Merannos. (3HausHMA 3aMMCTBOBEHH M3 DacoTH [34] ).

Tadauna I
LL | Na K RE [ Be [ Mg | Ca
0,092 { 0,104 { 0,138} 0,16 | 0,02 | 0,086 | O,II4

2n Ae Ga In Sn P8
0,158 { 0,048 | 0,052 | 0,126 0,064 | 0,082

JlelicTBUTENBEO, 3TO OTHONEHME B TAKAX CIOXHHX MeTalllaX, Kak Sn,
Be , Mg,uensue veu e cayuae Na wm K .

B aro#t ¢cBA3M ,eCTECTBEHHO, BCTAET BONPOC O BO3IMOXHOCTH ONK~
canns GOHOHHOTO CNEKTpPa CJHOXHHX MeTalNoB, MCNOJAB3YA TONBKO Npel-
cTaBlenne 00 JJeKTPOH-MOHHOM B3aumofeficTsuu. OZHAKO LO CHX IIOD
OCHOBHO# ycnex B onucanun GOHOHHOIO CHEKTpa MeTalJoB OHJ CBA3aH,
rIaBHHM O0pa3oM, C MeTajjlaMy THRa HaTpud, Kak MH YBUAMM HUEE,
370 OGCTOATENBCTBO He CJyYalfHO - OHO CBA3AHO C MaNO# PONBD NpO-
neccos nepedpoca ¥, cielOBAaTENbHO, C Manoll PONBO HENApHOTO B3au-
MolleffcTBud., B olmeM clyyae KapTuHa DPe3KO MHad, OCOOEHHO B CJHOX-
HHX MeTallaX.

Cuuras, UYTO "BEK HATPUA" KOHUAETCH, Mbl yAensieM OCHOBHOE BHH~
MaHue aHaiusy DOMM TNapHOrO ¥ HENapHOTO B3aMMOXeWCTBHA, NPUDORE
NOABNAPIMXCA KOBaJEHTHHX 1O TUNY CUJN MeXIy MOHAMM, DOJY Nponec-
COB nepedpoca ¥ MOKaXeM, YTO B HacTOAMee BpeMA uUMeeTcA pealbHafd
BOSMOXHOCTH JATH pasymHoe onucasue GOHOHHOTO CNEKTPA CJOXHHX
MeTa/lJ0OB Ha CDABHUTEJIbHO MPOCTOM A3HKE.

2. AIMABATRUECKOE IPMLJMKEHME B METAUIE

Inqa saxoxIeHus (POHOHHOTO CNEKTPA METAJNIOB CYHNeCTBEHEH BO=-
NMpoc 0 CNpaBelAMBOCTH AIMACATUYECKOTO NMPUCAMEeHUd, ECIM MH umeM
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(DOHOHHHH CNEKTD B dNEXTPOH-MOHHOA CHCTEME MeTaNla, ONMMpAfChH Ha
anrpadaTnyeckoe NpUOAMXeHMe, TO BONpPoc GaxTUUECKM CBOFUTCHA K TO-
MY, KOJXHH N1 MH 3aTe€M MDPOBOXUTDH MePEHOPMUDOBKY TAKOTO ajuadar-
YeCKOr0 CNexTpa 3a CUeT YXe BNeKTPOH~HOHOHHOTO B3aMMOTeHCTBUA.
3T0 BOMPOC OWM MOEPOOHO M3yden B [20], u MM HameTHM 3Zech TONb~
KO NYThH PAcCMOTDEHUA M NPUBEZEM De3YNBTATH.

[IpoBoXA COHUHYD IJa aluataTiueckoro npueiuxenna BopHae-On-
neHreituepa npouenypy (CM., nanpuuep, [2I1] ) u Bufenss cHaualla
9MeXTPOHHYD SHeprup £, (R) np¥ PMKCUPOBAHHOM MOJCEEHMM MKOHOB,
NerK0 NPULTH K CleXybmeli cvcTeMe ypaBHeHMit, OMMCHBABmEX KoXela-
HUA UOHOB:

[H; (R)+£, (R)], (R)+ ) Com B0 (R)= E &, () (2.1)
e Com = Ao+ Bom

A, ___z;]azv/*(zk)vR ¥ (2R

B =- Z}'sz (%, R)AP ¥ (Z,R) C(2.2)

-
3Iech H,; (R) ~ raMuJbTOHMAH MOHHO! CHCTEMH, a \//,,(71—., R) -
BOAHOB&A QYHKLMSA SAEKTPOHHO! CHCTeMHd NpPY (PuKCUPOBAHHOM HOJIOEE-
MM uoka. ®opua (2.I), (2.2) - coOBepmEHHO CTARIADTHAA.

Ecau npereCpeub HeiuarosaibruMu uneam Cppy , TO (2.I)
npelcTasafeT codoii "aigxabaTuyeckoe" ypaBHeHMEe, DemeHue KOTODOro
JaeT HaM “azuadarnyeckuit™ kojeGaTenbHH cnexTp. HeImaroHajibHHe
YJeHH ONUCHBANT B3auMoXe}cTBME 3ITHX (POHOHOB C JNEKTPOHAMM.

DBoZia BTODMUHOE KBAHTOBaHME M DAcCCMATDMBAR TeOpPUD BO3Myme-
HUsSI IO HeAHaT'OHaJIbHBIM YWieHaM, MOXHO Ha¥WTH BKJAALB 06my10 OHEePIHu
CHCTEMH 32 CUeT 3NeKTPOR-DOHOHHOTO B3amMofeflcTsus AE . Torga
Ing onpeleneHud nepeuopnuponxu "anuataTuyeckux"GoHOHHOB C BOJ-
HOBHM BEKTODOM q, ¥ HOMEDOM BETBM A  OKa3HBAeTCA KOCTATOY-
HHM NpOBAphUpPOBATh 23TY JHEPTUD 110 uKcNaM 3anoiHeHus (GOHOHOB

AATA y To€ol

§ aE
AWg)= — 2.3
4 b Nga (2.3)
¥ aHaJNOTUYHO IJf NEePEeHODMWDOBKU 3JJNERTDPOHOB !
SaE
AEp = —/— (2.4
K 5!7;- )

B coOTBETCTBMM C pe3ynbTaToM, HaitZensum B [20] !
AW, = ZIM**,\I .’.'E_”LL__ZIM«,\/“ NR-N&3 (0.5
E"'q" K EK_‘.é.

rie A4R¢A - OnOXOBCKMIt MATDUUHHI! 9NeMeHT.
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Jlerk0 MOHATH CMHCJA NONYUEHHOTO BHDAREEMA, BTODOH UWIEH B
HeM OMUCHBaeT axuataTUyecKuil BRJAAN QIEKTPOHOB B (OHOHHYD YacTO-
Ty ¥ caM no ceGe OH NOPALKA caMmoff YacTOTH (0§) . OZnako co6-
CTBEHHO HeaInalbaTuyecKasd MePEHODMMPDOBKA OKa3HBAaeTCA BECHMA cla-
oolt. Ens ocuoBmoit yacTy ($a30BOTO npocTpancTsa (2.5) ZaeT:

chiﬂ““‘**( ) (2.6)
rie W, - xaparTepHas yacToTa @ononnoro cnexrpa.
B yakoii o6nacTH mumynscos, rie 19-2Kel we , MAloCTh ne-
PEHOPMUDOBKYM CKa3HBAETCA cladee; F &
[A)
AWz~ Wga =2
A~ W 2

Ecin onpelrenuTs (2.4), TO OKa3HBaeTCH, YTO NEePeHODMVDOBKA
9NMeKTPOHOB 3a CyeT BJEKTPOH~POHOHHOTO B3amMMOZelCTBNA, TOYHEe
CKODOCTH 3JIEKTPOHCB, OKA3HBAeTCH OYEHb CYWECTBEHHOX Aad cocTof-
HUil, JleXamux BOAU3N EF B WHTepBale DHEPrMM noparka W, ,

B NOJHOM COOTBETCTBUM C pesyasrarox Murzara [22] .

[IpyBeZeHHHe DPe3yAbTATH MO3BONADT YEeTKO NMpelCTaBUTh PuUlK-
YeCKyD KapTUHY. JAd4 3JeKTPOHOB B y3KOit "KOpOURe" BOAM3M NOBEPX-
HoCcTHn @epMH a,unaGaanecxoe npu6m1>1<elme HecCNnpaBe AJIUBO, IOCKOIBKY
uMeeT MeCTO CHABHOS TieDeMemMBaHu€ BAEKTPOHHHX cocToammit. C Xpy-
rod CTOLOHH,3/IeKTPOKH, Jexamue B OCHOBHOM yacTu ¢azoBOro 06BEMa
110K MOBepXHOCTHD Pepmu, XBUXYTCA aIMalaTHYeCKM 3a MOHAMK W IiA
HUX TIepeMemuBanue COCTOARMA OTCYTCTBYET.

B oGpasopanuu QOHOHOB yUaCTBYDT BCE 3MEKTPOHH. [[03TOMY,
€CcTeCTBEHHO, BO3REUKAET napaMeTp MajoCTH, XapakTepusypmuit OTHO-
wenne $a30BOT0 00BEMa HEaIMalaTHMUECKM BOBMYNEHHHX BJEKTDOHOB K
ovmeMy $asoBOMy 00BeMy 9NEKTPOHOB, T.€. 7§2 . Pe3ynsrar
(2,5) apaseTcs GarTHUECKU OTpaxeHueM 3TOTO %GCTOHTeﬂLCTBa.

Taxum oCpasoM, HaliZs GOHOHHHI CNERID B aIvalaTHUECKOM
NpuONMEEeHUn, M He LOJXHN COBCEM €ero NePeHODMMpOBATH 3a CueT
3JIeKTPOH~OHOHROT'0 B3aMMOJEICTBUA.

3. ONIEKTPOHHAT SHEPTUS

Wrak, Ina ompeXZelenus GOHOHHOrO CMeKTDA HaM HeOOXOLMMO
HaWTH SHEPIMD BAEKTDOHHOHE CHCTEMH B NONe (PUECHPOBARHHX MOHOB,
T.€. E(R,,..-, R,,) . NlycTh My 3HaeM 5(dexTuBHHE MCeBIOMOTEH-

uuan ‘7(2-Rm), onvcHBapuui B3aUMOILHCTBME DAEKTPOHA C OTXENb-
HHM MOHOM. TOorZa COOTBETCTBYDUUJ TaMuIbBTOHMAH DJNEKTDPOHHON CHUCTe-
MH B NpeZCTaBAeHUM BTOPMYHOT'O KBAHTOBaHMA 3anumercs B Bule( Be3xe
NOAHHY OCBEM CUCTEMH NOJOXEH eINHUIE);

15/ 2
H= Z.E;;ai- Qg + _Zf<" 4—;78(1;-_2}‘(1;47 ag-ag

K (3.1)
/ Lo K2
= +? K ak*g ak’ q Ek-. - 2!17
'9
35ech nepBHe Xpa UAeHa COOTBETCTBYMT TaMuJibTOHMANY SJAEKTDPOHHO-
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Io raja NPy yyeTe KYJOHOBCKOTO B3AMMOJECTBUS, a NOCHeXHU! UlieH
ONUCHBAET 3JNEKTDOH~MOHHOE B3auMoielicTBUe. IIpy 2ToM:

—-_. —.-1 L R - —; “
R+§, Ry Ze " Ve (3.2)

- -

7ig,7 = KRGV
rle N ~ YHMCJO BJeMEHTADHHX Aueek.
OrpaHnymMcsd PAcCMOTDEHMEM MOHOATOMHOLO METalla C [IPOH3BOJBHEHM
yycaoM aroMos Y B QJIeMEHTADHO} AvYeiKe . 06oCuenue na
oCumuft ciayyalt - TPUBMAJBHO. YUTeM, UTO paccMaTrDUBaeMad CUCTEMA
B LeJNioM dJeKTIpOHedTpalbHa,

Jlerko nokasarb, uTo B npekcTasiednu (3.I) 9TO COOTBETCTBY-
eT OTCYTCTBUD luxema. c c;=0 BO BTOpOH cyMMe M OTCYTCTBUD KYyJO-
HOBCKO} 4acTu Ipu q =0 B U,}',,'; B TDeThell cymMme.

B cayyae NORAJBHOTO NCEBAONOTEHLMANA MATPUYHHI SJEeMEHT
3JIeKTPOH-MOHHOT O Baavmoxeﬁcmm 3@BUCHT TOJBKO OT DA3HOCTH UM—

NyJAibCcOB
V .‘.9' K Vé: (3.33)

Janbeeitumii anaius MH NpPOBelJeM HA ABHKE JIOKANBHOIO IICEBLONOTEH~
mana.(0 POMM HEeNOKAIBHOCTH - CM. B DPasi. 6).

BuyucnieHue BSHEPTUM OCHOBHOTO COCTOSHUA, COOTBETCTBYDIETO
ramuasTonnany (3.1), OyZem NDOMIBOINTE 3 Bule DASAOKEHUA [0 CTe-
feHAM NCEeBIONOTEeHIMANE

=@, g4 @)
E-E )+E +E +... (34)

Jlnsi 3TOT0 MOXHO BOCMONB30BATLES OGBIYHBIM aHaAANU3OM, paccMar-
pUBasl B KayeCTBe BO3MYIUIEHUS H ofa nocnenHux unena B (3.1) u
UCMONBE3YS Pa3BUTY AMATPAMMHYI0 TeXHuKy. [Ipu sToM 3ajaua
CBOAMTCS K CYMMHMPOBAHUI0 CBSI3AQHHHIX AMarpaMM (CM., Hanpumep,
[23, 24}), npuuem 9/eKTPOH-HOHHOE B3aUMOZEHCTBHE UrpaeT POIb
BHEIIHETO INoJsf .

OT6upas COBOKYNHOCTh AUarpaMM, COAepXalX onpeAejeHHOe
YUC/IO JIMHUA BHEMHETO NoJisd, T.€. OoNpelesleHHOE YKHCIO MHOXHUTeel
Uz , MBI MOX€eM, B NPHUHUUIIE, ONpPeLeIUTh pa3noXenue (3.4). Hy-
JIEBOH WIeH 9TOTO pPsifa ONHUCHIBaeT SHEPTHI0 B3aUMOXEHCTBUS 3JI€K=
TPOHHOTO ras3a ¥ AAs JalbHelllero aHalu3a WHTepeca He Npen-
craBnsieT. UJeHHI JHHENHble 10 NCeBAONOTeHUUaNy obpamaoTcs B
HYJb, UTO ABASETCS C/leICTBHEM OJIEKTPOHENTPaJBHOCTH CUCTEMBI.
(Ilpn yueTe HeJOKaJBHOCTH IICeBAONOTeHLUana f tioxer oka-
3aThCS OTJIMYHBIM OT HYJIA, nocxoanyVR w# 0. Oaxanaxo, stor
ysneH He OyleT cozepXxaThb KOOPAUHAT, UTO cpal3y BUAHO U3 (3.2),
eC/iM IPUHATE BO BHUMAHUE BO3HHMKailee yC/ioBue @ = o ).

(3.3)

Jina kBafpaTuysux ne V' UNEHOB MONPapka K OHEPTMM B rpagu~
Jeckoil gopMe MO¥eT OHTEL NpelcTaBieHa CHelyRWuM 00Das3oM ¢

2l oo loaa
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3IeCh KpecTOM C BOJHMCTO! juHueil cOo3HaveHo JelicTBMe BHENHETrO
nons (ONeXTPOH~MORKOE B3AMMOXEHCTBHE), HYHKTUDPOM - JMHUA MeX~
BIEKTLOHKOTO B3auMoLeiicTsuf, a yepes JT o6os3HaueH Hepaspesae-
MHIl [0 JWMHWY 3TOrC B3auMoXelicTsus Onox (mMONAPHBAIMOHHNY omepa-

TODR).
B pesynbiaTe cymmposanus (2.5) HaxOIuM:
E(2)=; [‘(2)('[;‘”_@“) , Uzii ,2 5.6
£ 7 )
gt (G4) 4re?
(2)( v'%)=°2 ‘ei(%)‘, 8(94) 1+ 5= ) T(?;) (3.7

Zurypupyouee B (3.7) 8(‘-1:) ecTh He YTO MHOE, Kak JN9JEKIpnuec-
Kafd TDOHUIAEMOCTH 3JJeKTDOHHOIO rasa.

SHpaxeHve AAA MPOU3BONBHOTO UMeHa pasznoxenua (3.4) MOXHO mpel-
CTaBUTh B CJeZynuleM Bule;

EM=5 F"”(E;‘,,...,c'in)U* U*" A(§++Gn)
G (3.8)
A((}) { 0 9#0

(3akoH coXpaHeHHA MMIYNbca B 3TOM BHpAXEeHUM ABIAETCA CIELCTBUEM
OLHODOZHOCTH NPOCTPAHCTBA) .

3zecs [~ (m onpelenfeTcA COBOKYNHOCTHD BCEX CBASAHHHX JUa~
rpamM, uMepuux N "XBOCTOB" BHENHETO NOJA., XOTA BHpaEeHUe IIg
[ ¢ n> 2 e woxer OWTBH OAYYeHO B CTOJAb npocToil dopme Kar
(3.7), OXMAKO MOXHO MPOBECTM BAXHOE UACTUYHOE CYMMUDOBAHME, BBE-
If "XMpHYD" BeDNMHY BHENHETrO MOJR C NOMOWBL CHEIYDUEr0 BHPAXEHUA

b

Taxuu oGpa3oM B aBHON ¢opMe BHAEAREeTCA OKPaHMPOBKA BHEWHETO MNO-
na. [pu orom supaxenmme (3,8) mepenumercs B BUZe:

E0= 5T AM(T, .3, Vs, Y3 U3, o s
%‘"’% (9’ 9)6(‘}0) 6(‘-}‘2) a(qn)A(Q;‘;-;g,,)(B.Q)

Teneph onpeXeifeTcs COBOEYNHOCTHD ImarpaMM. ¢ N7 BXxojaMu,
He ¥Mepmux yacTedl, KOTOpHe MOrJM OW OHTH OTHECEHH K OXHO} u3
"A¥DPHUX" BeDHUH BHENHETO IONA.

OTMeTuM, 9T0 chyyait 1 =2 (2.6) OKa3wBAETCA BHIEJEHHHM,
Tak Kag B 3TOM cAyuae Hens3f OTIENNTH IKPAHUPOBKY OIHON BEePUMHH
0T Zpyroit u "EMpDHOH" MO®eT OHTH TOABKO OJHA BEDUMHA.

JIna N =3 npusexem Inarpamuy, KOTOpas, HaM npeﬂcwasnaercs ’
ZIaeT OCHOBHOW BKJIAN
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(3.10)

(Cnnommoit nuEMelt 3Jech 0003HaYeHH BNEKTDOHHHE TPUHOBCKHE GyHE-
wm Qo -cv., wanpmeep, [24] ).

llocse TOro kax ACHa o0mas CTPYRTYyPa BHDaXeHUSs HAA ODHEPTUU
MDY MPOM3BONBHOM PACMONOKEHUM MOHOB, MOXHO DaccMOTPEeTh 3aKauy o
MaMHX KONeCaHMAX M Das3NoxuTh E 1m0 cTemeHaM cuememua uoHon W,, .
Ipy atoM OT cMemeHUa 3aBHCUT TOJNBKO CTPYRTYDHHI MHOXMTENh B
onpeleseHun U;;‘ (3.2).

Hynepoii uned pa3nomeHus npelcTaBifeT cOCOM 3HePTUD INEKT-
POHHOTO Trasa B [0J€ MePUOXMYECKN DACTNONOXEHHHX MOHOB. JuHeliHuit
YyJeH pasioxeHusA, eCNi BOCTONB30BATHCA TEM, YTO U$= U_q' ’
MOXHO npeXcTaBuTh B BUIe:

(n) TN K X
ES =‘nKZ-*°Zm‘ (T Bp )P (R, En) - (3.1I)
o LKRy, = =
R0 X_Zn1[1{E;",L§am}(§;E! _]z;(]tf‘"ilt,)

rre iEL - BexTOp o6parHolt pemeTkM (yMuoxemmuit ma 2W ). EcrecT-
BEHHO, YTO B CJydYae PeleTOK C OXHNM aTOMOM B DJeMEHTapDHOH Aued-
Ke E, TOXLECTBeHHO oCpamaerca B O. B cilyuyae %e DPemeTOR ¢ 0ONb—
MM YMCJOM aTOMOB B QJEeMeHTapHOW Avyelike 9TOro yxe Helb3d YTBEDE~
XaTh ¥ cuia, XeifcTBypmaa Ha OTXeAbHuI MOH CO CTODOHH JJIEKTPOH-
HO} cucTeMH , BOOOme roBOps, OTAMYHA OT HyldA. OHa
TONXHA xouneucupoﬂhraca cyuMaproit cuznoit, RelfcTsypumel Ha Xansuit
MOH HeNnocpelJCTBEHHO CO CTOPOHH XPyTuMX MOHOB., TONBKO NMpu Xocra-
TOYHO! CHMMETpHM DAcHONOXEHUS MOHOB Kaxiad U3 3TUX CHUJ MO OT-
XelbHOCTK ofpamaeTcss B HYAb.

KBampaTnurni YleH Pa3JOXeHNA MO CMEMEHMAM Eé onpenenaet,
04eBUJIHO, BKJaX B KONe(aTeNbHYD MATPUIY KOCBEHHOTO B3auMOLeicT-
BKA MEXIYy WOHAMM Yepe3 3JJeKTPOHH U ABAdeTcd IJA HAWero aHaiusa
OCHOBHHM.

4, KOCBEHHOE B3AUMOIEWCTBME MERIY HOHAMI B METAIE
"KOBAJNEHTHOCTB"

[lpercrasum E‘2 B TpaIulmoHHO! dopMe:

A
E,= _ZLZ- Amm: u:- U,ﬁ, (4.1
m,m?

(B oOuem cnyuae m-_-{ﬁ:‘,s} , The rTv" -HOMeD 9JieMeHTaDHO#t aueltru,
a S -HoMep aToMa B 3NeMeHTapHOll Auelike).

Torza,» coorBeTcTBuu ¢ (3.8) u (3.2), ana sxnaga M -ro
YJeHa B KOJNeOaTeJbHYD MATDUIY UMeeM:

11
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(A2 = n() 5 S [Ny Borss5.7) U .

831K, By
xa“quQ:V-* ‘?(Rﬁr R% ’)*“‘}ﬁs“‘}:}’sA(K# +E, 2+¢;+9,) m#,,gb"a
@(n))mm =—Z (A("))mrn' (4.3)

m#m

"n-

Bupaxenne (4,2) mo3BOJAAET YETKO IIPOAHANMBMDOBATH X&paK-
TeD BIUAHUA JNEKTPOHOB Ha KOCBEHEOe B3auMOJeliCTBUE MEELY MOHa-
M, a TOYHee HEeMmoCPEICTBEHHO HA KONle6aTeNbHyh MaTpuiyy. IlepsHit
YjleH B Da3fioXeHMu A 10 cTeneHsM NCceBRONMOTeHIMaka, COOTBETCTBY-
pmuit N =2, paBeH OPOCTO:

2 (. E;/
()2 = 9B Vs G) o (F (RiRm) "

B rakoi# ti)opme OGHYHO ¥ NpelCTapadercs aneﬂpom{aﬂ 4acTh
KONMeCaTeNbHO MaTpulld, COOTBETCTBYNHAA eff dHeprHa E@ (3.6)
ON¥CHBAeT LEHTPAaNbHOE B3auMoNelicTBMe MeXNY napaMu MOHOB, & Ca-
Ma matpuna (4,4) obnazaer aKCHANBHON cinmeTpuelt [17] .

Omnaxo nomvuo (4,4) MaTpulla A coXepxuT uiens suga (4,2)
¢ N> 2. B oHeprum 3TMM YjeHaAM COOTBETCTBYET KOCBEHHOE B3aMMO~
Ielficteue MexZy N noHamu oxuospemenro ( N - KpaTHOe paccef-
HME BJeKTPOHOB Ha MOHaX CHCTEMH). B KONeGaTenbHOW 3alaue Halnm-
yye ITUX YJEHOB MPUBOZUT K NOSABJNEHHMD HENADHOTO B3aumoZelcTBHMA

_ MeEILy ¥OHAMM HEUEHTDaJBHOI'O THIA. JTO HENMOCDEXCTBEHHO BUIAO U3
(4.2), mockonpxy npu N> 2 uneHH CYMMH COXeDXaT TMOMUMO BEKTODA
I—Q.,%—f(’.,%r BEKTOPH 00paTHO! pemeTKM. B pesynrrare KojlelaTelbHad
MarTpuna i TepsieT axKcualbHYD CHMMETPUN,M BO3HMKAET B3anMoIeif-
crBue obmero Tuna, uMeKIlee CUMMETPUIO KpUcTanna. Takum
06pa30M, HeCMOTpA Ha OTCYTCTBUE NEPEKPBITHUA MEXAY HOHaMHu,
IoABJAAECTCSAd B3aUMOJAeHCTBHEe KOBaAJA€HTHOI'O THUIIA .

W3 Buna Bripaxenus (4.2)cnenyer, 4To KaXAblil Cjie Ay 0 MU uleH
Pa3noOXEeHUA COACPXUT NO OTHOWEHHUIO K npem;mymeMy JIUUIHUPA MaJibli

unoxutens suga Ug /Ep, rtre Ug=V@ Z e ‘K;Ps B cury
3TOr0 ulieHH, COOTBETCTBYbIME HellaDHOMY Baammoxeucmnm,mam no
cpasHeHun ¢ unexom (4.4). OZHAKO ecTh ONHO OGCTOATENBCTBO, KO-
TOpOe MOEEeT Zelalhb yueT 3TUX UJNEHOB CyWecTBeHHuM. Jeno B TOM,
YTO monHad KofesarenbHad marpuua , IOMUMO A, GyJxeT cozep-
XaTh MaTpuly B , COOTBETCTBYDUYD NPAMOMY KYJAOHOBCKOMY B3anMO-
JeficTBno, BO MHOTUX ClyvyadX [POMCXOZMUT CYyUeCTBEHHAA KOMIIEHCAIMSA
NPAMOr0 ¥ KOCBEHHOTO B3auMOJelcTBUA: ¥, €CTECTBEHHO, YTO MH
XONgHH CPaBHMBATH BKJAX UNEHOB HENADHOTO B3amMoJellcTBUA C BKJa-
Iom o cymMi AT+ B . B oTO# CBA3M, OYEBUAHO, CTAHOBUICH
BaxHHM yYeT TDEeThero YJeHa pa3NoXeHUd,

Buuwcaas zuarpammy (3.I0) B ABHOM BHJe ¥ pasjaraf Desyib-
TATH MO CTENMeHAM CMelleHud, MOXHO HENOCDEICTBEHHO HallTu cielyn-
mee BHPaXeHue:
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@y 4 57 g%k Ve VaE Uk
(/4‘ ) = g 9 Y -, g
mm’ = N Feo03 6(3) E(g+R) &(F) (4.5)
. -‘o_"o .-o-o'
% e@;(‘zm Rln')e‘LK'Ps P.. 4R
53

‘_4 n~{ ! +

k= N; ® L(ez-Ezg)(E3-F3R) | (Ez-Ez3R)EZ-E2R) (4.6)
T ER-EZ3)(ER-ER1G+R)

(4.,4) n (4.5) B cymecTBEHHON CTeNMeHM DemanT 3ajauy yuera BAUS-—

HUS SNEKTPOHOB Ha KONeCATENBRYD MATDUIY.

Kak ¥3BeCTHO, HalMyue De3KOi IPaHuIH (epMMeBCKOTO cnegzpa
APUBOIUT K HEAHAMMTUUHOCTY NOJAPU3ALMOHHOTO oneparopagf( 9 )
npu q,=2 Kr , uTo BNEYET 3a OGO} noaBieHne 0coCeHHOCTM Homa

[25] B (OHOHHOM CIeKTpe MeTajila, a ¢ JDPYIO# CTODOHH, K HalNHUMD
HE9KCMOHeNIMANBHEX OCIMAIMDYOILUX UJICHOB B aCHMNTOTHUYECKOM MOBe-
JeHun napHoro B3aumoieilcTmud Buja.

=0 DO
(A(z))dﬁ . €05 g IRm-Riwl
mm’ =5 =0 ;3
‘Rm-Rm'l (}=2Kp
U3 Bugda (4.5) MORHO HemoCPeXCTBEHHO 3AKJINWUMTH, YTO ACUMITO-
A
THYEeCKOe MOBENEeHME HeNaDHHX YJAeHOB MATPHLIH A , €CNM [DUHATDH
AHAMUTUUHOCTD QYHKIMU Vﬁ; , XapakTepusyeTcd MOABJEHUENM HALO~
pa oCIMAIAMDYOIMX "XBOCTOB" Buia {4.7),H0 C OTAMYAKLMUMUCAH

—n
nepuoAamu. ITH MePUONH XapakTepuaywICd SHayeHUAY € , noxyda-
DUMMACA U3 COOTHOWEHMUA

[3+K|= 2k,

(4.7)

JT0 JNONKHO LPUBORMUTH BO MHOTMX CAYYafX, OCCOSUHO B IONMBAMCHTHHX
MeTanlax, K 3aMeTHOl B3auMHOI KOMMeHcaluu 2Tux "xBocToB"., C ADy-
roil CTOPOHH KaK MOKA3HBaEeT aHaiu3 napuux cux (cM., Hanmpumep,
[26] L B3AMMONeficTBMe C OauxaifuyMy KOODIMHAUMOHLIHMN cdepaMu, XOo-
T4 M HOCHT OCHMAZMDYDUMUA XapaKkTep, HO onpeleiaseTcd NeJUKOM Xapak-
TepeoM noneﬂqgnf nggunrerpaﬂbuoﬁ dyuxumu B (4.4). B cBA3M ¢ ITHM,
C DPOCTOM IR,n-R:VI B (4.5) CyuecTBeHHOIl CT@HOBMTCA 06HACTh
OTPaHUYEHHHX 9, . IIpy 3TOM BO3HMKAET TEHIEHUMA K NOABICHUD '
Bmecro\éf/ﬁk, KBalpaTa 3TOT0 MaiOr0 napamerpa.

Bce cxasamnoe nospojseT nonararb, YTO HenapHas YacTh B3aU-
MoZe#cTBuA OyXeT NPOABJIATBLCA B KOJeOaTelbHOE 3allaye B NePBYR
oyepelb KaK OTHOCHTENPHO KODOTKOJeHcTBybmee B3auMofeiicTeue. B
3TOM CMHCAE HenapHoe B3auMmoieiicTaue npuodpeTaeT TPalulMONHHE
YeDTH KOBAJEHTHOCTU. .

Taxuu oCpa3oM, B MeTajlsle jJaxe NDM NOJHOM OTCYTCTBUM Ile€pe-
KDHTUA MOHHHX OCTOBOB CyXeT CYmecTBOBaTh B3auModeilcTmue MEXIY
VOHaMy KOBAJEHTHOro Tuna. OHO OyZeT TeM CullbHee BHDAKEHO, UEN
GoNpWYD DOXb UTpPamT NMpOUJECCH Mepedpoca B IMHaMMUECKON Marpule,
O0TBevabule# MApPHOMY B3aMMOXeHCTRUD MeXIy MOHaMy Yeped 9JIeKTDOHH,
T.e. YeM 0OJblle 3HAYEHHUSH Yﬁa . B werannax tuna Nd , rze mpo-
IeccH nepelpoca NpOABJAANTCA cNalo, BNOJHE &X3XBATHOE ONHCaHUE

13
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MOXHO MONYYMTD B DaMkax yyera TOJNBKO MapHOIO B3aMMOLeNcTBMS
(4.2). M, meMcreutensuo, o scex pacorax (em. (13, [15] , [16] ),
a Taxkge HelaBHOD pacoTy [27] ) HaOMpJaeTCH CPABHUTENBHO Xopolee
cornacue Mexiy Teopuelt ¥ aKCTePHMeHTOM. OIHAKO B MeTamiax, Tie
NpolecCH Mepedpoca WIPART BAMETHYD DOXb, ONMUCAHME, UCTIONB3Ylee
TONBKO mapHOe B3aumogeitcTene (4.4), CTAHOBMTCA CYTyG0 ReiocTa-
TOUHHM. C RARWM TPYJIHOCTAMM TDY OTOM CTANKMBANTCSH, MORHO HATJAL-
HO NPOCNEIUTH Ha NMpUMePe MCCAELOBANWA (OHOMHOTO CHEKTPa CBUHIA,
NpOBEJIeEHOT0 B padoTe Bocko # Xp. [I16] , wii Ze ua mpumepe Gonee
CNOEHHX MeTaJNOB, Kak o080 [19], [20] , mmm rpynnu rercaronans-
nux Metannos [28] .

3aMeTHM B 3aKIDYEEME ITOTO pasjela, UTO MpH PaCCMOTDEHIHU
axrapuonuueckoro saamvoneicrsus yuer E ¥ napany ¢ £@ ouvens
CYHEeCTBeHeH, MOCKONBKY B 3-k nopaike no cueuemun £ ) yxe me
COREPEMT 00A3aTeNBHO Manoro mioxutens Vi /Ep .

5, LIHAMMYECKAT MATPHUA. 3BYK. IPERENBHHE ONTUYECKUE
YACTOTH

* 3nas KoneOaTenbuyn maTpuiry (4,4), (4.5), He NMpelcTaBAseT
TPYZa Ha§iTH IMHAMMYECKYD MATDULY ( c? ), IMaroHanm3auua KO-
Topo# onpelendeT GOHOHHHE cnekTp. OOBEAMHUM NMPAMOE KYJOHOBCKOE
B3auMOZeiCTBUE MeXIy MOHauMM J MapHOe KOCBEHHOEe B3auMOZeitcTmue
(4.4) B OTAEABHYD MATDULY i (-;' ). Torza:

éﬁ(q’)=§b,<<‘;’)+ 2,(3) (5.1)

rre: . o A
D2 @)= 92 ([ SR - vqr)e ™77
-8 2 3 [3=0, S*SJ}
i&zo s'(' 2 Q w322
- Ve l*% o 2_ 4F& =
¥(g)- ! qa(:;')w e * Tma,t 69

(Y -uncrno aToMOB B BNeMEHTaDHON Auelike S2o ).

[MepBuff uNeH B KPYTJHX cxoOxax (5.2) BO3HME OT MPAMOTrO
BaauMoXeltcTBUA nonon, a ¥ 9, - OT KOCBEHHOI'O.

MaTtpuua @2( 9 ) YuMTHBaeT HenapHOe B3ammoieidcTmue. IIpH
OrpaHyyeHuy TDPeTHMM uJNeHoOM pasnoxemus (4, 5), OHa UMeeT BUA:

35255'(9 =—{Z. [(‘VK')( ,) £ ”.c.) (5.8

~V1+K' UK’ Kl K Ps LA‘C,
8@,‘+1¢') E(R-K) a,m R+, € L F P ¥ 855,2_ Z,[q,=o sas]}
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(UTpux y cyms O3HauaeT oTCyTCTBUe unexos ¢ [, Ky=0 )._’

PaccMOTpUM TOBeXeHMe IMHAMWYECKO) MATDUMIE NpM Mamx g, .
Ing NpOCTOTH OTPAHUUMMCA CHAuana CAyvyaeM OIHOTO aToMa B 3JeMeH-
TapHolt sueiixe.

Ha LCCTATOYHO GONBUMX PACCTOSHUAX DNEKTDPON-UOHHOE B3auUMO-
NelicTBME HOCHT UUCTO KYJOHOBCKUM XapakTep. B Cully ITOTO, MpHHY-
Maf BO BHMMaHue, UTO V{;‘ eCcTh YeTHaR (QYyHKOUA q, , TpK 9,-‘0

uMeeM: 477’Ze2
Vq’ == ——9_2—5_1; +8 (5.5)

Eciu BOCHONB30BATECA BHPAXeHUEM IJIR ITMONEKTDUUeCKOH JIpoHHIiaeuo~
¢ty (3.7), TO NETKO YCTAHOBUTH, UTC W(q,-‘o)-'f n @, (9,) nme-
eT ClieLyoOmmii Bvx

&;%(3)= —9—[2 )2€z]+ ZL[Q,QVP‘P(K)

¥ B B‘P(f" v e p L %P 320 (5.6)
+q’ G ( afl' ) 2 ok q'xqs('afxa?&) f= /—C{]
rie ‘P(})= 47TZ€ [1 (/’(f)]

AHANOTMYHO MORET GHTL HenocpeXcTBeruo us (5.4) nonyveno
BHpaXeH#e M LA 52)2 (E;’-o) , KOTOpOE MH He NDPHUBOXUM M3~2a
TDOMO3LEKOCTH.

Ecnu npeHeOpeus anaxou npouneccop nepedpoca, TO MH NPUXO-
JIMM K XOPOmO M3RECTHOMY pe3ynbTaTy bapZuxa-[laitnca [29] IIf npo-
IONBHOrO 3BYKa. [locnenuuit pesynprar noiyyaercd, eciau s 9"'(9,)
B (5.6) BOCMONB30BATHCA 3HayeHNeM, KOTOPOe HAXOXMICH B DPaMKax
MeTOZa cayvaiHux ¢as (cM., Hanmpumep, [30] bR

To(3)=- L5 MBg-1R :

ga N ; E_. S _Fa> \5.7)
K+ - ER

Ecaunonoxuts § =0u MNPUHATL BO BHUMAaHUe, YTO Sf'°(“=o)—2 E’

TO, UCHIoAB3yH (5.7), IPUXOAUM Ak CKOPOCTH MPOIAONBHOTO aayKa K

peayasrary Boma-Craitsepa [31] .

Ecnu nponeccamyu mepedpoca npeHeOpeub Helb3d, TO NPOXONBHHIE
3BYK MOEET 3amMeTHO W3MEHMThCA. [P 3TOM CYNECTBEHHO, UTO,Kak
HenocpesCTBEHHO clenyeT u3 (5. 4) HenmapHoe B3auMoLeilcTeue OylneT
NPUBOKNTD K NMONpapKaM TOTO Xe MOPAZKA, UTO ¥ NpU yueTe unexos
¢ K#0 » napuou soanmoneficrsun. (Zamery, w10 (Vq/é(g)),,
[TockonbKy moOmepeyHHid 3BYK LeEJUKOM OCYCJHOBJIEH NpOUEccaMy nepeopo—
ca, TO pons BkAaza (5.4) B JMeKTPOHHYD YaGTh 3BYKA MOEeT cTaTh
eme Coflee CymeCTBeHHOM, B NMPOCTHX MeTannax Ture Na NonepeyHHi
3BYX B 3HAUKTEJBHO} CTCUEHM onpeleffeTcHd NMPOCTO MOHHO! pelieTkOH.
[lpy aTOM Oka3uBaeTcd Majolf cymMapHas PONb 3NeKTPOHOB. OIHAKO B
Oo0HeM cnyyae PONb JIEKTPOHOL BeNMKa ¥ TOTXa HaXO ONHOBDEMEHHO
YUMTHBATH BKJaZ Kak OT NapHOro, Tax 1 HeNapHOro m3ammofelicTaui,

Tak,B uoHHOW pemerke onosa [20] u wunka (cu. paszexn 7) mo-
nepeuHH# 3BYK N0 HeKOTOLHM HaNpaBAEHUAM BOOOmE OKa3aicsi HeycTOh-
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qupkM,. OTClIA cpal3y ACKO, KaKyD CYWECTBEHHY® DOJAb XON%XEK UIrparh
MMEHHO ONEKTPOHHHA BKJAX M K8K DPa3 LeNMKOM 3a CUeT UNEHOB C
K# 0.

OTMeTuM OFHO CYUeCTBEHHOE O06CTOATENBCTRO. U3 (5.6) crnexyer,
yro nosenenued, @) npu mansixg (u ananoruuno &, (§)) sasucur or
neppoit ¥ BTOLO¥ NPOMBBOLHOA NCeslOnNOTEHIMana B TOYKaX ¢=IC .

E cBA3u ¢ orpaHuyeHHOf TOYHOCTHD, C KOTOPOH OGHYHO M3BECTHO MO~
BeJeHue V¢ npy COJBmIX ¢, MOTYT BO3HMKATh 3aMeTHHE OWKOKH B
onpeseNleRun CXOPocTelt 3BYKA UMM MORyNedl ynpyroct, OCOGEHRHO COOT~
BETOTBYNIMX NONEPEYHHM BETBAM, €cln uleHH ¢ K #0 urpaowT cymecT-
BEHHYD DOJNb. [03TOMy, B YACTHOCTH, OUEeHb TDYXHO B Clyyae CJHOXHHX
MeTalJO0B MCMONB3IOBATH MOXYNM YNPYTOCTH KA PENEHUE o0paTHHX 34 -
Iad,

Hamuuue BENaNa HeNapHoOro Bagyuoxeﬁcramx B 3BYK U BOOONE B
JUHAMUYECKYD MATDHIY NPY MAJHX q, camMo no cefe yxe CHUMAeT NpPOO-
JieMy, CBABAHHYD C¢ HecoOanIeHMeM yclopufA Komu B Merannax. IosTomy
B HacToAmeM JNOKJaZe MH He OyZeM Boolue RUCKYTHPDOBATH 3Ty NpPOONeMy
(cooTBeTCTBYDHEE OGCYENSHME B CAydae MapHOT0 B3aUMOZeHNCTBUA CM.
s [17] ).

OTMeTUM elie OIHO BaxHOe OCCTOATENBCTBO. lI3BECTHO, UTO Npa-
BUJIBHO NOCTPOEHHAA IMHAMUYECKas MaTpula LOJNXHa YJAOBAETBODATH yC-
NOBUB OTCYTCTBUA AHMB3OTDOMHHX HANDAXEHMN ~ T.H ., ycnosuio BopHa-
Xyaura (cu. [21]). CymecTBeHHO, OZRAX0, YTO 3TO YCAOBUE HE BH-
NONHASTCA ABTOMATHMUECKM ANA MATPULH gg'(¢)(5.2). 3TO ¢BA3aHO
C TeM, YTO NpH l1ADHOM B3aMMOXEiCTBMM BTODHE NDOU3BOJIHHE OT B3al-
MONe}icTBMA 0CNaZapT lle UEeHTPaNbHON cumMeTDMell, a TOJBKO aKCUANb-
Ho¥. H0 B N0OCTATOUHO HECUMMETDMUHOM KDMCTalNle 30 B 0CLeM ciryvae
NPUBOAMT X Hapymerun ychopuli Bopra-Xyaura Iis SD1(¢) . Orcona
clefyeT BaxHoe 3aKANYEHKE, UYTO yCAOBUD DopHa-Xyanra JoARHa NOX-
YMHATHCA TONBKO IMHAMMYECKAHd MATPUIA B LeENOM, T.€. (q;) (5.1).

PaccmoTpuM Tenmeph PemETKY C IBYMA OXMHAEKOBHMM aTOMaMH B
3neMeHTaDHON Auyefire, IIyCTh CUMMETDMA KpUcTalaa JOCTATOUYH: BHCOKA,
YTOGH MaTpuua @;‘5 (¢=0) ABJANACH AMATOHANBHON MO KeKapTo-
BHM MHTercaM. TOrZa BO3HMKaeT pacnajl HA TDU He3aBUCHMMHX ONTUYEC-
KUX KoJeOaHua ¢ noxgpmsalmell BXoab m3CpaHHHX ocell, Mcnons3ys Bu-
pazenue (5.2), MOXHO HallTu cleXybilee NpejcTaBleHne ILNA npelefib-
HHX 4aCTOT.

2y - Kdz -y ") 0 -."4_(&)2

W (q:O)——Z; (7) (1-¥(E))cos (Ep) + Wau (5.8)
K#0 a d':xxy)z
TXe BTODOR YleH CBASAH C YUETOM MATDUIM 502 y @ }; eCTh DAcCTO-
AHMe MeXIy aToMaMy B dJeMeHTapHOl Aueltke.

OTMeTuM, YTO npelelibHHe ONTHYECKME YACTOTH 3aBUCAT TOJbKO
0T 3HAUEHHA TICeBJONOTEHIMaNa B y3JaX o0paTHO# DemeTKM, HO He OT
ero npom3BONHHX, JTO, €CTeCTBEHHO, JejaeT 3TH YACTOTH OUEeHb
YIOOHHMY EJAA MCHOJNB30OBAHWA B 00paTHO}t 3anaue.

U3 Buza (5.8) caexyer, YTO B NPOXOALHY® M NONEPEYHHE Yac~
TOTH BHOCUT BKJ&X pa3nag COBOKYMHOCTb Y3J0B O6paTHON pelleTku,
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Ecau HauOojee OJAU3KME Y3JH O00paTHOW pClLeTKM, CIe NCEBIONOTEH-
Man OTHOCUTENBHO BENMK, BHOCAT BKJAZL TOJBKO B OXMH TUM KoJnela-
HUA, TO BO3HMKAET Pe3KO OTJAMUROE BJeKTDOHHOE 3KPaHUDOBaHue INA
NPONONBHHEX Y NONEDEYHHX YacToT.

3T0 06CTOATENBCTBO OUEHb APKO MPOABAAETCA B @HUBOTPOMHHX
MeTaniaX. '

6. TICEBIONOTEHLMAN. NPAMAR 1 OBPATHAA 3ARAUA TPYU
ONUCAHUUM GOHOHHOT'O CHEKTPA METAJUIOB

B COOTBETCTBUM C MOAYUECHHHMMU B NPEAMAYUMX pasjenax pe-
ByHBTaTaMH,@OHOHHHQCneKTpMeTanﬂOBMOKeT6MTBHaEREH,eCHH
M3BECTEeH NCeBXOMOTERUMAn, ONUCHBADUMA 3gpeKTHBHOE B3aUMOgeHCTBUE
3JeKTPOHa C OTHENbHHM HOHOM V u CTATHYECKAR AMINEKTPHUECKAT
MPOHKIAEMOCTE JJMEKTPOHHOTO rasa 6(9)
Onpenenenne V' C TOM MAM MHO¥ TOYHOCTHD MOKET OHTbH NP0~
BEJEHO B DaMKax JXBYX Da3siMyHNX Hanpapneru#t. [lepsoe U3 HUX nNpefl-
nojaraeT NpAMOE BHYMCAEHUEe MNCEBJONOTEHIMANa U3 NEePBHX NPUHIMMOB,
onupapmeecs Ha Te WIM MHHe Npefnoicxenus (CM. nogpoCHee, He-
npuMep, [12] ). Bropoe uanpapienue mpeinonaraer LAd HAXOZAEHUA
NCEeBAONOTEHIMANA UCNIONb30BAHME XOTA OH YACTUUHOR DKCIEPUMEHTaNb-
HOMt mHdopuauuu. Hajo cpasy CKasaTb, UTO DPe3YJAbTATH NOCHEeTHUX
JeT MO AHANU3Y Da3NMYHHX CBOUCTB METANNOB OTJADT NpeiNouTeHue
nocnegHeMy HanpasleHUD, WO TOYHOCTH BHUMCAEHUA U3 INEDPBHX
NPUMHUHNOB OKAa3HBAETCA MOKA BEChMA OTDAHMYEHHO#. B 3ToM cMucne
BEChMa TpUMeyaTesleH De3ynbTar, Halgesuu@ Bocko U Ap. [16] .
Orasanocs, YTo Jaze B ciyuyae Na camocornacoBaHuAs Aponmerypa
INA HaXORZEHMA MOTeHnMana roloro MOHA BeJeT K HOTeHIMANy, cyme-
CTBEHHO 0OT/NMYapUeMyCcs OT 3QPEeKTHBROTO OJHOINEKTDOHHOTO MOTEeHIMa-
na Ilpokodresa, KOTOPHIH Gbin cieyuanbHo nofobpaH LA ONUCAHUA
CMEeKTPOCKONMYECKNX JAHHNX. [IpM 3TOM GOHOHHHE crnexkrp MO XOpOmo
ONMCHBARETCHA UMEHHO NPU MCNONb30BAHMM PE3yNHTATOB, ONMDPARMUXCHA
Ha JuMmupuyecxull norexmman [Ipoxodnesa.
Haudosee npamoe ompejenedue NCEBAONOTEHIMANA MOTNO OH GHTH
MOJYUYEHO NDK M3MEDPEeHUM AMHAUTYIH pacceaHud }(RZRQ
9NEKTPOHOB Ha OTHENBHOM MOHE B MHTEDeCyDNeM Hac B MeTajie
nHTeppane SHepruii. B npuHuune, Takue M3MEDEHUA MOTIM OH JaThb
CPaBHUTENBHO UCUEPNHBARIYD MHGODMAIMD O ncepjoNOTeHIMane. JApyroit
. METOJX MOXeT COCTOATHL B MCHONb30BAHWM YACTUYHON SKCMEDPUMEHTAJLHOH
MHQODMALMHM, KOTODYE, HANDUMED, IADT CHEKTPOCKOMMYeCKUe UCCHeHOBa-
HUA UOHOB. MMEHHO 3Ta MIes OHJN& UCHONBL30BAHA B MeToXe Xeftne M
Adapenxosa [32, 33] (cM. Takme padory Aummany, Xetine [34]).
CyTs 5TOTO MeTOJa COCTOMT B CleXyDIeM. BHe UOHA, HAYMHAA C He-
KOTOPOTO pajuyca R,,, 3NEKTPOH-HOHHNH NOTEHUMAN TPUHAMALTCA
2

PaBHHM -'j%EL . BHYTDK 9TOT0 paxuyce noTeHUMaN 3aMeHAEeICH
Mo, NpUYEM INA KAXNOR NOPUMANBHOW BOJNHH C ODOUTANBLHHM MOMEH-
TOM TAyOUHE AMH — Ae pasnnuHa. 3HaueHHe Ap HAXOAMTCA

17
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U3 COOTBETCTBYDUMX CHNEKTPOCKONMYECKUX JAHHHX. TakuM 06pasoM,
HAXOXUTCA MOJEAbHHE NCEeBIONOTEHIMAaN, KOTODHHA, ¢ OIHOE CTOPOHM,
aBTOMATHYECKM YuMTHBaeT 3¢dexTUBHOE COXpameHMe NoTeHuuala

BHYTDU MOHHOTO 0CTOBa, & C JAPYrot - zaeT criageHHOe OMUCaHue
MHTEpecybDOuX HaC BeAWYMH. [l0-BUIMMOMY, MOJZENBHH] NCEBIOMOTEH-
man, noayvyapmuiica B paMxax Meroja XeltHe-AdapenkoBa, JaeT cefiyac
CPABHUTENLHO HaKWCONee HAJAEEHOe ONUCAHKe B3AMMOJEHCTBUA OTIENBHO-
I'0 3JeKTPOHA C MOHOM, XOTH#, KOHEYHO, B PaMKaX ONpDeXeNeRHOR
ToyHOCTH, ([lapaMeTpy MOXENBHOTO NCEBACMOTEHIMANa K3BECTHH

cefluac 1ia GONBUMHCTBA HENepPexXOAHWX dieMeHTon [34]).

U3 Zpyrux SRCNEPUMEHTANbLHHX BEAMYMH, KOTODHE MOTYI OHTb
MCOONB30BAHH JAA YTOYHeHUA NCeBLONOTEHLMAna, clelyeT BHEENWTH
¥3MepeHne SREDPreTUYECKOR menn, EOTOPAf BOBHMKAET B DNEKTPOHHOM
CNeKTpe HA TrpaHuNe 30HH 5punipsHa. JTO TeM Gofee BAKHO, YTO 3T
IMeab PaBH& NPOCTO YABOEGHHO! (ypbe-KOMIOHEHTE NCEeBIONOTeHNMaNs
B COOTBETCTBYDNEM y3i1e O00DATHO{ DemeTKH, UTO MO3BOJAET RepHIUIM-~
poBaThk 3HAUEHHUA NICEeBAONOTEHIHANA BHEKOTOPH X TOYKAX MTPH 3aMETHbBIX
uMnynepcax, rje onpeneneHne (I)ypbe‘KOMI‘IOHeHTbI HauMeHee Hade XHO.

flcesponorennuan, KOTODHt NMONYYAETCA B PAMKAX METOZA
Xeltye~AGapenxopa WIM KAKOTO-JUC0 IPYTOTO METOJA& HOCUT HENOKANb-
HH}f xapaxrep. OXHAKO K4aK NOKA3HBAET HENOCPeLCTBEHHHH aHaJK3,
MOABAADMAACA B Pe3yNbraTe HEJOKANBHOCTH 3aBACHMOCTH MATDUYHOTO
aneMenta (3.3) oT K OKas3uBaeTCH BechMa cnadoff. llosromy BoO
MHOTHX ClyyafX HeNOKaNbHHH NCeBIONOTEHMMAN MOXEeT OHThL 3aMEeHeH
3(PeRTUBHEM (yCDeJHEHHHM) NOKANBHHM. JTO npuonuzenue, no-BRAK~
MOMy, BO BCAKOM CNyyae MOXHO MCHOAB30BATH JAAA BHUMCIEHHS A(’J
(4.5) m coorsercrmenio &, (§)  (5.4). Uro xe racaercs A®
" GZL(Q) (5.2), 10 , B NPUHTHNE, MOXHO BOCMONB3OBETLCA HeE-
NOCPEeICTBEHHHM BHUMCIEHUENM V’(g) , RKOTODOE ¢ OnpejeseHHO’
TOUHOCTHD NPOBOXMTCA AN HENOKANBHOTO ncepXonoTeximana (CM.,
Hanpuuep, [35]). Ipu srom 3bdexTHBHHE NOKANBHHN NCEBXONOTEHIMAN
MoxeT OHTBH MONyuyeH, Hanpumep, u3 coormomenus (5.3) no K3BECTHOMY

¥g) .

Taguk 0G6pa3oM, OMHPaACh KAXJHI pas Ha cerojuamnut yposeHsb
3Han%q 30feKTUBHOIO NCEBAONOTEHIHANA 9NeKTPOH~-HOHHOTO B3AUMO-
RefcTBHA, MH MOXeM, cToabays (5.2) u (5.4), mposecTH mpamoe
onpejenense GOBOHEOTO CNEKTpa MeTamta. Taxas 3ajaua pemaeIcs B
RacTosmee BpeMA. ClefyeT Taxkxe 3aMeTuTh, UTO CPeX¥ BENHHUHH,
3EAUEHKE KOTOPHX OyXeT HECKOAbKO MEHATHCA 10 Mepe yTAyCHeHHa
3HAHU{ HAXOZXMTCA M CTATHYECKAA KUIJIEKTDHIECKAA NPOHANAENMOCTH

£(3) @M.

Kag u3BecTHO, NMpH OMpeXeNeHUM MOAAPK3ALMOHHOrO oneparopa
B NDHCIARXEHNM (5.7), COOTBETCTIBYDNEMY NDACIMXEHAD XAOTMIECKEX
$a3, He COZEDPXUTCA NOCAEZOBATSNbHHE yuET OOMEHHOTO B3amMOJeHcT-
BHA,

[puGauxesHOe pemesne 9TO# NpoGieMH OHAO AaHO XadoapzoM

[36] ., O noraszan, 4TO IpH yyéTe OCMeHA MOAAPU3AIMORHEA onepa-
TOD OyJeT MMeTh BUI:
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. T (3)
J(3)=

Ho-BuAMMOMy , HAUGONEE LOCNeHOBaTeNbHOE BHDAXeHUE LA J(( (i,)
MOXeT OHTHL NPEACTABNeHO B fopMe:

$@)= y

2 9 24 AK2

2
(6.2)

rue D MOxeT GuTH onpejieNen0 u3 ycnosua, yrodu (6.I) Japano
OH npaBUJbHOE 3HAYGHME CEXMMAGMOCTH IXA B3AUMOJedCTByDmEro
9MEeKTPOHROTO rasa [37)].

MHOTHMe ABTODH MCMOAB3YDT LA }(i;')mmaxoe BHDAXeHEe, Npei-
noxeHHoe XaoGapmoM:

$3)=£

1
6.3
Q2+ KE +Kzp (6:9)

Tie KT; - 9xpaRmpypmuit akTOp B npuGANMxenun Tomaca-depuu.

OrpaHMyeHHas TOYHOCTb B ONPEJENEHUM NCEBJONOTEHLMana
IenaeT DA3YMHHM aHain3 (QOHOHHOTO CNEKTDPA METANNOB B PAMRAX
odpaTHO} 3ajauK. [Py 3TOM MOXHO MHCIMTH TPM THNA OGPETHHX 3akay.

I. 13 cpaBHeHMA BHUMCIeHHHX Ha ocHose (5.I), (5.2) u
(5.4) u W3MepeHHNX IMCTeDCUOHHHX KDPMBHX MmeTcA 3Hauenue dddex-
THBHOTO JOKANLEOTO MCEeBAOMOTEHOHANA V" . Tipu arom xns
NPOCTOTH V“ MoXeT GITh BEIGPAHO B Hexoropon napaMerT pUNec KoM
BUZE U 'ror,na onpeieNeHunn MOJAexXaT COOTBEICTBYDEUE MapaMETDH.
3Zech 0COGEHHO CYMECTBEHHO ONpejeNeHne NOBeLeHUsA Vzi fpu

q,z. 2Ke . Hanuyue uynesa 3-ro nopaixa 00 TNCEBAONOTEHIMANY
B JMHAMKHYECKOX MATpHIE, NO-BUIUMOMY, PE3KO CyxaeT NOJOCY
BO3MOEHHX 3Hayexnh Vg . Cnegyer oTMeTHTh, YTO &HANU3 GOHOHHOIO
CNeKTpa NO3BOJAET ONpeLeNMTh NCEBXONOTEHNMAN B TOMX odacTd Mo

, KOTOpa# COBEDHEHHO HE BepUOMIMpYeTCA TO M3MepeHMAM
MERTPOHHHX CBOMCTB Meranna.

Ecau nponeccy nepeopoca Urpant OueHb cIadyD pOXb i
MOXHO HpeHelpeuh Kak sz(q,) , TAK U UJeHaMH C K#0
B (5.2), TO NOABNAETCA BOSMORHOCThL MPAMOTO ONpeieneHus QyHKIMM

W(q,) s @ CefoBaTeNsHo, ¥ abpexrusmoro Vg N0 pesynbra-
TaM MaMePeHUA 3AKOHA LMCTepCUX JNA CHMMETDUYHOTO HANpABJEHUA.
9ra mucab BrepsHe Oujia BHckasana Koxpamow [18] , [I7]

2. Matpsma &, (c';‘) ONpejeNseTcs Ha OCHOBE CYMeCcT=
BYDHMX mpeJcTaBAeHU! O V" win mpamo _ W( q,’ ) ana coor-
BeTCTBYDHMEro Meranmna. 'To xe xacaercs @2 (Q,’) , TO, YUUTBI~
BAs OTHOCHTENBHO KOPOTKOAeHCTBYNHMA XapAKTep HEMAPHOrO B3aHMO-
IeficTBUA, MOXHO NPEANONOEUTH, YTO ITO BIAMMOZEHCTBUE CKOHIEHTDH-
DOBRHO TJABHHM OGDA3OM H& CAMHX OIMEAMNMX KOODIMHAIMOHHNX
cpepax. Torza  &D,(§)  cTpomTcA OGHUHHM A1 CXeMu Bopa-

19
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KapMaHa METOJOM, & MaJ0oe YHCIO HEe3aBMCHUMHX CHIOBHX KOHCTAHT
ONpefenAeTcs U3 CPaBHEHUA C DKCTEPUMEHTOM.

3. fpn onpejgeneHuun éD,(@) Budmpaqgca*yoxensuun
NCEeBLOTIOTEHUMAN CO CBOGOXHHMM NApaMETDaNy. ébz(q) onpexend-
eTcA TAaK e Kak B NpeluiymeM ciayuae. llocne 3T0T0 pemaercd
o6paThHad 3ajavya, B Pe3yNbTATE YETO HAXOAATCH He TONBKO napa-
MeTpH, ONMMCHBADIME KOPOTKOJERCIBHE, HO W 3HAYEeHHA IQPEKTHBHOTO
NCEeBRONOTeHUMANR «

Iipn ananuse GOHOHHOTO CMEKTPA CACZHHX METAJIOB MH pac-
cMaTpMBANM BTODOW ¥ TpeTH TN o6paTHod sagmaus [I9], [20] ,

[28] . [Ip¥ 2TOM B KaueCTBE MOJAENBHOTO NCEBAONOTEHIMANA NMpPU-
HMMAJCA MPOCTON MOTeRuMan BUJIA:

V,, >t
)= 3 .
V= { 2 T (6.4)
[

KOTODHIt NpejCcTABAAETCA BECHMA eCTECTBEHHHM JAa BCeft ROHmenuuu
ncesgonoTermpana (napamerpy T, M V, ABAADTCA CBOGOKHHMM).

7. PONb JIEKTPOHOB B OBPA3OBAHUM $OHOHHOTO CIEKTPA
KOHKPETHHX METAJIIOB

[IpoaHanu3upyem Tenepb B CBETE M3JNOXEHHOrO B NPEAHAYEHUX
pasjenax QOHOHHHI CNEKTD KOHKPETHHX HENEePEXOZHHX MeTalIoB.

BOHOHHHR CHEETD NPOCTHX METanIoB

Ha puc. I npusefera QyHRUMA u’(@) (5.3) mns yeTHpex
HEeNepexXoAHHX MEeTANNOB KyOWYecKoit CHMMMETpuM, ILIA KOTODHX H3-
Meped GOHOHHHH CHEeKTD: Na ’ K , Al ’ P8 , NOCTpOEHHAA Ha
OCHOBE BHUMC/IEHUR, TpoBeJeHHuX AHumany [35], B pamxax MeToJa
XeftHe-AGapeHkoBa. Ha rOPMIOHTANBHHX OCHAX OTJNOXEHO NOJOREHHE
Y3108 00paTHO! pemeTKM M YKA3IAHO YMCJO SKBUBANEHTHHX Y3J]OB.

B cayvae NMa v K canzaitmnn y3en o6paTHO® pemeTkM
JeXUT JXANeKo npaBee TOURN q@ y TIe NCceBIONOTEHIMAN fepe-
Cexkaer och adcuucc, a ciaeXxypmuit ysen nonajaer yxe B 06NACTb ,
rie GyHKuUuA V(¢)npaxrnuecxw paBHa HYAD. B cCuNny 5TOro npoueccH
nepespoca urpadT B MeTainax tuna N@ ouens cradyp pons. EcTe-
CTBEHHO, UTO NPX ITOM HENapHoe B3auMoXelicTsue, cojepramee napa-
METp uanocrn\ﬁ;/EF ,OUEHp MANO, M JNA OTpeieNeHHs POHOHHOTO
CNexTpa JOCTATOYHO BOCIONBL30BATHCA TOMABKO MaTpulleft Sb,ﬂi)
(5.2). lloaToMy BHYMCAEHMA, B KOTODHX BOOCHE NpeHeGperanoch

KODPOTKOJNeCTBYDMUM B3&UMOZeHCTBHEM, JaBanyu xopomee ONUCAHUE
CNEKTpa. JTO MOEHO HATLAAXHO BHZETh HA PHC. 2 M 3, 3aUMCTBOBAH-
HHX U3 padoTH [27] , rie npuBeieHH IMcHepCHOHHHe kpupHe Lia N
n K s TIOJIYYEHHHE TPY UCHONB30BAHMU GYHKIMM V’(¢) puc. I,

a Takxe onee pPaHHUME pacyETH BOCKO M Xp. [IGJ (Ma , sauepren-
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0 05 05
aenja)
HHe TpeyronsHukk), llama [15] (Md , mpocTHe TpeyronbHuEM) K
Toitu [13] (K 4 NPOCTHE TpeyTroabHNKH) . OJHOBPEMEHHO TOURAMH
HAHECEHN DJKCTEpUMEHTANbHNe De3yNBTATH, noxyuennse jia N

B pagdore Byjace u Zp. [38] , a mia K B padote Koyxes [39] .
(B pasorax [I5] m [I3] mRommnoch koporxozeficTByDHEe BOAMMOKeH-
cTBUe TUna bopHa-Maitepa).

KorZa MH nepexojuM K MOJUBANEHTHHM TDaHeNeHTpPHPOBaHHHM
verannay AP wu P8 , xapruwa cymecrsenno menserca. Temeps
NOABAADICA Y3AH OODATHOM DemeTKH, KOTODHE NeEaT MU FODPa3fo
wenrunx smavemusx G /Kg (yamu [III] u [002] ), xpome roro,
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Gonee unrencusmu "xpoctu® gynxmtn W(§) . Omsako rero mpo-
cnegurn, uto nosesenne AE u P8  ponmio cymecrsenno
OTAMYATHCA LDYT OT Apyra. leicTBuTensHo, yand [III] u [002]

B A? noaganT Kaxk pa3 B 0GN&CTh q, B HeJoCPeXCcTBEeHHOR (aU30-
CTH 0T Qg ¥ NOJTOMY OTHOUEHMe Vi /E; B aTHX Toukax Mano.
Haodopor 8 PB ode sru yana nexar mesee G, , npuuen poas
yana [III] secsua swauntensua. Kpowe Toro, "xmoct" gynkums ¥(¢)
B crywae P8  saramyr ropaszo cumemee, vem p AL . B coorser-
CTBUK C 3TMM, MOXHO yTBepxiaTh, uro 8 AP u P8 gonmio cymecr-
BOBATH B3auMOjefCTBME KOBANEHTHOro Tvna, HO B AP 0HO

OyleT NpejCTABAEHO OTHOCHTIENBLHO CAAG0, & b P8 BECHMA CUJBHO.
B mociteimeM cryuae 9T0 YCYTYONAETCA TeM, YTO B CBHHIE MMeeT
MECTO CMAbHENmee B3ANMHOE COKpAmeRMe BKJAJS OT MOHHOM pemeTkH

K OT DNEKTPOHOB B NMApHOHl uACTH B3AMMONENCTBUA, HA& KOTODOe BHep-
BHE OHMO oOpameHo BummManue B padore [I6] . Ina Toro yToOH 3TO
NPOMIINCTDUPOBATH, B Tadxuue I MpUBeieH 3HaueHud Kpajparta
NpojonsHO vacToTH Ha rpaunte somu mpx G #t  [oor] ,
OTIEeNBHO LAR BEJN&JA OT MOHOB wf/w} B 0T DJEKTDOHOB

(A)f /wf . (Nocnegnas penuuuna cuurenach ¢ dysxumest W(‘-}.),
npupefeno#t Ha puc. I).

Tadauna I
2 2
wf /w; | We / Ws
Na | 0,3333 0,07
K 0,3333 -0,03
Ae 0,678 -0,558
pg 10,678 -0,636

BugHO, YTO yXe B ciayuae AP maeer MecTo CUNBHAA KOMNeHCAIMA,
Ho B cryvae P8 OHa cTaHOBHTCR "raractpoduuecxoit". Moarouy,
C OfHOM CTODOHH, B P8 JONEHO GHTH 3&METHOE KOBAJEHTHOE
B3aUMOReHCTBHE, & C XPyroi - CUIbHAA YYBCTBUTENBHOCTH OROHUA~
TeNBHOTO CNEeKIPa K BHAY 3¢PQEeRTMBHOrO MOTEHIMANA INEKTPOH~
MOHHOTrO B3aKMOfeRcTBUf. 06a 9TH OGCTOATENBCTBA NDUBEAU K TOMY,
4T0 eJMHCTBEHRAA NONHTKA TEOPeTHUeCKOTO OGBACHEHHA CIHeKIpa
[16] Ha OCHOBE MCMONB30OBAHMA TOJBKO MAPHOTO B3AUMOJEHCTBHA
OKa3ajach He O4YeHb yJXauHo#t. COOTBETCTBYDHME KDUBHE, 38MMCTBOBAH-
HHe M3 pagoTH [I6J s NDUBENEHH Ha DPHC. 4. CNIOMEHMM KDHBHMM
HA 9TOM DUCYHKE HAHECEHH De3yJAbTaTH D&CUETA ¢ MNOJOTHAHHHM
apPerRTUBHHM DAEKTDOH-HOHHHM B3AMMOZEHCTBUEM, & NMYHKTHPOM - pe-
3yALTATH PACYETA C MCHOJXb30BaHMeM MOTeHmuata bapiu€a, HO C
MOXOTHAHHHM NapaMeTPOM. JKCHEDHMEHTANbHHE TOYKH B3ATH M3 PaGoOTH

[1].
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Yro xacaerca AP s TO JUis HEro pacyéTH ¢ YYETOM TOJNBKO
NAPHOTO B3AWMOXEHCTBMA MexAy momau# gepes dnexIpoHH [I16]
AEMOHCTPHDYDT CDABHUTENBHO XOpOmee COTNAcCHe C BKCINEPUMEHTOM.

POHOHHNM CIEKTD Genoro 050B&

Anann3 GOHOHHOIO CNEKTpa 0J0BA MNPeJCTABAAETCHA BECHMA
NOYYUTeNBHHM, NMOCKOJBLKY Deub UZeT O MeTanne C ABYMA aToMamy B
3neNenTapHO! Ayelke ¥ CMABHO BHpaxXeHHOR aHu30TpOnMeR pemeTKH.
3aMeTiM, YyTO ONOBO GHJIO NMEDPBHM CAOXHHM METANAOM, LIA KOTODOTO
O0Hna npoaHaNn3upoBaHa B ABHOR opMe DOAb 3NEKTPOHOB B 0Gpa30Ba-
mun gomormoro cmexrpa [I9] , [20] .

AHoNANKK B TAKOM MeTAaNNe HAYMHADTCA yXe Ha ypOBHe MOHHOMN
pemeTk#. Ha puc. 5 noCTPOeH KOAeCATENBHHE CNEKTD MOHHOK pemeTK®
0JI0B& NPH HANMUYMHM KOMIEHCHDYDMEro OXHOPOZHOTO 3MEKTPOHHOTO
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foHa. JnA HAXOXAEHHA CNErTpPA MCHOJB30BAJICH METON, AHANOTHYHHH}
X0pomo M3BecTHOMy MeToxy Jpanpia [21]. Dlepsoe, uTo Gpocaerca
B rhasa - 370 HeycTOWuuBOCTH DemeTRM - POHOHHHE YACTOTH B
nenoit odnact¥ $a30BOro NMPOCTPAHCTBA CTAHOBATCA MHIMHMM, Takoe
nosejenne ABAAeTCA NPAMHM CHEJCTBUEM CTDYKTYpH onopa. YacTora
NPOKONBHHX AKyCTHYECKMX KojeCauui (isa MOHa Konedavrca B daze)
npu '@*o , €CTecCTBEHHO, CTpPeMHrCca K 3HAYEHHD, COOTBETCT-
ByDHeMy NIa3MeHHON 4acTOTE.

IIpH yuyéTe KOCBEHFOTO BIamMOJefCTBHA Yepe3 3NeKTPOHH
HCTIONB30BAJICA MOJENbHEH JByXnapaMeTpUYecKult noTeHmdan, a He-
NnapEoe B3AMMOJeHCTBME YUYNTHBAKOCH KAK B3AHMOJeHCTBMe ¢ dauxai-
melt xoopaMHAMMOHHOY cdepoit. 3TO B3AEMOZeHCTBHe OMMCHBAETCSH
TPeNS H@3ABUCHMHMM KOHCTAHTAMM, TAK YTO CYMM&DHOE YHCJIO He-
34BUCHMHX NapaMeTpoB OHJO HATh. JITH NAapaMeTDH HAXOJAMAMCH H3
CPABHEHKA C 5-D BECIEDUMEHTANbHHMU BeNMYHHaMy (TPH MOJynd
YODYTOCTH ¥ JBe NpefefibHHE ONTHYECKHEe YACTOTH).

Ha puc. 6 npuseies HaljeHHH# MOXeXbuui NCEeBIONOTEHIHAN.
lIna cpapHeHnA H& TOM Xe DHCYHKe OTROXEH INCEBAONOTEeHIHAaN
(HYHKTMPH&ﬁ nuﬂnﬂ), BNUHCAeHHHN AHmuany ¥ Xeftme [34, 12].
Corjacue MexXy OGOMMY De3yALTATAMM BeCHMA& XOpOmEe.

Puc, 5.

Puc. 6.
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Ha puc. 7 noxasal OKOHYaTenbHEE BHA JORORHOTO CHEKTIpA,
HAlIERHOTO Ha OCHOBE XMATOHanWsamum cysmmaproit marpuru (5.I), ®
HAHECEHH SKCIEDUMeHTANbHHE TOYRM, B3ATHe M3 pador [2] ’ [4] .
(Pucyrox samucTBOBAH M3 padoTH [20], nosToMy Ha HeM He HaHece-
HH TOYKW, TONYYeHHHe B GOJee NO3XHUX padorax [8, 40] Mmeer Mecto
BMOAHE XOpomee COrjacHe MexXy Teopuelt ¥ OECHEDMMEHTOM JJIA BCETrO
CneKTpa B LEeNOM, OCOGEHHO eCAM yueCTh HETDMBHaNbHHK xaparrep
NOBeJieHHA ONTHUECKHX M BKYCTMYECKUX BeTBelf CNeKTpa M Manoe KO-
AUYeCTBO CBOGOJHHX NADAMETPOEB.

Lv(ﬂ?ﬁ)

Puc. 8.

! L L L P

F 4

9— (o] € /% — F
o)

Vil dw)

Ha puc. 8 npusefeH GOHOHHHK CNeRTD, NOXyYaDmUicCE npu
TIOJNIHOM TpeHedPeXeHuK HeNapHHM ROPOTROZEHCTBYDmAM B3AMMOLEHCT-
BHeM, T.e, OpH D, = O.

lipexXe BCero OTMETHM COJABNYD KONMYECTBEHHYD POJb, KOTODYD
¥rpaer B3aBMOKefCTBMe Uepe3 SMEKTPOHH. [l0 CpaBHEHMD C HOHHOM
pemeTko}t Bech CMeRTp CX¥MaeTCA npuMepHo B 3 pasa. [losyyapmuecs
IMCTIePCHORHNE KDUBHE XEMOHCTDUDYDT MHOT'ME YeDTH OKOHYATENBLHOTO
cnexTpa, OCOGEHHO 3TO KacaeTcd ONTHYECKMX BeTBeH. Buecre c TeM
$OROHRHME CHeKTp ocTaeTcd HeycTOHUMBHM, & YACTOTH B HEJAHX 00—
RAcTAX KONMYECTBEHHO CHMABHO OTXHYADICA OT CBOMX MCTVHHHX 3HAYE-
HEft. Tagud 00pasoM, MH CTANKMBAEMCA C CUTyamue#, KOrJa B CHABHO
4HW3OTPONHOM RpHCTAANE YCTONUMBOCTL OGECTEYMBAETCA TONBKO NDH
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ABHOM yu&Te KODOTKOXeHCTBYDMEro R3&MMONEUCTBKA KOBANEHTHOTO
THMA.

Ha puc. 9 npupezena QyHENHUSA W(Zi) (5.3), coorsercTeyD-~
mad HalZeHHOMY NCEBAONOTEHNMany. BuXEo, yTO B cAyvyae 0N0Ba
UejHit pAX y3MOB OCPATHOX pemeTKM NeXUT jeBee TOYKM q,o s B
KOTOPO# nceBROMOTEHUMan odpamaercd B HyNb. Kpome Toro, Goxpumoe
YHCAO Y3AOB DACNONOXEHO B O6iacT® "xBocra”, rie ¥V eme mMeer
KOHeYyHOe 3HaueHHe. Bce 9To mpejonpeXenser GOABEYD PONb NMponNec-
COB mepedpoca. JAf TOr0 4roGH HATNAJHO TNOKA3ATh, CKONB CYHNECT-
BeHeH BRAAJ uneHoB ¢ K # O , MH Ha puc. IC mpuBens xpHBHe,
KOTOPHE XADAKTepPH3YRT BKAAJ COOTBETCTBYDEUX UNEHOB B MATDMIY

-
o'D,ss (9,) « leno B TOM, YTO, PACCMATDHBAA NPOXOXBHHE KONECABMS
npu ti, BRoAb och C , MH ¥MeeM MpoCTo:

wi(3) = B G)e DF @)

-
OcHOBHOM BEARJ yneHos ¢ K #0 B 9TOM BHDAXEHMM CBA3AH C
uaTpunet 50" ’ anemponnax YacTh KOTOpOH MMeeT BuMZ:

g ey *zW**— (H'wSkv‘)
()w‘,Z[Z.l I('C)%o p
K y(@))= w2 3 Az §)

K

Ha pyc. IO xak pa3 NPHBEACHH BENHUMHH qu‘ « BugHo, uro
yneHH ¢ K #0 HrpapT BechMa 3HAUMTENBHYD PONb, OMpeRenaf
Raxe oO0mui X0X XMCNEPCHOHHHX KDHMBHX.

3aMeTHAR POJNbL NPONECCOB Nepedpoca JNONXHA NPUBONUTH K
cymecTBeHHO! KOBANEHTHOCTH, YTO, C OXHOW CTOPOHH, M MPOABKIOCH
NpY aHaNM3e CNeKTpa, a C JPyro# CTOPOHH, €CTeCTBEHHO JJIA TAKO-
ro MeTajja Kak 0J0BO.

HaxoHel, oTMeTHM, YTO K3 BUJA KPHBOH W(@) ¥ pac-
TONOREHUA Y3JM0B O0OPATHOM pemeT¥M MOXHO Cpa3y NOHATH NPUDPORY
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PE3KO DABAMYHOTO XapaxTepa IKDAHMPOBAHMA jUIA MpefeRBHON onTnye~
cxolf yacTOTH ¢ monspusammedt mxons ocw C ¥ Bjons ocm A
leficrauTensuo, u3 (5.7) ciegyer, uTO B wé (o) oyxer
BHOCKTDH BKJGJ CaMuil MONHHY y3en 0CPATHOR pemeTKH [IIO] , TOTHA
KaK JJIA BKJAJA B Cdé(o) OavgaftmuM y370M OyJeT TOJNbKO JIANEeKe
nexamuii ysen [002] . B pesynsrare-cuAbHelmuil BKA&K DAEKTPOROB
B YACTOTY 60:(0) n Huyroxuas sxkpanmposka 3 W; (0) .

B 3axkApueHMe 3aMeTHM, YTO, HECMOTDA Ha XOpomee coriacue
MEXLy Teopue} ¥ 3KCTEepUMEHTOM B LEJOM, MMEeDTCH OCOGEHHOCTH
cnexTpa, KOTODHE He OHNM BOCTNPOM3BELEHH B pacyére. B mepsyp
oyepelbr peyb MLET O TOHKOW CTPYKType Ha NDPORONBHHX BETBAX NpH
Z): prons ocu C [4] . Hax mpegcrasnserca, yro ara CTPYETypa
HeNMMKOM CBA3aHa C peajbHHM XOJIOM MNCEBAONOTEHOMANA TpH GOJBNMX

% MOABARETCA B Pe3yNbTATE HANOXEHNA BKI&LOB 0T DABNHYHHX
BekTopos K . IIpM HEKOTODOM M3MEHEHMH NApaMeTpoB NCEeBJONOTeH-
mana noABNANACh Takad Ee TOHKAA CTPYKTYp&, K&K M HA 3KCHepH-
MEHTAJIBHHX KDUBHX, HO NDH COXDaAHEHHM JBYXNapaMeTpHyeckoro
OTMUCaHMA 9TO BJEKAO 3a codoft ucxaxeHue GOHOHHOTO CNEKTpa B
nenoM. TpeGyerca Gonee rubkas $opua MOLEABHOTO NCEBAONOTERNHMA-
Jia,¥ He BH3HBAET COMHEHMA, YTO NPM ITOM MOXET OHTb NOCTHIHYTO
xopomee corxacue MexIy TeoDMel ¥ DKCNEeDMMEHTOB B JKETANBHHX
YyepTax CnexTpa. 3aMeTHM B 3TO# CBABHM, YTO pemeHHe odpaTtHo# 3a-
Jauyy A8 TBKMX CHOXHHX METAJNOB Kak OJ0BO, OTKDHBRET GOJBIHe
BO3MOXHOCTY JIJA BepUPUKAONKM NCEBRONOTEHLHMANA.
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QOHOHHH{t CNEKTD TeKCATOHANBHHX METAXNIOB

$OHOHHH! CNERTD CAOXHHX METANIOB, NOMMMO OJIOBA,H3MEPANCA
TONBKO JIA TDPeX BNEMEHTOB rekcaroHansHon rpynmi: Be , Mg uZn .
llosToMy paccMoTpeAse 3TOH IpyNiH MeTannop NpejcTasnder GOABHON
MHTEpeC N4 aHanu3a GOPMMPOBAHHMA CHEKTDA.

Ha puc. II mpuBefeHH De3yJNbTATH pacuéra ClekTpa Koxeda-
HMA MOHHO{ pemeTKH NpPH HARKUKK KOMIIEHCUDYDNMETO OTDHIATENLHOIO
doHa IANA OTHX MeTaANOB. YaCTOTH OTHECEHH K NJIasMeHHo#t yacToTe
(), COOTBETCTBYDNEro MeTanna. BHAHO, YyTO B T8ROM Macmrace
CMEeKTDH BechMa GaMaku, ocobexno mia Be u M9 . (Pasmuume
BOSHMESET 3a CUET WSMEHEHMA OTHOmERME C/Q ). Oxmako Xna Zn,

Prc, I2.
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KaE ¥ qas Sh » H&OIDZAETCA HEeyCTOWUMBOCTH MOHHOW pemeTRH M,
COOTBETCTBEHHO, NOABNEHNE MHUMHX yacTel.

XoTd cnexTp MOHHO{ pemeTks M NORKOGEH XAA 3TUX METANIOB,
BUJ XMCNEePCHOHHHX KDHBHX, HabyoJaeMbIXHa ONbTE, BEChMa pa3-
Ru4eH. 370 OGHACHAETCH CYHECTBEHHO Pa3’HOM POABD INEKTDOHOB
NPOBOKMMOCTH .,

Ha puce. 12 npvpeleHH KpUBHE W( ¢ ) I TpeX I'eKcaro-
HANBHHX METaNN0B, NOCTPOGHHHE HA OCHOBE DEe3yALTATOB DAGOTH
[35]. He ropMsoHTENBHNX OCAX OTAOXSHH NONOXEHMS Y3XOB 06paT-
HOH# pemeTkH.

U3 BHAa KDUBHX M DACTIONOXEHUA Y3MOB MOXHO 3AKANYUTE, YTO
And BCEX TPeX MEeTAnA0B NpoueccH nepedpoca OyXyT UIPATh CymecT-
BEHHYD DoJb. [Ip¥ 3TOM pasnudMe B NMOBEXEHHM "xpocra™ QyHRIMM

qz(¢) 38CTaBJAGT CUMTATb, YTO HENADHOE BIAUMOJGHCTBME B CIy-
vae B@ u Zn HonXHO OHTH BHDAXEHO CMJABHEE, YEM B crydae
MarEMf. C Jpyroff CTOpOHH, XOJX KPMBHX TpH q,<q,, NoKa3HBa~
€T, 4YTO 3NeKTDOHHAA DKPAHMDPOBKA MaKCMMaNbHE B £ZM M MUHH-
Manrga 8 B€ . Uroow TIPOUANBCTPHPOBATH Macmrad 3Tolt 3RpaHu-
posxu,s Tadnuue Il npuseNeH KBaipaT NPOJOJNBHOM ONTUYECKOH
YaCTOTH NpH 9 = 0 OTXeNbHO JAA BKAGKA OT MOHHOM pemeTry

2
2 142
W /W5 w na Braaga 0T nNapHOro  B3AMMOKEHCTBUS 4yepes MEKIPO-

2 712
Hi We /W2, 13 TaGauim YeTKO BUJHA OTMEUEHHAS BHEE TeHXEHIHA

Tadnuna 1
2 2
Wi /w2 We /W3
Be | 0,8% - 0,355
Mg | 0,906 - 0,636
Zn | 0,953 - 0,976

u, TJaBHOE, UPe3BHYallHO CUNIbHAA BJIEKTPOHHAR JKDPEHKDOBKA B Clyvae
Zh . Jaxe ecnu OK8XeTCA B De3yxbrare yTOYHEHMA NCEBIONOTEH~
mMana, 4Io NepedKPaHMPOBKM HET, BCe DABHO KapIMHA NMOYTH NOJHOM
KOMMeHcAamMM OcTaserTcd. OTICHIA ACHO, YIO B ZM1 KOBAJNEHTHHE
a¢dpeKTH JOJNRHH MIPaTh OYEHBb CYNEeCTBEHHYD DOJb. (Ipx mcnonb3osa—
HVM NCeBLONOTEHIMaNa, NOMYYEHHOTO B paMxax Meroxa XeltHe-Adapex-
KOB&, TONBKO OHM CTAGUAM3KDYDT DemeIKy - cM, nojpocmee [28] ).
CnexyeT OTMETHTBH, 4YTO B KaKOM-TO CMHCIE 2Zn Bexer ceds NoROGHO
P8 . Toaromy, » YacTHOCTH, BeCcbMa XaDakTepHO, YTO B 000MX
clayuadx yeTKO HAGADJADTCA OCOGEHHOCTH HOH&, BHABJIEHME KOTODPHX
Ha (OHe CHMABHOTO COKDANEHHMA, NO-BHAUMOMY, CYNECTBEHHO 0GJerYero
(cp. cooTBeTCTBYDIEE 3aMeyaHhe B [16] Y.

Yy€T poaM 3KERTPOHOB B 00pas30BaHuM QOHOHHOTO CHEKTpa
FeEcaroOHANBHHX MeTasna0B OHJI NpoBeLeH B paMxax OOPATHOR 3ayauM.
flpy 9TOM OLJAM PAcCCMOTPEHH JXBa THna OOpPATHHX 3alad. B nepsoM -
JN8 ONKUCARMA NADHOI'0 B3AUMOJeHdcTBMA MCNONB30BANMUCEH Pe3YyAbTATH
Xellne-AGapenkroBa-ARNMANY , & YUET HENAPHOTO B3AUMOIEUCTBUA MpO-

29
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BOJMACA AHAJNOTHYHO TOMY, K2k 3TO Jejaloch B 0JOBe. B JpyroM -
NS ONMCAHKA JANbHOXeHCTBYDNETO NADHOTO B3AUMOAEHCTBMA HCIOJb--
30BaJICA MOJENbHH! KByXnapameTpuyeckui norenuuan suga (6.4).

B ogoux cayvasx ana Mg

v Be noayuamuch CpaBHMTENBHO GNUBKHE

pesyxsTard. (B cBASKM ¢ OTMEeYEHHOW sHme pasHOll KoMnercauyef B
nocaeauuit Tn odparHOi 3axauM Jid ITOr0 MeTaAna He
paccMaTpUBANCA, BEMAY HeoGXOIMMOCTH HCMNONB30BaTh Oonee
ruoxoe npexcrapnenve ana  V (T), Hexenn zaaemoe (6.4 ) ).
PeaynbTarTH neppoit o6paTHOW 3a%a4M NMOLPOGHO H3NOEEHH B [28] ¥
MH NpuBefeM 3JeCh TOABKO DE3YJNbTATH, OCHOB&HHHE H& KCMNONb30BAHMYU
MOJXENBHOTO NCEBAONOTeHUMuaNa

B cnyvae rexcaroHaibHHX METANJOB DACCTOAHMA X0 Oauxafumx
ABYX KOODAMHANMOHHHX Cep Majo OTIMYANTCA IPYT OT Xpyra, MOQTOMY
MH CYKTAaJH HEOGXOXMMHM yuyecTb 00e KOODAMHAUMOHHHE cdepH. ORAaKo
JUIA NMPOCTOTH aHaNN3a B3aMMOZefCTBME MPUHUMANOCH AKCUANBRO-CHM-
MEeTDUYHHM, YTO NPH yuyéTe ycnosua boHa-XyaHra NpUBOIMAC K 3~M
He3aBUCKMHM KOHCTAHTAM. TaxuM 00pa3oM, ofilee YMCHO NapaMeTpos
CHOB& DABHANOCH 5, KOTODHE HAXORMAMCH M3 CPABHEHWA C 5 JKClepu-
MEHTANbHHMK BenuuvHaMy (CM. ROApoGHee [28] ).

cnyvae Zh
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Ha pHC. I3 TNPUBELEH OKOHYATENBHHM BUJL BHYMCNEHHOTO (HOHOH-
woro cnexrpa Mg

HHe B padorax [42, 43].

¥ HAHECEeHH DKCNeDUMEeHTANbHHE TOYKHM, MNONYYeH-
BuAHO, YTO HAGADAAETCA XOpomee coO-

Tnacue MexXXy Teopueil ¥ 3KcnepuMeHToM. Ha puc. I4 nocrpoeH
HAULeHHKY MOKeRbHHY NCEBJONMOTEHIMER ¥ JAA CDABHERNS NYHKTHDPOM
npuBefieH MCeBIONOTEHOMaN, BHUWCHEHHHN Aummany u Xeine [34],

[z2] .

Ha prc. I5 npuBejeH BHUMCHEHEHY GoHOHEHYE cnektp B
HaHECEHH BKCIieDUMeHTaNbHHE TOUKHM, NOJAYYEHHHE B DadoTe [41].
CHOB& HAGNDZAETCA XOpomee Corjacie MexXy Teopuel ¥ 3KCHEDHMEHTOM.
Ha puc. I6 nocTpoeH HalifleHHHY HaMK B DaMKax 06DATHON 3a-
Jayy NCeBRONOTeHIMAN. J| MyHKTUDOM CHOBA NDHBEXEH MCeBIOMNOTeH-
mpan, BHUMCNeHRHH AHudany u Xe#ue [34, 12].
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My He NpMBOJMM 3Zech OTJHENBHO XMCNEPCHOHHHWX KDUBHX, MO-
CTPOEHHHX (e3 yu&Ta XO0DOTKOAeACTBYDHLET0 B3&MMOXeHCTIBHA.
OTMEeTHM TONBKO, YTO YYET TONBKO NADHOTO B3GMMOREHCTBUA CXBATH=
BaeT OCHOBHHE YEePTH CHEKTpa, OXHAKO KOJAMYECTBEHHOE COTJAacHe
ZOCTHraercsd TONBKO MPU YYETe KODOTROJelHcTBypmero B3auMOofefCTBHA.
Pons aTOro m3amMofelCTBHA, K&K ¥ MPEXCKA3HBANOCH A3 OOMAX
coodpazeHvR,ora3anack B B@  3KayuTeNBHO CONbNeR 4UeM B Mg ’
X0Td W An4 h4g KODOTKOJekcTRyDOEe B3auUMOAelcTBHE CYMECTBEHHO.
Cnepyer XywMaTs, 4TO B NEpBYD ouepeks no 3Toft npuywHe B padorax
[44, 45], rie yuurwmBanace ponib  JNEKTPOHOB JAA ONHUCAHUSA
Innauuxn Be Mg , HO TONBKO B NAPHOM NDHOANXEHRHH, He
YXanoch XOCTHYDL XODOMETro COTrjacHA C 3IKCIEDUMEHTOM.

My OrpaHuuYMMCH ITHMM 3aMeqaHuaMH O QOHOHHOM CNEKTpe TeE-
CArOHANBHHX METalN0B, OTCHIAA 3a MOJDOGHOCTAMM K padore [28] .

TaxuM 00pa3oM, XaK MOKA3HBAET NpHUBELEHHH{} aHANU3, cxeMa
PacCMOTDEHHs, BHAeaADHAd B ABHOM QopMe fanbHOZeHCTBYDmEe MapHoe
B3auMojfelicTBYe ¥ HeMapHOoe KODOTKOZeNCTByDmee p3auMOfelicTBue
OKa3HBaeTCA pechbMa 3QDexTHBHON JIA OnUcarus GOHOHHOIO CHeKTpa
CIOXHNX MeTaNnioB. 3BMETHUM MDY 3TOM, YTO HETOUYHOCTh, KOTODAA
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MOXeT OHTh CBfi3aHA CO 3HAUYEHMEM MCEBIOMNOTEHIMARA MpH q,g,2K,

"B NApHOM B3amMoZeidcTBUM OYLeT B NEePBYD OYepeXb CKa3brBATHCH, MO~
BUIMMOMY , HA B3auMOJelCTBMM C GaMEafuuM¥ KOODXMHAIMOHHHMIK
chepamu. IIpu 3TOM HAXOXKEHUE 332 B paMkax OOpDATHON 3ajauyu
KOMITEHCHUDYET 3TY HETOUHOCTh.

ABTOpH Tpu3RATENBEH A.XoNacy sa mpoBefileHHe DN KOHKPETHHX
pacuerToB.
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DISCUSSION

B.N. BROCKHOUSE: In your presentation you described the strong
anomaly in the longitudinal branch along the c-direction in S-tin as arising
from the 'zero' in the pseudo-potential (a 'Harrison anomaly'?). Now,
according to Rowe's results (Phys. Rev.163 (1967) 547, Fig.4), the anomaly
decreases rapidly with distance from the c-axis. In view of the isotropy of
the pseudo-potential, is this consistent with your interpretation?

Yu.M. KAGAN: As I indicated in my talk, the dip or anomaly in the
longitudinal branch along the c-axis in B-tin may be explained in terms of
interference by contributions from various réciprocal lattice sites. It is
easy to reproduce this anomaly in our calculations by varying the pseudo-
potential parameters. Since our simplest pseudo-potential was not suf-
ficiently flexible, these variations resulted in a change in the remaining
part of the dispersion curves. We very much doubt whether the use of a
more flexible pseudo-potential will make it possible to reproduce the whole
experimental dispersion curves.

As for the decrease of this anomaly with distance from the c-axis, I
believe that this is connected with the change in the relative contribution
from the reciprocal lattice sites, espec1a11y those lying in the basal plane
(perpendicular to the c-axis).

S. K. SINHA: Do you consider that the local pseudo-potential which you
described here would be valid for more complicated metals such as transition
metals? It seems to me that the problem of getting a 'pseudo-potential' is
one of the big difficulties as one departs from the simple metals. Similarly,
do you believe that the treatment in terms of a simple scalar dielectric
function ¥ (q) which you also mentioned would be applicable to such metals?
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Yu,. M. KAGAN: First, let me point out that everything in the paper
relates to non-transition metals, Although the main results are quoted for
a local pseudo-potential, non-locality canbe takeninto accountinthe normalway,
at least for pair interaction., This will correspond simply to a more
complex ¢ (q) function.

No artificial simplification of the dielectric function was carried out.
By taking account of the subsequent terms of the pseudo-potential expansion
one also describes the increased complexity of the dielectric function in
a crystal as compared with the dielectric function of an electron gas. It
is precisely herein that the advantage of this method of treatment lies.

With respect to transition elements, we have two problems: finding a
pseudo-potential or scattering amplitude in an isolated ion, and overlapping
of neighbouring ion shells in the crystal itself. These problems should
preferably be considered separately, taking as subjects for investigation
such substances as noble metals and specially selected rare-earth metals.

The problem of finding a pseudo-potential for a free ion in transition
elements will be solved one way or another in the near future, As to the
overlapping of inner shells, in a system where non-pair interaction is
regarded as interaction with nearest neighbours, this overlapping can, it
would appear, be taken into account directly. ’
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Abstract

LOCALIZED AND BAND PHONONS IN Tag-Nb , STUDIED BY COHERENT INELASTIC NEUTRON
SCATTERING. It is probable that substitution of Nb atoms in a Ta crystal does not alter the force
constants significantly, so in a Ta-Nb alloy the Nb atoms can be regarded as nearly pure light-mass
defects. These give rise to a localized mode of vibration with a frequency above the frequency band for
pure Ta lattice vibrations. The lattice vibrations of an 88% Ta-12% Nb alloy have been studied by
inelastic neutron scattering; using a triple -axis spectrometer in its constant-q mode of operation. In
particular, the scattered intensity has been measured as a function of energy transfer, with q fixed
along the (1,0,0) direction and perpendicular to the scattering vector. It has not been possible to
resolve the band phonons from the localized phonon into two separate neutron energy groups. However,

a tail at the high-energy side of the band phonon peak at q =1.5 A-1as well as an anomalous broadening
of the peaks at q = 1,7 A~land q = 1.9 A™! are interpreted as deriving from a localized mode of vibration.
Its energy is 23.2+0.2 meV, not far from the value of 22. 55 meV calculated from the mass-defect

theory using the frequency spectrum for Ta determined by Woods. The band phonons are shifted upwards
in energy, although the dispersion curve becomes very flat or even decreases forq > 1.5 A1 a
comparison between the neutron groups from the alloy and a pure Ta crystal is being initiated.

1. INTRODUCTION

This paper deals with an inelastic neutron scattering study of the
lattice vibrations of Ta alloyed with 12 at.% Nb to give substitutional
defects in the crystal. The lattice constant is unaltered by the addition
of Nb {1] and, as Ta and Nb are both column V transition metals, it is
anticipated that the interatomic forces in the alloy are similar to those
in the pure Ta crystal. The dispersion curves for Ta measured by
Woods [2] and for Nb obtained by Nakagawa and Woods [3] do not scale
very accurately as the square-root of the masses, but they do show many
similarities in shape. Thus the Tagg-Nb,, alloy is a fairly close approxima-
tion to a lattice with pure light-mass defects.

Qualitatively, the light impurities will introduce a mode of vibration
with a frequency above the band-mode frequencies in the host lattice.

The amplitude of this mode of vibration is maximum on the light

impurity atom and decays with the distance from the impurity lattice

site, it is therefore called a localized mode of vibration. As the cross-
section for inelastic neutron scattering is essentially the Fourier
transform in space and time of the dynamical pair-correlation function [4],
it is in principle possible to measure the frequency and the spatial
extension of the local mode of vibration.

The theory for lattice vibrations in a lattice with mass defects has
been developed in recent years (see, e.g., the review article by
Maradudin [5]), and it was the purpose of the present work to compare
the theoretical predictions with experimental results.
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2. THEORETICAL PREDICTIONS

In this section we recall the formulae given by Elliott [6] for
localized phonons and give numerical results for the alloy Tagg-Nbyg.
The localized mode frequency §2 is related to the frequency distribu-
tion v (w) for the host lattice and to the relative mass difference
= (M-M')/M between the host mass M and the impurity mass M' by

1- eszzfy Wy (2 -w)ldew=0 (1)

The band modes are modified slightly by the presence of 1mpur1t1es
The frequency w (q) at wavevector q is shifted by an amount A(q)
where

A@) = (c¢/2) ew (@)X; [0 ()] (2)

Here c denotes the concentration of impurities, and X;j[w ((_1.')] is the real
part of a complex function, which is given in terms of v(w) as

(1- euﬂfu W (W2 - W de'] +i{r/2) ew v (W)

X @) +iXJu@)]= (3)

[1- ewaV(w’) W2 -0 dw'? + [(r /2) ewv (W)]2

‘where the principal value of the integral is to be taken, Furthermore,
the normal band modes will no longer have an infinite life-time. The
life-time I'"1(qQ) is related to Xolw ()] in Eq. (3) by

D(q) = cew (D)X, (Q) (4)

These effects may be observed experimentally by inelastic neutron
scattering from a single crystal. The differential scattering cross-
section for creation of a localized phonon of wavevector J is expressed
by the scattering function S(R, w):

[ 2 - i
SR, w) %{921;(9) Ka 1—(u(%’)/m2> ¥ asza2J+a2} ble-h) ()

Here a and @ are the coherent and incoherent scattering amplitudes
for the host atoms and a' and @' the corresponding quantities for the
impurity atoms. The scattering vector ¥ is the difference between the
incoming and outgoing neutron wavevectors, R’o and K respectively.

The energy transfer e equals ‘hz(kg ~ k?)/2m, and w(d) denotes the
frequency of the band-mode phonon with wavevector d, which is related
to R through £ = § + 7, 7 being a reciprocal lattice vector. Finally
B(Q2) is related to the host lattice frequency distribution v (w) by

B(Q) = fv W) w302 - )2 dv (6)

The localized mode frequency 2 has been evaluated numerically
from Eq. (1) using the frequency distribution given by Woods [2], see
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FIG.1. (a) Calculation of the localized phonon mode energy using Eq.(1). The result is approximately
proportional to the maximum frequency in the band mode frequency spectrum for the pure crystal; (b) the
scattering cross-section for excitation of a localized phonon of wavevector § relative to that for a band
phonon of the same wavevector. The width of the peak indicates the spatial extent of the localized
vibration.

Fig. 1{a). The scattering cross-section for excitation of a localized
phonon relative to that for a band phonon with the same wavevector has
also been evaluated and is shown in Fig. 1(b). It should be noted that
instrumental resolution effects have been neglected in Fig. 1(b). The
dispersion relation for the transverse (g, 0, 0) mode in Ta [2] is shown
in Fig. 2. For comparison Fig.2 also shows the equivalent dispersion
relation for Nb [3] which, scaled with a factor of 0. 71, would coincide
with the Ta curve if the interatomic forces in these materials were
identical. In the upper part of Fig. 2 is shown the calculated energy
shift hA(g) of the band modes and the phonon widths hI'(q) for a
TaSS_Nb12 alloy.

3. EXPERIMENTAL RESULTS

The inelastic neutron scattering was investigated using a triple-
axis spectrometer. The sample consisted of two single-crystal rods
5 cm long and with a diameter of 0.6 cm. Their orientations were
aligned within an accuracy of 0. 1° so the (2, 0, 0) and (0, 2, 2) reciprocal
lattice vectors were in the horizontal scattering plane. It follows from
Eq. (5) that the intensity from a localized phonon excitation is maximum
for that wavevector where the band modes have maximum frequency.
Consequently, we confined the investigations to transverse (q, 0, 0)
phonons near the zone boundary. It is essential to minimize the
experimental broadening of the phonon peaks in attempting to resolve
the localized phonon peak from the band phonon peak in a constant-q,
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variable-w scan. It is not possible to take advantage of the focussing
effect in this problem.because the phonon frequencies do not depend on
the wavevector near the zone boundary.

The optimal compromise between the demands for sufficient in-
tensity and narrow resolution was obtained with the scattering vector
K, - B = (q,2,2), kybeing fixed to 4. 66 A™?, and using Be in the (0, 0, 2)
orientation_'as monochromator and analyser crystals. The resolution
function R(q, w) was determined experimentally by the surfaces of
constant intensity around the (0, 2, 2) Bragg reflection. Figure 3 shows
a cut through the half-peak intensity surface in the (q, 0, 0, w ) plane.
Cooper and Nathans [7] have derived a very useful analytical expression
for the resolution function in terms of scattering angles, collimations
and mosaic spreads of the monochromator and analyser crystals. The
calculated resolution is shown as the full line in Fig.3. The agreement
is satisfactory and gives confidence in the accuracy of the calculation of
the experimental broadening of phonon peaks!. The phonon energies for
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FIG.4. Intensity versus neutron energy loss in constant-q scans. The dashed curves are the band-phonon

peaks and the localized phonon peaks which are derived from a least-squares fit. The total counting time
for 4= 1.9 A7 was 50% greater than that for q=1.7 A" 'and q =1.5 £ %,

! It should be noted that there is a misprint in Ref. [ 7] in Eq. (67d) for the phonon width;
Eq. (67d) should read: G%=M,, -G, ™, - etc.).
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q s 1.3 A™! were measured for Ky - K = (q,2,2) and K- K = (q, 3, 3),
and consistent results were obtained (Table I). The measured widths
I'e were also consistent, but they are systematically slightly greater
than the calculated widths I'. due to the resolution. This may be due
to a finite life-time for the low-energy band phonons.

Forqz 1.5 A" the neutron intensity peaks in a constant-q,
variable-w scan are shown in Fig. 4. The effect of the curvature of the
dispersion curve atq = 1.5 Al within the extension of the resolution
function would be a tail on the low—energy side of the peak, whereas a
tail on the high-energy side was observed. It is therefore almost certain
that this tail must derive from the excitation of a localized phonon. A
weighted least-squares fit of two Gaussian peaks with adjustable posi-
tions, heights and widths gave the results listed in Table I and drawn
as dashed curves in Fig. 4.

The background level was determined by the count rate at q = 0.5 A-1
and the plotted intensities were accumulated in four repetitions for
each setting of the spectrometer. The statistical quality of the fit is
given by the x? test. x? is the sum of the squared deviations of the
measured intensities from the calculated Gaussian peaks, relative to
the standard deviation expected from Poisson statistics. From the
value of x2, the number of measured points, and the number of fitted
parameters, the probability P that a repetition would give a higher
value of x? is found from standard tables.

TABLE I. TRANSVERSE (q, 0, 0) VIBRATIONAL MODES IN
Ta88_Nb12 ALLOY

Position and widths of intensity peaks in constant-q, variable-w
scans with the scattering vector ¥ = (q, 2, 2) or (q, 3, 3). The widths
T} due to instrumental resolution were calculated using the results
obtained by Cooper and Nathans [7]. I'= (T2 - TA)/2 is also listed.

Width (meV)
4 qa A hw (meV) r r -
e I

(a.3,3) 0.7 9.80 1.0 £0.15 0. 86 0 <0.5<0.8

(q.2,2) 0.7 9.80 0.95:£0.10 | 0.50 | 0.7 <0.8<0.9

{q.2,2) 0.9 13.25 1.10£0.15 | 0.62 | 0.7 <0.9 <1.1

(40.3.3) 1.1 16.30 1.3 0.2 0.95| 0.6 <0.9<1.2
Band modes (4.2,2) 1.1 16,40 1.3 0.2 0.84 1 0.7<1,0<1,2

(2.3.3) 1.3 19.25 2.0 0.3 | 1.5 | 0.8<1.3<1.8

(9.2,2) 1.5 20.85 2.2540.2 2.0 0 <1.0<2,0

(q.2.2) 1.7 21.0 3.6 +0,2 2.6 2.2 <2.56<2.8

(9,2,2) 1.9 20.9 3.0 0.2 2.6 1.1 <1,5<1.8

(@0.2,2) 1.5 23.2 2.9 +0.2 | 2.5 | 1.1<1.5<1.8
Local, mode (q,2,2) 1.1 23.2 3.0 £0.2 2.5 1.2 <1.7<2

2,2) 1.9 23.2 2.7 0.2 2.5 0 <0.9<1.4
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A similar analysis was carried out for the results obtained at
q=1.7 A1 and q=1.9 A=l The band phonon and the localized phonon
peaks have nearly equal heights and widths {because the dispersion
relation is flat). The resulting intensity curve is therefore one broad
peak, which is approximately twice as broad as the calculated width
due to instrumental resolution. In view of the agreement between the
measured and calculated resolution at g = 0 and of the relatively small
differences between the calculated and measured phonon widths for
qs 1.5 A_l, the anomalous broadening of the experimental widths for
qz 1.7 A-1indicates very strongly that the broad peak is a super-
position of a band phonon peak and a localized phonon peak.

4. DISCUSSION

The results obtained in constant—-q, variable-w scans, the scattering
vector co-ordinates being (q, 2, 2), demonstrate the existence of a
localized mode of vibration, although it has not been possible to resolve
the localized phonon peak from the band phonon peak. The overlap
reduces the accuracy in the determination of the position, height and
width of the two peaks; however, the localized phonon energy is found
to be 23,2 meV with an estimated accuracy of £ 0.2 meV. This result
is not far from the theoretical prediction of 22. 55 meV based on
Woods' data for pure Ta metal [2].

The band phonon peaks show a tendency to an increasing natural
width with increasing q and to a flat or even decreasing dispersion
relation for @ > 1.5 A7}, These features are qualitatively in agreement
with theoretical expectations (Fig. 2).

The quantitative comparison between theory and experiment is very
sensitive to a small systematic error in the determination of the
phonon energies for the alloy or for the pure Ta metal. It would there-
fore simplify the discussion considerably if identical measurements
were carried out on the pure Ta crystal and the alloy on the same
instrument. This comparison would also give more accurate informa-
tion about the band phonon widths in the alloy. Measurements of this
kind are planned for the immediate future.
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NORMAL MODES OF VIBRATION
OF MIXED KBt/RbBr CRYSTALS

W.J.L. BUYERS and R.A. COWLEY
ATOMIC ENERGY OF CANADA LTD,
CHALK RIVER, ONT., CANADA

Abstract

NORMAL MODES OF VIBRATION OF MIXED KBr/RbBr CRYSTALS. Normal modes of vibration of
crystals of KBr/RbBr containing 50 and 20 at. % of RbBr have been compared by neutron scattering with
normal modes in KBr. In both the 20 and 50% crystals, normal modes were well defined. For the [111]
LA branch, the decrease in frequency in going from pure KBr to both mixed crystals exhibited a dependence
on wavevector characteristic of a resonance mode of frequency approximately 2.1 (1012cps). The widths
of the neutron groups wete larger in the resonance region. Other modes did not show resonance behaviour.
The frequencies of the [111] TA, [111] TOand [110] TAbranchesin the 50%crystal were lessthan those in
KBr by an approximately constant small amount; the shifts are 0,114 0.06, 0.5+0.1 and 0.16+0. 04 (10*%cps)
respectively. There were no appreciable increases in the widths of the neutron groups from these modes.
These results are compared with theoretical calculations based on mass defects from the mean lattice
approximation.

There have been a number of neutron scattering experi-
ments to determine the effect of defects on the lattice vibra-
tions of crystals. Both resonance and localized modes have
now been detected [1,2,3 , 1n systems containing a few percent
of heavy or light impurities. In the experiments described
below we have studied the normal modes of vibration of mixed
KBr/RbBr crystals containing 22% and 45% of RbBr in order to
determine the nature of the normal modes in systems with a
large concentration of defects. These experiments are in con-
trast to those on metal alloys |4,5] in which the electronic
structure is intermediate between that of the two pure materials,
but nevertheless is well defined. In our case there is little
doubt that the rubidium behaves as a defect and is present in
large concentration in these crystals.

The experiments were conducted on a triple axis crystal
spectrometer at Chalk River with the incident energy fixed at
18.2 milli eV. The constant '§' mode of operation was used
throughout to study the two mixed crystals and pure KBr at room
temperature. Measurements have so far been completed for the

rangsverse optic and both acoustic modes propagating in the
111] djrection and for the transverse acoustic mode propagating
in the [110]) direction and polarized in the (110) plane.

The results show that there 'is surprisingly little change
in the phonon spectrum as the RbBr concentration is increased.
The transverse acoustic modes show no detectable broadening and
only a slight decrease in frequency with increasing RbBr con-
centration. Similar results were oObtained for the transverse
optic branch although the instrumental resolution was rot sufficient-
ly good that we might well have missed some broadening of the
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neutron groups. The results for the longitudinal acoustic
branch were more dramatic and showed a marked increase in width
in the region around 70% of the zone boundary wave-vector and
an associated behaviour in the change of phonon frequency which
is characteristic of a resonance mode. These results are
summarized in Fig. 1, which shows the difference between the
centres of the neutron groups of the mixed crystals as compared
with pure potassium bromide for all the branches and the widths
observed for the longitudinal acoustic branch.
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FIG.1. The changes in the frequencies and widths of some of the normal modes of mixed KBr/RbBr crystals
from those of pure KBr (solid lines) as compared with theoretical calculations (dotted lines). The experimental
points for crystals containing 22% and 45% of RbBr are shown as crosses and circles respectively. Only one

experimental line is shown for the width of the LA [111] modes as the results for the two concentrations are
similar.

Most of the theories of the normal modes of vibration in
crystals containing defects are only applicable to small con-
centrations of defects. Recently Taylor 6] has extended these
theories to large concentrations by use of a mean lattice which
is obtained selr-consistently. Unfortunately his theory is
only readily applicable to a mass defect in a cubic Bravais
lattice. Consequently we have used a mzan lattice theory in
which the mean lattice is taken to be harmonic but has lattice
constants, masses and force constants whicli are the appropriate
average of those of the pure crystals.

In table I we list the parameters of simple shell models
[7] for KBr and RbBr as deduced from their elastic and dielectric
constants. Clearly the nearest neighbour short-range forces
and electrical polarizability are unchanged, while the short-
range polarizability, d, is only moderately altered from going
from KBr to RbBr. The parameters of the mean lattice approxi-
mation for the mixed crystals are also listed in table I.
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TABLE I

Parameters of the simple shell models. The notation is

described in [7].

R T bz a a

atomic masses . - v e e
KBr 39.1 79.9 3.293 12.18 -1.165 1 0.072 0.24
RbBr 85.5 79.9 3.427 12.70 -1.165 1 0.072 o0.1le
KBr78RbBr22 49,2 79.9 3.32 12.30 -~1.165 1 0.072 0.22

KBr 5 sRbBY " 60 79.9 3.35 12.42 -1.165 1 0.072 0.205

In the mixed crystals the K and Rb atoms are regarded as
defects from the mean lattice. The comparatively small changes
for the short-range forces and polarizabilities, table I, sug-
gest that it is a reasonable approximation to treat the defects
as mass defects. The change in the self-energy of the mode
(dj) for a concentration c of Rb ions may then be evaluated by
the usual method YB?. The lowest approximation is to consider
the multiple scattering of the normal modes from each individual
defect, but to add the total scattering from all the defects by
linear superposition. The result for the self-energy of the
mode (dj) is then

- e (+|g3)®
Z (qj,w) = Z (;T(Efj_)— [(1-c) Ty + c TRb] (1)

[e 4

where ea(+|§j) is the mean lattice eigenvector of the positive

ion in the (g@3j)th mode and w(Fj) its frequency, and Tx and Trp
are the T matrices for the potassium and rubidium mass defects

from the mean lattice. For example

( -
m - M~§b MK) C
K l -w (MRb—MK)c P (w)

(2)

where P(®w) is the function

1 e, (+|d3)?
P) = § Z Eg“-_w@_j)z : (3)

d3j

Eqns. (1 - 3) now enable the change in the frequencies,
Re(z:) added to the change in mean lattice frequency, and the
width, Im().) to be calculated. The results are compared with
experiment in Fig. 1.
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The agreement between the calculations and experiment
shown in Fig. 1 is not at all good. By and large the changes
in the frequency, which result largely from the change in mean
lattice, are of the right order of magnitude, but the widths of
the longitudinal acoustic branch are far too small, although
qualitatively they do have the correct shape. It appears as if
Egn. 1 considerably underestimates the influence of the defects.
This could be because we have neglected terms arising from the
scattering by pairs of defects and this certainly cannot be
justified rigourously. However it is equally certain that their
inclusion is very difficult. Another possibility for the
discrepancy is that the mixed crystals are not completely
uniform in concentration throughout or completely random. If
this was the case the observed groups might be in error because
they would average over many different concentrations and con-
figurations. Further experiments are planned to investigate
these points and to determine the properties of other branches
of the dispersion curves.
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Abstract

COHERENT INELASTIC SCATTERING STUDY OF LOCAL AND IN-BAND MODES IN Cul-xmx CRYSTALS.
To investigate the influence of light-mass substitutional defects on the lattice dynamics of a crystal, the
normal mode frequencies in copper crystals containing 4.1 and 10.0 atomic % aluminium have been measured
by coherent inelastic neutron scattering experiments on a triple-axXis neutron spectrometer located at the
Oak Ridge High Flux Isotope Reactor (HFIR). The results for these crystals differ markedly in at least two
respects from the results for pure copper., The dispersion curves v('zl.) for the in-band modes fall significantly
" below those for pure copper, and an additional vibrational mode has been observed with a frequency
v, (8.820.1X% 102 cps) which is higher than the maximum frequency in pure copper. This additional mode
is interpreted as a local mode that corresponds to the vibrations of the light aluminium atom in the heavier
copper matrix. To our knowledge this is the first observation of a local mode in a coherent neutron scattering
experiment. Both the value of u, and the measured § dependence of the neutron scattering cross-section for
the local mode are in good agreement with calculations based on a simple mass-defect theory which assumes
a low defect concentration and no force constant changes. However, the same theory fails to predict the
measured changes of the in-band modes: significant decreases in v(3) are observed rather than the small
increases that are predicted.

INTRODUCTION

The dynamics of crystal lattices with dilute concentrations of mass
defects has been studied theoretically for a number of years [1]. The
theory of inelastic scattering by such imperfect lattices has been dis-
cussed in considerable detail by Elliott and Maradudin [2], who emphasized
the advantages of the coherent scattering experiments for studying the
dynamics of these lattices. Recent coherent inelastic scattering ex-
periments on the resonant in-band modes of crystals containing heavy
substitutional impurities [3-5] show results in qualitative, though not
always in quantitative, accord with theory. No comparable investigation
of single crystals containing light impurities has been reported, although
localized vibrational modes have been observed in neutron scattering ex-
periments on polycrystalline metal samples [6-8].

In this paper we report some results of coherent inelastic neutron
scattering measurements on copper single crystals containing 4.1 and 10.0
atomic % of aluminum atoms as substitutional, light-mass impurities., Both
the in-band and localized modes have been examined. On the basis of the
predictions of the mass-defect theory (assuming no force constant changes)
one would expect the Cu-Al alloys to have interesting vibrational pro-

perties. The mass of aluminum is sufficiently low for a localized mode to

* Research sponsored by the US Atomic Energy Commission under contract with the Union Carbide
Corporation.

%% On leave from Chalk River Nuclear Laboratories, Chalk River, Ont., Canada, now returned.

47



48 NICKLOW et al.

exist above the band of copper, but the predicted frequency of the mode is
near the band edge, resulting in a significant perturbation of the band
modes.

On the other hand, it is not expected that the theory would be
strictly applicable to an analysis of the present experiments. The aluminum
concentrations in the crystals studied are not particularly dilute, and
since the Cu-16% Al alloy exhibits measurable short range order [9], effects
of short range order and/or force constant changes could be anticipated.
Nevertheless, the mass-defect theory, as presented by Elliott and Mara-
dudin [2], predicts many of the qualitative features of the present obser-
vations. :

EXPERIMENTAL DETAILS AND OBSERVATIONS

The experiments were carried out at room temperature on a triple-axis
neutron spectrometer located at the Oak Ridge HFIR [10], and the constant-
method was used to measure neutron energy loss processes [11]. In all

the measurements, the scattered neutron energy, E', was held fixed at
18.9 meV (4.5 x 1012 cps), using the (111) planes of a Ge analyzer, which
had been squeezed at high temperature to increase the mosaic spread [12].
The (00.2) planes of a Be crystal were used as the monochromator.

The crystal samples were cylinders about 2 in. long. The Cu-4% Al
crystal was 3/4 in. in diamter, and the Cu-10% Al crystal was 1 in. in
diameter. In both samples a (110) crystallographic direction was within
20-30° of the cylinder axis and during the measurements this direction was
oriented perpendicular to the plane containing the incident and scattered
neutron beams. The mosaic spreads of the crystals were in the 0.2° - 0.3°
range. The room temperature lattice parameters for Cu, Cu-4% Al, and
Cu-10% Al are 3.615 A, 3.625 R, and 3.642 R, respectively. Photoelectric
analyses of samples taken from the Cu-Al crystals were used to determine
the Al concentrations and to verify that the concentrations were satis-
factorily uniform throughout the crystals.

Since the in-band frequencies of the Cu-Al alloys were to be critically
compared with those of pure copper, a number of phonons, measured pre-
viously in copper on.our ORR spectrometer [13], were remeasured on the HFIR
spectrometer to check possible systematic differences in the results ob-
tained on the two instruments. All such remeasurements agreed quite
satisfactorily with the earlier data. In particular, the L(zzg) phonon
frequencies used in some calculations discussed below agreed within 1/2%,
except at the zone boundary, ¢ = 0.50, where the newer data give a fre-
quency of 7.36 +0.08 x 10!2 cps compared to the earlier measurement of
7.29 + 0.20.

In Fig. 1 the results for identical constant-Q scans at the zzz zone
boundary for Cu and for the Cu-Al crystals are compared. The scan for Cu
shows only the expected peak from the coherent neutron scattering by the
L(zzz) mode, and this zone boundary mode is the highest frequency mode
observed in Cu. The results for the Cu-4% Al crystal are considerably
different: the frequency of the L(zzz) zone boundary mode has decreased
significantly and an additional peak has appeared at a frequency slightly
above the band edge. The additional peak is interpreted as coherent in-
elastic neutron scattering by the vibrational modes that are localized
near the Al sites. The results for the Cu-10% Al crystal show that
increasing the Al concentration has decreased further the frequency of the
L(zzz) zone boundary mode, while not attecting appreciably the peak position
of the local mode scattering. Although no accurate comparison of the in-
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FIG.1. Constant Q scans obtained for Cu and two Cu-Al aLoys showing peaks from scattering by both
in-band and local modes. The a components are in units of 2n/a, where a is the lattice parameter.

tensity of the two Cu-Al samples has been attempted, the intensity of the
local mode scattering at ¢ = 0.50 appears to have increased in rough pro-
portion with the increase in the Al concentration. The high intensity at
the low frequency end of these scans is the contamination resulting from
high order diffraction processes in, the mgnochromator and analyzer
(4Eo - 9E' = 0) simultaneous with 2ko - 3k' = (442) in the sample.

The 6—dependence for the local mode scattering intensity in the
Cu-4% Al crystal has been reported recently [14] for 6 in the [111] direc-
tion. It was found that the intensity observed in the cons ant»6 measure-
ments was a maximum at the zone boundary and decreased as [%I was varied
(increased or decreased) to move away from the boundary. A selection of
similar constant-a measurements with the Cu-10% Al crystal is illustrated
in Fig. 2. The fact that incoherent inelastic scattering makes a negli-
gible contribution to the local mode peaks observed in the present work,
is shown by the complete absence of.a peak at a6/2n = (2.1,2.1,2.1) in
Fig. 2.

The intensity variation of the peaks with 6 shown in Fig. 2 is quali-
tatively the same as that observed in Cu-4% Al. 1In addition, nearly all
of the local mode peaks observed in the Cu-10% Al crystal seem to possess
a "shoulder" on the high frequency side. Although, at present, these
shoulders are barely outside counting statistics, there is a suggestion
in these data that increasing the Al concentration has produced either a
splitting of the previously triply degenerate local mode frequency or an
impurity band which is asymmetric with respect to the original local mode
frequency. The frequency width of the local mode scattering by the Cu-4%
Al crystal was not significantly larger than that resulting from the in-
strumental resolution. Higher resolution experiments are planned to
examine better the widths and shapes of the local mode peaks.

The results of measurements of the in-band modes in the Cu-Al crystals
are more conveniently discussed in the next section where they are com-
pared with theory.
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F1G.2. Constant 6scans obtained for Cu-10% Al showing the 6 dependence of the local-mode scattering
intensity.

THEORETICAL DISCUSSION

The cross-section for coherent inelastic neutron scattering by the
localized vibrational modes associated with a concentration, ¢, of isolated

light-mass defects is, for neutron energy loss E0 - E' = hv [2, 15],
b2 exp(-2W)
42 K' Yy P
= 55— (n, + 1) §(v-v,}] ———— x
dQdE 2kO L 2 M B(vl)
2
b'/b-1 1
) (a-é’j(a’)]z [ P ] N
j evy \)Z_vj (C))]

where ng is the equilibrium number of phonons with frequency vy, exp(-2W)
is the Debye-Waller factor, b' and b are the scattering lengths of the
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impurity and host respgctively, 6 is the wave vector change k_ - k' of the
neutron, e.(q) and v:(q) are the polarization vector and»frequency of the

normal mod? in the ufperturbed crystal with wave vector q and branch index
j; € = 1-(M'/M) where M' is the impurity mass and M is the host mass, and

v, is given by the solution ‘of : :

L .
' g(v)dv
- evﬁ J —_— =1 (2)
A -\)2 ~ \)2 X
&;
and B
R ‘ﬁzg(v)dv
B(vz) = f ———
- (\)%_\)2)2

In these equations g(v) is the frequency distribution function of the un-
perturbed host lattice. ' : ‘

The local mode frequency gredicted by Equation (2) and the
g(v) for Cu [13] is 8.48 x 10! cps, which is in good agreement with the
experimental value of 8.8 + 0.1 x 1012 c¢ps deduced from measurements on
Cu-4% Al [14]. The results for Cu-10% Al shown in Fig. 2 are consistent
with those for Cu-4% Al. The close agreement between the measured and
calculated values for v, indicate that no large changes in the force con-
stants have occurred. %onsideration of concentration effects as discussed
by Elliott and Taylor [16] qualitatively would tend to increase the calcu-
lated vy and bring it into even closer agreement with experiment. On the
other hand, one must not overlook the fact that the Cu lattice has expanded
upon the addition of the Al impurities. It would be expected that an
expansion of the unperturbed lattice would lower the force constants and,
hence, lower the frequencies of the in-band modes and the.v, calculated
with Equation (2). .

In Fig. 3 the 6 dependence in the [111] direction of the relative in-
tensity of the local mode scattering is' compared with that calcylated using
Equation (1) and.-the measured values of vy and v:(q). Because Q lies along
the [111] direction in these measurements, only %he longitudinal L(zzz)
branch contributes to the sum over j. The calculated curve and the ex-
perimental results have been adjusted to agree at aQ/2m = (1.55,1,55,1.55),
and the indicated experimental errors are based on counting statistics only.
The shaded region around the calculated curve is an estimate of the un-
certainty in the calculations arising from the experimental errors in
v.(a) and vy The Cu-4% Al results are in excellent agreement with the
theory. The Cu-10% Al results are in poorer agreement, although if an
impurity band exists in this crystal, Eq. (1) might not be expected to
apply. Nevertheless, it is interesting to note that Eq. (1) can be
brogght into ‘better agreement with the Cu-10% Al results if the values of
vj(q) for the Qerturbedblattice are u§ed in the-calgulg}ion;

The 6 dependence of -the neutron cross section can be related to the
spatial distribution of the vibrational displacements in the vicinity of
the impurity atom. The second term in the square brackets in Eq. (1) is
proportional to the Fourier transform .of the classical Greens-function for
the lattice which describes the ‘response of the lattice to :the displacements
of an impurity [15]. Since the theory is in-satisfactory agreement with
the measured Q-dependence of the cross section, the response of the Cu
lattice to the displacements of the Al impurities may be estimated as sug-
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FIG.4. Experimental frequency shifts for Cu-4% Al compared to calculations.

gested by Maradudin [15]. For the range of 6 studied in the present ex-
periments the results obtained for the Cu-4% Al crystal indicate that the
displacements of the Cu lattice decay exponentially with distance from the
impurity atom with an inverse decay length in the [111] direction of

2.6/a, where a is the lattice parameter [14]. Thus, the impurity vibra-
tional modes apparently are well localized; however, this result pertains
to the asymptotic (distances greater than ~ a) behavior of the displace-
ments. To determine the behavior of the displacements very near the
impurity site, the meagurements and/or the theoretical calculations must be
extended to values of Q further from the zone boundary.

The predictions of the theory with regard to the in-band modes is less
satisfactory than for the local modes. In Fig. 4 is shown a comparison of



SM—104/85 . 53

the frequency shifts theoretically predicted [2] with those measured for
the T(zzz) and L(zgz) modes in the Cu-4% Al crystal. Although the negative
frequency shift, predicted for modes near the band edge, is in qualitative
agreement with the experiment, the observed shifts for the lower frequency
modes are also negative, whereas the theory predicts small positive shifts.
Not unexpectedly, the disagreement between theory and experiment is even
greater for the Cu-10% Al crystal as shown in Fig. 5, but at least some
positive shifts for low frequency modes were observed in this crystal.
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FIG.5. Experimental frequency shifts for Cu-10% Al compated to calculations.

As mentioned previously the addition of Al to Cu results in an expan-
sion of the Cu lattice. One might argue that regardless of the fundamental
mechanism that has caused the lattice to expand, if there are no large
differences between the Al-Cu and Cu-Cu force constants, the total shift
of the normal mode frequencies could be estimated by first considering the
influence of the expansion of the lattice and then applying the mass-defect
theory to the normal modes of the expanded lattice. For Cu-4% Al the in-
crease in the volume of the unit cell over that of Cu is about 1%. The
relative frequency change Av/v induced by the volume change AV/V may be
estimated from Av/v = -y(AV/V), where y is an average Griineisen parameter
obtainable from thermodynamic properties [13]. For Cu, y = 2, and as seen
in Fig. 4 the observed frequency shifts, relative to the line Av = -0.02 v,
tend to be positive at low frequencies and negative only near the band
edge. For Cu-10% Al similar qualitative arguments might apply, but con-
centration effects are probably beginning to be important in this crystal.
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Abstract

LOCALIZED MODES, RESONANT MODES AND IMPURITY VIBRATIONAL BANDS IN VANADIUM
ALLOYS. Inelastic neutron scattering data have been obtained on several vanadium alloys using time-
of-flight techniques. Localized impurity modes of vibration and a split impurity band have been observed
in BexVyi-x alloys for 0.75 < x < 3.8 at.%. The frequency of the localized mode observed in the lower
concentration alloys occurs at about 0.047 eV, in agreement with the frequency predicted for a single
isotopic impurity of the same mass ratio of beryllium to vanadium and using the experimental vanadium
frequency distribution cut-off at 0.031 eV. As the concentation of beryllium is increased, the localized
mode peak broadens and finally splits into two peaks at 3.3 at.% concentration of beryllium. Several
theories of vibrational spectra of disordered alloys indicate structure in the impurity band; the theory
favoured here for the explanation of our experiments is one that includes correlation of pairs of impurities.
Assuming the observed splitting is caused by the proximity of another impurity, one finds the decay constant
of the localized mode to be 2.5 a 1.

Heavy mass atoms have been alloyed with vanadium to observe resonant modes of vibration and changes
in the over-ali frequency distribution. Inelastic neutron data were obtained on Ta,Vy. . W,V;_y and
Pty 05 V.95 alloys. None of the data for these alloys show peaks at the resonant mode frequencies expected
for a single impurity or for resonant mode structure for a measurable concentration of impurities. Estimates
of the effect expected for heavy solute atoms based on a single impurity calculation or an approximate
theory of many impurities indicate resonant mode structure 20 to 50% above background for the alloys used
when instrumental resolution is included. Such a large effect is easily observable within the accuracy of our
experiments, yet no peaks were observed and even very little structure was observed in the ratio of the alloy
data to pure vanadium data. An absence of resonant mode structure in our experiments and the small effects
observed in experiments of other researchers indicate a more sophisticated theory is required which includes
pair correlation of impurities and perhaps anharmonic effects.

Experiments have been initiated on alloys when the solute atoms have very different charge configurations
than vanadium. Measurements of Cr, Crg, 95Vp, 75 i and Nig_ g5V, 95 have been made and frequency
distributions estimated. Comparison of the high-frequency part of the spectrum for the pure m‘etals and the
Nig, g5~ Vp.95 alloy with Cry o5Vg, 75 spectrum indicates that Ni atoms contribute 10 electrons to the
electron bands. The additional Coulomb attraction of the +10 nickel ion is not strong enough to form bound
states for the extra electrons and we have indirect proof that localized electron states do not exist in this alloy.

INTRODUCTION

Incoherent inelastic neutron scattering measurements have been used to
determine the vibrational properties of pure vanadiume. Incoherent inelastic
scattering on vanadium alloys yields information about the "self-part" of
the van Hove correlation function [1] for alloys or approximately the "self-
part" of the displacement-displacement correlation function for the sum of
the atoms in the alloy. Thus the frequency response of the square of the
displacement of each atom in the alloy is probed and direct evidence
obtained for any new defect modes of vibration that occur upon alloying,

It is extremely Important in the study of vibrational properties of
alloys to determine the basic structural properties of the alloys under
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investigation, Under certain conditions x-ray, neutron, or metallographic
examinations can yield information about the alloys. Since many of the
experiments have been chosen for the most part to investigate the vibra-
tional properties of disordered alloys, one needs the assurance that the
alloys are indeed disordered. Vanadium alloys are extremely convenient in
this respect since many metals with widely varying properties can be alloyed
with vanadium and the solubility of the metal (or the disorder) determined
from an examination of the Bragg reflections obtained in neutron diffrac-
tion. A comparison between various analytical techniques can yield informa-
tion about the properties of the disordered alloys.

EXPERIMENTAL EQUIPMENT AND ALLOY PREPARATION

The inelastic neutron scattering data were taken on the slow-chopper
facility at the Brookhaven Graphite Research Reactor [2]. The resolution
of this instrument and the incoming beryllium filtered beam is such that
vibrational excitations less than 0,025 eV are broadened by the spread in
the incoming filtered beam (0.0025 eV) and have a spectral shape determined
by a combination of the vibrational excitation spectrum and triangular
incoming beam. The resolution for vibrational excitations between 0,025 and
0.050 eV is broadened by a combination of the incoming filtered beam and
resolution of the instrument yielding an approximately symmetrical resolu-
tion function of 0,004 eV width and the spectral shape dependent more on
the spectrum of vibrational excitation.

Alloys were prepared by arc melting pure solute materials with 99.7%
pure vanadium which is first melted to eliminate oxide impurities., Arc
melted buttons of 10 gram size are formed of the alloy which can be cut
into smaller pieces and powdered when necessary., Chemical analysis was
obtained on each button and the powders to ascertain composition and x-ray
and neutron diffraction patterns obtained on the powders. All concentra-
tions reported upon here with respect to the alloys are atomic concentration.

RESULTS AND DISCUSSION

Neutron diffraction data were taken on the alloys reported here. An
examination of the (110) reflection of pure vanadium and of the alloys was
made, and from a comparison of the intensities of the (110) lines the
impurity concentration in solution was determined. The patterns were also
closely checked for non-vanadium lines to see if another phase was present,
Solubilities determined from neutron diffraction data agreed with the con-
centration of solute determined chemically and it was established that the
alloys were single phase and disordered,

All inelastic neutron scattering measurements were taken at room tempera-
ture to insure sufficient population of the vibrational modes and at a number
of scattering angles to observe any angular dependence. A typical example of
data of one scattering experiment is shown in Fig. 1 for the 3.3% Be alloy
taken at 90° scattering angle with a flat background subtracted. The
impurity band (.040 to .060 eV) is quite evident in this data and shows
structure that has been observed in all measurements on this alloy. Changes
in the impurity band with concentration are shown in Fig. 2 for .75%, 2.2%,
3.3% Be alloys, and pure vanadium in the region of the impurity band and
with only a flat background subtracted from the raw data. Figure 3 shows
reduced data which includes correction factors for chopper transmission,
thermal occupation number, detector efficiency and a subtraction of the
spectrum of pure vanadium in the impurity band region., The impurity band
at lowest concentration represents essentially the localized vibrations of
isolated beryllium atomsj the frequency of the localized mode measured
(.047 eV) is in close agreement with the frequency predicted where one
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FIG.1. Time-of-flight spectrum of neutrons scattered 90° from Be
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FIG.2. Neutron time-of-flight spectrum in region of the impurity band obtained on Be-V alloys and
vanadium. Scattering angle was 90° and the samples at room temperature.

congiders the Be atom to differ only in mass from vanadium and one uses the
measured vanadium frequency distribution cut-off at .03l eV. As the con~
centration increases, the localized vibrations overlap and interact, causing
a broadening and finally a splitting. Several theoretical explanations for
this behavior are possible. Lifshitz [3] calculated the behavior of an
isolated impurity band and noted that, when pair correlations were taken
into account, an asymmetrical split peak was produced. Montroll calculated
the splitting of the local mode peak into two symmetrical peaks for two
impurities close together and suggests an asymmetry appears when his calcu-
latlon is refined [4]. Evidence for asymmetrical splitting attributable
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FIG.3. Impurity band intensity for three Be-V alloys versus vibrational energy. Figures are a composite
of many runs such as shown in Fig.2 and with the pure vanadium spectrum subtracted from the data.

to pairs of impurities was noted in calculations of Dean [5] and Payton and
Visscher [6], but more refined calculations are necessary for direct compar-
ison., On the other hand, the Green's function technique of Langer [7],
Maradudin [8], and Taylor [9] also indicate an asymmetric splitting of the
impurity band. In these latter calculations any structure in the impurity
band is only a reflection of the structure in the host lattice frequency
distribution. Taylor's calculation is closest to reproducing the location
and shape of the impurity band, but his attempt to add improvements by a
self-consistent calculation causes a smearing of the spectra and a loss of
structure., Here again no interaction between pairs is taken into account
and no structure of the impurity band would occur for a structureless

host spectrum. If the splitting 1s caused by the presence of another
neighboring impurity, then the splitting could be estimated from the behavior
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of the amplitude of the localized mode. Figure 4 shows the exponential
fall-off of the wave vector amplitude with distance of neighboring shells

of atoms in <111> and <100> directions [10] using Fine's force constant model
[11] for a b.c.c. lattice. We find the measured splitting agrees well with
the splitting caused by two impurities a distance /11/4 a, apart using the
decay constant in Fig. 4 for the observed localized mode frequency. This
distance 1is close to the average distance between impurities and we conclude
that the splitting is indeed caused by the presence of neighboring impuri-
ties and that a calculated impurity band must include correlation between
pairs. The asymmetry in the intensity is obtained from more refined calcu-
lations such as those of Lifshitz [3]. We note that the decay comstant

used in the calculation is K &z 2.5 a," "
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FIG.4. Vibrational amplitude for a localized mode for a single isotopic impurity in a bce lattice using
nearest and next-nearest neighbour central force constants [unpublished work of Leath and Mozer] .

n= (M'-M)/M, « is the exponential decay constant in units 2/a°, and x the distance out to neighbouring
shells of atoms.

A search for resonant modes of vibration associated with heavy mass
atoms in vanadium was attempted on Pt _gsV 95 [12], Ta_ g2V 98, Ta, o5V,95,
W,02V,98, and W 05V, 95 alloys. The large cores (and charge differences) of
these heavy ions will produce force constant changes. The changes observed
in the spectra are very small except for the Pt os5V,95 alloy. The other
four alloys have spectra exceedingly similar to the spectrum of pure
vanadium and any differences arising from mass effects should be observable
in the neutron wavelength region 2 to 3,5 angstroms or ,007 - ,025 eV
neutron energy. Figure 5 shows the data for vanadium and for 5% alloys of
Ta or W, the highest concentration of these alloys studied. The data has
been averaged over three time-of-flight channels to yield the best statistics
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FIG.5. Neutron time-of-flight spectrum in region of resonant mode frequency for vanadium and two alloys.
Data was taken at 90° scattering angle and room temperature. The statistical errors are the size of the dots.
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statistics.

(2-3%), yet this averaging will not spoil the resolution in this region of
the spectrum. One notes an absence of any large changes in the spectrum

of the alloys compared to the spectrum of pure vanadium., In the Pt _o5Y.95
data, an indication of a broad band corresponding to a 5 to 10% change was
observed [12] with a hint of a peak at 0,015 and 0.0l8 eV neutron energy.,
The other alloys yield even less an effect as noted in Pig. 5, except
perhaps for the W_o5V,95data where again one sees a hint of peaks at 0.0115
and 0,014 eV neutron energy. The Ta g5V g5 data and other TaV alloys show
essentially no change in this region., The vibrational frequency midway
between the small peaks agrees with calculation for a mass defect in vana-
dium, . The appearance of the two small peaks is puzzling. It is worthwhile
to consider at this point what theory indicates concerning the resonant
modes of an alloy. First, for simplicity we assume the defects are dilute
enough to examine the behavior of the impurity and a few shells of neighbors.
The impurity itself has a Greem's function frequency response which is of
resonance shape, peaked at .010 eV and a width 0.003 eV according to the
calculation of Leath and Mozer [10] using Fine's force constant model [1l1l].
This peak would be 127 above the vanadium background for a 2% alloy and 30%
above for a 5% alloy when one includes the additional broadening from the
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incoming beam. If we consider the nearest-neighbor shell of vanadium atoms,
we find a resonance behavior in the same frequency region with a 20% effect
for a 2% alloy and a 50% effect for a 5% alloy, Thus we expect a single
resonant peak with a signal above vanadium scattering of about 100% for a
5% alloy and shape determined by the beryllium filtered beam., Looking now
at the many-body Green's function techniques [8] or [9], we find the peak
for the Green's function of the alloy to be of resonance shape and again 100%
above the vanadium background. The single peak is expected because this
latter calculation does not include correlations between pairs of impurities
explicitly. The machine calculations on crystallites [6] indicate an
enhanced response for the alloy over the pure material. A direct comparison
with this calculation must await further refinements, Thus we can conclude
that according to theory we should have seen a single large signal corre-
sponding to resonant modes whereas one would not hesitate to say we see no
change, What we see at best is two minute peaks in only two of the alloys
studied, If these peaks are significant, we have demonstrated in the
resonant mode behavior of the alloy the need for including correlation
between pairs in the theory of resonant mode structure. The two peaks are
again the splitting of a single peak when two impurities are sufficiently
close to one another to interfere, It is possible to measure the amplitude
of vibration of the resonant mode from this splitting, but we leave this for
another occasion and for more convincing data, Our arguments about the
resonant mode behavior can be extended to other measurements [13] where

the observed structure in the alloy scattering is of weaker intensity than
present calculations indicate. A final point must be made concerning possi-
ble mechanisms that broaden any structure and increase the difficulty of
measurement of these modes. Phonon-phonon interactions and electron-phonon
interactions would broaden the structure, but no evidence has been seen of
such strong broadening mechanisms in single crystal measurements on similar
alloys [14].

Frequency distributions of pure vanadium,pure chromium, Cr_ 25V,75 and
Ni _os5V,95 alloys were derived from neutron time-of-fligi.t data. "The pure
chromium spectrum was obtained on a sample of pellets small enough to be
considered a powder for this measurement. The incoherent approximation was
used to derive the frequency distribution from the raw data and should be
valid because of the small coherent cross-section of chromium relative to
the large incoherent cross-section. The two alloys are essentially inco-
herent scatterers and yield the frequency distributions, Figure 6 shows
the derived frequency distributions of pure vanadium and pure chromium,
The chromium vibrational frequencies are much higher than those of vanadium,
yet the over-all spectrum has a similar shape within our resolution. Addi-
tional van Hove singularities are present in the chromium data as well as
some structure in the low frequency part of the spectrum. The latter
structure could be spurious, does not change with angle, and could come
from aluminum construction material in the scattered beam. The higher fre-
quencies of chromium could be accounted for by attributing them to the
increased coulomb interaction between higher charged chromium ion cores
compared to lesser charged vanadium ion cores such as one expects for the
bare ion plasma frequency. The ratio of the two frequencies at the upper
end of the spectrum would be (6/5)(av/aCr)3/2 = 1,31 which agrees with the
maximum frequency and the frequency of the critical point near the high
frequency end of the spectrum, We consider the number of band electrons
to be 5 for vanadium and 6 for chromium, The vibrational spectrum of
Ni 05V,95 has been previously reported [12]. We conjectured that nickel
contributes 10 electrons to the conduction band and that its vibrational
spectrum should be similar to a chromium-vanadium alloy of equal electron
concentration. Figure 7 shows the frequency distribution for the two
alloys where certain similarities and differences are observed., At the
high frequency end of the spectra the features of the two alloys are
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FIG.7. Vibrational frequency distribution of Ni, ¢,V o and Cry , V, .o alloys obtained from incoherent
neutron scattering experiments at 90° scattering angle and room temperature.

similary at the low frequency end the Ni-V spectrum resembles more the
pure vanadium spectrum, especially the prominent low frequency critical
point. The high frequencies of these alloys can be scaled from vanadium
using the arguments presented above, On the other hand, one could imagine
that the attractive coulomb potential of the +10 nickel ion core was large
enough to produce bound electron impurity states and the effective inter-
atomic potential thereby reduced. The vibrational spectrum of this alloy
with the screened nickel ion cores would be even more like pure vanadiumg
the higher frequencles would be reduced in value, It is interesting to
note that one can use the lattice dynamics of alloys to indirectly probe
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the electron properties of the alloy systems and we can state that the
+5 extra coulomb attraction of the nickel ion core is not strong enough to
produce a bound (local) electron impurity state.
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Abstract

LOCAL VIBRATIONS OF IMPURITY ATOMS IN COPPER AND LEAD. The inelastic neutron scattering
technique was applied in the determination of the energy of the local vibrations of light impurity atoms in
the alloys: Cu-Be (42 + 2 meV), Cu-Mg (34.5 £ 2 meV), Pb-Na (17 £ 1 meV), and Pb-Mg (16 + 1 meV).
The structure of the samples examined was checked simultaneously by means of the elastic Bragg neutron
scattering technique. For all alloys the energies of the local vibrations are lower than the values calculated
assumning that the force constants of the impurity atom are equal to those of the host crystal. On the basis
of the experimental values of the local vibration energy, the change in the force constants for the impurity
atoms was estimated.

1. INTRODUCTION

The insertion into a crystal lattice site of an impurity atom of smaller
mass than that of the matrix atom may give rise to local vibrations of a
frequency higher than the maximum of the vibrations of the crystal [1, 2].
Experimental determination of the parameters of the local vibrations of
light impurity atoms in the crystal lattice makes it possible to estimate
directly the values of the impurity atom force constants and in alloys to
estimate indirectly the variation in the conduction electron density. The
results of these studies [3-6] show that the method of inelastic scattering
may be particularly useful here. The purpose of this work, a continuation
of that reported in Ref. [7], is to determine the energy of the local vi-
brations in binary alloys of copper and lead with light metals. A further
aim of the work was to find samples for which the scattered neutron inten-
sity would be high enough to allow subsequent determination of such
paramaters as the width, shift and shape of the local vibration peak, which
describe the anharmonicity introduced by the impurity atom.

2. THEORETICAL REMARKS

The interaction potential of the atoms in a pure metal {(and thus its
force constants) consists of the Coulomb potential of the bare ionic cores
and the potential of interaction via the conduction electrons, in which the
interaction of electrons with an ionic core is described by a pseudo-
potential and the screening interaction is described by the dielectric
constant of the metal. By means of a potential defined thus, it is possible
to calculate the dispersion curves of pure metals with satisfactory
accuracy (8, 9].

The presence of the impurity atom introduces another local pseudo-
potential characteristic of a given atom and when the valencies differ, it

65
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also gives rise to a change in the density of the conduction electrons
around the impurity atoms (Friedel oscillations) [10].

The frequencies of the local vibrations are given by the solutions to
the equation

|G (WHsL-1] = 0 (1)

where G(wz) is the Green function of the pure crystal [1], and 6L is the
matrix defining the perturbation caused by the presence of the impurity
atom. Its elements depend on differences between the force constants of
the impuritiy atoms and the host atoms. If we assume that the force '
constants of the impurity atom are identical to those of the host atoms,
then the frequency of the local vibrations, wg, for a cubic crystal is given
by the solution to the equation

mx

f wo dwo -1 2

0

where € =1 - (m'/mo), m' is the mass of the impurity atom, m; is the mass
of the host atom, g(wg) is the frequency spectrum of the host lattice, and wp,x
is the maximum frequency of the host crystal vibrations.

The local vibrations can be observed by means of inelastic neutron
scattering. The cross-section for the interaction between the neutron and
the impurity atom and the lattice distortion caused by it is entirely
incoherent. Assuming that there is no change inthe force constants, thisis
expressed for a polycrystal of cubic symmetry by the formula [4]

d’o cok v € 1 Ddlnw + (A ..3
dQdE ~ Sk, ¢ 2m, o, \PTae 1€ P (AE-w) (3)
where
— 2 .
D=[(1-€)A-Ao] +C0-(1-€)C (4)
dlnwl 9 4 wo) dwo -1 ~ 1
{ f 2)2 ) ng - 1- ew[/kT (5)

¢ is the impurity concentration, k, k, E and E, are the wave numbers
and energles of the scattered and mc1dent neutrons, respectively,

K= ko K, AE = Ey- E, A and Ajare the coherent neutron scattering lengths
for the atoms of the host lattice and the impurity, and 47C and 4rC, are
the incoherent cross-section of the atoms of the host lattice and the
impurity.

The neutron scattering cross-section increase} with increasing
frequency of the local vibrations since function (5) grows rapidly when €
tends to unity. When there is a change in the force constants of the
impurity atom with respect to the host atoms, the value of the cross-
section also changes. Nevertheless, Eq.(3) is in general sufficient for
estimating the intensity of the local vibration peak. Table I gives a com-



TABLE 1.

PROPERTIES OF THE ALLOYS STUDIED

Alloy m . 4R 41D Thost fimp. Max. solubility Temp. of rn°ax. solubility
Mo Thost “max (at.%) o

Cu-Be 0.142 0.858 7.0 4.5 +0.133 16.4 866

Cu-Mg 0.383 0.617 7.0 1.3 - 0.250 1 722

Pb-Na 0.111 0.889 11,58 2.66 -0.063 12 300

Ph-Mg 0.117 0.883 11,58 2.40 +0.086 6 253

Pb-Li 0.096 0.904 11.58 1.7 +0.131 3 235

¢ /$01—INS
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parison of the cross-section for neutron scattering on atoms of the host
lattice and the impurity atoms,.

3. EXPERIMENTAL TECHNIQUE AND SAMPLE PREPARATION

The measurements were performed in the time-of- flight spectrometer
operating in inverted-filter geometry at the IBR pulsed reactor (Fig.1).
Details of the spectrometer for inelastic incoherent neutron scattering
{arm I) have been presented in Refs [11, 12]. In accordance with the
concept presented in Ref. [13], arm II of the spectrometer was used for
simultaneous measurement of the neutron diffraction patterns in order to
check the sample structure.

FIG.1. Diagram of the IBR pulsed reactor facility: 1. reactor core, 2. moderator, 3. vacuum tubes,
4. collimators for incoming beam, 5. sample in low-temperature cryostat, 6. collimator for diffraction
study, 7. detectors (trays of BFs counters), 8. shielding, 9. beryllium filter with collimating cadmium
inserts, 10. zinc single crystal.

The duration of the thermal neutron pulse was approximately 200 usec
and the moderator-to-sample distance, 1,, was 20.4 m. Other spectrometer
parameters during the measurements were:

I. Inelastic neutron scattering (arm I)
Energy analyser: Be filter,
Sample-to-detector distance: I,I = 0,94 m
Mean scattered energy: 4.08 meV
Resolution: AX/X ~ 8% for an energy transfer of 10 to 130 meV
Scattering angle: ¢, = 90°.
II. Elastic neutron scattering (arm II)
Sample-to-detector distance: LI = 0.95 m
Resolution AX/X=1.5t02% forx=5to1 4
Scattering angle: ¢, = 90°.

The distribution of inelastic neutron scattering for all the samples
presented here displays a strong peak at a neutron energy transfer of
approximately 60 meV. A similar peak is also observed in the distribu-
tion of neutrons scattered inelastically on beryllium with large momentum
transfer. In our case this kind of scattering takes place in the beryllium
filter, in which only vertical layers of absorbing material spaced every
40 mm were inserted in order to obtain higher transmission. Neutrons
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which are removed from the beam due to Bragg scattering in the Be filter
may become scattered inelastically on the beryllium and be recorded by
the detector before reaching the absorbing layer. Similar effects in the
sample, namely, elastic Bragg scattering in the plane of the sample and
subsequent inelastic multiphonon scattering of these neutrons in the direction
of the detector, give rise to a certain structure of the phonon peak of
beryllium. The position of these weaker peaks in the scale of the scattered
energy depends on the angle 6 of sample alignment with respect to the in-
cident beam direction.

These effects are negligibly small in the case of thin samples (from
0.1 to 1 mm) of substances containing hydrogen which scatter neutrons in-
elastically. This is the primary subject of the work done with this
spectrometer., For metal samples, yielding primarily elastic scattering
and whose thickness is larger by an order of magnitude at the same trans-
mission, the effects of multiple scattering (of the elastic-inelastic type)
both in the sample and the Be filter become quite important. The effect
due to the filter can be reduced considerably by the use of a grid of ab-
sorbing material, the spacings of which are shorter than the mean free
path for a neutron scattered inelastically in beryllium (~ 1.35 ¢m). How-
ever, this would greatly decrease the transmission of the filter because of
the double collimation. Another way of abating this effect is to shift the
incident neutron spectrum towards the lower energies. The sample effect
can be eliminated by the use of an absorbing grid in the sample (which
would also lower the intensity considerably) or, as mentioned, by making
an appropriate choice of the angle 6.

The metals Li, Be, Na, and Mg introduced as admixtures into copper
or lead form with them solid substitutional solutions of limited solubility [14].
Some of the data characterizing this solubility are given in Table I. It
decreases rapidly with lower temperatures and at room temperature did
not exceed 1% for the alloys examined. Owing to the low value of the cross-
section for neutron scattering with excitation of local vibrations of the
impurity atoms (see Table I), samples of impurity concentrations higher
than 1 at.% had to be used. The samples were prepared by melting the
two metals in an argon atmosphere in a weight ratio appropriate for the
given concentration. The copper-based alloys were annealed in vacuum
at approximately 700°C {Cu-Mg) and 800°C (Cu-Be) in order to homogenize
the composition in the solid state, and then hardened. To obtain samples of
the required dimensions (@ ~ 20 cm), shavings were made which were then
pressed in a special mould and placed in aluminium containers. The lead-
based alloys, after homogenization in the liquid phase, were poured into
a mould, rapidly solidified and hardened. Following this, the samples
were worked down to an identical thickness of approximately 6 mm by
cutting off the upper and lower sides of the ingot. The lead alloys of con-
centrations near maximum solubilities were measured some three hours
after preparation. The pure metal samples of copper and lead were made
under the same conditions as the alloy samples. During the measurements
the samples were placed in a cryostat and cooled down to the temperature
of liquid nitrogen, i.e. 77°K. The transmission of the samples was
about 85%.
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4. RESULTS OF MEASUREMENTS

Copper alloys

We had investigated the dynamics of Cugy g5 Bey g9 and Cuy, g5-Beg g5
alloys about a year and a half previously [7], soon after the samples had
been prepared. A check of the sample structure made then did not reveal
the presence of the other phase in these samples. In thedistribution of the
neutrons scattered inelastically by these alloys we observed an additional
peak at an energy of approximately 42 meV, which was interpreted as
corresponding to the excitation of local vibrations of Be atoms in the Cu
lattice. Since in the early stages of the aging process of supersaturated
Cu-Be solid solutions precipitation of linear and two-dimensional dis-
tortions in the uniform structure of the solid solution (fec as for Cu) called
the o phase was observed, in the present measurements we attempted to
determine whether the peak observed is perhaps due to the aging effects of
the alloys.

The aging process of supersaturated Cu-Be solid solutions was studied
by the anomalous X-ray scattering technique [(15]. Aging proceeds slowly
at room temperature (some 5.5 years are needed for phase equilibrium to be
achieved) but at aging temperatures of up to about 170°C there is a charac-
teristic precipitation of linear and, subsequently, two-dimensional regions
approximately 25 & thick and with a f*-phase structure (ordered alloy of
CsCl structure, a =~ 2.70 &), At higher aging temperatures the anomalous
effects of linear and two-dimensional diffraction vanish and at temperatures
around 400°C equilibrium between the o and B' phases is reached within
some hours. Samples annealed attemperatures higher than 800°C for several
hours and then hardened did not reveal any traces of anomalous scattering,

In our experiment the Cug gg-Bey, o2 sample aged naturally at room
temperature for about 13 years and the Cuy, g5-Beg.o5 Sample was annealed
further in a vacuum furnace at 400°C for about 48 hours before being
measured. According to Elistratov [15], in the Cug, gg-Beg.oz sample we
should expect only linear and planar precipitates of f8'-phase structure,
whereas in the Cug,95-Beg.o5 sample there should be separate blocks of
B'-phase crystallites in quantities corresponding to the state of @ and
B'-phase equilibrium at 400°C.

" The diffraction patterns of the samples examined, a section of one of
which is presented in Fig.2, confirms these expectations. The diffraction
pattern of the Cug gg-Beg, g2 alloy sample (curve 3) is identical with that of
the pure copper sample (curve 1). The slight broadening of the peaks
corresponding to the Bragg reflections from the a-phase fec structure, as
compared with the analogous peaks for pure copper, can be explained by
the effect of anomalous scattering on the precipitates distorting this struc-
ture, as described above. In the diffraction pattern of the Cup.g5-Beg.o5
sample (curve 4) we see distinct peaks corresponding to the B'-phase
structure, while the peaks corresponding to the a-phase structure are
shifted somewhat. This enables us to estimate that the lattice parameter
is contracted by 1 to 2% relative to the lattice parameter of pure copper.

Figure 3 shows the distributions of neutrons scattered inelastically by
the samples of copper alloys examined. The background has been sub-
tracted and the measurement time and sample transmission have been
normalized, but not the incident neutron beam itensity. Curves 3 and 4,
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FIG.2. Section of the diffraction pattern for the investigated copper-based alloy samples: 1. Cu,

2. Cuy ;Mg o0 3. Cuy o 7Be o0 4 Cyy o5~Bey .
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FIG.3. Inelastic neutron scattering distributions for the mvesngated copper-based alloy samples: 1. Cu,
2. Cu__-Mg 3. Cu, ,"Be 0.02° 4. Cu . -Be

0,97 0.03° K] .95 0.05°
corresponding to the Cug, 9s-Beg.o2 and Cup,.g5-Beg.o5 alloys respectively,
show an additional peak at a neutron energy transfer of approximately
42 meV which is not observed in the distribution of pure copper (curve 1).
Comparison of the relative heights of this peak in the measurements pre-
sented here and those performed 1} years earlier [7] show that it has
dropped by an estimated 30% for the Cug.gs-Bep.02 sample and by approxi-
mately 15% for the Cug,95-Beg.o5 sample. According to formula (3), the Be
atom concentration in the Cu lattice should decrease in the same ratio.
This corresponds to the precipitation of approximately 0.2% of the Be
atoms from the « phase for the Cug,.gg-Bey. 02 sample and about 1.5% for
the Cug, g95-Beg, o5 sample.

These facts imply that the peak at 42 meV.in the distributions of in-
elastic neutron scattering by Cu-Be alloys corresponds to the a-phase



72 ' NATKANIEC et al.

structure and hence to local vibrations of the Be atoms in the crystal
lattice of copper. The dynamics of the 3' phase may be revealed by a
slight broadening of the observed peaks, relative to the measurements
made earlier. An explanation of this problem requires measurements with
a much better resolution and also measurements of the inelastic neutron
scattering distribution for a sample of uniform fB'-phase structure.

Curve 2 of Figs 2 and 3 corresponds to the Cug.g97-Mgg.93 alloy. The
diffraction pattern of this alloys reveals small traces of a CusMg type
structure. More substantial, however, is the fact that the peaks corre-
sponding to the a-phase structure (fcc as for Cu) are shifted, indicating
dilatation of the crystal lattice parameter by 1 to 2% as compared with
that of pure copper. As the radius of the magnesium atom is larger than
that of copper (see Table I), this is evidence that the Mg atoms occupy
atom sites in the crystal lattice of copper.

In the distribution of the neutrons scattered inelastically by this sample
we observe only an increase in the scattered intensity within the region
of the maximum frequencies of the copper lattice vibrations. The shape
of this distribution suggests that in the sample there are vibrations of
frequencies higher than the maximum frequency of atomic vibrations in
copper. Dividing this distribution by that for copper, we get a curve
whose maximum corresponds to a neutron energy transfer of approximately
34.5 meV, This value was assumed to be the energy of the local vibrations
of Mg atoms in the copper lattice. An alloy with the composition
Cug, g9-Mgg o3 Wwas also examined. No difference between this sample and
the copper sample was found within the accuracy of the measurements.

The copper sample, to which curve 1 of Figs 2 and 3 corresponds, was
produced from 99.9% pure electrolytic copper under conditions identical
to those for the Cu-Mg alloys. The diffraction patterns for this sample
and those Cu-Mg samples show insignificant traces of oxidation, The
positions of the observed peaks corresponding to the CuO structure are
indicated by arrows in Fig.2. The traces of oxidation in the Cu-Be alloys
are still smaller,

Lead alloys

Among the light metals which form solid solutions with lead, sodium,
whose atoms bear the closest resemblance to those of Pb in their dimen-
sions, has the highest solubility (see Table I), The Pb-Na solid solution
(o phase) has a fcc structure, and the lattice parameter of lead (a =4,94974)
is contracted with increased sodium concentration [14], even though Na
atoms have a greater radius than Pb atoms do. When the sodium concen-
tration exceeds maximum solubility, a S phase of the fcc structure of the
CugAu type ordered alloy (a~4.88 &) is precipitated. The range of homo-
geneity of this phase lies within 26.5 to 35 at.% Na and hence it does not
include the PbsNa composition [16].

We examined the Pb-Na alloys in the 1 to 10 at.% Na concentration
range. The neutron diffraction data of samples of concentrations lower
than 5 at.% Na measured less than two months after sample preparation did
not reveal any traces of the 8 phase. The diffraction pattern of samples
with ~ 10 at.% Na taken immediately after the samples had been prepared
had traces of peaks corresponding to the 3-phase structure. These peaks
appeared much more distinctly after this sample was aged for one month at
a temperature of about 40°C, If we compare the intensities of the peaks
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corresponding to the ¢ and 8 phases, we can estimate that the 3-phase
content in the aged sample does not exceed 5% (95% of the o phase would
correspond to a Pb, g1-Nagy o9 composition). Differences between the in-
elastic neutron scattering distributions measured under identical conditions
did not exceed the accuracy of the measurements. With increased
sodium concentration in the alloy we can also observe a slight shift of the
peaks corresponding to the a-phase structure. This corresponds for the
Pby g9-Na 10 sample to a contraction of the lattice parameter of approxi-
mately 1%. These facts imply that the effects observed in the inelastic
neutron scattering distribution correspond to the phase structure in which
the Na atoms occupy isolated sites in the crystal lattice of lead.

NEUTRON TRANSFER ENERGY
30 2 10 EIJ meV

LTINS S B e e T T

INTENSITY (ARBITRARY UNITS)

200 x I64;45
FIG.4. Inelastic neutron scattering distributions for the investigated lead-sodium alloy samples: 1. Pb,

2. Pb, . -Na 3. Pb, . ~Na 4. Pby o -Na .

0.02° 005 °
In Fig.4 we have a comparison of the distributions of neutrons scattered
inelastically by lead and some Pb-Na samples of different concentrations.
In the lead distribution (curve 1) we can distinguish peaks at neutron energy
transfers of about 5 meV and about 8.5 meV, which stand in good agreement
with the maxima in the frequency spectra of lead (17, 18], The severe
drop in neutron intensity at the energy transfer of approximately 10 meV
corresponds to the limit of the lead frequency spectrum. The reason for
the peak at approximately 60 meV is discussed in section 3. In the distribu-
tions of the alloy we see an additional peak beyond the limit of the lead
frequency spectrum, the amplitude of which is proportional to the concen-
tration of Na atoms in the sample. This peak corresponds to aneutron energy
transfer of about 17 meV and, in accordance withwhat has been said aboutthe
sample structure, isinterpreted as due to the excitation of local vibrations
of the Na atoms in the crystal lattice of lead. The width of this peak, being
approximately 9%, is in conformity with the spectrometer resolution at
this energy [11]. By comparing the distribution shown in Fig.4 in the
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range of the normal vibrations for lead, we see that with increasing con-
centration of Na atoms there is a rise in the scattered intensity at the limit
of the frequency spectrum. This implies that in the region of the normal
vibrations of lead there is an increased probability of excitation of high-
frequency vibrations.

The solubility of magnesium in the solid phase of lead is much more
limited than that of sodium (despite similar ratios of atomic radii), as the
Mg atoms form with Pb an electronic bond, Mg,Pb, of metallic properties,
The structure of this compound is of the CaF, type (a =6.85 &),

We examined the Pb -Mg alloy in the concentration range from 1 to
5 at.% Mg. Inthe Pbg g3-Mgo.01 and Pbg, g7-Mgp.o3 samples, without
hardening after moulding and measured some two months after preparation,
there was no additional peak beyond the limit of the natural vibrations of
lead. Only a slight rise in the intensity of the scattered neutrons was ob-
served in the region of the maximum frequencies of the lead vibrations.
The diffraction patterns of these samples revealed the presence of an
MgoPb type structure. In the Pb g5- Mg, o5 sample, hardened immediately
after solidification and cooled to the temperature of liquid nitrogen some
two hours after preparation, we observed an additional peak at a neutron
energy transfer of approximately 16 meV, which was assigned to the
excitation of the local vibrations of the Mg atoms. A strong rise in the
scattered intensity was observed in the high-frequency region of the normal
vibrations of lead. The diffraction pattern of the sample showed traces
of a MgyPhb structure in quantities not higher than for the Pb g7-Mgj o3
sample,

The region of lithium solubility in solid lead is even more restricted
owing to the considerable difference in the atomic radii and valencies.

The diffraction patterns of the samples examined with Pbg gg9-Lig o7 and
Pbg.g97-Lig.o3 compositions and hardened after solidification, show the
presence of a PbLi phase of bee structure of the CsCl type (a = 5.25 A)

In the distributions of neutrons scattered inelastically by these samples
only the effects of neutron absorption by Li atoms are observed. No effects
of neutron scattering on Li atoms exceeding the accuracy of the measure-
ments were found. To observe them, the effect-to-background ratio would
have to be improved by increasing the incident beam intensity and the effect
of the Be filter would have to be eliminated.

5. DISCUSSION

In all the alloys examined the experimentally determined energy of the
local vibrations of light impurity atoms is lower than the value calculated
with the assumption that the force constants around the impurity atom
remain unchanged (Eq.(2)). Table II gives a comparison of the local vibra-
tionenergies calculated for different frequency spectra of copper and lead.
The greatest effect on the calculated values of the local vibration energy
is borne by the high-frequency vibrations of the host crystal lattice. This
fact is illustrated by the differences in the results calculated for the
Sinha and Debye spectra, in which the Debye limit frequency for copper was
taken to be equal to that of the Sinha spectrum. The assumed limit fre-
quency of the Debye spectrum for lead corresponds to 88°K. The most
realistic frequency spectra are the Sinha spectrum for copper [21] and the



COMPARISON OF THE LOCAL VIBRATION ENERGIES CALCULATED FOR DIFFERENT

TABLE II.
FREQUENCY SPECTRA AND THE DERIVED CHANGES IN FORCE CONSTANTS
Local vibration energy E “Eexp Change in
Alloy Experimental value Calculated from Eq force constants References for
EQq.(2) from Eq.(6)
(meV) (meV) ) g (wy)
54.0 22 0.43 [19]
R 56.1 25 0.50 [20]
Cu-Be otz 57.9 28 0.56 [21)
61.5 31 0.60 Debye spectrum
34.2 0 0.00 [19)
_ 35.9 3 0.10 [20)
Cu-Mg .52 37.5 8 0.22 [21]
38.7 11 0.27 Debye spectrum
18.75 9 0.16 Debye spectrum
19.25 12 0.23 [18]}
-N
Pb-Na ol 19.70 14 0.27 [17]
17.9 11 0.20 Debye spectrum
18.7 14 0.30 [18]
Pb-
Mg 11 19.2 1 0.34 [17
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Stedman spectrum for lead [18] calculated from the experimentally deter-
mined dispersion curves for these metals.

To assess the change in the force constants from the experimentally
determined energy for the local vibrations of the impurity atom, we shall
make use of the approximation of an extremely light impurity. With this
assumption the non-diagonal elements of the G(w?)sL matrix are negligible.
The local frequency will be given in the following integral equation (for
cubic crystals):

wmax wmax ( )d
wo) dw
{ewz'p\/‘ wozg(wo)dwo} g#)=l (8)
0 6 Y%
where
“max
00 2
p=1- %(——l . ¢°(00) = rnof Wy g(wp)dw,
¢ (00)

0

$2(00) and ¢ (00) are the force constants of the host atoms and impurity
atoms, respectively. The impurity atom is at the site £ = 0. The param-
eter p defines the magnitude of the change in the force constants of the
impurity atom in the zeroth co-ordination sphere. Its value for various
frequency spectra are given in Table II.

This approximation can also be applied for rather heavier impurities,
but the perturbation caused by the impurity should spread out to larger
distances and at the same time the change of the force constants of the
first co-ordination spheres should be negligible, i.e.

| a¢(0£)] < |A¢(00)|  where 2> 0

The force constants of the zeroth co-ordination sphere are associated with
the remaining ones by the relationship

$(00) = -zquoz) (1)
£

A better approximation would be obtained with a model in which only
the force constants of the zeroth and first co-ordination spheres become
changed. Their change can be determined from the experimental value of
the local vibration energy and the dispersion curves of the host crystal [22].
For beryllium atoms in copper the result of such calculations is

_alston| afston]
[$(00)|  [¢(01)]

0%

The estimation of the contribution of the long-range forces of Coulomb,
ion-electron, and electron-electron interactions (causing a change in the
force constants in the higher-order co-ordination spheres) gives the
following assessment of the changes in the force constants for this alloy [22]
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A ¢(00) | 6 alg(on)]

0, = 55%
|4(00) | | (01)]

A comparison of these results with the values of the parameter p for

Cu - Be in Table II shows the differences in the estimate of p in dependence
on the model assumed. Unfortunately, a complete solution of Eq. (1) which
would give an exact value for the local frequency is impossible and a
simplifying model must be used.

Determination of the energy of the vibrations of light atoms in ordered
phases of the alloys investigated should enable us to assess the effect of the
force constants change of the higher-order co-ordination spheres on the
local vibration energy, and also facilitate the choice of a model corre-
sponding more close to the actual situation in a crystal. No changes ex-
ceeding the measurement accuracy were observed in the local vibration
energy as a function of impurity atom concentration within the range of the
solid solution phase.

To get more precise and complete information on the dynamics and
interaction of atoms in the crystals of metals, measurements with much
better resolution should be made. Of the alloys discussed here, the Cu-Be
and Pb-Na alloys are best suited for this type of research, owing to the
high intensity of neutron scattering and the structure of the solid phase.
The time-of-flight technique and inverted-filter geometry are convenient
for this type of research, as they permit simultaneous measurement of
the structure and the dynamics of the sample.
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UCCIEJILOBAHUE IMPUMECHBIX COCTOSAHUN
B CIINTABAX HA OCHOBE BAHAIUSA

M.T'.3EMJIAHOB, C.II.MUPOHOB
I".® .CBHIPBIX

UHCTUTYT ATOMHO#! SHEPT'UHU
mm . U.B.KYPUYATOBA, MOCKBA,

CcccCPp

Abstract — AunoTtauus

INVESTIGATION OF ADMIXED STATES IN VANADIUM ALLOYS. The results are given of research
into quasi-local states caused by the introduction of different substitutional atoms of impurities into a vanadium
metal crystal lattice.

The results obtained are compared with theoretical calculations carried out using different model as-
sumptions, and with results of experimental work done at other scientific centres,

Research into inelastic scattering of cold neutrons is being done on an assembly at the IRT-M reactor
at the Kurchatov Institute of Atomic Energy. The spectral line of incident neutrons is established using a
beryllium filter cooled by liquid nitrogen and a mechanical chopper, The energies of neutrons scattered at
an angle of 90° are analysed at a distance of 4.5 m by the time-of-flight method, The excitation spectra
for the systems studied, derived from the experimental results, are established with allowance for all
necessary instrument corrections,

UCCIEJOBAHUE MPUMECHBIX COCTOSSHUN B CIJIABAX HA OCHOBE BAHAIUS .
TIpUBOASITCA PEe3yAbTATH UCCAEAOBAHUS KBAa3WIOKANbHBIX COCTOAHHIL, OByC/lOBNEeHHbIX BBele-
HHEeM pa3/IMYHBIX NPHUMECHBIX aTOMOB 3aMEIeHNs T B KPUCTAMIHUYECKY0 peWeTKY MeTaalH4ecKoro
BaHaaus .

TNonyyeHHbIe pe3ynbTaThl CPAaBHHBAITCA C JAHHBIMM TE€OPETHUECKHUX PACUETOB, NPOBEAEH=
HBIX B Pa3/IHYHBIX MOJEJIbHBIX NPEANONOXEHUSAX, a TaKXe C Pe3ylbTaTaMH dKCIepPUMeHTaAb~
HBIX HCCJIeIOBaHHUH, BHIMOJIHEHHBIX B APYTHX HAYUHBIX LEHTPaX.

HccnenoraHus no HeynpyroMy pacCesHHI0 XOJOAHBIX HEHTPOHOB NpOBeeHbl Ha yCTaHOBKe,
CMOHTHpOBaHHON Ha peakrope HPT-M B UAD nm .U .B.KypuatoBa. PopMHpoBaHHe CneKTpaab-
HOM JIMHUM najaomuX HeATpoHoB obecneunsaercs ¢ noMoubr Be-duabTpa, oXiaxiaeMoro Xus-
KHM a30TOM, M MEXaHHYECKOro npepsiBaTensi. OHePreTHYECKHUl aHANN3 HEHTPOHOB, PacCesHHbIX
noa yrioM 90°, ocymecTBAAETCS HA PacCTOAHHM 4,5 M NO BpeMeHH nponera. BoccTaHoBAEHHE
CNeKTpoB BOSsy)K}IeHHﬂ HUcce RAOBAHHBIX CHCTEM H3 3KCNEePHMEHTAJIbHLIX pe3yAbTaTOB NPOBO™
AUTCA C y4YeTOM BCeX HeO6XOAMMBIX anmnapaTypHLIX MONPaBOK .

TBepisie pacTBOpPH 3aMelleHHUs NpelAcTaBasoT coboi cuctemsl, obnaga-
oWwHe NMPOCTEAMUM THUNOM AedexkToB — nefekTaMu 3amemeHusa. Ilpu arom
NPUMECHBIE aTOMbI, HAXOAAWMNECS B y3JlaX KPUCTANJIUYECKONR pelleTKH, OTAU-
YaKTCs OT aTOMOB MAaTpHUbl BEJIHYHHOR MacChl, CTPOEHUEM 3JeKTPOHHOR 060-
JIOYKM U 3HAUEHUSIMH aTOMHBIX paluycoB. Pasauune pa3MepoB aTOMOB pac-
TBOPUTEJIST U PACTBOPEHHOI'O 3JIeMEHTa MPUBOAUT K UCKAXEHUI0 KPUCTaIHU-
yecKon pemerkd. Kak npasuio, npH pacTBOPEHUH 3JIEMEHTOB C MEHbUIHM
@TOMHBIM PalLuyCcoOM, YeM aTOMHBIA paluyC PaCTBOPUTENS, NT€PUOA PelleTKH
YMeHbIlaeTCs, a NPH paCTBOPEHHUH 3/1eMeHTOB € GOABIWINWM aTOMHBIM paiAuyCOoOM
nepHoa pemeTku Bo3pacraeT. CpenHue 3HaueHHs MCKaXeHHi KpuCTalnnyec-
KO#l pelleTKHM B CIJlaBaX MpPeBH AT Pa3HOCTb aTOMHBIX PaAHyCOB CIJIaBASEeMbIX
MerannoB. CrneloBaTeNbHO, 3TH MCKaXeHHUA HeNb3d pacCMaTpPHUBATh Kak
pe3ynbTaT HeCOoBNaleHUs padMepoB HUOHOB MeTaya. 3AeCh, HECOMHEHHO,

79



80 3EMJISTHOB wu ap.

MPOSBASETCS nepepacnpenejleHne 3NeKTPOHHON INIOTHOCTH B pelleTKe pac-
TBODPHTENS NMoJ NeHCTBHEM aTOMOB PaCTBOPEHHOTO MeTajnia.

Pasznuune B 3JIeKTPOHHON CTPYKType aTOMOB MaTpHUbl H aTOMOB NpPUMeC=
HOT'O 371€MEeHTa JOJXHO NPUBOAUTE K PAa3jIMUUI0O B XapakTepe WU BeJUYHHE
B3aUMOJEACTBUA MeXJAYy aTOMaMH NMPUMECH U aTOMaMH MaTpULBl, IO CpaBHe-
HUIO C MeXAaTOMHBIM B3auWMOLEHCTBUEM B UCXOAHOH Marpuue.

Taxum obpa3oM, BCe TPU YIOMSHYTHX §aKToOpa NPUBOLSAT B Pe3yabTare
K JdedopMmanuu cnekTpa KojebaHHi MCXOZHOM MaTpPHULUBl NP BBEASHUU B Hee
NMPUMECHBIX aTOMOB.

HauGonee metanrHas uHGopMauus o KonebaHUIX KPUCTANIUUECKON pemeT-
KH MeTanna ¢ BBeJeHHbBIMM B Hee NPUMECSIMH MOXeT OBIThH MoJy4yeHa U3 3KChe-
PUMEHTOB MO HEYNPYI'OMY pacCesiHui0 HeHTPOHOB.

K HacTossmeMy BpeMeHHM yXe BBINOJHEHD HCC/eJOBAHUSA C MOMOWBIO pac-
cesiHusl HEATPOHOB Ans nejoro psga crmasos [1—5]. Oanako, Gonbmon
HHTepecC npeicTaB/fgeT NpoBeJeHUe HCCeJOBaHUi AJA CIJIaBOB, MOJYUYEHHbBIX
Ha OCHOBE OJHOM M TOH Xe MaTpHILlbI. :

Cpelyn HEeKOTEepPEeHTHO pacCeuBalnIUX CUCTEeM Haubonee npueMaeMbIMU
SIBASIIOTCSA TBepible paCcTBOPhl Ha OCHOBE MeTaJ/UIMYeCKOTrO BaHaius. Bawnaaui
obpa3yeT, XOTS U B orpaHHueHHoOH obnacTu KOHUeHTpaluuil, TBepAble pacTBO=
PBl C LeJIBIM PSIIOM 9JIEMEHTOB, OT/JMYAIOMUXCH KaK aTOMHBIM pagKuyCcoM,

TakK U 3MeKTPOHHONR CTPYKTYpo# u Maccoii [6]. BaHazuil sBnasieTcs aJeMeH-
TOM NOJHOCTHI HEKOTEPEHTHO PacCEeMBAI0 UM HEHTPOHBI, U B 9TOM Cjlydae He
BO3HHKaeT BONPOC O BAUSHHU KOTepeHTHHE X 9dPEeKTOB NpU U3YUeHHUHU HEeymnpy -
TOro paccessHHs HeHTPOHOB.

KpoMme Toro, BaHanui ABAAETCS OZHMUM M3 ABYX aieMeHTOB [ 7], ans ko-
TOpPLIX MpPOBEAeHO cTporoe, 6e3aMoneNlbHOe BOCCTaHOBNeHHe KonebaTenbHOTO
CMeKTpa U3 9KCNepHMEeHTaAbHbIX JaHHBIX [10 pacCesHUI0 HeHTpoHoB., Hanuuue ra-
Kol HHd opMaLyy 0 ) OHOHHOM CITIEKTPE JaeT BO3SMOXHOCTE NPOBeCTH 6onee Kop-
PEKTHOE CpaBHEHHe SKCINepPUMEHTalbHbIX AAaHHBIX, NOAy4YaeMblX AAS CIJIaBOB
Ha OCHOBEe BaHajus, C Pa3/IMYHbBIMHU TEOPETHUYECKUMHU NpedAnoJOoXKEeHUIMHU .

B CBSI3U C 3TUM HaM¥ Ha4yaThl UCCJIe JOBAHUSA [JIs1 1eJIOTO psila CIIJIaBOB Ha
OCHOBe BaHaJusl U K HACTOsSIeMY BPeMEHH BBINOJHEHb 3KCNepUMeHTalibHble
W3MepeHus 1S CIUIaBOB BaHajus C npuMechi TaHra€a (3% ar) U BoAb-
dpama (3% at).

U3MEPEHUE, PE3YJBTATH U OBCYXIEHHUE

Bce nccnenosaHus BaHaJMeBBIX CIIABOB NMPOBOASTCSA Ha YCTAHOBKE IO
pacCcesHHI0 XOJOJHBIX HeHTPOHOB, CMOHTHUPOBAaHHOH Ha peakTope UPT-M B
UAD um.U.B.KypuaTtoBa.

Jns MoHOXpoMaTH3aUUK NajalomuX HeATPOHOB UCMONb3YeTCA NONAK-
KPUCTaIMYeCKUi GUABTD U3 MeTannudyeckoro Sepunnusa (anuHa 50 cm),
oxsaXaaeMblil 1O TeMnepaTypbl XUAKOTO a30Ta, U MeXaHUUYeCKH Npepbl—
BaTenb ¢ napabonuyeckoit opMoit wenu.

Ha puc.l npuBeneH BUA CNEKTpa’ibHON JUHUM HEHTPOHOB, Mafai WKUX
Ha uccnenyemsii obpasen. Jnsg cpaBHeHUS Ha puc.l gaHa cnekTpanbHas
JIUHUS, NolydyaeMas HeMoCpeACTBEHHO nocye GepuinueBoro ¢uibTpa.

IIpUMeHeHHe MEXaHMYeCKOrO NpPepHBaTe/s NO3BOAAET 3HAUUTENBHO
YMEHBIIUTH Pa3MBITHE Najallieidl CNeKTpaJbHOK JUHUH, UTO O4YE€Hb CYUWEeCT™
BEHHO JJ1f UCCJIeIOBaHUi NMpy MaJjbiX nepejfadyax 3HEePTUH .

Kak cneayeTr u3 HakjJioHa OepHUIJIMEBOTO CKauka, pa3pemeHne CIeKTpPo-
MeTpa no BpeMeHu nposera cocrasaser 1,8%.
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Puc.l. CnexTpanbHas THHUS najapmMUX HeATPOHOB.

O6pa3en ucciaeAyeMoro crjiaBa pacronarajcs Ha pacCTosiHHH 29 cM
OT IJeHTpa poTopa NpephiBaTeif, nod yrinoM 45°, B oTrpaxaomem no-
NOXEeHHH .

Heynpyro paccesiHHble HEHTPOHBI HCCJIeIOBAJIMCE 10 BPEMEHH npoJjieTa
noA yrinom 90° k HanpaBleHH NalalklolHX HEATPOHOB. Perucrpauus pac-
cesIHHBIX HeATPOHOB ocymecTBAANACh HAa pacCTosHiHU 4,5 M or obpa3na c
NOMOMBI AETeKTOopa, cocTofmero U3 25 nponopuHoHaabHbIX CUETUYHKOB,
HanoJHeHHB X oborameHHsiM BF3 no AaBneHua B ogHy aTMocdepy. Ha
YCTaHOBKEe MMeeTCs BO3MOXHOCTE NPOBOAUTE MCC€AOBaHUA C perucrpa-
nueil paccessHHEIX HeHTPOHOB AETEKTOPOM aHa/OTHYHON KOHCTPYKLUHM, HO
3alO/IHeHHHM TefiueM-3 Ao ZaBneHHs 8 arM. OgHaKO, nNpu HCCieZOBaHUHU
paccesHUs C ManbIMU U3MEHEHUAMHU 3HEPruU, KaK 3TO UMEeT MeCTO NpHu
H3Y4YeHUH BaHaJUeBBIX CIUVIABOB C TSKEJBIMH MPHMECHBIMH aTOMaM#, HCNONb =
30BaHUe CUETYHUKOB C rejueM-3 noi LaB/leHUEM CTAHOBUTCH Helenecoob-
pasHEIM H3-3a oTHocHTenbHO Gosiee BriCOKOro JoOHa, Mo cpaBHeHHD ¢ doHOM
y AerektopoB BF3. Bruau uccnenosaHsl crasbl Vo,g7 Taggs # Vo,o7 Wo,03 -
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Puc.2. CnekTp Heynpyro pacCesiHHbIX HEATPOHOB BaHaIHeM .
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Puc.3. CnekTpHeynpyro paccesiHHbX HeATPOHOB CNIABOM BaHaIWA-TaHTasn.

Hcnons3yeMble obpa3usl npelicTaBiasnau cobolf AMCKH UIHM NOPOMIKH, noMewa-~
eMble B TOHKOCTEHHEIE aJlOMHHUEBble KOHTeliHepsl. OddekrHBHAs TonmuHa
BCceX 06pa3LOB cocTaBisna <3 INHUHE YOPYTOTO PAacCesHHS Majanmux Hei-
TPOHOB, YTO NO3BOJASANO HE YUYUTHIBATh BAHSHUSA NPOLECCOB MHOTOKPAaTHOTO
paccesiHMsl Ha OKOH4aTeJIbHble Pe3yabTaTh . '

Ha puc.2 npuBejeHb MCXOJAHbIe 3KCHepUMEHTaJ/IbHbe pe3yAbTaThl WIS
BaHalus, a Ha puc.3 M puc.4, COOTBETCTBEHHO, — Ais crnaBoB Vg g7 Tag g3
1 Vo971 Wo,03-

BpeaeHue BceX HeoOXOAMMBIX annapaTypHBIX nonpaBok (GoH GBICTpEIX-
U TenJ0BH X HeHTPOHOB, pacCesiHHe Ha BO3/yXe, DHepreTUdyecKas 3aBUCHU~
MOCTh 3§ $€KTHBHOCTHU AETEKTOpa) AaeT BO3MOXHOCTE MOJYUHTDH U3 HPH-
BEJEHHBIX AAHHBIX ABaXAsl AUDPepeHuHanbHOe CeUeHHe paccesHUs
nefirponos {d20/d0de). Benuuuna doHa onpelensnack B HE3ABUCHMEIX
9KCrnepUMeHTax C MyCTHIMHU AepxaTenasMu o6pasuoB.

Jins HeKOTepeHTHO PacCeMBAKMNUX CUCTEM, KAKUMH SABASIOTCA M CIJIaBbI
Ha OCHOBE BaHaJusd, U3MepsieMOe 3KCNMePHMEHTaJbHO ABaxAbl AuddepeHu-
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Puc.4. CnexkTp Heynpyro pacCesHHbIX HeHTPOHOB CMJIaBOM BaHaAHH-BONbHpaM.
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Puc.5. &$OHOHHBHA CNeKTp AAA CnjlaBa BaHalAui-TaHTan.

anbHOe CedeHHe paccCesHUs HEHTPOHOB, CBA3aHO JIMHeHHO ¢ GyHKUUeH pacnpe-
IeJIeHUS 4aCTOT HOPMalbHBIX KonebaHui g(€) cleayomHUM COOTHOMEHUEM

_ d%0 (E, 4 (e¥*T—1)e
g(e) = Constyage ( E> E+E,

Tle UCNONb3yeMble BEJHYMHb UMET obmenpuHaTOe 3HAYEHUE .

Ha puc.5 (V5,97 T@o,03) 4 puc.6 (Vo,97 Wp,03) MpUBeAeHE 3HAuUEHUS g(d),
BOCCTAHOBJIEHHbIe K3 MMONYYEHHBIX AaHHBIX. Jig cpaBHeHHs Ha puc.5 u 6
npuUBeZieH TaKXe CHeKTP gle) WIS UCXOAHOH MaTpPHIIH MeTaIuuyeCKOro
BaHaIud .

V3 cpaBHeHusa KpUBHX g(€) A7s1 BAHAAUA U CIIJIaBOB CJAEAyeT, 4TO BBeae-
HUYE OAMHAKOBOTO KOJMYECTBa NMPUMECHHIX aToMoB (3% ar) TaHTana U BOAL-
$dpaMa MPUBOAAT K Pa3NUYHBIM AedopMalusM KonebaTesbHOTO CreKTpa
KPHUCTA/IMYeCKOH pelleTKH BaHaaus . [Jns cnnasa Vo g7 Tag o3 sHepreTu-
YeCKOe MOJIOXEeHHe OCHOBHBIX ocobeHHoCTe# cnexTpa g(€) MONHOCTRIO
coBnajaeT C NOJOXEeHHEM aHaJIOTUYHbIX OCOBEHHOCTe! CneKTpa pelleTKU

s T L T T
A
3 4 .
-V
= VogrWaos
e, Tl
LA RN |

.
-:!pﬂ .ot
1 1 1 H !

0 0 o0 % 40

Ex10°%

Puc.6. ®OHOHHEIA CieKTp ansA cnyiapa BaHaAui-BonAbdpam.
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BaHaausa. OjaHaxko, HabnoJaeTCca OYeHb CYNMECTBEHHOE Pa3MBITHE MaKCH-
MYMOB CNEKTpa, 0CO6eHHO HU3KO3HepreTuyeckoro. B ofnacTu HU3KHX
sHepruit (~8,5 M9B) B cnexrpe gle) ana cnnapa Vg g7 Tap,g3 Habnopaercs
JONONHUTebHasi 0COBEHHOCTh, KOTOpas He MPOSBASETCH B CeKTpe BaHaaus .

Hns cnnaBa Vp,97 Wy 03 HabnolaeTcs cMemeHue BCEro cnekrpa gle)

B LeJIoM B o6nacTs 6o/lee BHICOKMX YyacToT. HHKAKoro pa3MbITusi OCHOBHBIX
MaKCHMYMOB ClleKTpa He Habnwoaaercs. B obnacTu HU3KHUX SHeprui, Kak

u ana cnasa Vo g7 Tag g3, HabnoaaeTcs AomoNHUTENbHAS OCOGEHHOCTD.
OzHaxko, 9HEPreTHYECKOe MONOKEeHHe OTMEUEHHOH 0CO6EeHHOCTH s CIuiaBa
Vo,01 Wo 03 (€210 M3B), no cpaBHeHU®o co cnnaBoM Vo o7 Tag s (€ =8,5M38),
OKa3bhBaeTCsd CMEIIeHHHM B CTOPOHY GO/MbIHX YAaCTOT .

B psane teopernyeckux pabor [8 — 10] 6rao nokasaHo, YTO BBEACHHUE
H30/IMPOBAHHOM TAXeNoit npuMecH B Gosee JIETKY0 MaTpPULY AOMXHO NPHU-~
BOIOUTE K 06pa30BaHUI0 KBAa3UIOKAJbLHON 4aCTOTH, PACNONOKEHHON B mpe=
Jenax WHTepBaja 4YacTOT, OTBEYARIUX pemeTKe HCXoAHOH MaTpuusl. Ilo-
JIoXKeHHe BO3HUKabmel KBa3Wl0OKaNbHOH YaCTOTH OMpeAensieTCs CAeAYI0 UM
cootHomeHueMm [10]:

o2 = w%{lel(uﬁ/w%yl [1 -2 e w? /w%>—1] }1

1-7 €

- 1=-M i _n
rie Wy — PaHUYHAA YacTOTa pelleTKH MATpPHUBl, € =1 M’ T 1

M; M y; — Macca ¥ CHIOBHE NMOCTOAHHbIEe NPUMECHOTO aroMa, M u vy ~ Macca
U CUJOBBIE NMOCTOAHHEIE UCXOOHON peleTKH .

Ecau npeanonoXuTh, 4TO CUIOBHE NOCTOAHHbBIE HE UBMEHATCSA, T.€.
7=0, 10!

?

w? = wdllelw? /w2yt

Insa cnnasoB Vo917 Tag,es u Vg g7 W, 03, MpeAnonaras HeM3SMeHHOCTE CHIOBBIX
MOCTOSHHBIX, KBA3WAOKaAbHaf 4aCcTOTa JOOJXKHA GHTH JIOKaIU30BaHa NpH

€ =10,3 MaB (npubnuxenne Jebasa). C yyeroMm BenuuuHbl pa3pelleHUs B 3TOM
HHTEepBaJjie SHePIHil MOXHO CKa3aTh, YTo HabnwolaeTcs yJOBAETBOPUTENb—
HOe corjlacue MeXJy pacyeTHHIM U 3KCMEPUMEHTaNbHbIM I10JIOXEHHEM KBa3u-
JIOKaJIbHOH 4aCTOTHI.

Jnst onpexneneHus Xxapakrepa CNeKTpajJbHOTO pacnpeliejleHHs B palioHe
KBa3HUJIOKAJbHOR YaCTOThH, €ro WKUPHUHBI, HeOBXOAUMO NpoBeleHue 3THX
uccieJoBaHUN ¢ Goee BBICOKOH CTATUCTHYECKON TOYHOCTBIO H 6ojiee BBICOKHM
SHepTreTHUYEeCKHM paspemeHueM. Takue HCCleAOBaHUS HaAMHU NPOBOAATCS
B HacTosimee BpeMa. O6pamaer Ha cebs BHUMaHHEe CMelleHHe BcCero
cneKkTpa BaHaJus NPU BBeJeHMH B Hero nums 3%at W.

AnanoruyHoe cMeleHHe BCEro crnekTpa Habmioaanoch nNpu BBeJAeHUH B
BaHazuii nnatuHsl (5%ar) [11].

Breznerue raHrana, o6nafaomero TeM Xe KOJHUeCTBOM BaJIeHTHBIX 3IeKTPO-
HOB,"uTO M BaHa JUeBast MaTpHlla, He NPHBOAUT K TAKOMY PE3KOMY CMe MEeHHUI0
COeKTpa, T.e. B 9TOM ClydYyae Mbl MMEeM AEJIO C YUCTO U3OTONUYEeCKUM
3aMeMeHHeM . '

B CBsI3M C 3THUM NpPeICTaBlsSeT HHTepeC UCCAeNOBaHUA CIIAaBOB BaHa-
Ausl C IPUMECHK aTOMOB, 06/1alalo MUX pa3/7iHYHbIM YHUCJOM BaJIEHTHBIX
S/IEKTPOHOB, @ TaK)Xe YCTaHOBJIEHHe KOHLEHTpPALHOHHON 3aBUCHUMOCTH
CMemeHUsT BCEro CNeKTpa.
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B 3aknpouyeHHe BrIpaxaeM 6narozapHoctb H.,A.YepHomiekoBy,

B.A.ComeunkoBy, C.II ,llunpmreitny 3a yvactue B auckyccuu; 0. JI.1Iu~
TuKoBy, A.E .Tonosuny, M. I .Jasr oy, 10.B.Cepene, B.T".®enopoBy

A

.C.UrnamoBy — 3a noMomb B U3MepeHUsx u o6paboTke pe3ynbTaToB;

J.C.T'ysew — 3a npesocraejeHue o6pasnoB UCCleayeMbIX CIIJIABOB.
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DISCUSSION

Yu.M. KAGAN: I should like to ask Mr, Mozer how the concentration
broadening of the local level was calculated in paper SM-104/78. With
pair interaction between the impurities only, it seems to me that sym-
metrical splitting of the level is obtained, and further averaging with
respect to the distance between the two impurities leads to a symmetrical
impurity band. The asymmetry arises when the interaction of three or more
impurities is considered simultaneously.

B. MOZER: I did not attempt to obtain the band shape; what I did was
to see whether the observed splitting could be accounted for by considering
only a pair of impurities. Using results for the exponential decay presented
in Fig.4 of my paper, I calculated the splitting of the localized mode when
the second impurity is in the first shell around the other impurity, in the
second shell, etc. The splittings were then averaged over the probability of
finding another impurity in these shells for the measured concentration of
beryllium. This average splitting agrees quite closely with the observed
value and is larger than that calculated for the average distance between
impurities at this concentration. The shift of the levels about the single
impurity level is symmetric, as it is in the measurement. I have not tried
to calculate the intensities expected for neutron scattering but am probably
in a position to do so since I have the perturbed amplitudes for the pair.

I agree that one should also consider the possibility of three impurities
close together; I consider that this leads to a small effect for the low
concentration used in the experiment, but it could certainly result in asym-
metry in intensity. It is interesting to note that if the splitting arises from
pairs, then one has another way of measuring the spatial exponential decay
of the local mode amplitude.

R. RUBIN: In connection with the splitting of the localized peak in
V with 3.3% Be observed by Mr. Mozer, I may say that we detected a
splitting of the localized mode likewise in the case of single crystals of
niobium and vanadium with some percentage of hydrogen. This can be
explained by the tetrahedral symmetry of the hydrogen sites. As a conse-
quence one expects two modes, of which one is doubly degenerated.

B. MOZER: Beryllium in vanadium is in solution and is not inter-
stitial, and in the low concentration case has cubic symmetry. The split-
ting of the observed spectra comes from the proximity of two beryllium
atoms whose wave functions overlap; it is thus a consequence of pair
interactions,

While I am speaking I will take the opportunity of putting a question to
Mr. Zemlyanov about his paper (SM-104/144). I understand that you calcu-
lated the position of the resonant mode of tungsten in vanadium. Did you
also calculate the width of this mode? My calculations yield a width of
3-4 meV, and when your instrumental resolution is added the result is a
very broad line of the order 4-6 meV, Your data, on the other hand, show
a very sharp line. Can you explain this discrepancy?

M.G. ZEMLYANOV: We evaluated the expected width of the band in the
isotopic model approximation. This width proved to be 2.5 meV, Overall
resolution in these experiments is governed mainly by the smearing out of
the spectral line of the incident neutrons, and this smearing was a good deal
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less in our case than in your experiments, In this connection the smearing
out of the resonance band through resolution in our experiments did not
appear so large: the width of the band is of the order of that of the resolution
function for Vj ¢;Ta, ,; and is somewhat more for Vj oW, 43.

It is possible that in the case of alloys such as those of vanadium with
heavy impurities, measurement by the usual method of monochromatization
of the incident neutrons by means of a polycrystalline filter fails completely
to reveal any resonance oscillations in the low-frequency region, owing to
the substantial smearing out of their resolution functions.

B. MOZER: The full width at half maximum of your incident beam is
1.25 meV. The full width at half maximum of our incoming beam is 2.5 meV,
The total width of the resonant mode plus instrumental resolution is not very
different in the two cases (ours is perhaps 30% greater). I suggest we
compare results again after more measurements on these alloys. The main
point I wish to emphasize is that in no sample measured yet by incoherent
methods does the intensity of the observed structure agree at all with any
simple theories applied in your paper or in mine. The intensity is far too
small,

B.N. BROCKHOUSE: 1 should like to offer a comment on the beautiful
work on the local modes of aluminium in copper described in the paper of
Nicklow et al, (SM-104/85). It is obvious that a light atom in a crystal
composed of heavy atoms will vibrate at a high frequency; the interest
resides largely in the locality of the vibration, and Elliott and Maradudin
have provided the key by which the degree of locality of the local mode can
be assessed. This assessment has now for the first time been carried
out experimentally in the paper to which I am referring.

I would add that the shift in the longitudinal modes with increasing
aluminium content is almost quantitatively in agreement with some un-
published work of Hallman on the shifts in the frequencies for copper as
zinc is added {when considered as a function of the number of additional
electrons). Thus the local mode is a true local mode, but has modified
force constants due to change in electron concentration.

B. MOZER: I have a question for anyone doing single-crystal measure-
ments of impurity modes. When one considers a general formulation of the
many-impurity problem, or when one is measuring the square of the Fourier
transform of the amplitudes of vibration for the perturbed system, one notices
a dependence of the shift or width on the polarization index of the lattice
waves, Has anyone considered the possibility of measuring this dependence?
I believe that the results would be very interesting to the theorists.

A.R. MACKINTOSH: Such effects have been observed in different
transverse phonon branches in Cr with 3% W impurities where both the
position and the frequency shift over the resonancediffer betweenthe branches.
However, this behaviour was ascribed in this case to force constant changes
rather than to finite concentration effects.

Yu.M. KAGAN: Turning to paper SM-104/42, I consider that the linear
concentration theory used for describing the high-concentration alloys must
inevitably lead to erroneous results, and hence the large discrepancy be-
tween the experimental and the theoretical values is not surprising.

Incidentally, it can be shown that in the case of heavy impurities the
effects of non-linearity in concentration begin to play an important role at
a relatively low concentration. The results of Brockhouse and his co-
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workers for a Cu-Au alloy can probably be explained in this way. Perhaps
Mr. Cowley and Mr. Brockhouse would care to comment.

R.A. COWLEY: Mr, Kagan is quite correct when he says that it is not
surprising that our results disagree with the linear concentration theory.
However, the object of the experiments was to study the large concentration
limit, and what is surprising is that the phonons are still quite good
excitations,

B.N. BROCKHOUSE: With reference to Mr. Kagan's remarks on our
results for alloys of small concentrations of gold in copper, I should point
out that recent work by Kamitakahara, continuing that of Svensson et al.,
indicates that the deviations from theory probably arise from force constant
changes as well as from excessive concentrations of defect atoms.
Kamitakahara has also performed some calculations which have a bearing
on the paper of Buyers and Cowley (SM-104/42), to which Mr. Kagan was
primarily referring. These calculations relating to a PdNi disordered
alloy were made on the basis of the theory expounded by Ng and myself in
paper SM-104/53. Rather broad phonons are indicated for this alloy of
about a 2:1 mass ratio. For many of the phonons in KBr/RbBr the effective
mass ratio would be much less than 2:1 (particularly for acoustic modes)
and quite reasonable phonon groups should occur.

R. RUBIN: We have also observed a shift of phonon energy due to
impurities in a single crystal of niobium containing 5% hydrogen.






APPLICATION OF THE KREBS MODEL
TO THE STUDY OF THE LATTICE DYNAMICS
OF HEXAGONAL CLOSE - PACKED METALS
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CENTRE D’ETUDE DE L’ENERGIE NUCLEAIRE,
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Abstract

APPLICATION OF THE KREBS MODEL TO THE STUDY OF THE LATTICE DYNAMICS OF HEXAGONAL
CLOSE-PACKED METALS. The physical content of the Krebs model, which was originally formulated for
bec and fec metals, has been applied to hexagonal close-packed metals. The metal is considered as a set
of spherical ions, of uniform charge distribution, embedded in an electron sea. The elements of the dynamical
matrix have been deduced by assuming central spring interactions extending up to the sixth neighbours, and
a screened Coulomb interaction between all ions. Six relations between the eight parameters introduced in
the model and the five elastic constants have been obtained by the method of long waves. It is found that the
lattice equilibrium condition obtained by equating the two expressions for Cy, requires that the long-range
interaction cancels out. It is concluded that the Krebs force model does not describe a crystal in equilibrium.
If one wants to keep to the long-range term, the lattice is no longer elastically consistent, which mearns that
the calculated long wavelength limit for some branches of the dispersion relation in some directions is not
correct.

1. INTRODUCTION

KREBS EIJ has recently proposed a force model from which the
lattice dynamics of metals can be derived. A metal is considered as a
lattice of spherical ions, of uniform charge distribution, embedded in
an electron sea. The elements of the dynamical matrix were given for
bee and fcc crystals assuming central spring interactions between first
and second neighbours upon which is superposed a screened Coulomb inter-
action between all ions. This simple model contains a very small number
of parameters which are chosen so as to give correct values for the
elastic constants. The screening parameter A was written as

1/6
>\= [ (—L-T) kF (n

4nna
°

where n is the electron density, a the Bohr radius, and T: the electron
wave vector at the Fermi surface. The value of the comnstant C is not well
defined; in the Thomas-Fermi theory it takes the value 0.814, while only

a value of 0.353 is obtained from the plasma theory of Bohm and Pines

(more exactly, this theory gives a maximum value of 0.47).

Krebs calculated the dispersion curves for Li, Na and K, by
chosing the Pines C - coefficient, assuming one free electron per atom,
and determining kp in the free electron approximation; in the case of Na,
for which experimental dispersion relations are available, an excellent
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fit to the data is obtained. On the same basis, SHUKLA [2] has shown

that for Cu also good agreement with the experimental dispersion curves
is obtained.

Later, SHUKLA (3] and MAHESH and DAYAL (4] calculated respecti-
vely the heat capacities of noble metals (Cu, Au) and of alkeli metals
(Na, K, Rb, Cs) by means of frequency spectra deduced from the Krebs model.
An excellent agreement with the experimental data could be obtained when
the factor C appearing in the expression for the electronic screening
parameter was treated as an adjustable parameter. The best-fit values
ranged between the Pines and the Thomas-Fermi C-values.

MAHESH and DAYAL [5] and SHUKLA and DAYAL [6] have slightly
modified the Krebs model by including the third-neighbour central inter-
action; the additional parameter is obtained with the help of one of the
experimentally observed vibration frequencies at the Brillouin zone boun-
dary. For a-Fe, Mo, W and Al, the theoretical phonon dispersion curves
and specific heats exhibit a good agreement with the experimental data.

In view of the preceding successes, we thought it would be very
interesting to extend the formulation of the Krebs model to hexagonal
close-packed metals. Only the mathematical developments are given here,
the results of compution being not yet available.

2. SECULAR EQUATION

The unit cell of the hexagonal close-packed lattice is shown
in Fig. 1; it is characterized by the lattice constants a and c¢. The
Cartesian system of coordinates, xq, x2 and x3, which we use is also
shown in this figure.

% X2 FIG.1. Unit cell of the hexagonal close-packed lattice.

The matrix equation which determines the dispersion relations
of the lattice is given by

D( - 4x2vi1]=o0 (2)
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where I i5 a unit matrix, v and-; the frequency and the wave vector of
a normal mode of vibration. The dynamical matrix D (q) can be written
in this model in the form

A B
—
D (q) = (3)
B* 4
A and B being 3 x 3 submatrices and A* (Bx) the complex conjugate of A

(B).

According to the physical content of the Krebs model, each
element of D G;) is split up into two parts : a short-range part which
takes into account central spring interactions between a limited number
of neighbours, and a long-range part corresponding to the screened
Coulomb interaction between ions. Thus we have

aa' aa' aa'
%)

aa' aa' aa'

2.17. The central spring interaction force constant matrices

As the ordered sequence of the neighbouring atoms is depending
on the c¢/a ratio, we found preferable to include in the mathematical
formulation a relatively large number of neighbours. In each specific
case, only the appropriate first few neighbour interactions have to be
conserved. The force constant matrices [7] for the representative atoms
are given in Table I, where :

2 2

Bt =8/ +

"

' 4a® c2)
Y = Y/(—g— A
2 2

e =6/ + P

2.2. The short range part of the dynamical matrix

By including the 6 sets of neighbours generated by the atoms
given in Table I, we found the following expressions :

1 2
S11 =M a(2 CZ1 + C1 C2 - 3) +;’(3 031 C2 -3) -a E]

S

J

S =M1

-1 2
822=M {a(} c, c2-3)+jr(c31 cz+acza-3) -a El
33 {

2
PSR |
6(2 c33 2) 5 Fj
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TABLE I. FORCE CONSTANT MATRICES FOR THE CENTRAL
SPRING INTERACTIONS :
Representative Force constant Representative Force constant
atom matrix atom matrix
a 0 0 0 0 ©
(a,0,0) 0 0 o0 0,0,¢) 0o 0 0
0 0 O 0o 0 0
0o 0 0 6 0 0
a ¢ a®  ac
0, —, = o = — 0,av3, 0 0 0
( V3 2) g 3 2v3 ©.2 ) ¢
o 0 0
0 3¢ ¢
ov3 4
2
. sa_
o o 0 & ol
AR R IOY BT 5 5a ¢\ | ¢ [ 5a' 258 sac
‘3t 2 3 V3 2’ 2v3' 2 4 Y3 3 V3
-ac c? Bac 2
0 E —_— ac 73 c

-
S, =8,,=-M V'j S, (a8, +ys31)
813 = 531 = 523 532 =0
-1
T, =M a2 03 exp (:i.m}){a'c1 exp (imz) + hY’C21
*E'i.c‘l exp (—imz) + 9 031 exp (imz) + 4 C,q exp (1 2m2)]}
2 _ ~
-1a [ '
Top = M 3 C3 exp (imj){ﬂ LZ + C, exp (imz)] + by [Zexp(12m2)+ 021]
+£'[25C1 exp (-ima) + 031 exp (ima) + 16021 exp (iZmz)J}
T,r = el E-z-c exp (im )fp'-1 + 2C, exp(im )]+ Y'-ex (i2m.,) + 2C
33 ° zspslt 1 SXPLmS l_P 2 21]

+ Zt'LC,] exp (-im2)+ o

31 ©XP (im2)+ C,q exp (iZmE)J}
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T=T,, = iM a® c (im )JB'S (im)) - 4v's
12 = Tyq =1 V? 3 exp m3 B 1 ©Xp m,) - 21

+£ v[_ 58, exp(—im2)+ 3 831 exp (ima) + 8 521 exp (iZmZ)]}

-1 .
T3 = T31 =-M ac S;exp (im3) {B' S, exp (1m2) + 2018,
+ f'[§1 exp (-imz) + 3 331 exp (imz) + 2 521 exp (i2m2)]}
P,, = T, = 1 M-1 8¢ 5, exp (imy) B‘i? exp (im,) - 1}
32 23 V3 3 3 1 2 R

+ gyv[?xp (iamz)- C21J+ E'[-5 C, exp(-imz) + 031 exp(im2)+ 4021exp(i2m2ﬂ}

where

E = B! + Ly 4+ 14&'

F = B' = Y o+ ZE'
i = V—‘I
< a = si a
C,I = cos 94 3 S1 = 8in q, 3
C2 = cos q, E%E S2 = sin a, 3%3
c s <
C3 = cos q3 3 53 = sin q3 5
021 = cos q, a 521 = sin Q, a
022 = cos g, aVET . 522 = sin a, aVB_
- a3 - a3
031 = co8 qq 3 S31 = sin q, 5
03} = cos q3 c S33 = sin q3 c
a3 ca. &
o T %7 my =433

M being the masqﬁpf an atom and a4 qz, q3 the Cartesian components of
the wave vector q.
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2.5. The long-range part of the dynamical matrix

This part arises from the screened Coulomb interaction between
spherical ions of uniform charge distribution. If A is the screening
parameter, and A a parameter depending on the total charge of an ion,
we get

-1 Z:j(qa * ya)(qa' * ya') 2

\2 =M A= G
oat s ih Y L la +?‘2 s X° )
y Yo B =
'%GZ (ua) L‘l + exp (i ;;)J\l
yoHA
v, Cag +y.) - -
- 2 - . -
W =M A; = 2 G° (u,) exp]_i(q+y).r_l
2 1
oa ¥ lq + y' + A
Here we have defined
G (u) = 3 (sin u - u cos u)/u”
_ _.+—~' o —-'\
uy = ro \q y l u, = r (y

where r 1is the radius of the ions; the vector r is shown in fig. 1, so0
that

=, % , 5

V3 o2
The vector'; is a reciprocal lattice vector whose Cartesian components are
2n h, 2n(h,+ 2h,) 2r h

a ’ a Y?’ -0 c

where h are any three integers, positive, negative, or zero.
Due to the presgnce of the G2 function, the summations are converging
rapidly with 1ncreasing‘ yl.

3 = ¢ 2)

It is again possible to make the screening parameter ) dependent
of the electron wave vector by multiplying it by the function f 1/2 (t)
given by Krebs.

3. RELATIONSHIPS BETWEEN ELASTIC CONSTANTS AND PARAMETERS

By means of the method of long waves of BORN and HUANGLB], we
obtained the following relations between parameters and elastic constants

gfz . #
Cyq = B{z- ‘T (a + 3%) - 7— (B' + 16Y' + 98E™")

. A;—[Z F+ 5y P+ ot Q)1+ exp (1 37.?)]}
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2

4
Cyq + 012 = B{- 3 a2 (a + 3}) -g—' (p* + 16Y' + 98¢')

b Q][1 + exp (i ;;)Jg

+ b4p Z:k + 2y1 + % y

where we have put

-
aa CYS-

B =

#

Oé 2 E + A% y12 F_ exp (137.9)

2

y32 QM} + exp (i ‘;,}')]

\
J

3
—;W (' - 8Y' + 20¢') - 4 A§y12 ¥, P exp (1 7.7)

G° (u,)
2

T

r G, (uy) 2 6%(u,)
P = -2 1 2° 2

yT TZ
r 6y () -Gy (uy)] ke Gy (uy) 862 (u))
Q = - - +
y2 T y T‘2 'l‘3

T = ya 4 AZ

G, (u) = 6u” G(u) [u” sin u - G(u)]
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G2 (w) = = 2‘4»1:1-2 G(u)[ u"‘l sin u - G(ui} -26° (u)
+ 18“-2[u-1 sin u - G (u)] 2

It is seen that F , P and Q are only depending on the modulus y of the
reciprocal lattic® vector.

4, DISCUSSION

One has to solve the secular equation (2) in order to calculate
the dispersion curves for the normal modes of vibration. Before that the
parameter values must be obtained from the values of the five elastic
constants. However, an arbitrary set of values of five parameters does
not give a unique set of elastic constants since we have obtained in the
preceding section two different expressions for C,,. We can indeed intro-
duce six non zero parameters which have to satisfy a condition deduced
from equating the two expressions. This gives :

A{?i: yi P[‘\ + exp (1 _)7.?)1 - %‘; yg P [1 + exp (1 ;;)JE = 0 (&)

This condition leads to A = 0 so that from our developments we draw the
disappointing conclusion that, in order for the lattice to be elastically
consistent, the long range screened Coulomb interaction must cancel.

The interrelation between the force constants obtained from
the two different expressions for C“ is generally called the lattice
equilibrium condition 9]. We thus arrive at the important conclusion
that the Krebs force model does not describe a crystal in equilibrium .
An identical conclusion could already have been drawn previously from
the fact that for cubic lattices Krebs got a deviation from the Cauchy
relation C,, = C,,. According to ZENER [10] and LEIBFRIED [11] the
conditions "for the validity of the Cauchy relations are :

1. All forces must be central
2. Every atom must be at a center of symmetry
3. The crystal should be initially under no stress.

As in the Krebs model all forces are central, and since in a cubic metal
each atom is at a center of symmetry, the deviation obtained reveals that
the crystal must be under stress. Some additional conditions on the para-
meters such as to the requirement that the configuration corresponds to
vanishing internal stress L12] have probably been neglected.

If in spite of all, one wants to keep the long range term
which is characteristic of the Krebs model, it is possible to proceed
as follows: to determine five parameters from the above expressions for
C11, ij, ckk + C13, C11 + 012. and from a last equation obtained by

adding the two different expressions for chh

2.2

2 Cuqu{_a_g_-g+A§ [(y?-ry;) P+2y§ y§ Q][‘l + exp (13".?)]}

and then to solve the secular quation. The degree of elastic consistency
of the crystal will be given by the deviation from zero of eq. (4). The
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non~fulfilment of this condition gives rise to wrong slopes for the long
wavelength limit of the degenerate transversal acoustical branch of the
dispersion relation in the [0001J direction and for that transversal
acoustical branch in the L911Q] direction whose polarization is along the
c-axis. Some calculations along these lines are in progress for Mg, Be

and Zn.
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Abstract

LATTICE DYNAMICS AND ELECTRONIC STRUCTURE OF SODIUM, MAGNESIUM AND ALUMINIUM,
The actual interaction between ions in a metal is divided into the direct interaction of the ion cores and
the ion-electron-ion interaction. The ion-electron-ion interaction is treated according to the Hartree-
Fock approximation, modified by a screened exchange potential. Since until now the bare ion potential
has not been known very accurately, the observed phonon frequencies were used to determine a model
pseudo-potential with the least-squares method. Using this model pseudo=potential, the electronic
band structure, the Fermi surface, the cohesive energy, the crystal stability, the interactomic potential
and the electrical resistivity were calculated. The method described enables us to relate the measured
phonon dispersions with the electronic structure and the electrical properties of simple metals.

1, INTRODUCTION

The neutron scattering technique has now been developed to yield
detailed information on phonon dispersion curves. The interpretation
of the experimental datais normally based on a force constant model,
This model does not provide the best physically sound interpretation,
but seems to be the best available interpolation scheme for fitting the
observed frequencies and for use in the derivation of a frequency
distribution,

The first attempt to calculate dispersion curves for simple metals
by a satisfactory method was made by Toya [1]. These calculations,
which preceded the experimental measurements by some years, proved
to be in rather good agreement with them. Toya divided the interactions
between the ions in a metal into three parts: the exchange or overlap
potential between the ion cores, the Coulomb potential between the ions,
and the potential induced by the electron-phonon interaction including
electron-electron interactions.

In the present paper the potential induced by the electron-phonon
interaction is formulated by the pseudo-potential method. If we know
the pseudo-potential, we can calculate the electronic, electrical and
some dynamical properties in both the solid and liquid states [2], It is
still a difficult problem to calculate this potential from first principles
with any degree of precision. Consequently, the potential is generally
presented in a model form, which includes in a simple parametric way
all the features dictated by the physics of the situation. In the model
potential method of Heine and Abarenkov [3] the information on the
pseudo-potential is obtained from spectroscopic data pertinent to the
free atom. Another approach consists of determining a model potential
from the measured phonon dispersion curves,

101
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Following Harrison [2] and our earlier work [4-6], we shall show
that the measured phonon dispersion curves can be used to determine
a model pseudo-potential over the whole range in momentum space,
Using this model pseudo-potential, we shall discuss the electronic
band structure, the Fermi surface, the cohesive energy, the crystal
stability, the interatomic potential and the electrical conductivity of
sodium, magnesium and aluminjum,

2. GENERAL FORMULATION

The problem considered is that of finding the total energy of a simple
metal in the Born-Oppenheimer adiabatic approximation., The Hamiltonian
can be written symbolically as

H=T, +R), @=E(R)+E(R) (1)

where @(f{) is the total potential energy of the crystal, Ti the kinetic
energy of the ions, Ec(ﬁ) the Coulomb energy of the ions embedded in
a uniform negative background and E. (1?2) is the total energy of the
electrons, immersed in a uniform background of positive charge. The
exchange overlap force in sodium, magnesium and aluminium is negli-
gible [4].

The calculation of the Coulomb term E. for the ideal and distorted
lattice presents no difficulty using Ewald's method [7]. We may now
proceed to the evaluation of the total electronic energy. Here, we pre-
sent a simple calculation, based on perturbation theory, starting from
free electrons. Assuming that the electron-ion potential is the sum of
individual ionic potentials, the total electronic energy per ion becomes

(8]

2
E, =%ZEF-34Z: ke +2(0.678 Inr, - 2.505)10" 2erg
+Z<1<|VI-VP|I<’>+Eb (2)
T()SRF
where
2
L = % k2 kg = (372nZ)/3
) re _ 3 1/3
Yo " 3,Z1/3 Ts *\@m
E, =+) |[F@IPu@ 3
b =5 ) |F@IF U@ (3)
Q#o
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. UL E+Q,K) Vi &+Q,B)+ Uk, k+Q) Vi(K, k+ Q)
Uel@ = - Ex:g- B

T()Skl:

UI (I{)'I'Q, 1—{») - nfe-i(?+c)-x UI (X) eik-?

kg : Fermi wave number n . Ions per unit volume
Eg : Fermi energy N : Number of ions in the
V4 : Valence crystal
T : Atomic radius F(Q) : Structure factor
N Vp : Vp = - Zez/R
Uy(@Q) : Self-consistent or screened pseudo-potential
VI(Q') : Unscreened or bare pseudo-potential
Ue@) . Fourier transform of the electronic contribution to the

effective ion-ion potential

The first three terms of Eq. (2) are, respectively, the kinetic, exchange,
and correlation energies, and erg units are used throughout. For the
latter we used the Noziéres-Pines form [9]. The fourth term arises
from the first-order contribution to the perturbation expansion., The
last term comes from the second-order contribution and describes the
electronic band-structure effects. This contribution depends on the
detailed configuration of the ions.

When the ions disturb the uniform Fermi sea, the electrons under-
go a change in potential, They redistribute themselves under the in-
fluence of the bare pseudo-potential and screen this potential, This ef-
fect has been considered by several authors [10-13]. If we make the
assumption that Vi is a local pseudo-potential, Eq. (4), the relation
between the bare and screened pseudo-potential reduces to Eq. (5) where
we have used the modified static dielectric function of the Fermi sea
introduced by Sham [13] in the manner suggested by Hubbard:

v, (k+8@,K) = v, Q) (4)
- Vi@
U (@ = THEds (5)
sm—ﬁéll CQIX(@) X(Q) = o2 £Q/2ky)
1 1-t% 1+t 1 Q2
i) =g+ 1n ﬁ‘ CQ =5 FroRr

C(Q) represents a correction for the effect of exchange and correlation
as suggested by Sham. Following Geldart and Vosko [14], we have
chosen p such that we get for Q =0 the compressibility of the Fermi
sea, determined from the first three terms in Eq.(2). This leads to

1+0.1532< 1 > . - ®

Waokp

P

I
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where a; is the Bohr radius. The band siructure energy, Eq.(3), now
becomes

B, =1 ) 7@ U, @ G
Q#0
where
.. i@
U. (@ rj—s(@l)xm (8)

The adlabatlc principle enables us to expand the total potentlal
energy &I>(R) of the crystal in powers of the jonic displacements U (k)
as follows:

() =a®)+ ) acbuch+ ) o 9

1,k,i 1,k,1
1 &' i

where @(ﬁo) is the static equilibrium energy and

2, (k) = 22(F)

Bu ()

ui(ky = 0
(10)

1 2HER
@ (ki) = — 2R

Bu, (k) duj (K1)

1 1
ui(x) =u]-(;<') =0

In the equilibrium configuration RO the force on any ion must vanish,
therefore &; (}<) is zero, The equ111br1um position of the k™ ion in the
1% unit cell is denoted by BO(k).

From Eqs (1), (2), (3) and (7) we obtain the following expression
for the static equilibrium energy:

@(ﬁ°)=%ZEF-3ie kp+Z(0.6781nr, - 2.505) 10712
+Z<E|VI -V, K> + Ey (R0 +E (RO) (11)
'-l:()skp
where
(B =1 ) PGP U (12)

h#0

Risa reciprocal lattice vector. Ec(ﬁo) is the electrostatic energy of
point ions of valence Z, immersed in a uniform compensating back-
ground of electrons. Ec(ﬁo) is calculated according to the Ewald-Fuchs
method [7]:

E,(R°) = %—(Zef& (13)
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where
} } 1 GIX(xe")] 2 E L2 e T po))
a = ;__._(__)__\/__ﬂ'+3[ |F @) _T;TJJZL_)_L}

10
X(xkk') Tto

©

G(Y) =ﬁ—ﬂ fe'xzdx, B =hr,, X(kk) =rL[§°(:1<) - RO(k1)]
e s

Here r is the number of atoms per unit cell,

The energy contribution belonging to the dynamic term of the po-
tential energy (9) is due to the Bose-Einstein gas of phonons arising
from the quantized modes of vibration of the ions. Even at 0°K, the
ions execute zero-point vibrations. The zero-point energy is given by

Ey=i) fua@ (14)
d, o

Here wa(q) is the phonon frequency, g the phonon wavevector and «
the polarization index. From the static equilibrium energy (11) and
the zero-point energy we obtain the free energy per ion at 0°K

30
‘F, =Eg= ®R")+Ey (15)

The phonon frequencies must be determined from the Hamiltonian (1, 9)

H-of0)=H =T, +3 z B, (<K, (K)u(K ) (16)
Lk,i

' k' j

Using Eqgs (2), (7), (10) and (16) the phonon frequencies are obtained
from the eigenvalue equation for the polarization vectors é'(K, d)

3 -, —
z Dy (xkty - 855 8 Mw?(g)] e;(k', q)=0 (17
K,
where

q 9.0 g 1,
q 01 -iq[R%x) -
Dy (kk") = > & (RA1)- & RO K]

1

Since the potential energy (2) is a sum of two-body potentials which
depend only on the magnitude of the separation between ions, we obtain
from Eqs (2) and (7)

D;; (KE') = Cj4 (KE')+EU (KE') (18)
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where

= 2, 0 =2 0,
By ) = —[E(ewh) (@+B);Ue (|5 +T]je 14 N0 R)

- 62 (®); ®); U, () -L(H)} (19)
R#o
L) = zcosﬁ)-f{)o(g)

K

—q> Hl 2 - -
Cyj (k') = Mwi C;j (T wg = il%(/{ﬁ)_, q'=qr, (20)
h = Br, R (ki) =% R (k) - R (k)]
$
-, 1
N 1 3X; (ko) Xj (kR )
Cjj (ke = -3 22,10 2,10 B
e X2 (kK") X (kk 1)

10 YE(KK)
' o, 10
% G[X(Kl’; )] +%Xi(}(,gy)xj(i,‘zr)e-xz(xx')
X(kK") ~/7 i
=210, o 1 !
e-xq X(lKK) Ss . Z 1 3X; (KIOO) X (Klg)
KK 291 0 5{»2 1 0
L, X (Klo) (Klo)
] 0 -2,
GIX(k10 2 !
x | SECanl , 2e + = Xl byx; s e b
X (k1 0) Jr
JE Y
L1 [2 Br+9"); (hv+qt)J ! eiﬁ‘?(gg')
r @r+gn?
'ﬂz
b ) BLEL T gy ]
(B"?

Ao

wg is the plasma frequency of the ions, C}; depends only on the crystal
structure. In cubic and hexagonal lattices Eq. (17) factors for § parallel
to the crystallographic directions {100], [110], [111] and [00011, and
can be reduced to the form

22, @) = 92(F, ) + 94(d, ) (21)
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where

2,

2, _Ld q,
Q(q:a)_ w2
P

From Eq.(21) we see that certain phonon frequencies can be separated
into two parts, the direct Coulomb interaction between rigid ions with
uniform neutralizing but non-responsive background, and the ion-electron-
ion interaction. Since ng depends only on the crystal structure (20), a
number of important observations about the strength of the electron-ion
coupling can be made, when the experimental w? (d,a) are expressed in
units of w} (see Refs [15, 25]).:

It is of some physical interest to deduce from the dynamic part
of the potential energy (9) an effective two-body interaction which de-
pends only on the magnitude of the separation between ions. From
Egs (18), (19) and (20) we obtain

U(Q) = U (Q)+U(Q) (22)
wher'e -
U (Q) Ln(_e)_

U(Q) is the Fourier transform of the effective ion-ion interaction U(R)
so that

-i3-F

$#Q
(23)

. 1 -B-F 2
U(R) =ET)3—nfU(Q)e Zj*‘d3Q=(Z—1‘§)—+ﬁz§fue(@e

The discontinuity of U, (Q) (4, 8) at Q =2k leads to an oscillating be-
haviour of U(R) at large values of R, Using the form of U (@) given
in Eq. (8), we obtain

R cos 2krR
U,(R)= lim U(R)=B(2k.)———r 24
(R)= lim U(R) = B(2ky) 5y (24)
where
2172 2
B(2ky) = 97° Vi (2kg)Z (25)

2
1 2
+ -
[1 27ra0kF<1 4+p>} Er

The origin of these Friedel oscillations [14] and that of the Kohn ano-
malies in the phonon dispersions are the same, namely, the singular
behaviour of the first derivative of the static dielectric function, Eq. (5).

3. LATTICE DYNAMICS AND MODEL POTENTIAL

We turn now to the main problem: how is the bare ion potential
to be calculated? Various methods have been used to determine V, (Q),
including the pseudo-potential and model-potential approach [2]. Lin
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and Phillips [16] pointed out that there is always an important quantity,
the core shift, which greatly affects the first-principle calculations.
This shift arises from one-electron and many-electron effects, which
make the zero of energy in the crystal different from that in the free
atom.

From Eqgs (19) and (21) we see that the phonon frequencies-are very
sensitive to U(Q) or Vi (Q). This raises the possibility of obtaining
a model potential for a large and continuous range of Q in contrast to the
electronic and electrical properties which give U;(Q) for Q only equal
to a few lattice vectors or 2kg respectively. Hence, it may be betier
to treat this potential as a function which is to be found from the measured
phonon dispersions. The first attempt was made by Cochran [17]. He
assumed that U (Q) falls to very small values for Q > Ja2. 27/a. This
assumption is based on Bardeen's [10] expression for U,(Q) on the
basis of which the contribution of the Umklapp - processes to Qg, Eq.(21),
is underestimated.

By using the arguments of Hellman and Kassatotschkin [18] and of
the pseudo-potential method [2] we expressed the bare model potential in
the following form [4, 8]:

2 S
v@=- 22 ) vE@r) (26)
where
. 1 ~ Qr
Hl(Q) = [1 +(er)2]2 H?(Q) - [1 +(QI‘2)§ ]3

Yn and rp are the model parameters. The first part of Eq. (26) repre-
sents the attractive forces coming from the long-range Coulomb field
of the net ion charge Ze. The second term is an expansion of all other
contributions, including the repulsive part of the pseudo-potential, in
terms of hydrogen-like wave functions,

Using Eqs (8), (17), (19), (20) and (26), the model parameters are
readily determined from the experimental data by means of the least-
squares method. To ensure that the phonon frequencies satisfy the
symmetry of the Brillouin zone, the sum over the reciprocal lattice
included the following number of nearest neighbour shells: Na: 16,

Al: 20, Mg: 60, The physical constants and the results are listed in
Table I. The sources of the experimental results are as follows:

Na, Woods et al. [19], Al: Yarnell et al,[20] and Walker [21], Mg:
Iyengar et al. [22]. The fitted and experimental results are compared
in Figs 1, 2 and 3, For a quantitative comparison we use the root-
mean-square deviation (RMD) of the fit expressed in the form

Zgi{[wi2 -w; 12 - [aw? 1%

RMD = -
) gt - [aw??)

1
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TABLE I. PHYSICAL CONSTANTS AND MODEL POTENTIAL
PARAMETERS

Na Mg Al
k At 0.923 1.369 1,750
F
P 1.860 2.120 2.390
T A 0.34 £ 0.03 0.18 + 0.03 0.17 £ 0.01
I A 0.20 X 0,01 0.18 +0.04 0.16 + 0.01
7, 1072 erg 2.70 £ 0,07 5.27 £ 0.42 7.370.16
%, 10" erg 3.77 + 0.23 4.27+2.14 3.55 + 1,39
RMD % 4.92 3.33 3.8
o107
o fiil

L TN

Dlllllllllllll

FIG.1. Phonon dispersion curves for bcc Na. The circles show some of the experimental points of
Woods et al. [19]. The lines represent the four parameter fit. w in units of sec™!.
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FIG.2. Phonon dispersion curves for hcp Mg. The circles show some of the experimental points of
Iyengar et al.[22] . The lines represent the four parameter fit. w in units of sec™ .

where g = [Awgi]2wi are the observed phonon frequencies, Aw; the ex-
perimental errors and wy; the calculated frequencies. The numerical
RMD values are listed in Table I. The values of Q2 and Q2 (21) for
hexagonal Na, Mg and Al are given in Table II. It is known that the
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FIG.3. Phonon dispersion curves for fcc Al. The circles show some of the experimental points of
Yarnell et al. [20] and Walker [21}. The lines represent the four parameter fit.w in units of sec™.
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FIG.4.

Model potential for Na , Mg———— and Al—+——.

TABLE II. CONTRIBUTION TO 2% FOR hcp Na, Mg AND Al
IN THE [0001} DIRECTION

Qe
4/ 9max o
Na Mg Al
LA: 0.2 0.9978 - 0.9916 - 0.9950 - 0.9955
0.4 0.9915 - 0.9663 - 0.9795 - 0.9824
0.6 0.9815 - 0.9252 - 0.9510 - 0.9615
0.8 0.9689 - 0.8716 - 0.9146 - 0.9347
1,0 0.9549 - 0.8100 - 0.8763 - 0.9046
LO: 0.0 0.9087 - 0.5944 - 0.7422 - 0.8033
0.2 0.9110 - 0.6077 - 0.7490 - 0.8084
0.4 0.9176 - 0.6377 - 0.7686 - 0.8233
0.6 0.9279 - 0.6865 - 0.7984 - 0.8489
0.8 0.9407 - 0.7463 - 0.8358 - 0.8741
1.0 0.9549 - 0.8100 - 0.8763 - 0.9046




SM—104/4 111

strengths of the electron-phonon interaction in Na, Mg and Al are dif-
ferent, i.e. very weak, weak, intermediate. This difference mani-
fests itself in many of their properties, e.g. their electronic contri-
bution to the specific heat which is influenced by the electron-phonon
interaction [9]. (Na: C/Cy =1.27, Mg: 1,31 and Al: 1,45, where C,4
is the free electron value,) The distinction is even more striking when
one compares 22 (Table II). Since Qg represents an important contri-
bution to 9% it is clear that phonon dispersion curves can be used to
obtain information about the model potential for a large continuous
range of Q. Figure 4 shows the screened model potentials U; (Q) for
Na, Mg and Al, derived from the observed phonon frequencies,

4, EFFECTIVE ION-ION INTERACTION

Using Eqs (8), (23), (25), (26) and Table I we calculated the effec-
tive ion interaction U(R) and the amplitudes of the Friedel oscillations
B(2kg). Figure 5 shows the results we have obtained for Na, Mg and
Al. As expected (Table III), the Friedel oscillations in Na are too
small to produce a visible effect. With regard to Al, Yarnell et al.[20]
have pointed out that their data indicates interactions up to 15 neighbours.
This agrees with our findings for the more pronounced Friedel oscilla-
tions in this metal (Table III, Fig,5).

UIR)-10%

24 6 8 10 12 %A
I S S S ST S

o
-

-2 Na

2l 4 6 8 10 12 UAR

%A

FIG.5. Effective ion-ion interaction in Na, Mg and Al. U, (R) is the asymptotic form given by Eq.(24).
U(R) in units of erg. .
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TABLE III, AMPLITUDES OF THE FRIEDEL OSCILLATIONS
IN UNITS OF 1072 erg

Na Mg Al

B(2kg) 0.03 10.32 13.99

5. BAND STRUCTURE AND FERMI SURFACE

We computed the energy shifts of electron states by the perturba-
tion theory, Eq.(2). In simple metals the matrix elements are small,
but the computed shifts are not always small since the energy deno-
minators E¢,3-Eg, which enter the perturbation expansion, can be-
come zero near the Bragg planes d =ﬁ/2. To improve upon this ap-
proach, it is necessary to use perturbation theory for degenerate sys-
tems. One uses a few-plane-wave basis set for the expansion of the
electron wave function. The plane-wave expansion (27) may be substi-
tuted into the one-electron Schrédinger equation (28). This leads in the
usual way to a set of coupled equations (29):

%) = Zaggei(?'ﬁ)? (27)
B
[T+U(H) 1K) = E,[K) (28)
2
{%(E-ﬁ)z -E(k,h)jl apg + z F(h-hnyU(lh-hDagp =0 (29)
g

For a consistent solution the determinant (29) must vanish:

det

[ﬁZ_,_,g Z 7| f - Rt R =
5o (K-h)" - E(k, h) spp+FM-BYU(|R-R'])| =0 (30)

For each k there are many solutions of the secular equation; these
solutions correspond to the many-band energies.
From the Fermi energy defined by

Eg
fN(E)dE= Z (31)
where 0

dO‘E

2
NE) = @y J TeradB(@I,

and the secular equation (30), it is now possible to calculate the shape
of the Fermi surface

E(Ke) =Ep (32)
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TABLE IV, FERMI ENERGY. Eg IS THE FREE ELECTRON
AND Ef THE EFFECTIVE FERMI ENERGY IN UNITS

OF 10712 erg
& B
Na 5.198 5,133
Mg 11.434 11.166
Al 18.679 18.629

Using Eqs (30), (31), (32) and Table I, we calculated the Fermi
energy and the radial distortion of the Ferm: surface, The Fermi
energies are listed in Table IV. The calculated angular distortions of
the Fermi surface in sodium are shown in Fig,6. For comparison we
have also plotted the experimental results of Lee [23]. The agreement
between the calculated and measured distortions is satisfactory. The
band structure and the Fermi surface for Mg will be published else-
where [24],

6. LATTICE ENERGY AND CRYSTAL STABILITY

The lattice energy, Eq.(15), provides a wealth of information in-
cluding the relative stability of different phases, their lattice constants
and the cohesive energy. Therefore this is one of the central problems
in understanding the nature of simple metals. Harrison [2] and the
authors [6] have applied the pseudo-potential approach to problems

fioq) ol f11 [ood
%?-10‘

8+
6 |
4 b
2 -

10 20{3040 10 2D 3040506070 80"
0 141 1 1 Lie 10t .1
.2 -
.4 -
-6
-84

Rotation Rotation

in (00) in (110)

FIG.6. Deviation of the Fermi surface from spherity in Na. The circles show some experimental data from
Ref.[23].



TABLE V. CONTRIBUTIONS TO THE LATTICE ENERGY Eg (11, 33) IN UNITS OF 10712 erg

VIt

To/a 8/5Ep Eex Ecorr n Ec Ep & %0 (exp)
Na 3.917 3.12 - 5.08 - 1.58 2.70 -9.93 - 0.29 - 11.12 - 10.04
Mg 2.650 6.86 - 7.54 - 1.85 5.27 - 23.39 - 1.51 - 22.16 - 19.43
Al 2,073 11.21 - 8.63 -2.01 7.31 - 39.18 - 0.76 - 33.00 - 30.22
_ 1 - " 362 _
N7 CRIVy-vpl KD, Eex =~ kF. Ecorr = (0.678Inry=2.505)

TIOLS Pue YHAIANHDS
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such as the relative stability of different lattices. These effects are
expected to be insensitive to errors arising from the little-known abso-
lute energy. Kleinman [26], however, has claimed that a proper ac-
counting of the energy contributions can lead to reasonable values of
the cohesive energy in the OPW-pseudo-potential method.

Here we examine a simple model for the lattice energy based on
perturbation theory. Using Egs (11), (13), (15) and Table I we cal-
culated the free energy per electron at 0°K, This energy is the sum of
the sublimation heat Es and the magnitude of the first Z ionization ener-
gies per electronl

Eg= ®RY)+Ey=Eg+|I] (3sj

In these calculations we neglected the zero-point energy. The results
are listed in Table V. The agreement with the experimental values
is reasonable,

In spite of these uncertainties, there are other properties which
we may reasonably treat, These are properties which involve re-
arrangements at constant volume, suchasthe energy difference between
different structures. In the following we specify the volume of the metal
and examine the relative energies of different structures at that volume,
We have done this for the three simple metallic structures bee, fce and
hcp, the latter as a function of the ¢/a ratio. Table VI gives these values
at constant volume and 0°K relative to the most stable structure, From
experiment [27] it is known that Na undergoes partial transition to the
hep structure below 35°K. The correct structure is therefore obtained
for Na, Mg and Al. Also, the computed axial ratios are close to those
observed. To investigate the microscopic stability [28], we calculated
the phonon dispersion curves of each metal in all three structures. Some
results are listed in Table II. We have found that in all cases, except
bee Al, w2{e, §) > 0 so that the microscopic stability condition is ful-
filled. Judging from our limited results, it is unlikely that the martensitic
transformation of Na could be caused by instability of phonons. Our cal-
culations indicate that the lowest transverse branch is higher in the fcc
and hep than in the bece phase., This is consistent with a temperature-
induced phase transition.

TABLE VI. RELATIVE ENERGIES OF THE CRYSTAL
STRUCTURESIN UNITSOF 10-16 erg PER ION

Na I Mg Al
bee 13.9 548 410
fee 1.2 189 0
hep 0 0 o 4.2
c/a 1.633 1.633 ' 1.633
c/a) 1.634 1.622 . -

exp
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0 o)

FIG.7. Calculated valence-charge density on a [001] plane in Na. p is the charge density of the free
electron model. p (R) in units of £73%,

FIG.8. Calculated valence-charge density on a [001] plane in Al. p is the charge density of the free
electron model. p (R) in units of £~%,

We will now consider one further property which sheds some light
on the metallic binding., Since we have computed the valence wave func-
tions to first order, we may also obtain the valence-electron charge densi-
ty for any crystal structure of interest. Figure 7 shows the calculated
charge density on a [001] plane in Na and Fig. 8 the charge density on a
[001] plane in Al, For Na we find a nearly uniform density between the
ions, whereas Al shows moderate non-uniformity. This partially explains
the deviations between the experimental and calculated lattice energies.

7. ELECTRICAL RESISTIVITY

The variational expression for the electrical resistivity obtained,
using the simplest trial function, is given in the first Born approximation
by Ref.[29]:

9 do do! Sé,u
P=mfffvm Q?‘(W'|U1l<ﬂg>‘2r(e—.m)— dw (34)

where ¢, ¢ are electron states, (3 =k-R , 0 the area of the Fermi
surface, ¥, the electron velocity in state ¢, { g Ujlop> is the matrix
element of the screened electron-phonon interaction, Q; is the com-
ponent of Q in the direction of the applied field, and B is equal to h/kgT.
Lastly, S(@,w) is the dynamic structure factor. For the solid phase,

in the one-phonon approximation, and with the further assumption that
the phonons are in thermal equilibrium

- - 9D
=2 _ _@ [gaLQ)Q] _w
P& M Z [eewa(a) - 1Jwg (@) {80 - wa (@) + 8(0+wa (@)}
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In the case of spherical Fermi surfaces, a local pseudo-potential and
cubic symmetry, expression (34) is reduced to

2kp
3m? _
p= 4h31en5k7r§n st U (Q) S(Q) dQ (35)
0
where
1 .
S@) =57 fS(Q) dQ
(36)
—> ____1_ QL =§-§ . [é’a(é)élz
" e 1o MO Z [e®a® _ 1][1 - eBua(@ )

To perform the integrals, we had to know the phonon dispersions and
the polarization vectors over the irreducible part of the Brillouin zone.
We used the measured phonon dispersion curves, a force constant model,
and aninterpolation method. With the help of this data and the model
potential, we calculated the electrical resistivity at constant volume
as a function of temperature. The results are plotted in Fig.9 and com-
pared with the experimental data of Dugdale and Gugan [30]. The agree-
ment ig very satisfactory. The deviations are 0.03% at 50°K and 14%
at 293°K, The discrepancy at 293°K can be explained in terms of the
neglected anharmonic contributions. For Al we obtained the following
result: T=77°K, p/T =2,40X10"% Q cm/ °K, compared with the experi-
mental value of 2,9X10-% Qem/°K. The agreement is good and indicates
clearly that one can reasonably expect to get just as good agreement in
the solid as is found in the liquid phase [3, 5]. Similar calculations
have been extended to other materials [31]. In the liquid phase, as
Bw/(1-eBv) = 1, S(Q) is the static structure factor, which can be ob-
tained from X-ray or neutron diffraction.

s(T/T-10°
15
o ° ° 00
-]
10 °
o

5
0 T

o T 100 200 300 T 'K

FIG.9. p/T plotted against degrees K for Na. calculated, o experimental. T is the phase
transition temperature and TM is the melting point, p/T in units of Qcm®K L.
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Abstract

MICROSCOPIC THEORY OF FORCE .CONSTANTS IN SOLIDS. The expressions of the force constants are
derived from the energy of a neutral system of interacting nuclei and electrons, These force constants depend
only on the nuclear charges and the inverse dielectric function of the electronic system., We verify that they
fulfil the general symmetry, translational and rotational invariance properties required by the Born-von K&rmén
theory, When the role of the core electrons is neglected, these force constants can be evaluated in metals
from the bare ionic potentials, Ininsulators, the existence of long-wavelength acoustical phonons implies
that the inverse dielectric function satisfies a certain niumber of sum rules. The method becomes more
difficult to apply, which explains the general use of phenomenoclogical models,

1, INTRODUCTION

The theory of lattice dynamics is based on the concept of the Born-von
Kérmaén force constants. In the classical theory, these are introduced as
disposable parameters, subject only to a few restrictive conditions imposed
either by the periodicity of the lattice or the invariance of the energy of the
crystal under any displacement, In practice these coefficients are nowadays
determined by the comparison between the measured phonon spectrum and
the one computed with the help of a given model of the solid under study.
Unfortunately, such models depend not only on the nature of the solid
(e. g. molecular, ionic, covalent or metallic crystal) but also on various
physical assumptions which make any comparison between their predictions
often meaningless. The aim of this paper is to offer a link between such
models by presenting a general theory of the force constants independent of
the nature of the crystal. The basic differences between various types of
forces in solids will then appear in a natural way.

. There is no difficulty in formulating such a theory in the many-body
language, which will be done elsewhere [1], The presentation we shall
give here will nevertheless be done within the Hartree (or self-consistent
field, SCF) approximation. In this form, many expressions we shall derive
in section 2 closely parallel those obtained by Sham [2] and Sham and
Ziman [3], Our motivation for such an exposition is that some properties we
wish to discuss in later sections are more evident in this language. Let us
stress anyhow that the expressions we shall derive and the properties we
shall exhibit do not depend on the Hartree approximation. On the other
hand, they are not general because we have neglected a certain number of
effects we want to discuss now, o ‘

First of all, we have essentially derived 0°K force constants, because
we restiricted ourselves to a perturbation theory which is second order in
nuclear displacements and have not considered any renormalization effect
due to the phonon-phonon interaction. Thus the entropy term we shall use

119
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in section 2 simply represents the blurring of the Fermi surface in the
metallic case; we used the free energy and not the total energy only because
it allowed for a more compact presentation of the theory.

Secondly, we have restricted ourselves to a Born-Oppenheimer
approximation, i,e. we have assumed that the electrons are always in
equilibrium with respect to the nuclei, This implies that the plasma
frequency is higher than that of any phonon. Our treatment is basically
incorrect for low carrier concentration semiconductors [4] or semimetals.

Within such approximations, we shall first derive the expression for
the force constants and show that it depends only on the charge of the nuclei
and the complete dielectric function of the system.

The third section will be devoted to a short study of this dielectric
function, which reveals the basic difference between insulators and metals,
In section 4 we shall look at the problems raised by the application

of this theory to metals. We shall see that an unphysical weight has been
given 1o the core electrons which rigidly move with the nuclei and that they
represent the major obstacle to its straightforward application. This can
be remedied by the use of pseudo-potentials, We rapidly discuss the
further simplifications which make this approach very useful in simple
metals, and end by a brief comment on the Kohn anomaly in any metal,

Finally, section 5 is devoted to insulators. We first point out why
all the models used in such materials are very far from the general theory.
We then discuss a possibility of actually using it by making an approxi-
mation originally due to Sinha [5] and show the type of forces which appear
in such a model.

2, THE GENERAL FORMALISM

2.1. Free energy and force constants

Let us consider a neutral system composed of nuclei and electrons.
The nuclei charge density of this system is

ZZa 8(r-R))

a

where the index a labels a given nucleus, while o will stand at the same
time for a and for a co-ordinate axis index. For any given set of R,, we
can express the energy of our system as the interaction energy of the
nuclei, plus the free energy of the electronic system in the presence of
the nuclear charges

F(Ra)=§z Za—RZ:—+Fe(Ra) 2.1)
a,b a

Let Rg represent the rest position of R,, When the nuclei make small
excursions from their equilibrium positions, one can write

3°F

el
0
F(Ra)=F +%Z 6R°‘6RB m‘oR_
8

o B

(2.2)
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where F° is the equilibrium value of F, and the 8R_  are the nuclear dis-
placements, The Born-von Kdrmén force constants C*8 are simply
82F0/8Ra8RB which need now to be expressed more specifically.

In the SCF approximation the Hamiltonian of the electronic system is

v2
H= -5 +V(r)+ Vg(r) (2.3)

where
- -Zy
V(r) = é ———II"Ra| (2.4)

and Vg (r) is the self-consistent potential. If NZ is the total number of

electrons of the system, the Fermi energy Er and V5(r) are self-
consistently determined by the system of equations

NZ=Tr {f(H)} (2.5a)
_ 1
V,(r) = d3r| -1 pe(rt) =fd3r' = Tr {f(H(rl)) 5(1«'—1‘1)} (2.5b)
f(H) = 1 (2.5¢)
B(H-Eg) ‘
e +

In such a picture, each electron moves 1ndependently in the mean field of
the other electrons so that if
H|lg = E |a>
the mean occupation of the state k is
n, =<q¢ [H(H) | g > =1(E,) (2.6)

and the free energy of the system is given by, [6]
- 1 1
F =Tr {{(H) H-5 Vg 7 [n, log n +(1-n)logn-ny)] (2.7)
k .

1
The -7 Vg term prevents the electron-electron energy from being counted
twice, while the second term is just the entropy of an independent gas of

fermions.
Replacing in Eq. (2.7) the sum over k by a Trace operator, and n, by

its expression as a function of H gives

F_=Tr {f(H) (E, % \A) -% log (1 —f(H))} (2.8)
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This expression leads to an easy evaluation of 8 F /BR 8R . Indeed we
have

?Ee =B, EETr f(H)}+ N“&-éﬁfTr{f(H)é(r)}l

X Tr {f(H) 6(r')}d3r d3rt - %(-B) Tr {f(H) % (2 -EF)} (2.9)

Because of Eq. (2.5a), the first term of expression (2.9) is equal to zero.
The second cancels against the last one while the third term is just
equal to

-Tr {f(H) %ﬂ

(see Eq. 2.5b), Thus

%% Tr {f(H) aaTa (H - V, )}

o

: oV
= Tr {f(H) ———} (2.10)
3R,
and
#F, 92V } of(H) av}
—— . = + — 2.11
SRR, T {f(H) 8ROR, ) 1T B8Ry OR, (2.11)

Differentiating twice the nucleus-nucleus interaction and noting that
dV/OR, does not depend on R, if R, # R, gives

c® {—(—1 av} +(1-6

ab) 3R 3R, BR ORs R

o [Tr {f(H) oR BRB} ZBR oR,, R ] (2.12)

where 6/6Rd means that the derivation is taken with respect to the same
variable R,.

2.2. The dielectric function and the final form of the force constants

Let us now interpret the first term of Eq. (2.12)., Expressing (2.5b)
as the potential created by the total electronic density p, (r) we have

re {400 2V}, fOU gy [OUEED oy )| ir

dRy OR

V| a
gl 8 3= A () &r (2.13)
o
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Let us define the function ¥(r, r') such that

fV(r, o1 [?TIFTI &t = 8(r - 1) (2.14)

With the help of Eq. (2.14) we can express 9pe(r) as

Ry
Ope(r) . V(r, r ) 9pe(ra) d3r d3
9Rg T, | 9Rg
~ ’ aVs Iy 3
v(r,n) 5R d r, (2.15)

By analogy with the usual Maxwell theory we define now the function
€1(r, r') which relates the small external potential 8V, (r') imposed to
the system to the variation of the total potential felt by an electron at the
point r

6V (r) =6V, (r)+f—a‘@i—l sV, (rt) dir! =fe'1(r, r') 6V, (r')d'r' (2.16)

T
CXI (r ) b

We recall in Appendix A that the inverse function €(r, r') has the following
expression

“(e, ) = trrt) < 12 r..lZ“E”JEQ)<1la<r~>»lz><zl<s<r->|1>d3r~ @.17)

where E,( |i>) are the eigenvalues (functions) of the unperturbed Hamilto-
nian (2.3). As the external potential imposed here is (BV(r)/aR ):SR we
obtain from Eq. (2. 16)

%ﬁl f[e (r, r)—é(rr)—iﬂ P (2.18)
3 .

Then we find

fﬂﬁ a; pe (r) d°r

=f—V(£L v(r, ") [€l(x, r')-5(r'-r')] B—Z(RL:l SBrfrrdden
)

2

>
“% 3R bR,
o

fa(r'-Ra)[e‘l(r'r")—a(r'-r")] TT'I—I?I‘ dBridrrr (2.19)
) R, »
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For a+b the second term in Eq. (2. 19) Just cancels the second term of
Eq. (2.12) and the expression for co® finally reads

2
r+s z—2

52 -1
=(1-6 )zz—fe (R, 1)
ab a baRaaRB a |r_Rb| ab aaRqaRd

]
- 3
[f[e I(Ra, r)-&(R -r)] Za g*r-Tr {f(H(rl)) 1 }+Z REL]
|r-R,| Iy -R,]0 & R
where the derivation symbols mean that the derivation must be taken with

_1
Ir-Rul

(2.20)

respect to the explicit variable (e. g. % Tr {f(H(r))
a

{f(H(r) |r ~ }

2.3. Symmetry and invariance properties of the co®

We shall now prove briefly that some of the usual properties of the
force constants derived from the phenomenological theory are actually
fulfilled.

2.3.1. Symmetry
fe'l(r, r't) |—~—1~—| d*r" is a symmetrical function of r and r' because
I’”'I"
its 1nverse 1s fv(r riMe(r!'r') ¢! which is symmetrical (see Eq. 2.17).

Thus (*8 =

2.3.2. Translation invariance

The energy of the system must be invariant under any translation of
the whole system. This gives the condition

ZC“B= 0 (2.21)
b

for any given and fixed direction j of 8. This property is easily proven by
considering expression (2.12):

S SR A 8
9ROR, R,y 9R OR, R,

(a) For the nucleus-nucleus part because

(b) For fhe electronic part we have by partial integration

r{f(H(r)) EE{Y%?{_} {—f(ﬂ(z)l —V(H} (2.22)

SH(r) _ B _ 9
but —8%)‘ = [Vrj , H]l = [Vrj ,(V(r)+VS (r)] = _51? (V(r‘)+VS (r)) (2.23)



SM—104/29 125

where the second equality of Eq. (2.23) holds because Y commutes with
the -V /2 term of H. '

The last term of Eq. (2.23) is the derivative of the total potential at r,
By the equality of action and reaction, it is self-evident that it is equal to
minus the change of total potential due to a global displacement of all the
nuclei, i.e.

é{i—_ Vi (7) = Z%ﬂ (B =017 (2.24)

In fact the last statement is another way of invoking the translational
invariance, and equality (2. 24)is rigorously proven in Appendix B. With
the help of Eq. (2.24) one can work backward to Eq. (2.22) which now reads

{f(H(r ) ggﬁi}l} - -ZTr {ﬂaﬂRBﬁﬁl ——Q’Ll (2.25)

which proves equality (2. 21).

2.3.3. Rotational invariance

The energy of the system must also be invariant under an arbitrary
* infinitesimal rotation of the crystal, i.e. 6Rg = wAR;. This leads to the
condition

b _b
Zcfb R-c”R =0 (2. 26)
ij k ik )

b

whatever be i, j, k (we have here explained the splitting of (a) and (b) in
their position and Cartesian co-ordinate indices). We shall not demon-
strate here this property, which can be proven by exactly the same
technique as used above. Let us just mention that when j (or k) equals i,
one finds that

ab b _ab b _ 9 _L ov
Z(Cij B Chi Rj)"zaz [ZbaR R, TIT {f(H) a_RuH (2.27)
b

b o ab

Each term in the right-hand side of Eq. (2.27) is just 8F/8R  (see Eqs (2.1)
and (2.11)) and Eq. (2.27) is equal to zero because each nuc1e1 is in
equilibrium,

2.3.4. Lattice case - periodicity

If the nuclei form a regular lattice of periodicity L, then clearly

b a+L b+L
c®=C
ij i ]
This last property is true because the same periodicity holds for €(r, r')
(see Eq. (2.17)).
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2.4, Conclusion

In conclusion, we see that we have derived microscopic force constants
which are entirely expressed with the help of the complete set of wave
functions of the unperturbed system in a formally simple way. We have
then verified that they are bound by the usual relations which hold for the
phenomenological Born-von Karmaéan force constants. The formulae given
above are so far completely general, and we shall see in later sections
how the actual C°® differ from one type of substance to another,

3. METALS AND INSULATORS: THE ACOUSTICAL SUM RULES

3.1, Introduction

Up to now our formulation has been completely general and did not
take into account any particular property of the electronic eigenfunctions
and eigenvalues., Nevertheless, on physical grounds, the properties of
the inverse dielectric function are very different in metals and insulators.
Such a difference will appear in the study of the long-wavelength acousti-
cal branches, We shall show that such phonons can exist in insulators only
if a certain number of sum rules are fulfilled, while no such conditions
exist in metals.

To show the necessity of such sum rules, we shall first briefly recall
how is usually shown the existence of acoustical branches. We shall then
discuss some properties of the dielectric function and afterwards apply the
results found to the propagation of acoustical phonons. A brief discussion
on the physical origin of those sum rules will end this section.

3.2. Acoustical branches in phenomenological theory

Let us split index a which specifies the position of a nucleus between
a cell index L and a position in-the cell index A. In classical notations,
the phonon frequencies w are the solutions of the equation

2y _ AB ., _ B ,= _ 2 -
p@= [0 @ Il = [Ic° @-M, ", 5, [[=0 (3.1
LL
- -id-® +R, R,-®
where Cé_B (@ ?'I_QZCI.%.B o ELT Ry T T (3.2)
ij N ij
L,L'

and M, is'the mass of the nucleus at point _f{L + ﬁA.

In the phenomenological theory of lattice vibrations, one proves the
existence of acoustical branches by noting that D (q) is equal to the determi-
nant ” ]D‘;EB (9) || whose elements are formed in the following manner:
for any A0 let ‘

D** (§) = D*® (g A, B#A,

1) 1)
AgB o AB .
D @ <) DY@ A-a,
A

(3.3)
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AAy > AB .,
D" (g) {D“ @ B=A,
B

1)

AgA —> AB >
D™ (G) = ) D, (q) A=B=A,
1)
A,B

Writing g = |’q|é’ one expands ID?? (4) in powers of q. Due to the transla-
tional invariance relation (2.21)

IDAB

(0)=0 (3.4)
ij

if Aor B=Ag,

If we assume that «? is progortlonal to lq s both]D °B (3) and D A° (§) are

proportional to |q} and]DA ® ig proportional to q]2 wh11e the remamlng

terms are finite, Thus Eq (3.1) has three solutions proportional to g2
This demonstration shows that a condition for the existence of

acoustical phonons is that ID‘?.B(a)has a well-defined 0 limit when lql goes

to zero, if A, or B, or both are equal to A;.

3.3. Properties of the dielectric function

As the C*® are expressed as functions of el (r,r'), let us first study
some properties of its Fourier transform, €(q;, q2) is given by
-igq)r 10y S 1(E ) -1(Fo)
€(a,q,) = &(a -q) ——2<1| l2><2le D E. (3.5)

E
112

f (El) —f(Ez) restricts the summations in Eq. (3.5) to the case where one
state is occupied and the other empty. Furthermore, due to the periodicity
of the lattice, €(e;, q,) is different from zero only when

=q +K
ql qz
where K is any vector of the reciprocal lattice. Then q and q, do not

tend independently to zero, which is the limit of € we want to study in
detail.

When ll) and |2> do not belong to the same band, in the g—0 limit
iqr ~ . .
tle¥ [2>>4.a,, (3.6)

where A1 2 is finite.
This is the only situation which happens in insulators, so that, in-
serting (3.6) in Eq. (3.5), one obtains
Feso
4r

€(q+K,q)=-WPA;K'3 K+0 (3.7)

-

4
€(q,q+K)= - §-Kq ¢
q

_ 47 - = 2
€q, @) =1-— [q-A]

-
where lim Ag,y is finite.



128 COHEN et al.

In metals on the other hand Il/ and |2/ can belong to the same band,
in which case {1 | elar |2> remains finite when q goes to zero. The energy

aE1

denominator then becomes proportional to q(E,=E +q ) but so is the

number of terms involved in the summation, We see that the states close

to the Fermi surface govern the dependence of € for q = 0 in metals and that

€(q+K, q) remains finite, K# 0

1 (3.8)

€{q,q+K) is x to —, whatever be K
q

Let us close this paragraph by remarking that the last line of (3.8) simply
expresses the perfect screening properties of a metal.

3.4. Properties of the dynamical matrix in the q =0 limit

We can now study easﬂy the properties of the transfor med dynamical
matrlx]D (q) for small 4. Replacing C*® by its value gives

AB - -1 +K!); IHQ+KRy~@+KIRp]
(@ - ZAABZ (a+K), €' (q+K, q+r) {25 o +g 6,5(3.9)
‘ la+K'|
KXK'
where § is restricted to be in the first Brillouin zone. The last term in
Eq. (3.9) comes from the 6 , term of C*8 , and does not depend on q.

3.4.1. The metallic case

For metals it follows from (3.8) that q2€(q q ) is finite in the q,> 0

11m1t1 and so is the inverse matrix € (ql, 9.} ( 1/q2) in the same limit;
(ql, d9) q2(1/q2) then always tends to zero in this limit, and any term
of the sum of the right-hand side of Eq. (3.9) has a well-defined limit
when q tends to zero.
The requirement thatID (q) should be proportional to q for small g
can then be fulfilled by

i(KRA-K'RB)
-5 2 Z,7Z K, € YK, K') —

3.10
ij B KK A ] | ( )

where Z) means that the summation is restricted to !KI and !K' | # 0.
The hermiticity oleAB (q) automatically ensures that Dp# 9 (0) is also
equal to zero, b

3.4.2. The insulator case

For insulators we see from Eq. (3.7) that the quantity
(l/q q €(@,,9,) l/q2 ) never tends to zero in the q;~ 0 limit. In the

! We shall here write in short gy~ 0 limit for any of the three possibilities:
a- 0,q,#0:q,0,q #0:q,=q"0
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same limit, the inverse matrix qi1 e'l(ql, q2)(qjl/q2) will always remain
finite, but this limit clearly depends on the direction of § because, e.g., it
can be equal to zero if qi1 =0. Then in the right-hand side of Eq.(3.9) exist a
certain number of terms whose limit depends on the direction of §. So

that g;‘. can be defined whatever this direction, we must impose that the
sum ofJ all those terms is a well-behaved quantity, Due to the symmetry

of €1 (ql, q2) (l/qz) this means that

lim Z{qiél(q' q) 9 +z et (g+K, q) 1—
B

2
a=0 q? - q

iKR

~iKR -iaR
X [(qﬂ()i qe + qi(q+K)j e N’ZB e =0 (3.11)

As the determinant]D'i\? is Hermitian, there will exist in general 3n such
sum rules to be satisfied. Symmetry considerations may very well reduce
this number. For instance, in the case of the diamond structure, from
cubic symmetry arguments alone, this relation is always fulfilled for i ¥ j.
Furthermore, the existence of a centre of symmetry shows that the
relations for the two atoms are complex conjugates one of the other. But
symmetry considerations cannot apply any further and we remain with one
sum rule, The existence of this sum rule is thus an intrinsic property of
insulators.

Equation (3,11) takes into account all values of K. One then needs in
general very good accuracy in e(ql, q2) for large values of q, and q, to
ensure the correctness of this equation. The difficulty of obtaining this
accuracy will make necessary the use of suitable approximation schemes
like the one discussed in section 5.

Before closing this sub-section, we can briefly comment on the origin
of this sum rule. In an insulator the Coulomb field is not perfectly screened
at large distances. Thus when two nuclei far apart from one another move
with respect to the rest of the lattice, this mutual interaction is a dipole-
dipole one. Similarly, C‘{\]B (d) represents the interaction of the two sub-
lattices A and B when their nuclei have a periodic displacement, Neglecting
all other contributions to C?jB, we can say, for example, that any dipole
associated with a nucleus on sub-lattice A interacts with the field due to
the whole array of dipoles associated with nuclei on sub-lattice B. It is
well known that, even when @ goes to zero, such a field does not depend on
the direction of the dipoles only, but also on their relative angle with vector
g. C8 (4) cannot have, then, a definite limit when § goes to zero. Equation
(3.11) means that, in the limit of long acoustical waves, the sum of the
dipole fields associated with all the nuclei and electrons disappears at each
nuclear site.

4. GENERAL REMARKS AND APPLICATIONS TO METALS

4.1. The core electron problem

In the two preceding sections we have shown that a general dielectric
function formalism enables one to express in a simple way the dynamical
matrix and that the lowest eigenvalues of this matrix always behave as
acoustical branches in metals,
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The preceding formalism is, of course, difficult to apply as such
because it requires the inversion of an infinite matrix, already very long
to compute. It would also be extremely awkward to do because in the
general expression (2.20) it is the nuclear charge Z, which appears. By
working with a general formalism, we let all the electrons of our system
play an equivalent role which is physically absurd. In the actual case,
most of the core electrons do move bodily with the nuclei, while the
electrons which are responsible for the interatomic forces have energy
comparable with the Fermi energy.

Our last statement is mathematically apparent from the very form of
€{(q,, 95): the (E, -Ez)'1 factor gives a prominent weight to those states,
compared to the inner core ones,

It is less easy to understand how the core electrons play their role
in the general theory. To see it, let us study a matrix element 1] |2,
where state [1> is occupied and state |2> empty. We can write

iq7 e _(El)-a)).? — -
<ilet |2 =fd3q11*(a’1)fe o) a2 (4.1)

-
iqer

where 1P =fd3a’ 1(J)e (4.2)

The function 1(%) being well localized in the vicinity of the nucleus,
its Fourier transform 1(g) will not decrease rapidly with |q| until |q|r0 =1,
where ry is of the order of the spatial extension of this function. The
effect of such a matrix element is thus to spread out the dependence of
€(q,, q,) over values of q, or g, which are much larger than ro'l, and the
lower the energy E,, the larger is ro'l . Then, by letting the core electrons
play a role in the calculation, two complementary difficulties occur at
the same time:

(a) The matrix we need to invert must have, in q space, a size much
larger than the largest possible ral . The inversion problem is thus
formidable.

(b) Any element of the dynamical matrix is proportional to Z,Z,,
while, on physical grounds,we expect it o depend on the product z, z, of the
ionic charges,

It is clear that the above-mentioned difficulties may be overcome by
making use of a theory which emphasizes the sole role of the valence
electronic states. This is the aim of the pseudo-potential theory. By doing
so, one neglects the distortion of the core electron wave functions under
the influence of the nuclear displacements and of the corresponding re-
organization of the valence electrons. Such an effect is small and pre-
sumably negligible in view of the other approximations usually made at the
same time in actual calculations.

4.2. Pseudo-potentials and simple metals

The mathematical transcription of the pseudo-potential techniqué
consists in writing that there exists a Hamiltonian HM of the form

2
H, = - 5 +ZWRa (r)+Y (r) _ (4.3)
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where Wy, (r) is a pseudo-potential operator which represents the bare
potential seen by a valence electron when there is a nucleus of charge

Z, at point R,. One assumes that WRa (r) moves rigidly with R,, and
that Vg (r) is the self-consistent potential created by the valence electrons
only. Itis physically evident that for large values of |1‘—Ra |, WRA (r)

behaves as a simple Coulomb potential of the form za/| r—Ra], where z, is
the ionic charge. From electrical neutrality we have

szfpgm d3r=fv(r. r') Vg (r') d’rd’r! (4.4)

The basic assumption of Eq. (4. 3) is that its eigenfunctions and eigenvalues
are, at least for the occupied valence states and the empty states corre-
sponding to the first empty bands, identical to those of the Hamiltonian
(2.3). Such an assumption is rigorously correct when Hy is not a
Hermitian operator and W, (r) a pseudo-potential of the form described
by Austin, Heine and Sham [7]. But in most cases, the conditions for the
validity of Eq. (4.3) are only approximately satisfied.

Actually the models used have generally made one or two more
simplifying assumptions.

4.2.1. Local potential

The bare potential is a local potential of the form W (r) =w(r-R,).
A simple repetition of the argument given in section 2 shows that, for
a F b, one has:

c® . “R -1 B T T
B aRaaRB W(rl a)v(rl’rz)eM (r2 s It )W(I‘3 b) rdr,dr

Z,2 ~ 3
+ %% -fw(rl-Ra)v(rl,rZ yw(r, -R,)d’r, d er : (4.5)
ab

where E'ﬁ (r, r') is the inverse of the dielectric function constructed with
the help of all the eigenfunctions of Eq. (4. 3).

The two last terms of expression (4. 5) describe a direct core-core
interaction, which does not take into account any valence electron. Due to
the long-distance asymptotic form of w(r-R,), those two terms completely
cancel for large values of ]Ra-Rb ’, and the form of C*® is dominated by its
first term.

4.2,2, Free electron gas dielectric function
Instead of using the complete inverse function e']j (a,, 9y), one takes

as an approximation for it, the inverse dielectric function of a free electron
gas of the same density. It has the well-known form

_ -1 1
€ =6 - 4.5
Gty % )1 +2 s 171+(4k? - a1) q; + 2k | ] (4.52)
Z -
mqy L qlkF q1 2kF
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This last approximation has been extensively made in all recent
phonons calculations, whether or not a local pseudo-potential was used.
Such an approximation short-circuits many calculations; it implies that
all the conduction electrons are s-like and rules out the transitions and
noble metals. Even in this case, it is the lowest order one. If has fre-
quently been improved upon by adding corrections related to the exchange
and correlations effects in the free electron gas. In principle, those
depending on the more precise determination of the eigenfunctions and
values could be added by writing

e (9, 9,)=%(q,, )+ Aq,, q,) - (4.6)
and considering 4(q,, q,) as a small quantity compared to €(q,.,q,).
12 72 1t g

4.3. Transition and noble metals

Though identical in principle, the situation is in fact more difficult
in such metals. A simple way of finding the eigenvalues of Eq. (4.3) does
not exist and the actual e'& (ql, q,) is very far from Eq.(4.5a). A numerical
resolution of Eq. (4.3) based on a realistic and simple form of WRa (r)
has been only done in a few metals [8,91], and these results have not been
applied yet to phonons problems.

4.4. The Kohn anomaly

We can simply note here that the analytical singularity which appears
ine™? (9,5 qy) for q =2k, is only related to the existence of a sharp Fermi
surface., When the actual wave functions are used to compute x(q,, qz)
this singglarity will appear at ?1’1, whenever there exists a vector R such
that E;'l +K is a diameter of the Fermi surface [10]. Such a singularity
then exists simultaneously on every term of €(q,, q,) and, by inversion,
of €t {a,,9,). One deduces that C*® nas a slowly decreasing oscillatory
behaviour for large nuclei separation. This behaviour is reflected on the
phonon spectrum by an infinite derivative of the dispersion curve for such
values of q,. In practice the Kohn anomaly may be more visible with some
transition metals [W, Ta, Mo...] than with normal metals, where this
effect is difficult to see, except in lead, and possibly in lithium.

5. INSULATORS

5.1, General remarks

" In the preceding section we emphasized that the difficult problem of
inverting €(q,, q,) when all the core electrons are taken into account could
be reduced without making any appreciable error by using the pseudo-
potential technique. It is hoped that a similar scheme will work in insu-
lators and the only occupied electronic states one need consider in detail
are those of the last full band. But such simplifications which, in simple
metals, enable one to perform easy calculations leave unsettled many
difficulties when one deals with insulators, For the sake of exposition we
can divide them in two different classes.

(a) The actual electronic wave functions are extremely different from
plane waves, or orthogonal plane waves. Their computation is then
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difficult and requires a large amount of computer work. This also means

that a leading term equivalent to the inverse dielectric function of the free

electron gas does not exist in e'l(ql, q2). The inversion of €(q,, q,) is thus
again long and difficult.

(b) This inversion problem is also delicate because the acoustical
sum rules force us to take into account the off-diagonal terms of e'l(q q, )
for q, or q, tending to zero. This means that, in every specific case, a
detalled asympto’uc form of € 1(q q, ) for large values of q; or g, has to
be derived.

These difficulties explain why this approach has not been used up to
now and are clearly related to two different and complementary aspects
of the problem:

Point (b) reflects the infinite range of the electrostatic forces in an
insulator, while point (a) expresses the important localization of the
valence electrons in the vicinity of the ions and, in covalent systems, along
the direction of the bonds. In the phenomenological approaches which are
used to describe the phonon spectra of such systems, these two aspects are
completely separated out. One assumes the existence of point ionic
charges, forming electrically neutral atomic cells and interacting by a
purely Coulombic potential to deal with point (b) and the effect of the
localized electrons are represented by short-range forces between those
ions. In the more sophisticated shell model [11-13] those electrons are
taken into account in a more physical way by rigid electronic shells moving
with respect to the ions. A net effect is to reduce the range of the non-
Coulombic ion-ion forces necessary to explain a given spectrum. As has
been shown by G. and M.S. Dresselhaus [14] in the case of germanium
and silicon, this effect is self-evident in the sense that a shell, -ion, -
ion, -shell, interaction is mathematically equivalent to an interaction
between more distant ions.

Despite the good results given by the above-mentioned models, the
next developments of the general theory presented in sections 2 and 3 can
be seen in two different ways.

As a mathematical tool, this theory enables one to give expressions
for macroscopic quantities related to nuclear displacements. For instance,
a microscopic derivation of the zero-frequency dielectric constant has
been given by Adler [15] and Wiser [16]. Their expression does not take
into account such displacements and is thus invalid for most systems. Its
extension to ‘ionic' crystals can be readily obtained with techniques simi-
lar to those presented here, and will be published elsewhere [17]. In the
same way one can express the piezoelectric tensor, or the effective charge
related to the splitting of the zero frequency optical modes in the Lyddane-
Sachs-Teller formula [17].

The general method can offer also new and more realistic models to
be compared with experiments. We shall now emphasize this last aspect
by discussing, in this last sub-section, some properties of an approxi-
mation recently proposed by Sinha [5].

5.2. The Sinha model and force constants in insulators

5.2.1. The dielectric matrix approximate inversion technique

The difficult problem of inverting matrix €(q,,q,) can be greatly
simplified by the following procedure. Let us consider a given complete
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{not necessarily orthonormal), set of one variable functions {,(qd). For
any such set, there exists an infinite number of ways of writing

x(d,,9,) = an fa(q) £ (q,) (5.1)

(the E_, are not unique because, though the left-hand side of Eq. (5.1) is
defined only for q, =q * K, its right-hand side is mathematically defined
for any value of q, and q,).

Moreover, the set of functions f (q) is itself arbitrary. It is then
perfectly reasonable to assume that there exists a development of 1\(q,, q,)
of the form of Eq, (5.1) which is rapidly enough convergent so that one
can approximate x(ql, q,) by its first few terms

P

P
x(ql,qz)%zz am t(97) Ti(a,) (5.2)

m=1 n=1

From the analysis made in section 3, it is clear that, in the limit
q~ 0, f_(q) must be proportional to qA  where (1‘i_>m A is finite, We
can thus write that, for every value of q, fm (q) has the form

3 .
f (q){q t (@ (5.3a)
m 1 m
i=1
where lim f' (q)=cte # 0 (5. 3b)
q—0 m .

In the same manner, we shall let E m depend also on i and j, With such
a form, the inversion of

P
- 4/ .} -
‘e(ql’ q2) s 6(ql -q2) - q_g z Z nm 9, ( q, )f'r;ll(q2 )CIQJ. (5.4)

1 i,j=1 n,m=1

is straightforward. By simply writ‘ing the definition of € (ql, q2):

-1 - i > - 3 5
Z € (q.q *K) €(q +K,q RO =8, 4 (5.5)
one finds: K
% P
-1 47 i -
= - 4 = o] .6
€(a,a,)78q a9 oy /), X E o (apa, f(a)f*iq,)a, (5.6)
1 i,j=1 n,m=
3 P
“Lij . ik ki
where E o, (4= z ZEM ¥ om (q) (5.7a)
k=1 2=1
3 P _
Y (@) - Y ) ) 5.7
Fim (Q) = b4 & - | +K‘2 (5.70)
K kil g=1 19

Tev e k K ki
X(q+K) f*1(q+K) f (a+K)(q+K) E
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The inversion matrix problem is thus reduced to that of a 3p X 3p matrix.
This matrix depends on q and, due to the summation on K in Eq. (5.7b) is
periodical in q with a period K.

5.2.2, The acoustical sum rules

Equation (5. 5) enables one to fulfil more easily the acoustical sum
rules (3.11). The direct calculation of x(ql, q,) does not allow for a
precise determination of the asymptotic form of f1 (q) for large values of
q. One can then assume a parametric expansion of this asymptotic form;
the sum rules then become numerical equations between those parameters,
which represents a much simpler procedure to apply. The form of €(q,, q,)
as given in Eq. (5.4) and first proposed in a very similar form by Sinha [5]
seems then to be a possible approach for the use of the general theory.

5.2.3. The asymptotic form for force constants

We can now use Eq. (5.5) to get an explicit expression of the force
constants C*® for a # b. As we are interested here in some of their
general properties, we shall suppose that we can make here the point-
charge pseudo-potential approximation. This means that the x(ql, qz)
used in Eq. (5.2) has been computed by taking into account the last full
electronic band only, and that at the same time the corresponding pseudo-
potentials were simple Coulomb potentials with effective charges z}q z1
With such hypotheses, we obtain with the help of Eqs (2.19) and (2.20)
for (1-8, ) #+ 0 ‘

2
c® =t 3

"% % DR OR,
[ -1 -6 — 1 %l
Rt 6(1‘1 -R )€ (r;,r,)-8r - 2 rdr, (5.8)
L ab 3 |r -R_|
2 b
By Fourier transforming Eq. (5.6) we get ‘
2
o8 1.1 @ [1 zzfl 3 1 15
Pz L | S+ f (R, -1) — ——— B (M)
a"b OR OR R a or, nm
OBy bRy L Lo i |r-N-M|
n,m
X 5%— £ N-ry L dtr @ J (5.9)
j ,r'-Rbl
_ . q
where f;(r)=ff;(q) e a’q (5.10a)
E“ (R) = YE oK) 5 (5. 10b)

N, M being points of the direct lattice,
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The first term of Eq. (5.9) is the direct interaction between the two
dipoles z1 R, and zllj 6Rg. To understand its second term, let us consider
fl (r) as a charge distribution corresponding to a net non-zero charge
(1ts Fourier transform fl (0) is different from zero). This charge distri-
bution has no physical ex1stence it is just a mathematical artefact to
express that if a dipole p exists at the origin, it induces at point r a charge
variation equal to p(df,/3r) (-r).

Any term of the second part of Eq. (5.9) can now be interpreted as
follows. The dipole z dR, at point R, creates a charge distribution

1 s R (E)f/l/ar)(RA r) to which corresponds an electrical field at N+ M.
Th1s field polarizes the whole medium so that a net dipole moment ex1sts
at point N. Finally this dipole creates, via the charge distribution f
a field-at R, which interacts with the dipole zb 6R

This mterpretatlon which, as noted by Sinha ?5], parallels that of the
shell model, is nevertheless purely formal because the relation between
the field at N+ M and the dipole moment at N depends on the indices 1 and
m, which is not physically reasonable., The second term of expression (5.9)
describes, then, a certain generalization of the shell model.

We can finally remark that the second term of Eq. (4.9) behaves as
a dipole-dipole interaction. If we assume that E (M) decreases rapidly
with M, in a first-order approximation, one can neglect all values of M
such that |Ml > Ry. A direct dipole-dipole term comes from |N Ra|
[N -R | > R,. But the summation on all the other values of N also leads_
to a R -R, | -3 term. This dipole-dipole interaction will not cancel
completely against the first term of Eq. (5.9) and their difference is the
origin of the dynamical effective charge which exists in insulators, The
other forces between a and b will strongly depend on the variation of
EYM) on M, thus on the detailed calculation of x(q, » q,)-

APPENDIX A

THE INVERSE DIELECTRIC FUNCTION

Let us add to the Hamiltonian H a small external potential 6§V, (r).
The corresponding variations of the self-consistent potential and of the
Fermi energy will be denoted 6 Vj(r) and 6E; respectively.

The electronic Hamiltonian, the density operator and the electronic
density are now given by

H, = H+6H=H+6V,, (v)+5V (1) (A.1)

1

- A.2
f(Hl 6EF) B[ (H +6H-8E) -Ep] ( )
l1+e

(r)=Tr {6(1‘—1‘1) f(H,-8Fy) } (A.3)
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By integrating along a contour which includes every pole of f(H, ~(E; +6E.)),
the charge density can also be written as

pi(r) pi e j(Tr {6(1‘ ry) H a_ 6E }f(x) dx (A.4)

One can now expand the denominator of the right-hand side in powers of
6H and 8E.. By considering the first-order terms on both sides of
Eq. (A.4), we obtain

6pe(r)=f2—7lri-fTr{6(r-r1);i—H a(r'-rz)fo }f(x)dx}(éH(r') ~6E,)d’r! (A.5a)
Efx(r, F) (8 V. (r1)+ 6V (r1) - 6E) d 1! (A. 5b)

We can now use Eq. (2.15) which relates épe(r) and 6V (r). Solving for
<$Vs (r) this gives

flaer-[f

=f‘_}__| X(I‘",I")< ext(r) §E )d rh d3r| (A.6)
r-r'

x(r'', r')dar"] > 8V (r') a’r

Ir r"i

Both sides of Eq. (A.6) can also be written with the help of the dielectric
function €(r, r') by taking as a definition

e(r, r') = §(r-r') 'f, : }X(r", rt)d®r! (A.7)
r-r¥!

Multiplying both sides of Eq. (A.6) by e"l(r ,r) and summing over r, we
obtain

8V () =f [e-l(rl, r')-a(rl-r')J <avext(r') -6EF> a®r (A.8)

Finally, since both systems represented by H and H; are electrically
neutral, the net charge associated with 6V, (r) is equal to zero and the
Fourier transform of 6H and 6p, are continuous functions of q. From the
properties of 6'1(q1 q, ) when q,, 9, g0 to zero (see section 3), Eq. (A.8)
imposes that §E; =0,

The exact expressxon of X(r, r') has to be derived from Eq. (A.5a). If
we compute the trace with the help of the complete set of functions which
are the eigenfunctions of H (H| 1= E1| 1)), we have

x(r, T jfz<1]a(r)lz>——<2ia(r )|1> = f(x)dx  (A.9)
1
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The poles of the integrand are simply x = E, and the contour integral gives

x(r, r') Z(llé(r)|2><2]6(r 1\—(—1)—“22—l (A.10)

1,2

APPENDIX B

We justify here the equality (2.24) which proves the translation
invariance of C*®, We have

_o_ _0V(r;) . 8Vs(m)
Vplr )= + (B.1)
31'1] Brlj arlj

From expression (2.5b) we can write

8VS(I'1)= 9 f 1 |=_f_a 1 1 a5t
o pira’rs - 5k o (r)a’r

ory; |r -rt| ® |y -]

=f|_1__ Bf" p(l)drl (B.2)

T -r'l

We can use for the evaluation of 88 o, (r') the same technique as in
Eq. (2.22),namely j

1

9
oe P (T
j

8_8_;_ Tr{f(H(rZ)) 6(r'-r2 )} =- Tr{f(H(r2 )837 5(1"—1'2 )}
i j

Tr{?-ﬁ?—r(;—?)) 6(r' -1, )} (B.3)

From Eq. (A. 5a) we have

dpe(r') _ . 1 a(H E) 1
'ar'j _27r1 j(Tr{é(r r) E v H}f(x)dx

1t

#J[Tr{a(r'—rz)fo 3(V(P2)£’:Y5(r2))x1 }f(x)dx (B.4)

Using the definition of x(r, r') (Eq. (A.5b)) and Eq. (2.15) we obtain

8Vr(ry) _ aV(ry) + 1 (', 1) aVr(ro) a%rradr (B.5)
Brlj 8rh_ |r . 2 8r2j 2
1
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This equation can be expressed with the help of Eq. (A.6), which gives
by inversion : -

OVr(ry) =f€_1(r r) 9V(rg) FEM
arlj 2 8r2j 2

(B.6)

"

-1 OV(r 3
_fe (rl’rz)Zﬁ{:ldrl
b

The last equality holds because of the definition of V(r) (see Eq. (2.4)).
Multiplying both sides of Eq. (B.6) by an arbitrary infinitesimal vector
3, we see that any term of the right-hand side of Eq. (B.8) is, by definition
of €1 (r, r'), the variation of the total potential at r; due to the imposed

1
external potential -(BV(r2 )/E)RB }+8. This can be written as

OV (ry) _ z BVr(ry)
or, . 9Rg
] b

which is Eq. (2.24).
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Abstract

NEUTRONS, FREE ELECTRONS AND HIGH MAGNETIC FIELDS, The application of high magnetic
fields to a material containing free electrons leads to a quantization into highly degenerate Landau levels.
Blank and Kaner have shown that neutron scattering techniques can be used to study these levels through
then: influence on the phonon spectrum, When the phonon wavevector, g, is parallel to the magnetic field,
H, a simple ‘jellium’ model shows logarithmic singularities in the phonon dispersion curves. However, it
seems unlikely that these can be observed with presently available resolutions and magnetic fields. When
q is perpendicular to H, the model yields anomalies in the phonon dispersion curves at the cyclotron
resonance frequencies; these anomalies should be observable. Calculations are presented for the case of
potassium. Neutron scattering techniques may also be used to study the magnetic scattering, The form factor
for the elastic scattering is very dependent on the Fermi surface diameter. The inelastic scattering shows
anonmalies similar to those of the phonon spectrum. Calculations are presented for a free electron model
of a nearly ferromagnetic material.

1. INTRODUCTION

One of the most fruitful ways of studying the electronic
properties of metals is to study their properties while applying
a large magnetic field. It was therefore considered worthwhile
to examine the effect of applying a large magnetic field on the
neutron scatterin ?y a metal. The next section reviews the
results obtained fl for the polarizability of a free electron
gas in the presence of a magnetic field. The change of the
polarizability manifests itself in a change in the details of
the phonon spectrum {(l]. 1In section 3 we emphasize those results
which are most relevant to the neutron scattering by the phonons
and illustrate the results by a calculation for potassium metal.
In a final section we examine the modification of the magnetic
scattering by the conduction electrons. This is largest for
nearly ferromagnetic metals and we use the same model as
Doniach Tzﬁ in his treatment of the magnetic scattering in the
absence of magnetic fields.

2. THE POLARIZABILITY

If the electrons in a gas of free electrons do not inter-
act with one another their response to a probe of wavelength,
q, and frequency, ®, may be calculated by second-order pertur-
bation theory as:

o - 1 n(p) - n(p + g)
X(q,(b) - N — €(i)’+ Q) — e(p —w (L)

141
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where n(P) and ¢(P) are the occupation number and energy of the
electron described by wavevector P. 1In the case of free
electrons the susceptibility is isotropic and the sum over ¥

can be performed analytically to obtain the well-known expression
first obtained by Lindhard 3]

k
1 F 2 1 -
Re[X(q@) ] = oy [5+ 75 (@ - x0) log | 72= |

- (1 - xi) log | 1-x | ]

1+x+

k
m{X(q,®) ] =7 o Z% ;(1 -x3) e -1 - (1-x2) 62 - 1)

(2)

where p_ is the density of states at the Fermi surface, k

is
the Ferfi radius, and F
_ 2mw * g2
Xy =
* 2q kF

while 6 (x) is 1 when x less than one and zero otherwise.

It is well known when a strong magnetic field is applied
along the z axis that the electrons become quantised into
Landau levels. The energy is then specified by two guantum
numbers; n the Landau level number, and pg the momentum
along the field direction. The energy of the electron is |4

2
- 1 P

en(Py) = (n+3) o+ 2

2m

where w, is the cyclotron frequency, %g .

The calculation of the polarizability is now more complex
than in th ield free case but the result is given by Blank
and Kaner Tlﬁ. We shall not need to display their result in
full generality but restrict our attention to two simplifica-
tions. One arises if the probe wavevector is parallel to the

maghetic field. The susceptibility is then given by
N
i W, m? (- 2T, q + qz)2 - an? w?
re[X(q,0) ] = =5 log
2T 4 p= (2T, q + q°) - am? @2
(3)

where

T 2 - k 2 _ 2m ®_ (n + %)

n F (o)

and N is the maximum value of n for which Tn is real.
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The corresponding imaginary part is

me

2T g

ml X (q,0) ] a (4)

where a is the number of integers which lie between

1 2 my _ gy2 1 2 _ mw g2
ma, Kp o Og =P ad o G - G +3)7)

These results are clearly very different from those of egn. 2.

In particular the nature and position of the 51ngular1t1es is
very different . It is well known that the singularity in the
field free response is the logarithmic singularity in the
derivative, as given by egn. 2. By contrast eqn 3 exhibits
logarithmic singularities where (ZTN q+ g2)2 = 4m2 w2, The
location of these singularities is shown schematically in Fig.

1. It is interesting to note that the position of the singulari-
ties also determines the value of o in egn. 4 as shown in Fig. 1.

The other case of interest is when the probe wavevector
is perpendicular to the magnetic field. Under these conditions
the susceptibility is

RE[x(q:w) ] =

WE
1\
™

2 1
IM T (—_——:—
nyn, ny \ (n;-nylo -

21T -
n,=o n,=o
1
+
(nl—n )wc+u>)
while
® N
[Xqe)] = == | 12
Imi Xg,w) ] = —= Z M i< 8 (w-w_ (ny-n,))
2T n,=o ne=o nin, n, c'l T2
2
- b (wiw, (nl-nz))> 5)
where if ny > n,,
(n1 - n,)/2 n, - n
2 1 2
ny(y) = exp(-%) vy Tn, (v)
= C 2 o . . .
and y = 55 4" and L (y) is a generalized Laguarre polynomial.

These results show a very different behaviour from those
for q parallel to H. The singularities occur at the cyclotron
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SKETCH OF SINGULARITIES
AND PHONON FREQUENCIES
qllH
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FIG.1. The position of the singularities in the electronic polarizability when the wavevector is parallel to

the magnétic field. These singularities cause a change in the phonon spectrum from the solid line to the dotted
lines. The imaginary part of the electronic polarizability is proportional to o, which is the number associated
with different regions in the diagrams.

SKETCH OF SINGULARITIES
AND PHONON FREQUENCIES
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F1G.2. The position of the singularities in the electronic polarizability when the wavevector is perpendicular

to the magnetic field. The change in phonon spectrum from the field free (solid line) to field applied (dotted
line) is also shown.

resonance frequencies independently of the wavevector, as shown
in Fig. 2. It is_therefore of interest that at small
frequencies the Im|X{(g,w) ] is concentrated into particular
regions of T space by a longitudinal magnetic field and into
particular regions of @ space by a transverse field.
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3. THE PHONON SPECTRUM

The calculation of the phonon spectrum of the nearly
free electron metals is made comparatively simply by the use of
the pseudo-potential formalism TS?. The frequencies of the
normal modes of vibration of a longitudinal mode are given by

0@? = o, @% + §v@? (5, - L (6)

where w_{(d) is the plasma frequency, v(g) the pseudo-
potentigl and ¢ (d) the dielectric constant of the free electron
gas. We have neglected Umklapp processes since at least for
sodium and potassium these are negligible for longitudinal
modes with wavevectors less than 80% of the Brillouin zone
boundary. In the self-consistent Hartree field approximation
the dielectric constant is given in terms of the polarizability
as
2
e(@o =1+ 4 x(F,0 (7)

q2

We may then use egn. 6 to deduce the change in the frequencies
with applied magnetic field by replacing the field free X (g,w)
with the field dependent expressions. The qualitative shape
of the dispersion curves are illustrated in Figs. 1 and 2 for
longitudinal and transverse fields.

At first sight the phenomena described above seem very
large and extremely interesting. It is now necessary to
evaluate the magnitude of the effects in detail to assess the
extent to which the theory is applicable to present experi-
mental conditions. These calculations were for potassium for
which a pseudo-potential was readily available [6 . In a
field of 100,000 gauss the cyclotron frequency is 0.28 (10'?
cps) which is comparable to neutron scattering energies.

With a transverse magnetic field the anomalies occur at these

frequencies and might well be observed in a neutron scattering
experiment. The calculated widths and shifts of the neutron
groups are shown in Fig. 3. The anomalies obtained with a
longitudinal magnetic field occur over so small a region of the
wavevector that they are not directly observable. The widths
and shifts averaged over a small region of the wavevector are
shown in Fig. 3, where it is seen that the differences between
the field-free and longitudinal field results are quite small.

The other conditions for the observation of these effects
are that the electrons should have a collision time which is
much longer than the cyclotron frequency. This means using
reasonably low temperatures, below 10°K, and reasonably although
not exceptionally pure materials. In the calculations des-
cribed above we have assumed the lifetime to be 10 cyclotron
periods.

In more complex metals than the alkalis it is necessary
to take account of Umklampp processes and the real band
itructure. The former causes the resonances for J | H and
d L H to occur for all wavevectors, while the latter gives rise
to an anisotropic polarizability and possibly many different
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EFFECT OF A MAGNETIC FIELD-
ON LONGITUDINAL PHONONS
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FIG.3. The change in phonon frequency and the width of the normal modes of the small ¢ end of the [100]L
branch in potassium. The applied field is 100, 000 gauss.

resonance corresponding to the different pieces of the Fermi
surface.

4. THE MAGNETIC SCATTERING

Under an applied magnetic field a metal becomes
magnetized and there will be a magnetic component of the Bragg
scattering. This arises because there is one more Landau
level present with *up' spin than with ‘'down' spin. Consequently
the form factor of the magnetic Bragg scattering is given by
the wavefunctions of the Landau levels. 1In the direction_of g
parallel to H this is a constant proportional to H until g =" P
when it falls to zero. Unfortunately we are not able to
suggest a way of measuring this.

- The inelastic scattering can be calculated as first
discussed by Elliott [7]. However it it known to be very small
unless the susceptibility is enhanced, as for example in
palladium. A simple model to describe this situation has been
put forward by Doniach 2]. The enhancement of the spin
fluctuations is included by the random phase approximation to
give a susceptibility P(J,w) as

w

- X
P(q,w) 11 X (§,0)

where X (g,w) is calculated for free electrons. I is the
electron-electron Coulomb repulsion between electrons on the
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same site. The neutron scattering is then proportional to

1 -
1= oxp (<69) Im[ P (F,w) ]

This expression clearly shows that the resonance dis-
cussed above will give rise to anomalies in the magnetic
neutron scattering. As in the case of the phonon spectrum the
resonances with a longitudinal field likely cannot be observed
but those with a transverse field may be. Numerical calcula-
tions have been made for a free electron model but with I
chosen to give an enhancement factor of 0.99. The results are
shown in Fig. 4.

MAGNETIC SCATTERING BY A
FREE ELECTRON METAL

T T

T=10°K
Ip(Ef) =099
a0l 97031 ke i
—— H=0
—— Hliq
30| ~- Hla

20~

INTENSITY p(q,w)/(1-expGAtw))p(Ef)

FREQUENCY 3
F

FIG.4. The magnetic neutron scattering cross-section for low frequencies and a momenturn transfer of 0.81 kg.
The Stoner enhancement of a factor is 100, and the applied magnetic field is 100,000 gauss.

5. DISCUSSION

The neutron scattering from metals in high magnetic
fields has been calculated with very simple models. The experi-
ments to confirm these predictions appear in many cases to be
extremely difficult even with very high magnetic fields. It
may be wondered what information can be obtained from these
experiments and whether they have any advantages over other mag-
netic resonance expariments.

The experiments in a transverse field enable the cyclo-
tron resonance frequency to be measured, while in principle at
least those in longitudinal fields yield information about
Fermi-surface diameters. They are then exactly the same
phenomena as the cyclotron resonance and de Haas-van Alpen
effect normally studied by magnetic resonance. The same
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technique may then be used to separate out the different bands
and complex Fermi surface structure. The only advantage of
using neutrons would seem to be that the magnetic field can and
must be much larger. This means that there are far less
stringent requirements on the purity and temperature of the
specimen. This might enable experiments to be done in some
materials which cannot be prepared pure or have phase transitions
which prevent the usual techniques from being used. The neu-
tron scattering also has the advantage that by doing measure-~
ments at different wavevectors and magnetic fields it is
possible to vary the magnitude of the pseudo~potential and hence
the coupling with different bands of the electronic structure.
This then gives further information to assist with the identifi-
cation of different pieces of the Fermi surface.
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Abstract

PHONON DISPERSION CURVES IN LITHIUM. Phonons have been measured in several high-symmetry
directions in Li” metal by coherent inelastic neutron scattering. Most of the measurements were made at
98°K (well above the Martensitic transition at 78°K) on the triple-axis spectrometer at the HFIR. The
results indicate that the interatomic forces in lithium are of a longer range than in sodium or potassium; for
example, the sixth-neighbor force constants based on a general model are 12% of the first neighbor force
constants. The frequency distribution and © versus T relation have been calculated,

The measurement of phonon dispersion curves by the method of coherent
inelastic neutron scattering is an increasingly useful tool for a possible
understanding of the theory of metals. The results of recent neutron scat-
tering investigations of metals have emphasized the long-range nature of
the interatomic forces which exist in the solid state. Phonon dispersion
curves for the alkali metals, sodium [1] and potassium [2], indicate that
the interatomic forces are not negligible out to fifth neighbors. Fre-
quency calculations with a Born-von Kidrmidn general or central force model
are in excellent agreement with the observed data; however, satisfactory
results [3-4] have been obtained using the psuedo-potential method. Since
lithium is, in principle, the simplest of all metals, a knowledge of its
lattice dynamics is of fundamental importance to any theory of metals. We
report here the results of a preliminary investigation of the phonon
spectra in lithium as measured by coherent inelastic neutron scattering.

The sample, grown from 99.993% lithium-7 metal, measured 0.5 inches
in diameter by 2.5 inches in length. Unfortunately, the sample is essen-
tially a bicrystal and the two crystals are separated by about one degree.
This is reflected in the width of the measured phonon peaks. In addition,
a large grain of about 4° misorientation also exists in the specimen.
There did occur a number of extraneous peaks in the phonon spectrum, and,
although some could be identified with higher-order and multiple scattering
effects, others that could not be so identified are undoubtedly due to the
presence of this grain. Many of the phonon measurements were repeated
under different experimental conditions in order to eliminate these effects
as much as possible. Measured frequencies are listed in Table I and
several phonons are shown in Fig. 1. Attempts over the past 18 months to
grow or purchase a Li7 crystal of good quality have been unsuccessful,
However, we have recently obtained a crystal of more desirable quality con-
taining natural lithium (7.5% Li®) and preliminary measurements with this
crystal confirm the present results.

% Research sponsored by the US Atomic Energy Commission under contract with the Union Carbide
Corporation.
%% On leave from Chalk River Nuclear Laboratories, Chalk River, Ont., Canada, now returned.
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Table I. Measured frequencies (1012 c/s) of the normal modes in lithium-7 at 98°K

1% 14 v 1/
¢ [001A, ¢ [00£1A, {0 anr ¢ [CCAA L Fy
0.125 2.00 £0.15 0.198 250 £0.25 0.10 1.50£0.20 0.108  3.50 +0.10
0.195 3.00 £0.15 0.242 3.00 £0.20 0.30 4.04 £0.10 0.208 6.50 +0.20
0.264 4.00 +0.15 0.275. 3.50 £0.20 0.40 5.60 £0.18 0.350 8.37 £0.30
0.345 5.00 £0.15 0.310 4.00 £0.25 0.60 8.10 £0.20 0.545 6.50 £0.20
0.46 6.00 £0.18 0.346 4.50 £0.15 0.70  8.45 £0.20 0.700 3.60 £0.10
0.62 7.00 £0.20 0.380 5.00 £0.12 0.80 8.60 £0.20 0.830 6.50 £0.30
0.70 7.60 £0.2Q 0.442 6.00 £0.15 0.90 8.80 £0.20
0.77  8.00£030 0.540 7.00 +0.10
0.80 8.30 £0.30 0.660 8.00 £0.10
0.00 8.76+030 0700 8.30 £0.20
1.00 8.82 £0.40 0.800 8.74 £0.20
0.900 8.70 £0.30
14 1% 14
¢ [os, ¢ [wog, ¢ ok,
0.10  2.60£0.10 0.5 0.7 +0.10 0.10 1.88 £0.10
0.15 3.92+0.10 020 1.20%0.10 015 2.60 £0.15
0.25 6.40£0.15 025 1.40+0.10 020 3.48 £0.20
0.30 7.35£020 030 155+0.10 030 4.54£0.10
0.35  815+0.15 035 170010 0.40 5.35 £0.10
0.40 8.70 £0.20 0.40 1.80 £0.10 0.50 5.70 £0.20
0.45 8.87 £0.20 0.45 1.90 £ 0.10
0.50  9.00 +0.40 0.50  1.90 £0.10

0ST
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FIG.1. Selected phonons in lithium. The crossover of the L(00¢) branch below the T(00¢) branch is illustrated.

The phonon measurements were made on the computer-controlled-triple-
axis spectrometer [5] at the High Flux Isotope Reactor (HFIR) at a tempera-
ture of 98° + 1°K. (Lithium undergoes a Martensitic transition at 78°K.)
Most of the phohons were measured in the [110] zone, while a few were mea-
sured in the [001] zone. The dispersion curves for the high symmetry
directions are shown in Fig. 2. The pronounced behavior of the L(00z)
branch indicates that the interatomic forces are, indeed, of long range.
The crossover of this branch below the T(00z) branch is illustrated in
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FIG.2. Dispersion curvesin lithium. The solid lines are calculated from a sixth-neighbour Born-von Karman
general force model.

Fig. 1. The solid lines in Fig. 2 are calculated on the basis of a sixth-
neighbor (15 parameters) Born-von Kirmédn general force model. The force
constants for several niodels are listed in Table II. It is observed that
the sixth-neighbor general force constants are approximately 12% of the
first neighbor force constants. The seventh-neighbor force constants based
on a 19-parameter model are negligible. An axially-symmetric model [6]
involving eighth-neighbors (16 parameters) did not give quite as good a fit
as the general model although the differences may not be too significant.
However, unlike sodium [1], the force constants in lithium based on the
general force model are not compatible with those of an axially-symmetric
model, i.e., 8320 # o320 - 0320 etc,

The frequency distribution based on the sixth-neighbor general force
model is shown in Fig. 3. From this g(v) a Debye © vs temperature was
calculated and compared to the © values determined by Martin [7] from
specific heat measurements (Fig. 4a). At intermediate temperatures
(100° - 200°K) the agreement is, perhaps, not unreasonable. At low tem-
peratures the specific heat measurements were made on partially transformed
lithium and at the higher temperatures anharmonic effects may be important,
whereas, the calculations based on the neutron data are in the harmonic
approximation. The total mean square displacement as a function of tem-
perature is shown in Fig. 4b. It is apparent that most of the motion of
the lithium atoms at 98°K is due to zero-point motion.

The isothermal elastic constants detexmined by ultrasonic methods (8]
were used in the least squares analysis but with relatively low weight.
They agree within 10% or less with the calculated elastic constants.
Recently, phonon dispersion curves [4, 9] and elastic constants [10] have
been calculated for lithium by the method of the psuedo-potential, but they
are in poor agreement with the present results; however, the calculations
of Animalu, et al.,[4] do predict a crossover of the L(OOQ) branch below
the T(00z) branch, as observed experimentally.
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Table II. Force constants for Li7 (dyn/cm)

Sixth-Neighbor  Seventh-Neighbor Eighth-Neighbor
n General Model General Model Axially-Symm. Model
1 a 2336 £ 29 2320 +£32 2355 38
,31 2462 138 2520 =58 2489 %48
2 a 694 1t 66 678 £ 71 631 103
,32 140 + 46 153 +48 50 £ 57
3 a, ~277 +26 —285 + 28 -205 £ 30
ﬁs 125 +34 110 £ 40 122 +£38
Y3 —158 +38 ~152 £ 46 -327 yy3=0a; — B,
4 o, 171 £ 26 185 +33 152 +37
,B4 -126 £ 17 -116 +22 —141 +27
Y, -122 + 34 -113 £ 34 37 yo=(a, — B,)/8
84 11 £26 22 +27 110 8,=3y,
5 ag 148 +17 158 +20 130 £ 22
,35 -38 +41 -89 £57 —136 £ 32
6 o ~282 £ 60 ~266 63 ~298 +136
ﬁ6 12 36 8 +38 15 96
7 a, -3 118 9 £25
ﬁ, -8 +12 1113
Y, -22 +13 -9 Y, =38,
87 30 +27 -3 8, =3(a, — B,)/8
8 a 4 +30
’ /38 6 £20
Ys 6 v = (484 — ag)/3
Oy : , -1 8g = 2ag — Bg)/3
x? 0.60 0.59 0.75

Although one may expect to observe Kohn anomalies near such points as
TA(0,0,0.25) and LA(0,0,0.75), the low experimental resolution precluded
observation of any modest deviations from a smooth curve in these regions.
This is primarily due to the poor quality of the specimen. A detailed
investigation into the presence of Kohn anomalies will be attempted with
the natural-lithium crystal if the adverse effects of absorption (due to
Li®) are not too severe.

A study of the temperature dependence of the phonon spectra is also
planned for the near future.
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NOTE ADDED IN PROOF

Additional data in several symmetry directions have been obtained with the better quality crystal
(rocking curve ~ 0.30°) containing natural lithium. Although the intensities of the phonons were down
slightly from the previous crystal, the signal to background was improved and the phonon peak shapes
were also improved. In general, the previous measurements were confirmed and the error bars for many
of the phonons shown on the dispersion curves were reduced; in addition, a number of unexplained peaks
were no longer observed. With fine slits (0. 3° FWHM) before and after the sample, and good focusing
conditions, a detailed study of the T(00%) branch in the region £ = 0,2 - 0.5 was made. A sharp increase
in the widths between 0.24 and 0.26 (Q = 2kp at { = 0.25) was observed and the widths remained broad
until £ & 0.5. In the T(&) branch between 0.1 and 0.5 the phonons appear to consist of two unequal
peaks, (observed in both constant-Q and constant-E scans). This branch was very poorly determined with
the original Li? crystal. Several low-energy peaks in the L(00Z) branch also remain unexplained and it
appears that a more thorough study of the phonon dispersion relation will be necessary to clear up some
of these anomalies. It is hoped that a larger crystal will become available.
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Abstract

PHONON DISPERSION RELATIONS IN BISMUTH. Phonon dispersion relations in bismuth at room
temperature have been studied'by neutron inelastic scattering using a triple-axis neutron crystal spectrometer
and the constant-Q method. The fixed wavelength A, = 1.50 X was used, K, was kept fixed and K.
the scattering angle wand the crystal orientation were varied to realize the 'constant-Q' mode of operation.
The principles of focusing were used throughout the measurements. The plane of the experiment was the
(011) plane. The phonon dispersion relations for the [100], [110], and [211] and [111] directions have
been obtained. The dispersion relations for the [111] direction are compared with those obtained by Yarnell
et al. Special care was devoted to the study of dispersion relation for the {100] direction where, according
to Ovchinnikov's calculations, an anomaly connected with electron-phonon interaction can be expected.
The experimental curves are compared with the calculated ones based on the Born-von Karman theory.

1, INTRODUCTION

Bismuth is a metal belonging to group V of the periodic table and
crystallizes in the trigonal system (space group R~ 3 m) with two atoms per
unit cell. Geometrically its lattice resembles a primitive cubic lattice,
slightly distorted along the diagonal of the cube., Figure 1 shows several
sets of nearest neighbours for every atom in this structure, The symmetry
Fo]ints in the reciprocal space can be seen in Fig. 2, taken from Cohen's paper

1.

The electronic structure of elements belonging to group V has been
investigated by several authors [1-3], however, only few papers deal
with the lattice dynamics of these elements. Fouret [4] investigated the
phonon spectra of antimony using the diffuse scattering of X-rays, The
phonon dispersion relations for bismuth were first measured using the
neutron scattering methods by Koenig and Yarnell [5), followed by Yarnell
et al.[6] . Some measurements have also been performed by Sosnowski et
al.[7, 8], These papers (particularly Ref,[6]) contain a complete set of
phonon curves for the trigonal direction and two longitudinal branches for
the binary axis direction.

In the present work the investigation of phonon dispersion relations
for bismuth have been carried out using the constant-Q method, A complete
pattern of acoustic branches and also some optical branches for phonons
with polarization vectors parallel to the mirror plane along four non-
equivalent directions in the Brillouin zone is presented,

2. EXPERIMENT
The three-axis neutron spectrometer at the EWA reactor of the Institute

of Nuclear Research at Swierk was used and the constant-Q method [9)
with fixed neutron wavelength 3 5= 1,50 Awas applied, The calculations

157
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FIG.1. Rhombohedral unit cell of bismuth. The numbers designate the appropriate co-ordination spheres.

FIG.2. The Brillouin zone for bismuth, notation according to Cohen [1].

FIG.3. Mirror plane section of the Brillouin zone for bismuth, present results have been carried out along
directions marked by dashed lines.
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for the proper orientation of the sample, the direction of the wavevector

of the inelastically scattered neutrons and the orientation of the analysing
crystal were carried out with a special ALGOL programme for the GIER
computer,

The single-crystal bismuth sample was grown and prepared in this
laboratory [10], using a special method that accounts for the expansion of
bismuth in the course of transition from the liquid to the solid phase, The
sample had the form of a cylinder 60 mm in diameter and 120 mm long.
The cylinder axis was perpendicular to the crystallographic mirror plane,
which was the plane of experiment, The measurements were carried
out at room temperature, using 'focusing' as described by Peckham
et al.f11],

Dispersion curves for the acoustic branches have been obtained for
the following directions: [100}, i.e. I'-L; [011], i.e, T -X; [211], i.e.
C-N'-A'-X; [111], i.e.T~T; and along the Brillouin zone boundary, N'-L,
as shown in Fig.3. For convenience two additional points (as compared
with Cohen [1]), namely N' and A!, have been distinguished in the recipro-
cal space,

The random errors in the observed frequencies are approximately
3-4%, as estimated from the width of the phonon peaks,

3. RESULTS AND DISCUSSION

Phonon dispersion curves are presented in Figs 4, 5 and 6,

According to the theory of elasticity {12, 13] the velocities of sound -
wave propagation in the various directions of the crystal can be found from
the eigenvalues of a 3 X 3 matrix, the elements of which are linear combi-
nations of the elastic constants, There are six independent elastic constants
for the bismuth structure: ¢;;, ¢33, C44, Ci12, €13, C14. For sound waves
propagating parallelly to the mirror plane the matrix has a simple block
diagonal form and its eigenvalues can be found easily. Using the elastic
constants for room temperature [14] , the velocities of sound for all the
directions being studied have been evaluated, The slopes of the heavy
lines seen in Figs 4 and 5 indicate the respective velocities of sounds.

They coincide with the experimental points,

For the I'-T direction the present results are in good agreement with
the results of Yarnell et al,[6], as shown in Fig.4, and also with the early
data obtained by Sosnowski et al,[7].

A careful search for the Ovchinnikov [15] anomalies has been carried
out in the neighbourhood of the point L, The experimental data (Fig,5)
show no evidence of the theoretically expected anomaly,

The frequencies of the upper acoustic branches for I'-L, I'-N'-A'-X
and I-X directions do not approach the region of optical frequencies,

This seems to suggest that an energy gap occurs in the frequency spectrum
of bismuth, in accordance with some theoretical predictions [186].

Most of the measurements were carried out in the neighbourhood of the
I 1,2,2 [, |3, 2,21, IZ, 2, 2[ reciprocal lattice points, In these cases some
well-defined neutron peaks, suggesting the presence of longitudinal phonons,
were observed, in spite of the fact that they should not have been observed
because of the polarization factor, The corresponding 'dispersion relations'
were of the form w = slq] over a whole Brillouin zone, with s equal to the
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appropriate longitudinal sound velocity, However, the measurements at
other reciprocal lattice points?! did not confirm the evidence of such phonon

branches,

*Such measurements were suggested to us by Dr. J.L. Yarnell. We are grateful to him for providing

us with the results obtained at Los Alamos [17].

results of D. Smith obtained at 75°K.

For the directions I~L

and I-X our results are close to the
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To compare the dispersion relations found experimentally with the
calculated ones, several models of interactions in bismuth were used,

The model given by Fouret [4] was obviously over simplified, so we turned
to the more realistic models of Yarnell et al. [6] and Brovman [186].
However, Yarnells' model is appropriate only for phonons propagating
along the trigonal direction and cannot be used for other directions,

In Brovman's model [16] every atom interacts with its four nearest
neighbours, The force constants of this model have been calculated using
the equations for elastic constants, the invariance Huang relations and
two optical frequencies at point I' taken from Yarnell et al, [6].

The present results are in a good agreement with both models for
the trigonal direction I-T, For the lower acoustic branch in the direction
I-L a comparatively good agreement with the curve given by Brovman
is observed, No explicit results for the directions I'-L, and I'-X were
presented in Brovman's paper, Using the force constants given in this
paper, we calculated the phonon frequencies for these directions, We found
a qualitative agreement for the upper acoustic and optical branches for
the direction I'-L and for the lower acoustic branch for the direction I'-X,

In this situation an effort has been made to construct another four-
nearest-neighbours model of the Born-von Kirmaén type with parameters
(force constants) calculated from neutron data, without relating to the
elastic constants, Beside the usual invariance and Huang relations, the
phonon frequencies at I, T and X were used., The values of these frequen-
cies were taken from Ref,[6] and from the present measurements, The
interaction with third and fourth neighbours was assumed to be of the
axial symmetry type [16]. The following models have been checked:

(1) The interactions with first and second neighbours are described
by tensor forces (in this case it was necessary to introduce in addition the
elastic constant ¢35 and omit, to obtain a consistent set of equations, the
equation for one frequency at X);

(2) The interaction with the first neighbours is given by tensor forces
and with the second neighbours by axial symmetry forces;

(3) The interaction with the first neighbours is given by axial symmetry
forces and with the second neighbours by tensor forces;

(4) The interaction with the first neighbours is given by tensor forces
and with the second neighbours by quasi-axial symmetry forces (i.e. three
independent constants describe the force matrix, whereas in the axial
symmetry case the number of independent constants is only two);

(5) The interaction with the first neighbours is given by quasi-central
forces (¢xx = 0 for an atom in the mirror plane; the remaining force
constants are arbitrary) and the interactions with second neighbours by
tensor forces,

In all cases it was possible to obtain linear equations for the force
constants. The force constants obtained for the third and fourth neighbours
were not very sensitive to the choice of the particular model, In all cases
it was quite simple to fit the calculated phonon frequencies to the experi-
mental ones for the trigonal direction. However, for other directions all
models lead to non-physical imaginary frequencies,

Taking this all into account together with the results of Brovman,
it seems reasonable to conclude that a four-nearest-neighbours modelcan
describe the lattice dynamics of bismuth at most qualitatively, It would
seem necessary to develop a more sophisticated model,

Further experimental and theoretical work is in progress,
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DISCUSSION

G. CAGLIOTI: Did the authors of paper SM-104/86 find any anomalous
behaviour of the phonon lines (shifts, widths, etc.) in the region of the
accidental degeneracy of the phonon branches along the (00¢) direction?

R.M. NICKLOW: No anomalous behaviour was noticed at that point
with the resolution being used. However, more measurements inthat region
are needed to determine definitely whether such behaviour exists or not.

R.M. PICK: I would just remark that the calculation of the lithium
phonon spectrum which we performed several years ago using a pseudo-
potential derived from first principles (cf. HARRISON, W., Phys. Rev.
129 (1963) 2503) is certainly in much better agreement with experiment
than that of Animalu et al.

B.N. BROCKHOUSE: Did this calculation suggest the system of extra-
ordinarily long-range forces which seems to exist here?

R.M. PICK: Although the range of the forces is not as long as in the
case of aluminium, the pair interaction extends much further in lithium
than in sodium or aluminium,

B.N. BROCKHOUSE: The evidence for the long-range forces in
lithium comes solely from the anomalous behaviour of the L (00¢) branch,
does it not? Quite simple arguments suggest that this branch should be
especially sensitive to anharmonic effects. The line shapes observed in
measurements for this branch at temperatures of ~100°K in sodium and
rubidium were quite anomalous, though this effect may yet be shown to be
-spurious. For potassium at 9°K, I understand that the line shapes have
proved to be quite normal, These facts suggest to me that the apparent
long range may arise from anharmonicity.

R.M. NICKLOW: The long-range character of the forces in lithium
deduced from these measurements is consistent with theoretical pseudo-
potential calculations and apparently is not solely a result of anharmonic
effects. As indicated in the paper, the calculations of Animalu et al. do
predict a crossing of the T (00¢) and L(00¢) branches. Mr, Pick's
calculations also show this crossing.

R.M. PICK: I have a comment on paper SM-104/1, The only forces
in the model which do not automatically maintain the equilibrium of the
system are the long-range ones. By retaining the pair interactions only,
it is possible to establish the equilibrium conditions of the crystal. These
will be more numerous than those found by the authors of the paper. The
latter conditions can be obtained by writing the equation in such a way that
the crystal is in equilibrium under the action of these forces and of isotropic
pressure. The equivalence of the two coefficients Cy may, in their model,
be reflected in a sin A condition, the Fermi screening parameter. By taking
a pair potential with a larger number of free parameters (arbitrary pseudo-
potential method), good agreement with experiment may perhaps be obtained,

K.H. KREBS: It would be possible to avoid the Cyy difficulty by using
tangential force constants in the first part of the model.

In this same paper there is a statement that in the cubic case the model
is under stress, This statement is made in order to explain the fact that
the Cauchy relation is not fulfilled. I myself think that it would be more
accurate to say that in the cubic case the Cauchy relation is not valid
because of the presence of purely volume-dependent terms in the dielectric
constant.
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164 DISCUSSION

Yu.M. KAGAN (Chairman): The principal inference derived from this
work (SM-104 /1) - the disappearance of the long-range interaction in the
Krebs model when hexagonal metals are involved - is in fact a result of the
Born-Huang condition, to the importance of which in connection with non-
cubic metals I made particular reference in my review paper (SM-104/203)
earlier. A centrally-symmetric force matrix is used in the Krebs model
for interaction with the nearest co-ordination spheres, and for this the
Born-Huang condition is automatically fulfilled. The screened Coulomb
interaction leads to an axially-symmetric model, for which the Born-Huang
condition is not fulfilled even in the general case. Therefore, if fulfilment
of the condition is a requirement, the results described by the authors then
ensue, _

I also have a comment to make on paper SM-104/4. It seems to me that
the use of a generalized Harrison model pseudo-potential results in a picture
of electron-ion interaction which is far from the truth. Thus, in the case
of magnesium the authors find a characteristic ion radius which is about
four times smaller than the real one. At the same time the tails of the
Fourier component of the pseudo-potential are very much stretched in the
high-pulse region, which must inevitably result in substantial overestimation
of the contribution from the distant points of the reciprocal lattice.

R.M. PICK: I should like to ask the authors of paper SM-104/4 whether
they get such good agreement for the Fermi surface of potassium,

T. SCHNEIDER: The agreement was fairly good for potassium, and
in this connection I would suggest that you consult Ref., [4] of the paper.



TEOPUA KOJIEBATEJBHOI'O CIIEKTPA
TEKCATOHAJIEHBIX METAJIJIOB
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HUHCTUTYT ATOMHOW SHEPTUU

M. U.B.KYPYATOBA, MOCKBA,
CCCP* :

Abstract — AdHoTallust

THEORY OF VIBRATIONAL SPECTRUM IN HEXAGONAL METALS. The previously developed
general theory of vibrational spectrum in metals, based on separation of the long and short-range interionic
interactions in the electron-ion system, is applied to the analysis of the phonon spectrum in the hexagonal
metals Be, Mg and Zn., The long-range interaction is demonstrated with help of the concrete form of
the pseudo-potentials in these metals, while the parameters of the short-range interaction are determined
from some experimental quantities. The essential role of the short-range interaction is demonstrated.

A detailed comparison of theory with experiment is given.

TEOPHUA KOJEBATEJBHOT'O CIIEKTPA TEKCATOHANIbBHBIX METAJIJIOB. Passurasn
paHee obuwas cxeMa paccMOTpeHus KonebaTenpbHOTO CNEKTpa METanl10B, OCHOBAHHAA Ha Bbiaene-
HHUK AanbHOHERCTBYlOWeR U KOPOTKOAEHCTBYOWEN YAaCTH MEXMOHHOTO B3aUMOAEHCTBUA B 3JIeKT~
poHHOl cucreMe [5], npuMensiercs Ans aHanusa §OHOHHOTO CNEKTPa TeKCaroHaNbHBIX METajll0B
Be, Mg, Zn. Jna onucaHusa AaJbHONEHCTBYIOWEro B3aHMOAEHCTBHA HCNOJNL3yeTCs KOHKPETHBIA
BUA NCEBAONOTEHUMANA WIS 3THX METAM/IOB, a NapaMeTphl KOPOTKOAEHRCTBUA HAXOAATCA B paMKax
obpaTHoOi 3anauu.

JleMOHCTPHUPYETCA CYMEeCTBEHHaA POk KOPOTKOASGACTBYIMEr0 B3aUMOAEHCTBHA .

MposoauTcs nodpobHoe cpaBHEHUE TEOPHH C PKCMEPHMEHTOM .

I. BBELEHHKE

B nocnexnue TOLH CTANO OUEBKAHO, YTG B HopMMPOBAHNM
DOHOHHOTO CMERTDP& MeTail0B CYRECTBEHHYD DOXb MIpabT 3M€KTPOHH
NPOBOJNHMOCTH, JTO CHENaN0 3AMAHUMBHM Onpejlenenue POHOREOTO
CNeRTpa H3 "NepBHX NPHHOMMOB", ONKPAACH K& 3HaHMe 3pPeRTHBHO-
ro NOTEeHmMaNa 9SAeKTPOH-HOHHOTO BIAMMOXeRCTBHA. _

HccnefoBaHuA TAKOTO THRA OHIM NPOBEREHH B pacoraXx Tolfm

[1], Dawa 2] , Bocko % ap. [3] , Bposuama u Karama (4], (5] .
Bo Bcex aTmx padoTax, KpoMe NOcAeXHelt, KOCBEHHOe B3amMoAeHicT~
BMe MeXLy HOHAMY Yepes 3JIeKTDOHH YYKTHBAXOCH BO BTODOM NOpAZ-
Ke TEODAX LO3MYNMEeHHA MO 3NEKTPOH~AOHHOMY NOTeHMMALY, YTO
APHBOXKIO K IOABNERMD NAPHOTO MEXMOHHOTO B3AMMOAGHCTBEA NEHT-
DAnBHOTO THNA. IIPH 3TOM XXS NMPAMOr0 MEXHORHOTO B3AKMOjeidcTBRA
COXpaHANach JHML OCHUHAA KYyAOHOBCKAS YacCTh, MGO KODOTROJeHCT-
ByDmee “B3AUMOZENCTBEE 34 CUET HENOCPeACTBOHHOTO HEDOXPHTHA
MOHOB B MeTANNAX B CONBWMHCTBE CAYyUaeB MAJO [6] .

* Pa6oTa BHNONHEHa COBMECTHO ¢ O6%e IMHEHHBIM Hncrutytom SAnep-

HbiX HccenenoBaumii (ly6ua, CCCP), coTpyaHHKOM Koroporo saensercsa A, Xonac.
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B pacdorax [4) , [5] 6uxo nposefeHo -nociesoBaTENbHOR PAC-
CMOTDEREe 3ajaun o (opMMpoBaBMy (OHOHKOTO CMERTpa B MeTIanxax,
OCHOBAHHO€ HA PeryJAPHOM Da3NoXeHMN AXHAGATHIECKON JNeKTPOHHOM
3HEPTHR B DAZ NO CTENEHAM 3NEKTPOH-MOHHOTO NCEeBXONOTEHNUAAA.

llpu 3TOM OHA NOXy4YeH CYHMeCTBEHRH} De3yABTAT, COTAACHO
KOTODOMY B 3JIeRTPOH-MOHHO® mia3Me MeTanns, RAPAKY ¢ OGHYHHM

NApREM B3AHMOZEHCTBMEM CYMECTBYeT MeXMOHHOe B3aWMOXeHCTBHe
yepes MeKTPOHH HENADHOTO THNA. PUIMUECKM TAaKOe B3AMMOJLeficTBHE

CBABAHO C DACCEesHEMeM JJEeKTPOHOB OJHOBDEMEHHO Ha TDEX unu gornee
HOEaX MeTalna.

Kax noxasupaeT HENOCPEACIBEHHMY aHanul [4] y [5] y 9TO
p3amMofefcTBHe 00NajaeT cuMMeTpuelt Dem&TKM ¥ HOCUT KODOTKO-
AelicTBynmu#t xapakrep.

TaxkuM o6pas3oM, B MeTalle BOIHUKADT MEXMOHHHE B3auMoned-
CTBHA, KOBAJEHTHHe N0 CBOed CTDYKType.

Ecny ropoputs O BEAUUMHE TAKNX HEMapHuUx Cuji, TO B TO
BPpeMf KAk NaDHHI MeXMOHHHI NMOTEHLMAaN onpelendeTcs BHDaEeHHEM
KBaJpPaTHYHHM [0 NCEBXONOTEHIMANY, KAEIUE %3 CALXYDEWX WISHOB
Pa3NOEeHNA COXeDEMT numuui napamerp VE /EF , Tie VE& -
3HAYEHNEe TICeBJONOTEHIMANA B TOYKAX OOPATHOR DEmETKM K #O .
Kak npaBuno, 9TOT napaMeTp HEBeNMK, YTO (AKTMYECKY M ONpefenu-
0 ycrnex MoZeny¥ CBOGOJZHHX 3JI€KTPOHOB IPK:ONHCAHMM 3JIEKTPOHHOTO
CMeRTpa MeTalanoB. Hanpuuep, B Clyyae meAOQHHx MeTasI0B \Jk/&F

OVeHb Man IJIA BCex K (6nuxaﬁmue K PacTONOEEHH Tak,
uro [K{ > 2K ). Awanordusas xapTuna HaoADIAETCA B CAY-
uae metannos tuna A€ u P8 . Jmenno no oToft nmpuumme pac-
YETH, YYMTHBANOHE TONBKO NADHOE MEXYOHHOE BIAUMOLEACTBAE B
CYMEeCTBEHHON CTeNeHN CXBATHBANM OCHOBHHE UeDTH (QOHOHHOTO
cnextpa orux merannos ([I] - (3] ), uro u coszano wrmoaup
BepHGUKAIMA NpocTGho BapuanTa TEOPHU.

OIRaKo MONOXKeHWe DAIMKATBHO MEHAeTcA, KOTIAa MY mepe-
XOFMM ¥ MeTaanaM ¢ Oonee CNO%HO¥ CTPYKTYpOil, HampuMep, odna-
Janmuu IByNS aTOMAMV B 3leMeHTapHOll auefixe. Tak,B chyuae

MeTANIMYECKOTO 0JI0B& OKA3&N0Ch, UTO NapaMer) \/¥74§¢ yEe He

npeHeGPeXuMo Mal ¥,eCTeCTBEHHO, PONF HEMAPHHX CUJ BEChMA cyme-
creenna (Ges mx yqera peméTka onosa 3006me ue Omyla OH yCcTOH~
wuson [4] , (5] ).

XoTa CTPyKTypa BCEX UMEHGB DAJe DA3NOXEHMA N0 CTeNeHAM
NCEeBXOMOTeHIMANE, COOTBEICTBYDNNX HENAPHOMY B3AMMOJLEHCTBHUD,
COBEPmEHHO ACHA,-HeMOCPeXCTBEHHOE RONUUECTBERHOE BHUWCACHME
AX BechMa rpomMosxxo (OHO NIDOBOJMTCA B HACTOALEe BpeMS).

loaToMy, B CBA9¥ C KODOTKOZEUCTBYDINDd XapAKTeDPOM Henapno-

ro B3amMOZeflCTBHSA, BOSHUEAR Wles BEPHYTHCA ANA €ro ONUCARMA K
OCHMYHOMY NPOCTPAHCTBY M CUMTATH, UTO OHO PACMPOCTpPAHAETCH

nmmp g0 Onuxaimux cocexelt.
Takas mporpaMmMa pasfeNeHEs JaabHOLERCTBYDHMX ¥ KOPOTKO~
ReffcTsypmux cmn OHN& Dealy3oBaHa Ha npEMepe onopa. TpE He3aBM-
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CHMHX KOHCTAHMTH, OTBevabmue MOJNHOMY yY&Ty B3aumonelficTens c
Onuzaiime¥ KOOPIMEAINOHHO} cdepoit, ¥OrAM OHTH ONpejeNeHH U3
3RaueHnH MoTyNelt yNDPYyTOCTH WAM M3 HECRONBKMX YacTOT CHEKTIDA.
B pesynrrare Oun Halizen ycrolffumBHY (oHOHHHE cnerTp, GAUSKUA X
IKCNEePUMEHTEIBHO M3MEPEHHOMY .

B cBA3M CO CKa3aHHHM NPeICTABAANO COABMON nﬁrepec npo-
BECTH aHANU3 KapTMHH QOPMMPOBAHUMA (OHOHHOTO CHEKTDa HA TNpUME-
pe uejioff I'DYNNH METANNOB CO CROXHON CTDYKTYPOH# M C Da3HHMU
3HAYEHHUAMY XapaxTepHHX napauempos“vﬁ}ﬂgg . Handonee yzoduol

INA BTOTO OKasaNach rpynna Texcarosansuux meramnos Be , Mg,
Zn , IS EKOTODHX MDOU3BENEHH MOADOCHHE M3MeDEeHHs (JOHOHHHX
CNIEXTPOB ¢ NOMONBM Heynpyroro paccessus Hefitpomos [7] - [I2] .

JeficTeaTeNbRO, KaK GyJZeT NOKA3aHO HUEE, 3Haqennx'\fi,/ﬁp Ans

CYmMSCTBEHHHX BEKTODOB OGDATHO# DEmETEN CHMILHO MEHADTCH B 3TOH
rpynne OT MeTanna K MeTanny, YTO NDUBOEUT K DE3K0 Pa3IHYHOH
poNu HemapHOTo B3aMMOLelicTBMA. 3aMeTuM, B 3aKANYEHUE, YTO
aHaau3 TPAIMIMOHHOI'O THUNA, OCHOBAHHH{ Ha TEH30DHON Momenu
boprna-Hapsana nposozmaca Ias Be R M 3, Zn Becima mog-

poduo (cu., Hanpumep, padors 8], [9] [13] M CCHIKH,
COJepRAMKECH B HUX).

2. OBUME COOBPATEHMNS

KpucTanmorpaguueckas CTPYyKTypa cemefiCTBa rekCaroHaNbHHX
MeTaRJ0B BTODPOJ TI'PYNIH XOPOWO M3BECTHA, ¥ MM HA Hell He OCTAHAB~
mupaeuca (cu., Hanpuwep, [8],[13] ). o

Ham aranus 6yreT TMPOBOZUTHCA IIABHHM oOpaaoM B odpaTHOM
npocrpaHcTBe., Ha puc. I ¥3006paxeHO HECKONBKO BAXHEMNMX y3JIOB
0o0paTHOW peméTxH. nyxrnpdm NOKA3aHH I'PaHUIN TIEPBONt 30HH
Bpunnpwauna. CnenyvanbHo BHIENEHH CHMMETDMYHHE HANpaBIeHHA ¥ TOY-—
KM, INA KOTODHX BO3MOEHO B HacTOALee Bpeus'cpasneuue ¢ JKCIIepH~
MEHTOM,

Ecau nocnonbsosarscn coogpaxenuauu Teopun rpymn (871,

[14] s TO Ana ITUX nanpannennn MORHO $AxTOPU30BATH XMHAMUYEC-—
kYD MaTpuy D ss.(}i\ IpH MPOM3BOALHOM XRDAKTEPE B3aMMO-
IelfcTBMA MEXLy MOHAMM M HaliT¥ apHHE BHpA®eHMA ANA 3axoHa AWC-
nepcuy Bcex peTBelt JOHOHHOIO cnexTpa. llosyvapmuecs pe3yALTATH
COBNajanT ¢ NpHBeJeHHHMM B padore [8 (cM. Tabauuy III)] 3a
MCKIDUEHNEM HanpaBiemua |-, IAS KOTODOTO B M&TPRIAX BTOPOTO
NOPAKKa MPefCTAaBREHNE |4 M Ty N4 UCTIPABAEHMA HEOGXOXMMO
TIPOU3BECTH BaAMEHY !

T DI (3) = Im DD T Im DI (D
(1)
("Mﬂ TI n . + xas Tq_) .

Ana TOro YTOGH B ABHOM BMZE ONDENENNTDH IMHAMMIECKYD MATDHIY
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o /?fo 110 200 -

Puc., I

X ——

KoJieanuit, BoCnonb3yemcn pesyibraramu padors {57, cormaco
KOTOPOY JIMHAMHYECKAd MATDUIA NDEACTABAAETCA B BHAE !

B‘;f’(@): %1g5 (‘t) + $ZSS (%) (2)

3Jecs MaTpuua 2)3_ coomercrnyer NapHOMy B3aMMOZelCTBMD MERLYy
VOHaMH , anbuamnieniy B ceff Xak Npamoe EYNOHOBCKOE B3auMogeiftcT-
BMEe, TAK ¥ KOCBEHHOe B3auMOZelicTsMe yepe3s 3JMEKTPOHH IIPOBOJHMOC-
TH. B pemérxe uz VYL o,nmaxowx aTOMOB B 3JNeMeHTapHOM Aueltxe
3T& MATDUUA UMeeT BUL:

“ g+ LELPa- Py
?)‘Sf' ({)— {Z K)( [1 W(qdﬁ)] vE(fs- )

- ' ) : Pre. 4. (3)
R ey BT
N0 ml[«-w(m}e
S 'K+O
s et =y ViTalt y
S A O

& OcTalbHHE OCO3HAUEHNA COBNRJADT ¢ NPUHATHME B [5_] .
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Marpuna fZ)z ONMKCHBAET KOCBEHHOE B3auUMOJelicTaue Mezly
MOHEM) uepes JNCKTPOHH MHOTOYACTHYHOIO THna. B coorBercTBHM C
KOPOTKOJAEHCTBYDUNM XADAKTEeDOM STOr0 B3aMMOKeHCTBHMA MH OyieM
CYMTATh, KAK YE€ YKal3HBANOCH BO BBELGHHM, UTO OHO JOKAJIN30BAHO
He OAMZAUmMX KOODIMHAIMOHEHX cdepax, B cryuae paccMaTpuBaemH:x
TEKCArOHaJNbHHX MeTalI0B PAacCTOAHME JO Onuzaliuux IByX KOODAVHA-
IMOHRHX cep Mano OTIMYApTCA APYT OT Apyra. B Cuny aT0r0,B
OTNHYME OT 0JI0B&, MH HE CUMTANM BOSMOKHHM OTDAHMYMTHCA TONBLKO
OXHO# KoOopAMHAUMOHHOE cdepoli.

Ornaxo, YTOGH CcJHenaTh aHANM3 MAKCHMANBHO NMPOCTHM, MH
WMCTIONB30BANH XJIA ONMUCAHUA B3AVMMOZEXCTBUA C KaXBo# M3 IBYX
KOODIMHANVOHHHX cdep aKCHANBHO CUMMETDPUUHYPD MOJEeNb B BUJE

2*#( )= Fg Z'L?EE +Gp S;{., . IuTepecHo, YTO oTrpaRMUeHMe

TaKO# MOJENbD, BMECTO NONHO! TEH3ODHOX, Xax BULHO U3 JanbHeHmero,
BOOCIle He CRA3HBAETCH HA DPALE OCHOBHHX PesyATATOB I cnaso
CKa3HBAaeTCH HA OCTANLHHX.

OrMeTyM janee clelypmee BagHOe O0CTOATeNbCTBO. KAk usBe-
CTHO, NPaBUIBHO MOCTPOEHRad XMHAMUYECKAR MATDUIA JAONEHA YXOB=~
JIeTBOPATL YCAOBYD OTCYTCTBUS AHM3OTPONHHX Hanpazenuit (T.d.
yenosus Bopua-Xyaura) (cM. [I5] ). Ovenn cymecTmemso, uTo 3ToO
YCNOBME He BHMOJHAETCH ABTONATHYECKM ANA MATDUIH I, . IT0
CBABAHO C TeM, YTO NPY NPOMIBOJIBHOM TADHOM B3AMMOKEHCTBUY MexLY
woramu  ‘P(E) B YaCTHOCTHM ¥ NpPH B3AMMOAEHCTBUH, ONUCHBAEMOM

2t v @t 2: »
2‘ y TEH30D cux - (QK‘QZP)zEE meeT BT ‘ez dr (te' ?)%%'

Yenosue pannonecng Lnd BCEero KpucTajna OTHOAL He MDUBOAUT K
YCJIOBMD \e‘ =Q_ .94 Te€s KAEJAA KOODAUHAIMOHHAA chepa He
o6s38Ha Haxoxurbcx B MEHUMYMe TapHOTO MOTeHIMAaNa.. Herpyxnno
MpOCNeRUTh, YTO MMEHHO CYWECTBOBAHME WIEHA NPOTIODPIMOHAXBHOTO
S*P B JIOCTATOYHO HECUMMETDHYHOM KDUCTaiNe NPUBOAUT K HApyue-
HUD cooTHowexu¥ BopHa-Xyaura. [l0aTOMy, B YaCTHOCTH, MOZEND,
OTMMpapmaics TONBKO HA YyU€T MATPUIH Dy B OOLEM ciyvae, Guna
OH BHYTDeHHe NDOTUBOPEYMBOIL.

B cooTBeTCTBUM CO CKa3aHHHM, yclOBMe LopHa-XyaHra JOAZHO
HAKNAJHBATHCH HA JUHAMUUECKYD MATPULY B TENOM.

7 paccMaTpUBAEMHX TeKCATOHANbHHX KPUCTANNOB OHO 0K&3H-
BAeTCH JKBUBANEHTHHM TPRCOBAHUD DABEHCTHA CKOPOCTE) NMONEPEVEG-

ro 3Byxe (coOTBeTCTBYREUX MOZyM® ynpyroctTd Cyy ), OnpeXeneHHHX
nz2 nanpapnenst I'M u UK B 0GpaTHOM NpOCTPARCTBE. JTO NPUBOAMT,
€CTeCTBEHHG, K yMEeHbHEeHMD YMUCHA -He3aBUCHMHX NAPAMETDPOB KOPOT-
xogeyicreua c wernpéx (£ )J:a) G, . G4 ) mo Tpéx.

3. QOHOHHHZ CTEKTP MATHUA

Ananv3s (OHOHHOI'O CHERTpE& TeRCATOHANBHHX METASROR MW
HauajmM C Margua, YTO B NEPBYyn OUepejhr CBA3AHO C TeM, UTC OH
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HaMGONee TTOJNHO M3YUeH C JKCNEDUMEHTANBHON TOUKM 3DEHKa [8] s

{o]

0Ip# MCNOAB3OBAHUM NCEBIOMOTEHIMANA XNA OINCAKERA AalbHO-
Aeficrsyprell yacTy BlauMOJeicTBMA MOZHO DA3NNYATH NPAMYD M
00paTHYR MOCTAHOBKM 38Jiayr. B paMrax npaMoyt 3afgau¥ MH JONZHH
BOCNONB30BATHCA 3IHAYEHUAMYU NCEBRONOTEHNMANA, NONYHYEHHOTO M3
HeNocpeACTBEHHHX DAcyéToB. Jna o6paTHOR 3ajauy NCeBXONOTEH-
UMan 3aMeHAeTCd MOJEeNbHHM ¥ napaMeTpH ero OnpeleNsNrcd X3 aga-
au3a caMoro $OHOHHOTO CHERTpA.

Lna warkius sajava DacCMATDUBANACH HAMK B OGOMX ACHEKT&X.

B nepsoM cxygae M BOCMONB3OBANHCH ANA NCEBJONOTEHIMANA
3HAYEHNAMM, TIONYYEHHHMM B padoTax Adaperkopa, Xeite u Asnwany
[16], [17], [18] . 3ror nceszomorTeHmMan ycnmemro BepHnuMpo-
BajdcA no MaMepenuaM Gopus epuMu-noBepXHOCTH MErEHA [19] "
omenxe aHepruu cpasu {20] .

OneMeHTH JIMHAMUYeCKO# MATDMOHN, COOTBETCTBYDNHE MNPAMOMY
EyNOHOBCKOMY B3aMMOZEHCTBMD,BHUMCHANNCE OGHYHEM 00Da30M, NyTEM
OpUBEXEHUR K OHCTDO CXOAAmuMcA DajaM Jsansia (nozpoGHHe dopmy- -
micu. 8 [47).

JNeMeHTH MATDHIN &, HAXOAMWIACH C WOMOILD YACTOT $O-
HOHHOTO CMERTD&, U3MEDERHHX axcnepmuentansho [8), [9] . fpu
9TOM INa OnpefeneHns LBYX KOHCTAHT f n G. mcrnorssose-
NUCH 3HAYEHUA JBYX ONTHUYECKUX HacTOT NpM Ei = 0. TpeTssa
KOHCTAHTA o onpefenanack JIA XOCTHXEHUA JyUmero OmUCaHNR
BeTpelt £ ¥ 2,, B TOYRe M . Yersépraa goncranra G, ne
ABRgETCH He3aBHCUMOft ¥ HAXOZUIACH M3 COOTHOmeHHA BOpHa-XyaHra.
B pesynbrare OHAY NONYUEHH cleXyDIMe UUCHEHHHe 3HAUEHHMA L4
KOHCTAHT

£ = -7,05.103 InH/cH,
£ = -7,55.103 InH/cM,
(:< = 0,46.103 ZHUH/CM,

Ga= O ,43.103 IVH/CM.

JTH 3HAYEHMA ACHO YKA3HBADT HA M30TPONHOCTE B3AUMOZeHCTBUA B
varamt ( FozFa 3 Ge=Ga )

Ha pHC.2 npUBOAATCS mNOJyYEHHbBIe HaMH JAHCHEpPCHOHHbIE
KpusHe 114 P(g_ U IKCTIEDUMEHTANbHHE TOYKM M3 pacor [8] ' [91.
OTMeTyM, YTO M4 BCEX DACCMOTDEHHHX CHMMETDMYHhX HAnpapaeHul
BeTBM KONeCaHuil ¢ noxapusanuaMyu BIONL OCH Zz OTZENADnTCA U
N09TOMy M3O0pAXeHH HaMu OTHenbHo. Ha puc. 3 M300pazeHd Te xe
IUCTIepCHOHHHE KDMBHE, HO 0e3 yuéTa KODOTKOJREeNCTBYNUEr0 B3&KMO-
Zefictsua. U3 cpaBHeHMs BHJIHO, YTO JaNbHOJelMCTBYDNEe napHoe
B3aMMofeitcTBMe CXBATHBAEGT OCHOBHHE UEDTH CNEKTDA, OJHAKO KOMA-
YeCTBEHHO XOpollee COOTBETCTBME TEODMM C IKCNEDPUMEHTOM XOCTHTA~
eTCs JNMWE NPU yuy&Te KOPOTKOJeHCTBUSA.

EcrecTBenno, uTo NCEBIONOTEHIMAN DIEKTPOH-HOHHOTO B3AUMO-
ZellcTBYA BHUMCHAETCA C OrPAHUUEHHO! TOUHOCTLD, NPHUEM HETOUHOCTH
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4yacTo BexMka B TOR ofmacTu g, , XOTOpas He OWAa BamHa Mg
ONpejeNeHNns JAEKTPORHHX CBONCTB, OJHAKO BARHA E19 (OHOHOB. llo-
3TOMY SBIAETCA DA3YMHOX NOCT2HOBKA OCDATHO} 3ajayd ¢ MOLENBEHM
NOTEHRUANOM ¥ CBOGOAHHMM napameTpaMi. B KAUECTBE TAKOTO MOZEAb-
HOro NCeBJOMNOTEeHOMANS MBI NPUHANAN MOTEHLHAN BUAA:

Vo r&v,

V(Y‘) = _EEZ

V‘

(5)

r >,

KOTOPH{t NMPeXCcTABNAETCA €CTeCTBEHHHM JAf BCelt KOHUENIMM nCeBRO-
noTeHIMana,. llapaMeTpd V, ¥ Y,  ABIADTCA CBOGONHHMHM. B’
MMNYZALCHOM HPOCTDAHCTBE ¢yPhe—-KOMIOHEHT& 3TOTC NOTeHMana cre-
Lypnas

z 3 .
\/( ):_\mZe Cos r°+Lll Yo V. S'WC(ro-q.V‘ow:qro
(1' ql_Q_ q r(&> (ﬁ,fo}" (6) .

3necy (2 -~ 00B8M, NPUXOXANMHUCA HA ONUH ATOM.
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LuanexTpuueckas NOCTOAHHAA M TONADUBAIMOHMHHIN oneparop B (4)
“BHOMpANNCH TAK X€,RaK B Clyuae pacuéra JOHOHHOTO CHEKTpa 0J0Ba
[4],[5].

Hecxoapxo ¢JOB 0 CXeMe, Nno KOTOpo#t pemarnach ogparHad
sejaya. 3ajaérca napa sHavenumft ( V., Co ). TeM caMuM non-
HOCTBD ONpefeNseTcA JaNbHOREHCTBYDNAA. YacTh B3auMofefCTBHA, a
OCTaNbEHE MNapaMeTpH, ONMCHBADMUE KOPOTKOZEHCTBUE, MOTYT OHTH
HajileHH B TOYHOCTHM K&K AJNA NpAMOJ NOCTAHOBKM 33jJauyi. B pesynb-
TaTe MORHO HAWTH 3HAUEHMA MOJLyJell ynpyroctu C33(Vo¥o) u

Cyu (Vo) . Teneps mmma nepecevenma kpwsHx C33(Vo%)= C330m
n " Cyy (VaVo) = Cyy(FxendompesiensieT uckoMuE DAEKTPOHAHE Napa-
METDH Vo ¥y .

OnMcaupEHit BHIe CNOCO6 pemeRMA OCPATHOM 3axauy C MOMOUBD
mogyne# ympyroctn Cay n Cyu  uMeeT crneXypmee BazHOe Tipe-
MMymMECTBO: €CHM yuecTh KOPOTKCIefCTBYDEHME BIGHMOAENCTBUA aToMa
CO BCEMM COGEeJAMM B TMNOCKOCTY Z = 0 ¥ CO BCEMM COCeRaAMHU B

MA0CKOCTAX = —i— , TpRu&M B nojHolt TeH30pHOR Moxen:,

3/eKTpOHHHe napamerpd Vo (o NoAyvanTcs npexHuMu. loaroMy
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APUGANKXEHHOCTE BWODAHHON MOJeau JAf ONMUCAHUA KOPOTKOJeMCTBHA
a6CONNTHO He CKasHBAETCA Ha 3HAYEHMAX Vo Y, (a Tarze ¥ Ha
BeTBax Romedanuii 83,0, J 5 ).

SameTnu emé, UTO C TOYKM 3PeHua odpaTHO# zazauy Gonee
YROOHHMH ABIADTCA HE3ABUCHMHE JNEKTPOHHHE napaMeTpd 9,0 Vo ,
rie Q.o oOmpejendeT NepPBHH HONB NCEBAONOTEHIMALA (v(q.,): c ).

B pesyasrare npUMEHEHUA ONMCAHHON cxeMd OHAM HalXeHH
caeyonne napaMeIpH (MATH HeB3ABUCHUMHX) !

o = 0,88.1078 cu,

4o = I,54 -Ke (Vo = ~465 €& ),
fo = -16,3.10° mun/cu,

£ = -I5,3.10° mun/cw,

G =  2,18.10° gum/cw,
Ca= 2,08.103 ENH/CM.

Ha puc. 4 maodpazxer GOHOHHHI CHEKTD,HafifileHHH} C MOMONLD
NpHBEJIeKHHX NapaMeTpoB. BujHo, yTO Hadinjaerca xopouee CO-
TAacUHe TEOpHU C axcnep}memou: B radnaune I npuBOJAICA JaHHHE
OTHOCHTENBHO MOXyJNelt ynpyrocry, M3 KOTOPHX MOXHO CDaBHUTL C
BKCNePUMEHTOM pes3yJnbTalH NpaAMo#t ¥ ofpaTHO¥ s3axauM XA Ng A
TaKxe OTHOCHMTENBBHI BKJAX JadrHOfZeHCTBYDmEro M KOPOTKOZEeHCTBYD-
mero p3amMofieitcTeus. Moxyns C(3 He MOZeT OHTH HaliieH u3
paccuaTpiBaeMiX BHCOKOCHMMETDUYHHX HanpapleHuil M Onpesenancs
U3 HanmpaBieHMs ¢, o Nexamero B HECHMMETDHYHOM HANDABACHUH.

9KCNepMMeRTANEHNE J8HHHe B3ATH u3 padotw [2I |,

Tanauma 1. (Momynu ynpyrocTd AAHH B eXWHULAX IOH—E%ﬂ )
cM

NcesgonoTes~]| IcepronoTed~ OdparHas | Oxcnepu-
maan X, A. man X, A, + 3ajaya MEHT
KODOTKOAeH-
CTBHE
Cu 7,20 T 4,29 6,63 5,97
Cs3 8,95 5,03 6,17 6,17
*

Cuy 1,95 1,50 I,64 I,64
Cce 2,0 1,32 I,82 1,67
Cqy - 0,76 2,54 2,17

HHTeDeCKO TAKEe CDABHUTH HaRfieHHu}t MOJeAbHHE nceBAONOTeHuuasn

¢ BHuMcieHHHM B padote [I7] . Ha pHC. 5 NpUBOZATCA COOTBETCT—
ByOmUE KDUBHE XA Qypre-kommoHeHT. OHM BechMa OCAMBKH JIDYT K
EDYTY, B UACTHOCTM GONH3KK 3Hauewns (o ( V(4e)= 0O ). O1-
METHM RCTATH, YTO HaWEEHHNN DapgMerD Yo  OKasanca CAM3RMM K
BeJIMYKHE paguyca MHOHa Hg”(0,78A[I71 ), UTO MONHOCTBE COOTBET-
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'
CTByeT MCXOJLHO¥ XOHIENmMM MNCeBRONOTEeHIMaka. B 3aKADUEHUE 3TOTO
pasfena o0paTUM BHUMAHMEe Ha CleXypmee BaxHOe OGCTORTENLCTBO.
Kax noxasupaeT o0mUi! TPYNNOBO! AHANU3 B TOUKE K. (cem.puc.I),
3HauyeHna QOHOHHHX YacTOT ONpeXelADTCA BHDAKRCHUAMM:

CO«L= ke fb: +*Im :b:?

Ky
wp = Fe 31‘:"3'& :1)1? + 2R 3)1:.)(

b S X (7)
Wit = Re Dig tIm Dt K
B Y

.

X

¥ . 4
f = Re D - Im DY - 22 Dy

Ecnu On HenapHoe B3auMojelicTBMe OTCYTCTBOBAJNO, TO, KAK JETKO
noxasarb, Jm 3):1" =0 . B aToM cayyae 3HAYEHMA YACTOT o
" (,\;:' OTJeNeHH HA DABHOE pacCTOfHNe OT BHPORZEHHHX YaCTOT
(_le: f . [lpv HanMuMu HemapHHX CHJ KAaDTUHA MeHAeTcs. Te-
neps BHDOEZCHHHN YPOBEHb (D= (D5 CMEmEH OTHOCHTENbHO
HeHTpa (‘_Ji;’;fﬁ"z Ha semuumry L Im D0 . Takmy
00pa30M, MOABAAETCH UHTEPECHAH BO3MOXHOCTH NPAMOTrO ONpeXeNeHus
MaCWTata HEeNmapHOTO B3aMMOJeWcTBUSA.

K cozanenun, VMepLMeCH TNOKA JKCNEPUMEHTANbHHE JaHHHE
[9] ue AanT BO3MOXHOCTM CKONBKO-HMOYAb OJHOSHAYHO OUEHUTH BTY
BEJUUMHY «

4, SOHOHHH CIIEKTP EKCATOHANEHHX METAJNOB ( Be ,Mg,Zn)
¥ PONb KOBANEHTHOCTH

X0TA rekcaroHalbHHE MeTanNH 0Cpas’ypT BO MHOTHX OTHOWS=~
HUAX DOJCTBEHHYD TDymny, OHM TeM He MeHee 3HAYUTEJBHO OTAMYa~
DTCA XPYyr 0T Ipyra no ¢uauyeckuM CBOMCTBAM. Kak HaM npejcTaBiseT-
cf, BTO B pelammell CTeMeHM CBA3AHO C PA3NAUMEM B KOHKDETHOM Blje
NCEeBIONOTEHUUANOB JIAA COOTBETCTBYDUUX MOHOB.

Tagoe paszauyue YETKO MOXHO NMPOCNERNUTH H& MpUMepe noseje-
wng dynxmai - W(9D  (cm. (4) ), noCTPOEHHHX C NOMOmBD
3HayeHuit, BIATHX U3 PadoTH [18] . Ha puc. 6 npuBORATCA 3TH
KDUBHE BMeCTE C DACMoNOReHMeM Gnaumaitmux y3naoB o6paTHoyt pemé&TrM.
(YacTy XpupHX 1nd qq/KF > 4,2 TPUBOLATCA B YBENMUEHHOM Mac-

pragde),

HeTpyZHO saMeTUTb De3KOe pasjnuile B NoBeXeHun "xmsocTa”
dyHxmmu W(cp . Ono orpazaer TOT dakr, uTo napamerp
VK/EF AN Y3M0B 0O6DATHON peméTKH \E\ > 2ke orasepaercs Cy-
ieCTBEHHO COjblle B CAyvae Be un Zn y UEM B Ng . Ho
MMEHHO 3Ta OGNACTH ONpexenfeT KOPOTKOAelicTpypmee B3aUMOXeHCT-

sie kosanentsoro tuna [4], [5] .+ Oro cpasy sacrasnser xymars,
yTO OGPEKTH KOBANEHTHOCTH B Be M <\ JONEHH GHTL BHDAZEeHH
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3HAYNTEJBHO ApYe, ¥ MOBTOMY GOHOMHHI CMeXTp BO BCeX TPEX CIy=-
yaax JONKEH CYMEeCTBCHHO DA3NMYATHCA.

Jag TOro 4ToOH BHABMTH NONYUARULYDCA KADPTHHY B Haudojee
yEéTKo}t dopMe, MH BOCMONB3OBANUCEH IAA BHUNCKEHHA (OHOHHOTO
CNexkTpa XA BCErO PANa METANNOB 3HAUECHUAMY NCEBRONOTEHIMAala,
HAleHHuMU B pamxax ofworo mpusimxenus (161, (171, [I87.

Ilpn 3TOM ZA8 ONpeleNeHUa TPEX NepaMeTpoB KOPOTROXeNCTBYD-
NMEeTO B3AMMOJEVCTBUA UCTONBLB0BANACH TA X€ CXeMa, YTO M B CAyyae
MATHUA,

Ina Gepunaua noxyvawrcs cileXyomyue 3HaAYeHHA NapaMeTpos
(M3 HMX TONBKO TP HE3ABUCHMHX)S

F = -89,5.103 AuH/cM,
fa = -78.,10° mum/cx,
Ge = 11,7.10° zun/cu,

Ga = 8,73.10° zun/cu.

Ha puc. 7 npuBejeHH OKOHYATeNhHHe Pe3yXbTaTH pacuéra mns Be
U SKCNEepUMeHTalbHHE 3HAUEHUA, NONyYeHHHEe B padoTe [71 . (B
3TO#f pasoTe He CHNM MPOU3BEJEHH MBMEDEeRMs JAs XBYX BeTbelt
Broap IH). BuyHo, uTO noayyaercA HEMNOXOe COrjacHe MexXy Teo-
preil M JKCNEPUMEHTOM, OCOCEHHO €eCJM yuecTh NMPOCTOTY UCTONB~
30BaHHON CXEMH .

Ha puc. B M306paZeRH AucHepCHOHHHE KpuBHe Lna B€  npu
yuéTe nvmp napuoro JanbHoLelcTBynmero B3auMojedcTaus. U3
CDaBHEHUA BUJHO, UTO HENapHOE B3aMMOjefficTteMe urpaer s Be
ype3BHYaiino GOARMYD DONb. MHTepecHo, YTO Jaxe NpPU BAPHUDPOBAHUN

NCEeBJONOTEHIMANE B IHUDPOKUX Npefenax pOoAb KOBANEHTHOCTH CO-
xpangerca. CrefyeT AYMaTh, YTO WMEHHO MO 3TO} NPUYKHE B padoTe

Kénnens u Mapagyiuna [22] y TH€e BNepBhe JNd ONHCAHUA JUHAMUEU
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Be yunruBanach poab BAEKTPOHOB, HO TOMABLKO B NADHOM MPHOIUEE—

HUM, He yJaNoCh JOCTIMYDP XOpOomero COraacma C IKCHEePUMEHTOM.

Nlepeftnén Tenephs K aHanu3y IMEKA. ECau NpOBECTH paccMOTpe-
HUe, aHaJoruyHoe P(g n Be s TO A KOHCTAHT, ONMUCHBADMUX

KODOTKOJAENCTBHE, NONYUMM CAeJyDmMe 3Hauenus (kak ¥ panbme,

TONBKO TDH NADAMETDA HE3ABUCHMH) !

fe
fa
Ge

Ga

"

]

n

14,85.10° guu/cu,
3,82.10° amu/cu,
-1,57.10° guu/cu,
Y ;61.103 Ivu/cM,
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PesynrTaTd pacuyéra (OHOHHOTO CHEKTPE M OKCMEPUMEHTANbHHE TOUKM,

nonyuennse  padorax (101, [11}, (12) , npusezenu na

puc. 9.

Bpocaerca B raasa pas’auyue B BeNMUMHE UENM MEELY IByMA

BETBAMYU 2:3 B Toyxe ™ ..OHO He MOXeT OHTL YCTDAHEHO 3& CUET
UCTIONB30BAHMA 00me}t TEH30DHOH MOJAeny A4 B3auMOJAeHCTBUA € OMU~

saftuuMu xoopAMHanUOHHHMY cdepamu. C IDyroff CTODOHH, KaK MH yxe

0TMEuanH, mnapaMerp VE/e ma CYLECTBEHHHX Y3JA0B o6paTHOW pemér-

KM B i

¢ nonapusanue#t sronr Z

He OYeHb MAN, ¥ NMOITOMY HENapHoe B3aMMOJeHCTBUME B
NPAMOM NPOCTPAHCTBE MOXET OKA3ATLCA 3ATAHYTHM HA COJbWEE Dac-
crosnve (cM. (47 ). B 2704t cBA3M MH NDOBEAM DACUET, BENOUUB
BAMMOZEHCTBHE €O caefypuieil (TpeTheit) KOODIMHALUOHHON cdepoii.
TIpn 9T0M, NOCKONBKY HAC MHTEDECOBANM TONBKO BETBM KOJeSaHMI

y MH. BHODanu npocTefunit BuUX B3AUMOAeii-

2e
CTBNA C eNMHCTBEHHHM NADaMETPOM, OTJMYHHM OT Hyiaa D® =1.48-(0%2 .
3sMeHeHHHe AMCNEDPCHOHHHE KDPUBHE OGO3HAUEHH HA DUC. 9 NYHKTUPOM
{ocTanbHNe BETBM M3MEHALTCS HESHAUUTENBHO HIN BOBCE HE MSMEHANT—

£A). Cornacue TEODUM C DKCTIEDUMEHTOM CYWECTBEHHO yIyylaercd.
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Ha puc, IO npusogurca GOHOHHMY CNeXTD B Ly , COOTBEICT-
BYDUME yuETy TONBKO NAPHOTO JANBHOXEHCTIBYRMEro B3aMMONEHCTBUL.
CymecTBEHHO, YTO CNEKTD KONeCaHWil B 3TOM CIyyae B OTJNUUME OT
P49 1 BPe oxaswsaeTcs HeycTONuMBHM. MU HANWUME CHABHOTO
KOBaJEHTHOTO B3AMMOJEHCTBMA B CYNMECTBEHHOV CTENEHM CTACUIN3UDY-
eT peméTKy. OZHAKO Jaxe B OKOHUATRNAbLHOM crexTpe (puc. 9) co-
Xpausercs aHoMaibEuli xapDaxTep MOBEJeHNd IUCMEePCHOHHHX KPUBHX
OpU MAIHX Zi . Taxve aHoMan MM, Kax ¥ HEyCTOMYMBOCTH CIEKTDPA
npY yuETe NMUb NADHOTO B3AMMOLEHCTBUA, ABAADTCA NPAMHM CAEACT-
BUEM CHEeUMPUUECKOTO XApaKTepa 3aBUCUMOCTH \/(Ei) LN 1MHKA.

A8 TOTO YTOGH NpPOAHAJNM3UPOBATH 3TO,DACCMOTDHM IIA
npMMepa noBeJeHVe ONTHYECKON YACTOTH mpH Ei = 0 ¢ nonapusa-
umedt sgons Z . Hemonesys (3), MOZHO MONYUNTH INA Hed ClefyD-
Hee BHDAZEHUE:

cottor = o [(CEOV, 5 ey )]
K#o

34ech TepBHY UJEH ONHCHBAET BKJAAL OT UMCTO MOHHON pemBryM, a
BTOpPOHl — BXNAY NMAPHOTO B3AUMOJEHCTBMA yePe3 INEKTPOHH. KAk He-
TDYNRO BUJETH, OCHOBHOM_BKEaJL B cymmy (B) KanT SxBUBRICHTHHE

V3N 0GDATHOW DemsTHN K = 001 ,00-1 . Hcnonsaya fanee,
Y10 AJNA OTUX Y3JI0B  Co> § s TOJIyUmM ¢
2 2 Oz uay(0) )7;
Oy (0) = % [("‘w—o"‘ -~ 2y (001) 9

lng Zh, (&D_&;ou(°)>; 0.9S R o 2_1.}!(90{) ~ 0.941

MW BMAMM, YTO NMPOMCXOZUT NMOUTH NMOKHAS B3AWMHAA KOMIEHCAIMA
JJMIeKTDOHHOTO U MOHHOTO BKJAJOB. OTO COBEDHmEHHO ocodas CUTyammd,
CBOJCTBEHRAS IMEb W , ¥ OTCYTCTBYyWHAs B Be ¥ N9 (s Be ,
HCnOb3Y (9) momyuum 2ot (0) % O.¥Yy W ,aB M
wa(O) 0,30 > ). Hpu Takoy xomnexHcanuu GOHOHEHYE CHEKTD
CTAHOBUTCA OYEHb YYBCTBUTEJNBHHM K OCOGEKHOCTSAM NCEBROMOTERLMANE
B WHMPOKO¥ ofnacTu 1, . Ho-BupuMoMy, aHOMaNNY, HAGAOABBUHECH
JKCNEePUMEHTANbHO B /. , YMEHHO TAKOr0 MPOMCXOXIEHMSA.

HHTepecHo Xanee, yTo 06NACTH NCEBJONOTEHIMANS BOMM3M

= 00I, cToNp BaxHas ANA QOHOHHOTO CHEKTDA PACCMATDUBAEMHX

MeTaNioB, AGCONDTHO He JaBT BKNaJa B 9JEKIPOHHHe CBO{CTBA
u3-58 OGPAmEHHA B HYNb CTDPYETypsHoro ¢axTopa craruyeckoyl pemer-
K ¥ [03TOMYy He MOXET GHTb BEDUQMIMDOBAHA U3 DKCNEDUMEHTOB,
OTHOCAMUXCA K BMEKTPOHAM«

B 270} CcBA3X 0COGYD DOJAb NpHOGpeTaeT o0parTHas 3ajgaya.
OXHAKO GONbuas YYBCTBUTENBHOCTH K KOHKPETHOMY XORY NCEBAO-
NOT eHIIMAAE V(E{',) JenaeT HeOOXOIUMHM MCHOAb30BAHHE MOJENBHO-
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ro moTeHmMana B GoXee THOKO!t dopMe, Hexenu mpocras opua (6)
WIM aBaJOTMyHHEe JByXnapaMeTpUuecKHe BHDAXEHMA ADYyTHX aBTOPOB.
MoXenbHHR MOTEHHHAN JOAEEH ROMYyCKATH CPABHHTENHHO HE3aBUCHMHE
K3MEHEeHHA B OGNACTAX ‘L(q,o n q,>q,, . Taxas sajfava
JlenaeTcd B HACTOANEEe BPEMA.

3aMeTHM B 3aKJADUEHHE, YTO, B CHIYy CKA3AHHOrO0, UMHK ABAA-
eTCAd BECHMA YYBCTBUTENbHHM OOCBEKTOM T&KEE JJNA aHaNIU3a CTPOTOMH
odpaTHO}t 3ajauy, NPH KOTOPO# XonxeH OHTH MCMONAL30BAH ABHHI BUZR
Ing HenapHoft yacTH B3aMMOKeHCTBMA Kak (QYHKUMOHANA V(f{,)
(cu. (4], [57). B arou cnyuae B samaue, ecrecTseno, He
0CTa8TCA HUKAKUX CBOGOZHHX NapaMeTpoB, KpOMe BUJE aMMNUTYIH
9NIeKTDOH~HOHHOTO DACCEeAHUA.
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LATTICE DYNAMICS OF Cuy - Nix

M. SAKAMOTO AND Y. HAMAGUCHI
JAPAN ATOMIC ENERGY RESEARCH INSTITUTE,
TOKALI, IBARAKI, JAPAN

Abstract

LATTICE DYNAMICS OF Cu,_, -Ni,. The phonon dispersion relations for the (110) direction in the
alloy Cugy,q -Nig,, and pure copper have been measured by the method of inelastic scattering of slow neutrons
using the time-of-flight spectrometer at the 10-MW research reactor JRR-2 in Tokai. The measurements
were made at room temperature. There are significant differences in the shapes of the dispersion curves
for Cug, 4 ~-Niy,,, as compared with the results for Cu. Those of Cu,, ¢ -Niy,, show large anomalies in the
range of reduced wave number q = 0.5 to 1.1 for both 1 and T, branches. This is in contrast to the very
smooth behaviour on the dispersion curves for copper and also for nickel. The range of the forces of inter-
actions was determined by performing least-squares fits of the experimental dispersion relations for Cu
and Cug g -Niy , to Fourier series of the form 4m®Mp? =% Ay(1 - cos nmq/qp,), where A represent the
interplanar force constants for the nth neighbour's plane. For Cug, ¢ -Nig,; seven planes at least are needed
to fit the observed dispersion curves in both branches, as compared with three planes needed to obtain a
reasonable fit for Cu. This fact indicates that the force constants between distant neighbours for alloys are
larger than those for Cu.

1, INTRODUCTION

The Tokai Laboratory time-of-flight spectrometer was put into oper-
ationinthe fall of 1965 and the conversion of the usual neutron diffractometer
to the tripe-axis neutron spectrometer was completed in the spring of last
year (1967), Since then neutron spectroscopy studies on lattice vibrations,
magnons and so on have been started, This report describes that part of
the results which concerns the lattice vibration of alloy systems,

It has been recognized that in the lattice dynamics of metals the deforma-
tion of the electron density within the ions plays an essential role through
electron-phonon interactions, In the case of nickel the electronic band
structure and the Fermi surface are believed to be similar to those of
copper, whereas there are holes in the d-electron shell, The overall dis-
persion relations for the normal mode of copper [1-8} and nickel [9-10]
show very similar behaviour. They are generally rather smooth and do
not show Kohn anomalies, The ratio of the frequencies in nickel and those
in copper is almost constant at about 1,24 [1] in the full range of the
phonon wavevector, This should be attributed to the difference of the force
system through the electronic structure in two metals, because the masses
of these metals are not very different, The Fermi surface and the electronic
structure primarily depend on the electron concentration, The effect of
different electron concentrations could be studied in the disordered alloys,
The alloys of copper-nickel system form a complete series of substantial
solid solutions, all having a face-centered cubic structure, The study
of the lattice dynamics of those alloys was undertaken in the hope that
some pattern in the correlation between the electron concentration and the
lattice vibration could emerge,

181



182 SAKAMOTO and HAMAGUCHI
2, APPARATUS

The measurements of the dispersion curves were done with two kinds
of spectrometer, a time-of-flight spectrometer and a triple-axis spectro-
meter, These spectrometers are at the 10-MW research reactor JRR-2
in Tokai. The time-of-flight spectrometer is composed of three rotors
which are connected electronically with one motor each, Their rotational
axes are parallel to the neutron beam, The speed of rotations and the
relative phases between each rotor are controlled by a digital control
system [11]. The rotor controls are in multiples of 0,6° in phase and
0.1 rev/sec in rotational speed, The distance between the first rotor
and the third rotor is 3 m and the flight path between the sample and the
detector is 2 m,

In the triple-axis crystal spectrometer the single crystal for a
monochromater and an analyser are usually Cu (111) and Al (200) respective-
ly. Spectrometer movements in the scattered, sample and analyser
angle are in multiples of a 0.01° step and controlled by a program
tape, The normal mode of operation is constant-Q,

The single crystals of the pure copper and the alloys were grown by
the modified Bridgeman method., The crystals used for the measurements
were about 3 cm in diameter and 4 cm long, The mosaic widths of these
crystals were about 1/3°, The lattice constants were measured by X-ray
diffraction, They are in agreement with those given in the literature [12],

3. EXPERIMENTAL RESULTS

The measurements of the frequency wavevector dispersion relations
for the normal modes of vibrations propagating in the [110] direction were
made at room temperature for Cu, Cugy g5 -Niy o5 and Cuy g -Nig 3., The
dispersion curves obtained by the time-of-flight method for [110] L, T,
and Ty branches in Cu are shown in Fig,1, The errors estimated with
regard to the counting statistics and the shape of the neutron group are
about 4% in frequency, The dispersion curves of the lattice vibrations in
Cu have been studied by several authors, The present results are in satis-
factory agreement with the results of Sinha [t], and Svensson, Brockhouse
and Rowe [7] for the three branches in the [110] direction.

Figures 2 and 3 show the dispersion curves for the (110} L branches
in Cug g -Nig ; and for the [110] Ty branch in Cug g5 -Nig o5 and Cug g -
Nig,; compared with the curves for Cu, shown as a broken line, The
results for Cug g -Nig ; have been obtained by using the time-of-flight
and constant-Q methods, and those for Cug g5 -Nig g5 by the constant-Q
method only, As compared with-the results for Cu, there are significant
differences in the shape of the dispersion curves for the alloys, The
errors estimated for the results obtained by constant-Q operation of the
triple-axis spectrometer are about 2% in the low frequency region, In the
region where the anomalous features of the dispersion curves are observed,
however, the errors estimated with regard to the counting statistics and
the shapes of the neutron groups are larger than 5% in frequency, This is
because, in the alloys, it has become rather difficult to observe the well-
defined neutron peak in the good statistics in the anomalous region. This pheno-
menon should be attributed to the change of the focussing conditions in the
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FIG.1. The dispersion curves for Cu in the {110]L, T, and T, branches. The solid lines are the results of
Fourier fitting for k=17,
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184 SAKAMOTO and HAMAGUCHI

8 T T T T

| B T
|
Cu-Ni (110} T2 Branches !
t &
Tr | ]
) /
vy /
4V ey
6 o // ! b
v P I
) s/ I
g 5 L/ I B
= / |
~ o ,//// t
!
5 4f / | .
z 24 I
w // |
4 5 // © For CuosNio) by TOF.
w /@ For CuosNios by Const-Q
u- // & For CupesNigosby Const-Q
2 / Fitted Curve for Cugg Nio H
/ —-— Fitted Curve for CuggsNiood
/’ —~—— Fitted Curve for Cu
N/ ! B
/ |
o L | ! 1 L | I

(o] 02 04 06 08 1O 1.2 14
% 2w

FIG.3. The dispersion curves for Cu, oNi, | and Cu, o “Nig 4 in the [110] T branch, compared with the
curve for Cu. The lines through the points are the results of Fourier fitring for k = 7.

triple-axis spectrometer, due to the change of the slope on the dispersion
curves in the alloys,

The dispersion curves for the alloys show large anomalies beyond
the reduced wavevector q = 0,6, In the [110] Ty branch the local minimum
and maximum of the dispersion curves in the alloys moved to small q as the
concentration of nickel atom increased, In the {110] L branch of the
alloys Cuy, g ~Nij ; the flat part was observed in the range of the reduced
wavevector q = 0,6 to 1,1, These features of the dispersion curves in the
alloys are in contrast to the very smooth behaviour of the dispersion curves
for Cu and Ni,

Following Foreman and Lomer [13], the range of the forces of inter-
actions was determined by performing a least-squares fits of the experiment-
al dispersion curves to Fourier series of the form

ar?My? = z A,l1-cosnmq/qm )]
n

where A, represents the interplanar force constants for the n'h neighbour
plane and qp; is one half the distance from the origin to the nearest reci-
procal lattice point in a certain direction, M is an average atomic mass
and v is the frequency corresponding to the wavevector q, For the alloys
seven planes at least are needed to reproduce the qualitative features of
the observed dispersion curves in every branch, as compared with three
planes needed to obtain a reasonable fit for Cu, The results of the Fourier
fits taking n = 7 for every branch on the dispersion curves in Cu and the
alloys are shown in the figures as the line through the measured points,
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TABLE I, COMPARISONOF INTERPLAVNAR FORCE CONSTANTS FOR
THE[110] T, BRANCHIN CU, Cug g5 -Niy s ANDCug g -Nig
(Units 104 dyn/em)

{1101 T, A, A, A, A, A A, Ay
cn 10.62 | -0.65 0.32 0.03 0.08 -0.31 0.11
Cuy, o5 “Nig o 9.17 | 0.19 1.62 -1.65 0.88 -0.81 -0.22
Cug,-Nig, 9.63 0.03 1.95 -1.46 0.01 0.69 -0.45

The interplanar force constants obtained from the fits, taking n = 7 for

the {110] T, branch in Cu and the alloys, are given in Table I, It can be
seen that the signs of the force constants are changed as the nickel concen-
trations increase, The magnitudes of the force constants for the alloys
are smaller than those of Cu for the first and second neighbours, However,
the force constants for the distant neighbours in the alloys are larger than
those of Cu, * )

4, CONCLUSION

If there were differences in the force constants between pairs of atoms
in the disordered alloys, even though the masses of Cu and Ni are similar,
the neutron groups observed would show a broadening in the energy distri-
butions of neutrons scattered by coherent and one-phonon processes from
the single crystals of alloys, A similar situation could be considered
if strong coupling between the phonons and the electrons in the Cu-Ni
alloys exists, It was difficult to investigate the width of the neutron group
in detail in the present experimental arrangements., However, the observed
neutron groups for the Cu-Ni alloys do not show strong evidence of the
increases in width, This is similar to the features observed for Mo-Nb [14]
and Bi-Pb-Ti [15] alloy systems., From this fact the electronic structures
and the general appearance of the phonon dispersion curves in the alloy
Cu-Ni could be considered substantially analogous to the pure metal,

In addition, it appears that the dispersion curves are systematically de-
pendent on the electron concentration, Therefore, the anomalous features
for the dispersion curves in the Cu-Ni alloys imply that the long-range
forces through the electron-phonon interaction increase as the concentra-
tion of nickel increases,

If the rigid band model is reasonable for Cu-Ni alloys,the phonon
dispersion curves might be similar in shape and slightly larger in frequen-
cy than those in Cu, Therefore the large anomalies observed in Cu-Ni
should be attributed to the electron-phonon interactions taking into account
the a-electron holes of nickel atom, and probably suggest the breakdown
of the simple rigid band model, However, no attempt has been made to
correlate the observed anomahes with the actual Fermi surface for the
Cu-Ni alloys.
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OBSERVATIONS OF THE KOHN EFFECT
IN COPPER
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STUDSVIK, SWEDEN

Abstract

OBSERVATIONS OF THE KOHN EFFECT IN COPPER. The dispersion relations for phonons in copper
have been investigated by neutron spectrometry in regions where the Kohn anomalies are expected to be
large, and where simultaneously the phonon frequencies can be determined with good instrumental
resolution. Phonon frequencies are obtained with estimated errors of 0.2%, apart from a possible
systematic error, Anomalies have been observed, and they may be interpreted in terms of several
points in the central (2,2, 0) section of the Fermi surface, in agreement with determinations by other
methods. As is expected from earlier experiments and theoretical predictions, the Kohn effect in
copper is weak and very careful measurements and analysis are necessary to make the anomalies
observable with the techniques now available.

INTRODUCTION

In 1959 Kohn [1] predicted that an image of the Fermi surface should
be present in the phonon spectra of metals. This image results from
the screening of the lattice vibrations of the ions in metals by the
conduction electrons, which reduce the interionic forces and lower the
phonon frequencies. This screening decreases abruptly at certain
phonon wavevectors that can be said to lie on a Kohn anomaly surface,
and this is in principle related in a very simple way to the shape of
the Fermi surface. If the phonon dispersion surfaces in a metal can
be determined with sufficient accuracy for the Kohn anomalies to be
observed, one has a very direct method for determination of the
Fermi surface. In lead [2]this method has already been used for an
extensive study, and in many other metals (with three or more conduc-
tion electrons), among them niobium, molybdenum [3] and aluminium [4],
Kohn anomalies have been studied. In other metals, e.g. sodium [3] and
copper [5], and other metals with only one valence electron, it has not
been possible to see the effect in measurements with an accuracy of
about 1%.

The shapes, magnitudes, and positions of the Kohn anomalies play
a prominent role in a comparison between theory and experiment and
an experimrental determination of the Kohn effect is of interest even for
this reason. '

For copper the Fermi surface [6] is rather well understood from
other experiments and calculations, very good single crystals are com-
mercially obtainable and the neutron coherent scattering properties
are favourable. Thus, from the experimental point of view, this metal
seems suitable for precise measurements of phonon dispersion relations.
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We have made a series of measurements at 80° K in order to investigate
the strength of the Kohn effect in copper. A triple-axis crystal
spectrometer [7] at the R2 reactor at Studsvik has been used. The
same instrument and similar technique have earlier proved successful
in the same kind of measurements in aluminium [8].

THEORY FOR KOHN ANOMALIES

In his first paper, where he pointed out the effect, Kohn treated
only a completely convex Fermi surface [1] containing non-interacting
electrons. It was considered possible for the phonons to cause virtual
excitations of the electrons with conservation of momentum for phonon
wavevectors q < 2K, but not for q > 2K, where K, is a radius of the
Fermi surface. The Kohn anomaly surfaces in phonon q-vector space
are in a general case given by

-

q+ G=K,-K, (1)

where Rl and 122 are two diametrical points on the Fermi surface, q is
the phonon wavevector and G is any reciprocal lattice vector. It was
thought that there should be an anomalous change in w(q) at these q
values (w = phonon frequency) and the magnitude of the anomalies was
expected to be of the order of per cent.

The Kohn anomaly surfaces are easily constructed by drawing the
surface with radius 2K; around every reciprocal lattice point. The
sign of the anomalies is given by considering where electron scattering
is possible or not. On the side where it is possible there is a negative
contribution to the frequency [9].

A semi-quantitative estimate of the magnitude of the anomalies was
later (1961) made by Woll and Kohn {10] when the effect had been observed
by Brockhouse et al. [11]. According to Woll and Kohn's treatment for
Bloch electrons the magnitude of the effect ought to be very small, and
they could not explain why the effect could be seen at all within the
experimental accuracy. Harrison [12] has suggested that the anomalies
come from the energy-wave number relation for electrons, but this
seems now to be a less probable explanation.

Taylor [13] has treated various factors affecting the magnitude of
the anomalies. He considers not only Fermi surfaces that are completely
convex, but also multiply connected surfaces, which are in better
accordance with real conditions. This gives rise_ to ngw Kohn anomaly
surfaces for which formula (1) is still valid, but K, - K, need no longer
be a diameter of the Fermi surface, but is just a chord between two
points on the surface with parallel tangent planes, and the interpretation
of the Kohn anomaly surfaces in terms of Fermi surfaces becomes in
this general case much more complicated. According to Taylor the
anomalies come mainly from an 'energy denominator' where the phonon
frequency plays an important role. This seems to be at variance with
other treatments {12]. In a comparison of the magnitude of the Kohn
effect in different metals, Taylor finds that the dominating factor is
the valence, which enters in the third power in his formulas, and
accordingly he concludes that the Kohn effect should not be observable
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in copper or sodium, with only one valence electron per atom. Some-
what different results, especially for non-diametral transitions, have
been obtained by Roth et al. [ 14], who consider some of the anomalies
which Taylor says are strong to be non-existent on account of cancella-
tion when inversion symmetry is taken into account.

Vosko et al. [ 15] have made an extensive calculation of phonon
dispersion curves in sodium, aluminium and lead. According to their
calculations, the relative smallness of the Kohn anomalies in sodium
are due mainly to the structure (bcc in sodium and fcc in lead,
aluminium and copper) and in a less degree to the valence. This
supports the idea that it should be possible to see the Kohn effect in
copper at 80°K with a somewhat better resolution than that used by
Svensson et al. [5], but it should be considerably more difficult in
sodium.

Stedman et al. [2] have given an account of the interpretation of
experimental Kohn anomalies in terms of points on the Fermi surface,
and the method has been applied to lead.

PREVIOUS MEASUREMENTS

There have been several determinations of phonon dispersion
curves in copper, of which the most recent was at room temperature by
Svensson et al. [5]. They reported that no Kohn anomalies could be
seen, ''though they probably exist and might be seen at lower
temperature and/or under very high resolution''. From one point of
view the Kohn anomalies result from long-range atomic forces, and an
analysis of their results also showed that there are forces out to at
least sixth-nearest neighbours.

EXPERIMENTAL DETAILS

The measurements were made on a triple-axis spectrometer [7] at
the R2 reactor at Studsvik. The sample was a plate 1 ecm X 5cm X 6 ecm
kept at 80°K in a cryostat cooled with liquid nitrogen. The mono-
chromator and analyser were copper crystals with the [220] reflection.
The constant-Q method [16] was used all the time. The setting of the
angles of the instrument are given by a computer which calculates the
positions for the arms and tables of the spectrometer for specified
energy and momentur_x} transfers when the ingoing wavevector El or
outgoing wavevector k; is given. All movements are punched on a
tape which is used to control the spectrometer. For every phonon peak
the same program produces a table of estimated instrumental energy
and momentum resolution for a given value of the slope m of the phonon
dispersion curve. A list is also produced which shows individual con-
tributions to the resolutions from the collimators before and after the
sample as well as the individual contributions from the analyser and
monochromator mosaic widths. Some of these contributions are
dependent on the four possible beam paths, and for them all the possible
values are given, as a check that the best possible conditions have been
chosen. Furthermore, there is a list of the variation of the energy
resolution with m for ten values around the one given. And finally there
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is a table showing the variation of the resolution with k, (in order to
show if 'focusing', i. e. the best possible resolution with a certain
intensity {17, 18],is obtained or not). Either k; or ky can be chosen as
desired within reasonable limits.

Every phonon peak is measured with k, fixed to avoid variation of
the analyser efficiency, but for every new phonon in most series where
a Kohn anomaly has been sought for, k; has swept over the same values
to avoid influence from possible spectral variation in an extended k;
range or a possible change in the background. (Change in k; means
that the sample is moved around and some of the shielding must then
also be moved, which can cause variation in the background.)

Figure 1 shows a possible shape of the intersection of the [110]
plane with the Fermi surface (the outline is reproduced from Segall[6]).
In the [200] direction, phonons of wavevectors corresponding to, e.g.,

F1G.1. An outline of an equi-energy surface for conduction electrons in copper for an energy near the
Fermi energy (reproduced from Segall [6]). Arrows indicate the electron transitions considered in the search
for Kohn anomalies.

AA!' can scatter electrons across the Fermi surface and so also can
phonons with wavevectors somewhat longer. But when the phonon wave-
vector has increased to a length corresponding to BB!, it is not possible
for longer wavevectors to scatter electrons with energy and momentum
conservation. There ought thus to be a sudden increase in phonon
frequency w (Q) in the [200] direction for longitudinal phonons, when the
unreduced phonon wavevector Q exceeds a length corresponding to BB*.
This corresponds to a decrease in w(q) for'increasing q at the reduced
phonon wavevector q equal to 0.45 in the 200 L branch. As may be
seen from Fig. 2, the 200 branch is very smooth even in this range,

but it is obviously difficult in such a diagram to see irregularities
where in many cases deviations exceeding 0.2% are significant. The
plot of Aw /Aq in Fig. 3 indicates that a sudden decrease in the slope
sets in at g = 0.45 +£0.05. For comparison a similar measurement

was made for [ 0.14 0. 14]L to see if the anomaly corresponding to an
unreduced phonon wavevector of length AA'" in Fig. 1 could be seen.

The corresponding results are also shown in Figs 2 and 3. An anomaly
which can be attributed to AA' is seen in Fig.3 at q = 0.47510. 05,
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FIG.2. Phonon dispersion curves for[£ 0.14 0,14} L, [ 0 0] L and [£ 0 0] T directions.

In the region 0. 20 <g> 0.43 there are two anomalies, which can be
identified as points on the necks and bodies of Kohn anomaly surfaces
that have their centres outside the 220 plane; they are not considered
further here. The limits of error in our measurements are somewhat
more uncertain in this region. A plot-of dw /dq (not shown) for measure-
ments in the [¢ 0.47 § 0.47 €] direction for longitudinal vibrations
(where we have looked for an anomaly corresponding to transition across
the neck (GG' in Fig. 1)) 'shows an anomaly at { = 0.24+0.03. In deriving
Aw/Aq it is necessary to have the same Aq all the time to avoid false
discontinuities. The limits of error become large when dq is small

and when the measured points are close together, it may be preferable
to take Aq as the distance between, for instance, every second or every
third point.

A FREQUENCY/aq (10°C/S)
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FIG.3. The slope of the dispersion curves in Fig. 2.
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For measurements corresponding to electron transitions across the
diameters at CC' and DD! in Fig. 1 it was possible to plot the measured
results directly as is seen in Fig. 4 (the curves correspond to transverse
vibrations in the [220] plane, q, is in the [200] direction and q, is in the
[220] direction). Y

The strongest anomaly is anticipated at g5 = 1, but a better experi-
mental resolution is obtained for q, = 0.8. An anomaly can be traced
near qy = 0.1forq, =1, 0.8 and 0.6 but not for q, = 0.5. The variation
is striking when the individual phonon peaks for a definite qx are plotted
together in the same diagram (not shown). This is in this case easily
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FIG.4. Phonon dispersion curves for the T, branch. ay is in the [200] direction,qy is in the [220] direction
(U max = 15 qy max © 1.414. Polarization is in the [220] plane).

done because of the small variation in energy. Where the slope of the
dispersion curves is large, this method is not applicable. We have in
these cases tried to fit parts of the curves with polynomials and
considered the deviation from this fitted curve. This gives a test

for which points deviate most from the smooth curve (they can then
even be redetermined).

At qy = 0.2 there is a rapid decrease in energy at qy = 0.05. This
was not foreseen and the effect can probably not be explained from the
anticipation that there is in the Fermi surface a chord of the correspond-
ing length between two points with parallel tangent planes. But it still
seems that the origin for this rapid variation is to be found in a rapid
change in the electron-phonon interaction, although further measurements
are considered necessary before an interpretation is possible. It should
be observed that the decrease in frequency is very pronounced when one
moves from the [200] direction. (The effect is also observed for g, = 0. 3,
0.35, and 0.4, but is most pronounced for small gx.) This should cause
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an error in the frequency distribution, if this is derived from measure-
ments in the symmetry directions only.

In Fig. 5 the anomalies are interpreted in terms of points on the
Fermi surface. The equi-energy surface as given by Segall is slightly
modified to fit the experimental points. There is good agreement with
values given by Segall's theoretical calculations, which in turn are
reported by him to be in agreement with de Haas-van Alphen experiments.

(oon

|
(000 {0.75 075 0)

FIG.5. Kohn anomalies in this experiment interpreted as points on the Fermi surface.

LINE WIDTH

One of the effects predicted by Kohn and Woll is a change in the
phonon line width due to a change in phonon life~times at the anomaly
surfaces. No such effect was observed in these measurements. The
peaks observed were in many cases not broader than the computed
instrumental resolution, which was 1. 5% at best.

SUMMARY

Kohn anomalies can be observed in copper at 80°K, when the
phonons are determined with a relative accuracy of about 0. 2%. There-
fore the theory by Taylor overestimates the importance of the number
of conduction electrons [13]. There is for small q values a pronounced
anisosymmetry in the isofrequency surfaces for the T; branch
(polarization in the [220] plane).
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Abstract

KOHN ANOMALIES IN ZINC. The dispersion relations in zinc have been measured along two
symmetry directions. The phonon frequencies are in qualitative agreement with those of Borgonovi et al.
Screening effects of the conduction electrons on the frequencies of normal vibrations of zinc are known
to be large and hence electron phonon interaction is strong in this metal. The frequencies of lattice
modes are fairly low, hence one could expect to see the images of the Fermi surface in the dispersion
relations even at room temperature. The results are in agreement with these predictions. An inter-
pretation of the observed Kohn anomatlies is made on the basis of the geometry of the Fermi surface in
zinc.

1. INTRODUCTION

Zinc is a divalent element belonging to group II of the periodic table.
It has a hexagonal close-packed structure with a ¢/a ratio of 1. 855 far
removed from the ideal close-packing ratio of 1.633. In this paper we
present an account of our experimental investigations of the lattice
dynamics of zinc by neutron inelastic scattering. From the theory of
lattice dynamics of this metal, it is known [1] that many of the branches
of the dispersion curves are greatly influenced by the conduction
electrons. Secondly, from the experimental work of other groups|[2, 3],
the phonon frequencies are known to be relatively low compared to those
in other metals like magnesium {4] or beryllium [5] possessing similar
structure. Based on these two considerations, zinc would appear to be
one of the most favourable substances to study the effect of conduction
electron scattering on the dispersion curves. Our aim is to present
evidence for observation of such effects in the form of anomalies in the
dispersion curves, the 'Kohn anomalies'[6], in zinc. The measurements
were all carried out at room temperature and details are given in
section 2. A discussion of the Kohn anomalies in terms of the Fermi
surface of the metal is presented in section 3. '

2. EXPERIMENT

2.1, Measurements

The experiments were conducted at room temperature using the
multi-arm crystal spectrometer [7] at the CIRUS reactor at Trombay.

% Visiting scientist from Atomic Energy Estabishment, Cairo, UAR.
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The single crystal of zinc which had an irregular shape was aligned with
the [2110] axis vertical. Neutrons of 1.67 A wavelength were incident
on the crystal and the scattered neutrons were analysed using the
constant-momentum transfer technique [8]. At each setting of this
mode of measurement, counts were accurnulated for a fixed number of

NORMALISED COUNTS
o 3

10 15 20 25 30
FREQUENCY (10 cps)

FIG.1. A few typical neutron groups measured in the TA branch along the [0££0] direction in the range of §
from 0.5 to 0.8. The intensities measured are corrected for the background and normalized to the same

preset monitor counts. The line through the points is the Gaussian fit to the measured intensity to derive the
phonon frequency.

counts on a thin BF; counter placed in the monochromatic beam. The
monitor setting was such as to accumulate not less than about 1000
neutron counts at the peak of the scattered neutron group over and
above the background. Typical peaks are shown in Fig. 1.
Measurements were carried out to study the longitudinal acoustic
branch along the [0001] direction (the LA branch) and the transverse
acoustic branch polarized perpendicular to the hexagonal plane of the
reciprocal lattice along the [0110] direction (the TA branch). Ex-
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periments were conducted mostly around the (0004) and (0002) reciprocal

lattice points.

These two reciprocal lattice points are equivalent in the

repetitive enlarged reciprocal space as far as the structure factor for

neutron scattering is concerned.

of all measurements.

2.2. Analysis

In Fig. 2 we have plotted the results

The scattered neutron spectrum consisted generally of a well-

defined peak riding over a sloping background.

The background under

the peak was obtained by interpolating between the wings and was used .
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FIG.2. The dispersion relations of phonons for the LA branch along the [000£] direction and for the TA
branch along the [0£E0] direction. The open circles refer to phonons studied around the (0004) reciprocal
lattice point and filled circles to those around the (0002) reciprocal lattice point. The triangles are results
of measurements by Borgonovi et al. The full arrows refer to positions of anomalies expected on the basis of
Kohn construction (see Fig.3). and dashed arrows correspond to the positions assigned on the basis of these
measutements.

to isolate the peak. The wings of the spectra corresponding to
different q values of phonons measured around the same lattice point,
when plotted as a function of the analyser angle, gave a smooth curve
which was used as a guide in deriving the interpolated background.

The peak thus isolated from the background was fitted to a Gaussian
in energy using a computer program and the frequency corresponding
to the peak deduced by a least-squares technique. The error in the
frequency corresponding to the peak, due to the counting statistics, was
typically of the order of 10% of the full width at half maximum of the
neutron group. This resulted in estimated errors in the phonon frequencies
in the range of 1-2%. In Fig.2 these errors are of the size of the circles.
In the same figure we have also shown the results of the earlier measure-
ments of Borgonovi et al. [2] by triangles. These measurements were
performed at large intervals of § (§ = q/qp.y, Where q is the wavevector
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of the phonon, q_ ., being that of the phonon at the Brillouin zone boundary)
and estimated errors in the frequency were of the order of 10%. It can
be easily seen that whereas there is good agreement between our measure-
ments and those of Borgonovi et al. [2] for the LA branch, there is a
systematic difference of about 10% for the TA branch, although the
general trend of the dispersion relation is the same. The reason for this
discrepancy could not be ascertained. A few measurements for selected
phonons carried out at the other lattice points, however, have confirmed
our results. It should be noted that no evidence is found in our measure-
ments for the large oscillations reported by Maliszewski et al. [3] in the
TA-branch. :

3. KOHN ANOMALIES

3.1, Kohn construction

The positions of Kohn anomalies in the dispersion curves of a
metal can be estimated by a 'Kohn construction' based on the relation

-

where 27 é is a reciprocal lattice vector and l-;F the Fermi wavevector.
This relation is a result of singularities which occur in the matrix
element for the electron~phonon interaction in metals. Anomalies
corresponding to these singularities occur in the dispersion relations

of phonons in the metal. Hence, to look for these anomalies one draws
spheres of radius 2kg from each reciprocal lattice point. The surfaces
of these spheres represent the required loci of the position of Kohn
anomalies and one can derive the q values by reference to the nearest
reciprocal lattice subjected to the condition given by Eq. (1).

Figure 3 corresponds to the section of such spheres drawn from
the reciprocal lattice points in and out of the I' ALM plane of the
reciprocal lattice of zinc. The construction has been restricted so as
to show mainly the anomalies that may be expected in one quarter of
the central Brillouin zone. We have used in this construction a value
of 1.573 A™1 for kg, the radius of the Fermi surface in the free electron
approximation. The lattice parameters are a = 2. 6649 A and ¢ = 4, 9468A[9]
The pattern of Kohn lines is symmetric about the I' A and I' M lines and
the same geometry repeats in any Brillouin zone constructed around
any other reciprocal lattice point. The solid lines in Fig. 3 represent
the intersection of the spheres of radius 2k; drawn from the different
reciprocal lattice points in the I' ALM plane, while the dashed lines
arise from the intersection of spheres drawn from the out-of-plane
reciprocal lattice points with the I' ALM plane. The anomalies are
likely to be pronounced at those points where two or more spheres
intersect. The expected positions will be different when the effects
of the periodic potential on electrons in the metal are considered.
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3. 2. Discussion

We have examined our experimental results in the light of the Kohn
construction described earlier. In the I' A direction referring to Fig. 2,
two anomalies marked a and b are expected to be observed at § equal
to 0.5 and 0. 95 respectively. In the experimental measurements
(see Fig. 2) two anomalies are observed at § equal to 0. 55 and 0. 87.
Both the anomalies are upward [10], indicating increasing frequency as
q increases, corresponding to crossing the Fermi surface from inside
to outside. This is also seen to be so from the construction in Fig. 2.

Considering the I' M direction, five anomalies marked ¢, d, e, f and
g are expected at values of § equal to 0.12, 0.217, 0.314,-0.53 and
0.63, respectively. Of these, anomalies e and f are not expected to be
observed in the TA branch since the polarization vector of the phonon

[}
'.
¢ d e 9 M

FIG.3. Kohn construction in the I'ALM plane of the reciprocal lattice. The continuous arcs are drawn
from reciprocal lattice points lying in the plane and dashed arcs from those lying off the plane. The radius of
arcs is 2kg. Points a,b, ¢, d, ¢, f and g are the positions where anomalies are expected.

in the branch is normal to 2r 6, the associated reciprocal lattice
vector [11]. Referring now to Fig. 2, we observe that there is a change
in slope at wavevectors corresponding to ¢ and d, though the evidence
is not very clear. A prominent anomaly is, however, seen around §
in the range of 0.6 to 0. 7 which should be compared with the value of
£=0. 63 expected on the basis of the free electron sphere. The anomaly
is not sharp and is rather spread out. This is discussed in detail later.
We shall now discuss the results of these measurements in relation
to the free electron Fermi surface and possible qualitative modifications
of this surface due to zone edges. Figure 4 shows the cross—section of
the Fermi surface in the I' ALM plane, drawn around the origin of the
reciprocal space. We have denoted by open circles marked a', b’, ¢!,
e' and g' the points on the Fermi surface corresponding to the position
of anomalies a, b, ¢, e and g (see Fig. 3) expected by the Kohn construc-
tion. The points corresponding to d and f cannot be shown in this section
as they correspond to points lying on a great circle of the Fermi surface
in a plane inclined to the I' ALM plane. We have shown in Fig..4 by
filled circles the anomalies as observed from the measured dispersion
relations, the points corresponding to the dashed arrows in Fig. 2.
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If the anomalies observed represent the true Fermi surface, the
following distortions to the Fermi surface from the spherical shape are
indicated. At b' the surface is pulled slightly inwards, whereas at a'
the distortion is outwards. The open and closed circles coincide at ¢!,
indicating no distortion but the evidence for c' is not strong. At g' we
have shown two filled circles corresponding to two dashed arrows in
Fig.2. We believe that anomaly g is broadened as a result of the

FERM! SURFACE

POINT CORRESPONDING
A L c' TO ANAMOLY EXPECTED

LINE PARALLEL TO
BRAGG PLANE

r M
CENTRAL BRILLOUIN 20NE
POINT ASSIGNED TO
rd OBSERVED ANAMOLY
e
Y gl
b

FIG.4. The cross-section of the Fermi surface in the I'ALM plane of the reciprocal space. The possible
qualitative distortions of the Fermi surface at the zone boundaries is indicated by dotted lines. The open

circles and filled circles correspond to the positions expected on the basis of the Kohn construction (full arrows in
Fig.2), and assigned on the basis of our measurements (dashed arrows in Fig. 2) respectively.

splitting of the anomaly into two anomalies corresponding to the ones
shown by the dashed arrows, as this region is influenced strongly by
Bragg reflections. Hence these two closed circles at g' give an
estimate of maximum distortion of the Fermi surface in this region

due to Bragg reflection. There is no filled circle corresponding to

the open circle at e' as this anomaly is not observable in the TA branch,
as already mentioned. The possible distortions of the Fermi surface

at other regions are also shown by dotted lines in Fig. 4. Measurements
of dispersion curves along the off-symmetry directions should be carried
out to locate these distortions. This has not been done in this series of
measurements.
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Recently Stark and Falicov [12] have reported band structure calcula-
tions for metallic zinc using a non-local pseudo-potential approach which
included spin-orbit effects. The results of these calculations agree within
a few per cent with results of de Haas-Van Alphen frequency measurements.
We cannot compare the results of this calculation with our measurements
straightaway. The de Haas-Van Alphen frequencies reported by these
authors are related to the extreme areas of the cross-section of the
interesting regions of the Fermi surface of zinc. But the anisotropic
dimensions of the Fermi surface in different directions obtained by
calculations are not yet available to make a comparison with results of
our ‘'caliper! measurements.

4. CONCLUSION

Our measurements have shown that Kohn anomalies may be observed
rather easily in zinc even at room temperature, as anticipated. Secondly,
the results obtained in this study indicate small distortions of the Fermi
surface along certain directions. It appears worth while undertaking
similar and more detailed measurements at low temperature to obtain
finer details of the Fermi surface.
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Abstract

LATTICE DYNAMICS OF PLATINUM. The energy/wavevector relations of phonons in the 100 and
110 planes of the reciprocal lattice of platinum have been determined by inelastic neutron scattering at room
temperature. The measurements have been performed by the time-of-flight technique using the rotating
crystal spectrometer and the pseudo-statistical chopper at the FR2 in Karlstuhe. The measured dispersion
relations have been fitted with a Born-von Karmén model using up to fifth-nearest neighbours. From these
data the frequency distribution has been generated with the sampling technique and used for the calculation
of various thermodynamic quantities.

1. EXPERIMENTAL TECHNIQUE

The experimentally determined phonon dispersion data of platinum at
room temperature described in this paper are results of coherent inelastic
neutron scattering from a platinum single crystal. The crystal was in the
form of a 1.4 cm X 5 cm cylinder. The measurements have been performed
with the rotating crystal time-of-flight spectrometer and the pseudo-
statistical chopper at the reactor FR2 {1, 2].

Parts of the scattering surfaces have been measured for different
angles between incident and scattered neutrons in the (100) and (110) planes
of the lattice., Scattered neutrons are counted in 6 time-of-flight detectors
positioned one degree apart from one another at a distance of 2 m from the
sample. The principle of the technique which resembles the method of
successive approximation but allows the successive steps to be done in one
run is demonstrated schematically in Fig, 1,

In this way about 400 phonons have been collected in the (100) and (110)
planes essentially around the directions of high symmetry: {100}, {110] and
f111]. By interpolating or extrapolating the data, phonons in these directions
could be determined.

All measurements have been performed with an incident energy of
42 + 0.8 meV., Because a crystal was used as a pulsing monochromator,
focusing techniques known from triple-axis spectrometry could be applied.

The principal difficulty in the experiment is caused by the high ab-
sorption cross-section of Pt of 9 barns for thermal neutrons compared to a
coherent scattering cross-section of 11.2 + 0.7 b. This especially aggravates
the identification of phonons at high q values.
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FIG.1.
[1103 direction.

2. RESULTS
2.1.

Experimental phonon data

(100)-plane of the reciprocal lattice of Pt. Experimental determination of a transverse phonon in

Figure 2 shows the experimentally determined normal mode frequen-
cies in face-centred platinum at room-temperature propagating along the

high symmetry lines [100], [110] and [111].

values including experimental errors are given in Table I,

In addition the frequency
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TABLE 1.
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ANGULAR FREQUENCIES (units 1018 rad/s) OF THE
LATTICE VIBRATIONS IN PLATINUM AT 300°K PROPAGATING IN
[100], [111] AND [110] DIRECTIONS

[100] {111]
-1

aa wr Wy Wt wy
0.14 0.6 +0.08
0.19 0.35+0.06 0.31 £0.09

0.26 0.43 1 0.08

0.27 0.40 £0.08

0.28 0.49 £0.08

0.30 0.40 £ 0.09

0.34 0.60  0.07

0.35 0.61 % 0.07

0.42 1.6 £0.05

0.45 0.85 £ 0.01 0.67 & 0.09

0.46 1.6+ 0.05
0.48 0.91 £0.05

0.53 0.77 £ 0.05

0.55 0.77 £0.07

0.56 0.85 % 0.06

0.58 2.13 £ 0.05

0.60 ) 0.84 £ 0.05

0.65 2.16 1 0.08

0.69 1.33 £ 0.06

0.96 1.86 £ 0.05

0.98 1.51 £0.02

1.00 1.53 & 0.04

1.20 2.15 £ 0.03

1.22 1.62 £ 0.04

1.24 3.23£0.16

1.26 3.57 £0.07
1.35 1.67£0.04

1.54 2.28 1 0.03

1.57 2.34 4 0.07
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TABLE 1. (cont.)

[110]

ala™

le (JJT2 wL
0.12 0.24 £0.08
0.28 : 0.43+0.1
0.44 1,67+ 0.07
0.46 0.65%0.04 1.92 £ 0.07
0.58 1.11 2 0.15
0.60 1.03 12 0.08
0.70 0.93+£0.05
0.75 ) 1.00 £ 0.04
0.82 1.48 £ 0.08
0.98 . 1.31%0.05
1.17 1.51 £ 0.06
1.36 2.71+0.04
1.42 1.85 2 0.06
1.44 } 2.81 £0.05
1.51 2.93 £0.02
1.91 2.23 0.2
2.06 ’ 2.46 £ 0,07
2.16 2.42 £ 0.05
2.23 2.35+£0.05

The transverse branches in the symmetry directions have been covered
with experimental points nearly up to the zone boundary. Therefore, we
discussed these branches especially and compared them with analogous
phonons in palladium adjacent to Pt in the periodic table. Using the square
root of the mass ratio as the scaling factor yields an agreement within
about 10%. Similar relations have been found for other elements [3] and
are therefore not unexpected.

2.2. Born-von' KArman analysis

Although the number of experimental points in the symmetry directions
is rather limited so far, we made a preliminary analysis in terms of the
Born-von Karméan model. The well-known expressions for the dynamical
equations of the fcc lattice were used and the interatomic force constants
were directly determined in a least-squares fit,
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TABLE II. INTERATOMIC FORCE CONSTANTS FROM THE
BORN-VON KARMAN FIT WITH THIRD NEIGHBOURS,
(units 10% dyn/cm)

aim 26.68 £ 1.1
110 - 0.8 £#1.28
5;10 81,76 £ 1.94
a?OO 10.45 £ 2.47
200 " 5.02:1.8
ain - 1925 1.2
21 0.23 % 0.47
B?n 2.68 £ 0.52
g2t S 1.0 £0.24

In the evaluations third and fifth neighbours were taken into account.
From the increase in uncertainty in the force constants we concluded that
only the third neighbour set was reasonable. The resulting force constants
are quoted in Table II.

The full lines in Fig.2 show the corresponding dispersion curves. A
great number of phonons which have been measured outside the symmetry
directions have been used as an additional check by comparing calculated
values with the measured ones. Evaluations including part of the off-
symmetry phonons already in the least-squares fit of the interatomic
constants are underway.

The elastic constants derived from the force constants in Table II
have been compared with those derived from acoustic measurements [4].
The results are given in Table III.

TABLE JII. COMPARISON OF ELASTIC CONSTANTS
(units 102 dyn/cm2)

Elastic constants Acoustic m. Neutron m.

<11 * 3.4617 3.066
caq 0.765 0.731 !

Clotegy - 3.212 2.993
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Using the third-neighbour interatomic force constant model, the
spectral density of phonons f(V) has been determined. The calculations
have been done by an improved root-sampling technique [5]}, solving the
dynamical equations for 2750 q values of an irreducible part of the first
Brillouin zone. f(V) is plotted in Fig. 3.

9(v) (a.u.)

1 —_ L L L

5
——— vi{*10%cps)

FIG.3. Frequency distribution f (V) of platinum.

The dispersion curves measured contain, in principle, useful
information on the electronic properties of platinum. For simple metals
several models based on the pseudo-potential idea [6] have been successful
in explaining the phonon dispersion on physical grounds, especially when
free-electron-like behaviour of the conducting electrons can be assumed.
For platinum this concept probably breaks down. Nevertheless, the fit of
such a pseudo-potential model including unknown parameters may give
hints for improving the theory. As a first step in this direction we are at
present analysing our data with the Krebs model [7].
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Abstract

LATTICE DYNAMICS OF RUBIDIUM. The frequency/wave-vector dispersion relation for the normal
modes of vibration in the major symmetry directions of body-centred cubic rubidium has been measured
at 120°K. The large (~ 75 cm?3) single crystal was aligned with either a [110} or a [100] axis vertical,
and constant incident frequencies between 3.8 and 5.5 X 10!2 ¢,’s were employed. The measurer_x:ents
were taken with the McMaster University triple-axis spectrometer at Chalk River in the constant-Q mode of
operation. The dispersion curves are similar in shape to those of sodium and potassium. The ratio
<v(K, 9°K)/ v(Rb, 120°K) > for a set of 104 values of @ common to both sets of data, is 1.667 % 0.005 with
a standard deviation for an individual ratio from the mean of 0.05. The homology of the lattice vibrations
for Na and Rb is poorer than for K and Rb. A Born-von Kdrmén analysis of the measurements has been made,
and it is found that third nearest neighbour forces must be included to obtain reasonable agreement. More
distant neighbour forces improve the fit relatively little. Axially symmetric constraints do not change the
force constants significantly. As expected, the force constant 1XY is larger than 1XX, which suggests that
the forces between nearest neighbours are repulsive. The initial slopes of the dispersion curves are con-
siderably larger than the slopes deduced from ultrasonic measurements. The errors, mainly in the ultrasonic
measurements, are barely sufficient to account for the differences.

Introduction

The frequency/wave-vector dispersion relation for
metallic rubidium at 1209K has been studied by inelastic
neutron scattering. The crystal, purchased from Research
Crystals Inc., Richmond, Va., was a cylinder approximate-
ly 3" long and 1-1/2" in diameter, with a [110] axis
close to the cylindrical axis. The mosaic width of the
crystal was 0.4°(f.w.h.m.). Protective grease was re-

.moved from the surface which was then cleaned with
xylene. The crystal was placed in a close-fitting
aluminium can fitted with an indium O-ring.

The measurements were made on the McMaster Univer-
sity triple-axis spectrometer at Chalk River [l] in the
Constant 0 mode, gith fixed incident frequencies between
3.8 and 5.5 x 1014 ¢/s, in the (1I10) and (100) planes.

Results and comparison with sodium and potassium

The dispersion curves are shown in Fig. 1; a
partial list of the observed phonons is given in Table
I. Considerable difficulty was experienced in measuring
the [00Z]L branch. The groups for this branch were
poorly defined; occasionally peaks at smaller energy
transfer were observed which did not correspond in
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energy to possible contributions from the [00z]T branch.
Similar difficulties have been reported for measure-
ments of this branch in sodium [2].

The dispersion curves resemble closely those of
sodium [2] and potassium [3]. The mean frequency ra-

tios R =<v (Ei)/v (Ei)> for pairs (A,B) of elements (Na,K),
(K,Rb), ané (Na,Rg) are given in Table II. N is the
number of values of g, common to both sets of data, ¢ is
the standard deviatiofi of an individual ratio from the
mean, and § is the mean error in an individual ratio ob-
tained from the experimental errors. There appears to be
a definite departure from homology of the lattice vibra-
tions especially for Na and Rb. Direct comparison of the
dispersion curves supports this view.

H 6=N-0 P-p N—-x [ o =H-F P—-n I
Al‘et{ccﬂ [0 [CCo] - Jood] g
¢ il 1 [ R
(&) | 1
1.2] L [} L J
% |, ‘ L ]
~— 0 ] I
08| A 1 T T B
1; { | ‘ ] Rb 1 ]
Y04 ; 120'K ' 1
> ) |
g | 1 l T | \
o% A 1;1_ .O 1 ol 1 ?8‘ -‘-C‘ 1 S 1 1;_ 1 IOI 11 |~£ PV T T )

FIG.1. Measured dispersion curves of rubidium at 120°K. The solid lines represent a third-neighbour
Born-von Karman fit. The straight lines from the points I" represent the appropriate velocities of sound,
calculated from the ultrasonic measurements [6] .

Born-von K4rmén analysis

A Born-von Kdrmén analysis of 132 phonons (elastic
constants not included), indicates that forces extending
to third nearest neighbours must be included in order to
obtain a reasonable fit. The weighted r.m.s. value of
vExp2-veaLc?), (44 in [4]1, p. 630), is 0.038, 0.013,
0.009 and 0.008 for fits extending to lst, 2nd, 3rd and
8th neighbours respectively. The third neighbour fit is
shown in Fig. 1. The [%%z] branch is significantly
worse fitted than the other branches. Measurements of
this branch were taken on two occasions, with different
incident frequencies, so it is unlikely that the discrepan-
cy arises from errors in alignment. The fit to this
branch improves considerably when six neighbours are in-
cluded in the fit.

Models calculated with and without axially symmetric
constraints give force constants which agree to well
within the errors. 1In Table III force constants for
Na, K and Rb are compared; all were obtained from sixth
neighbour axially symmetric fits, with no elastic con-
stants included. The force constants 1XX and 1XY de-
crease with increasing atomic weight, but 2XX and 3XX
remain relatively constant. Thus second (and third)
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TABRLE T
Normal mode frequencies (unlts 10 c/s) in Rubidium
at 120°K
£ v Av £ v Av g v Av
11

(oozlL foozl]T ['ZTC]A
0.3 ‘0;69 0.03 0.2 0.395 0.01 0.1 0.885 0.025
0.4 0.88 0.04 0.4 0.755 0.01 0.2 0.945 0.04
0.6 1.225 0.04 0.6 1. 065 0.01 0.35 1.02 0. 035
0.8 1.31S 0.03 0.8 1. 275 0.02 0.4 1.105 0.06
1.0 1.31 0.03 1.0 1. 315 0.03 0.5 1.095 0.03

11

[zrglL {zgglT [§7C]ﬂ
0.1 0.525 0.05 0.1 0.225 0.05 L
0.2 1.007 0.03 0.2 0.47 0.03 0.2 1.42 0.025
0.3 1.28 0.03 0.3 0.705 0.035 0.3 1.34 0.02
0.4 1. 305 0.03 0.4 0.91° 0.02 0.4 l.245 0.025
0.5 1. 09 0.03 0.5 1.095 0.03 0.5 1.095 0.03
0.6 0. 72 0.035 0.6 1.267 0.04 0.6 0.96 0. 015
0.7 0.60 0.03 0.7 1. 325 0.02 0.7 0.77 0. 015
0.8 0.88 0.03 0.8 1.327 0.03 0.8 0.59 0. 015
0.9 1. 19 0.045 0.9 L.ieeeeaenn 0.9 0.405 0.015
1.0 1. 31 0.03 1.0 1.315 0.03 1.0 0.32 0.02

[zzOlL [zzolTl (zgolT2
0.1 0.41 0.04 0.1 0.135 0.02 0.15 0.415 0.02
0.2 0.85 0.025 0.2 0.22 O.Ol5 0.2 0.54 0.02
0.3 1.185 0. Ol5 0.3 0.285 0.02 0.3 AO.745 0.02
0.4 1.417 0. 025 0.4 0.335 O.Ol5 0.4 0.86” . 0.02
0.5 1.46 0. 025 0.5 0.327 0.02 0.5 0.90 0.03

[zzl]A [zzllwl [zzl]lm2
0.1 1.26 0.025 0.1 1.335 0.02 0.1 1.29 0.025
0.2 1.04 0.03 0.2 1.36~ 0.05 0.2 1.205 0.02
0.3 0.78 0.02 0.3 1.42 0.03 0.3 1.07 0.02
0.4 0.49 0.025 0.4 1.47 0.025 0.4 0.94 0.03
0.5 0.32 0.02 0.5 1.46 0.025 0.5 0.90 0.03

TABLE 11
Mean frequency ratios
R N o] §

Na/K 1.635%0.005 82 0.04 0.06
K/Rb 1.667%0.005 104 0.05 0.07
Na/Rb 2.7341'0.013 88 0.12 0.09
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TABLE III
Atomic force constants for alkali metals in dynes/cm.

The notation is that of refs. (4,5].

1XX 11Xy 2XX 2YY 3XX 327
Na 1172%11 1345%14  a72%33 gef1s  -35¥g  7%10
X 762 7 gs2¥ o 417%19 sty -37is -4t g
Rb 614¥ 8 741¥ 9 as5%19 1t12 -azte 6t 7

neighbours are relatively more important for the hea-
vier members of the series. 2YY is appreciable only for
Na. For first neighbours, 1XY is larger than 1XX, which
indicates that forces between nearest neighbours in the
alkali metals are repulsive, a result which conforms to
the rule [5] that, for metals, forces between first
neighbours are repulsive except for B.C.C. transition
elements, for which they are attractive.

Initial slopes of the dispersion curves

In Fig. 1, the slopes of the straight lines drawn
from the points I' represent velocities of sound obtained
from the elastic constants measured by Roberts and
Meister [6]. These workers measured five wave velocities
at 80°K but were unable to measure shear velocities at
293°K, allowing evaluation of Cjj, but not Cy3 or Cy4,
at this temperature. Using the measured elastic con-
stants for potassium {7], and making the approximation:

[(de/dT) / (dc/aT) oy} = [(dey1/dT) / (dcy1/dT/p ]

we have obtained values of 2.86 ¥ 0.20, 2.38 * 0.40,
and 1.38 % 0.19 (in units of 1010 dynes/cm.), for Cll’
C12 and C44 respectively, for Rb at 1209K. The
slopes were calculated using these values and the lattice
constant a = 5.628 &

No initial slope is shown for the [gzolTl or the [zzzlT
branches , since the errors were > 20%. For the other
branches the errors are ¥ 7% or less. The slopes are
considerably smaller than those of the neutron measure-
ments (e.g. ~ 15% smaller for the [00z]T branch).

A possible error of ¥ 10° in the orientation of the crys-
tal used in the ultrasonic measurements [6] 1is barely
sufficient to account for the differences.

The Debye-Waller factor

If the same normal mode is measured at several
equivalent points in reciprocal space, the dependence of
the intensity of the group on Q may be investigated.
This dependence is given by

1(6)“(6-3)2 exp-[a,.{;]2
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where, for a given material, E (the r.m.s. nuclear dis-
placement) is a function of temperature only % is

the polarization vector. In favourable cases it is likely
that the Debye Waller parameter [0.4]12 can be directly
determined in this way. The method may offer some ad-
vantages over the use of elastic scattering intensities,
because of the absence of extinction.

In order to obtain 1ntens$ty measurements ‘at a
number of different values of Q, a specimen with a large
lattice constant is required, and short wavelengths are
desirable. The choice of a zone boundary phonon has the
advantage that there are no focussing effects involved, but
second order Bragg reflections can cause trouble. It is
likely that the most suitable choice is a phonon near
to the zone boundary. Preliminary measurements of the
[0zz]1T1 2zone boundary phonon and the [%%z]lrm phonon at
z = 0.9, have given encouraging results.

Conclusion

We intend to investigate the temperature dependence of
the frequencies and widths of the neutron groups in ru-
bidium, in order to study the anharmonic properties of
the lattice vibrations. We plan also to investigate the
[00Z]L branch in more detail; to look for evidence of
zero sound [8] in rubidium; to study the Debye-Waller
factor as described above; and to make a comparison of
our results with the theoretical calculations of Animalu
et al.[9] and of Schneider and Stoll [10].
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MEASUREMENTS OF FREQUENCIES
OF NORMAL MODES OF MAGNESIUM
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Abstract

MEASUREMENTS OF FREQUENCIES OF NORMAL MODES OF MAGNESIUM. The investigation of
the phonon dispersion relations in magnesium has been continued and the frequencies of over 1 500 phonons
with wave-vectors in the (1010) plane have been measured on the DIDO reactor at Harwell. The velocity
spectra of inelastically scattered slow neutrons have been analysed by the time-of-flight method. The wave-
vectors of the measured phonons are distributed throughout the plane and an interpolation method has been
used to obtain the dispersion relations in several directions, including those principal symmetry axes which
lie in the plane. The results are compared with a simple theoretical model.

1. Introduction

Experiments with slow neutrons to determine the freguencies of
phonons in magnesium at room temperature, previously reported by
Squires [1,2], have been continued. This paper presents a survey
of recent results. The majority of the phonon frequencies have been
determined by time-of-flight measurements - the rest by constant-q
measurements on a triple-axis spectrometer.

2.  Experimental method

The time-of-flight apparatus has been described in detail by
Harris et al [3] and Squires [2]. The apparatus is shown schemat-
ically in Fig. 1. Neutrons from the DIDO reactor at Harwell pass
through a curved-slot rotor, strike a magnesium crystal and are
scattered into a ring of 24 scintillator~detectors arranged in a
vertical plane - termed the scattering plane.

The frequency v and wave-vector of a phonon which gives rise
to a coherent one~phonon scattering process are determined from a
knowledge of the wave-vectors of the incident and scattered neutrons.
These wave-véctors are determined by time-of-flight analysis.

The wavelength of the incident neutrons was 4.12 2 with a r.m.s.
spread of 0.15 A. The distance from the crystal to the counters was
2.28 m, and the channel width ‘in the time-of-flight analysis was Bus.
The crystal used in the present measurements was in the form of a
cylinder 35 mm in diameter and 75 mm long, with one of the basal-
plane diads along its length.

3. Results

In the previous experiment [2], the orientation of the crystal
was such that the hexad was kept perpendicular to the scattering

215
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plane. Thus the phonons measured had wave-vectors lying in the

q q{ plane ~ see Fig. 2. 1In the present experiment, the diad along
the ength of the cylinder was kept perpendicular to the scattering
plane, thus ensuring that the wave-vectors of the measured phonons
were in the q_ q_ plane. Measurements were made at 40 orientations
of the crystaf with respect to the direction of the incident neutrons.

.‘,M,,/7//7; o

scintillators

Reactor

Heavy water shield
moderator
R Beam stop
,
Ve
T ‘&:’j I]O\annesium crystal [|
Liquid H, Cooled Rotor, ]
source Be MqCd Monitor | .
filter alloy Monitor 2
FIG.1. Diagram of time-of-flight apparatus.
b4

{b)

FIG.2. Hexagonal close-packed structure: -(a) space lattice; (b) reciprocal lattice — first Brillouin zone.

The experimental data were analysed by an interpolation method
similar to that described by Squires [2]. Dispersion relations
have been obtained in a number of directions in the g a, plane.
The results for some special directions are shown in Figt 3 (T, T'
axes), Fig. 4 (A axis) and Fig. 5 (U axis). (It may be noted that
the area LHKM in Fig. 2b is, by symmetry, equivalent to an area in
the q_ g  plane outside the first Brillouin zone.) The T and T' axes
also fiezin the q plane, and the previous results are included
in Fig. 3. Iyenggrqgt al [4] have measured the frequencies of phonons
with wave-vectors along the A and ¥ axes, using a triple-axis
spectrometer, and their results are included in the figures.
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FIG.3. Experimental dispersion relations fota)along T and T* axes.

® T-O-F
O T-O-F results from Ref. [2]
@  Triple-axis spectrometer
A lyengar et al.
p [°*° ° [ ] T-O-F
O  Iyengar et al.
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5 .
O]
B .
]
o ]
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0 0.5
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FIG.5. Experimental dispersion relations for a)along U axis.

® T-O-F
® T-AS

FIG.4. Experimental dispersion relations for E’along A axis.
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TABLE I. MOTION OF ATOMS

Irreducible Direction of (2) Phase between
representation atomic vibration sub-lattices
: (in units of m)

- +
r6 s I‘5 (b) . 0, 1
- +
PZ ’ ]:‘3 2 0 L) 1
1] -
T1 and T1 x y plane : E
) .
T4 and T4 X y plane : E
]
T2 and T2 2 1
T3 and TB' 2 0
- +
My, M u o , 1
W, M, v o, 1
M, o, My z 0o, 1
By s A, z q,c (1+ch)
A6 s A5 1 (b) qzc ) (1+qzc)
U1 ) U2 u z plane : E
U3 , U4 v q,c , (1+qzc)

(a) The modes are linearly polarised, except those marked E which are
elliptically polarised. In the latter case, the relative phases
depend on the magnitude of the interatomic forces.

(b) Eigenvalues of dynamical matrix doubly degenerate:polarisation
vector anywhere in x y plane.

In addition to time-of-flight measurements, we have also
measured some frequencies of phonons with wave-vectors along the
T and £ axes, using the DIDO triple-axis spectrometer [5]. The
results along T are included in Fig. 3.

4. Discussion

One difficulty of deducing the dispersion relations from the
experimental results is the correct assignment of a measured phonon
of wave-vector g to its polarisation branch. To do this unambig-
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TABLE II. FORCE CONSTANTS USED TO CALCULATE THE
FREQUENCIES SHOWN IN FIGS 6-8 (UNITS 10° dyn/cm)

oy = 0.01 o, = 10.12 a3 = - 0.90

By = 3.9 By = 0.59 By = Q-61

Y, =734 Y, = 0.19 Y3 = - 0.27
p‘2 = - 1.03

TABLE III. MEASURED FREQUENCIES OF SOME SPECIAL MODES

Irreducible Frequencies given Frequencies used

representation in ref [2]. (THz) in this paper. (THz)
r; 3.70 _ 3.70
Ky 5.65 5.80
M) 6.88 6.88
M; 6.58 . © 6.58
M 5.32 . 5.45
M, 3.70 3.70
I - 7.25
T, (q = 0.2/a) - 7.05

uously, a knowledge of the eigenvectors of the dynamical matrix

for the given wave-vector is required. For each eigenvector, the
neutron scattering cross-section could then be calculated, and
comparison with the experimental value would allow the polarisation
branch to be identified. Since the interatomic forces are not known,
the eigenvectors are in general inaccessible. However, along many
special directions in the Brillouin zone, the phonon eigenvectors
belonging to each irreducible representation are known and are
independent of the interatomic forces. These considerations have
been used to identify the polarisation branches of the majority of
the phonons.

Table I gives the direction of the atomic vibrations and the
phase difference between the motions of the two sublattices - the
convention used is given in ref [2] - for each of the irreducible
representations considered. The notation used to identify the
representations is one of those given by Altmann and Bradley [€].

A simple three-neighbour tensor force model has been found,
whose phonon frequencies are in good qualitative agreement with the

219
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FIG.6. Comparison of experimental and theoretical results for 3 along T and T' axes.
------ Experimental results from Fig.3
~——— Three neighbour tensor force model.
FIG.7. Comparison of experimental and theoretical results
for a’along A axis. r -
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FIG.8. Comparison of experimental and theoretical results
for q along U axis.

Experimental results from Fig.5_
—— Three neighbour tensor force model.
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measured dispersion relations, and which gives the correct polaris-
ation vectors along symmetry axes. The values of the force
constants are listed in Table II in the notation of ref [2]. They
were obtained by fitting the measured frequencies given in Table III
and the elastic constants c,,, Cgey C 3 {7]. (The first seven force
constants are practically iéentical t8 those deduced in f2], the
differences being due to the small changes in the measured frequencies
of the M, and K_ modes.)
3 5

The dispersion relations given by this model are shown as solid
lines in Fig. 6 (T, T' axes), Fig. 7 (A axis) and Fig. 8 (U axis).
For comparison, the curves drawn through the experimental points on
Figs. 3 to 5 are shown as broken lines.

The model should not be regarded as highly significant physically.
However, a Born-von Karman model of the type used here is useful in
predicting polarisation vectors and for generating frequencies. But
it should be noted that the present model does not include values for
the force constants &, and &, and is therefore applicable only if
q lies in certain plaies andjdirections in the Brillouin zone.

5. Conclusion

The results given in this paper are a preliminary survey of
recent experiments, but, even so, it can be seen from Figs. 3 to 5
that many of the dispersion relations in magnesium are now well-
established. We intend to continue these investigations and to
make measurements at other temperatures.
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Abstract

THE DYNAMICS OF HYDROGEN IMPURITIES IN NIOBIUM AND VANADIUM. The inelastic
scattering of cold neutrons in single: crystals of vanadium hydride and niobium hydriderevealed local modes
atEY = 1676 meV, EY = 123 « 6 meV and ENP = 177 £ 6 meV, ENP = 114 £ 6 meV. From a measure-
ment of the width function of hydrogen in polycrystalline niobium, the diffusion constant D(200°C) =
2 X 10715 cm?/sec and the time between diffusive jumps 7= 1.3 X 10" sec could be determined.

1, INTRODUCTION

Scattering experiments on cold neutrons from polycrystalline samples
of VH,, NbHn and PdH , systems {1-3] have revealed the existence of
local and band modes ais well as the diffusiver motion of hydrogen in the host
lattices, The possible sites for the hydrogen are either of the tetrahedral
or octahedral type, therefore, the localized sstates of the hydrogen in V and
Nb are only two-fold degenerate: w;= wg = wgJ2, Contrary to this sym-
metry condition, only one broad local peak was observed in the earlier
scattering experiments with polycrystalline samples., The present study
shows that this is due to the spatial averaging of (& - U),, where K stands
for the momentum transfer and U for the amplitude of the local mode, which
leads to a strong overlap of the local peaks, producing one broad peak in
the scattered neutron spectrum, Using single crystals of V and Nb, this
-effect can be avoided and the two local peakis can be observed since even for
an incoherent scatterer the inelastic scattering intensity is directly pro-
portional to(;? -¥) andtherefore strongly diirection dependent, Modes with
amplitude vectors U perpendicular to ¥ have zero inelastic cross-section,
The quasi -~elastic scattering of cold neutrons from polycrystalline
samples can be used for the study of the miicroscopic diffusion process and
in particular to determine in which site the hydrogen is located and if
it jumps from tetrahedral to tetrahedral or from octahedral to octahedral
or even from tetraheclral to octahedral sit.es, as was first demonstrated
by Skold and Nelin [3]. Although polycrysitalline samples give pertinent
information, in certain cases single-crysital measurements should give
additional information on the microscopic diffusion process, This is parti-
cularly true for a 'latitice! of interstitial sites that form a simple Bravais
lattice, Inthiscase tihe anisotropic diffusion constant can be measured by
varying the position ¢f ® with respect to the principal axes of the lattice,
In a bece lattice, the 'lattices' of the tetrahedral, the octrahedral and even
of all the interstitial sites, tetrahedral :@and octahedral together, do not form
a simple lattice that can be built up through translation of a 'unit cell’,
The lattices can only be built up through translation and rotation of a
‘unit cell', In spite of these difficulties, we assume that for bcc lattices,
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for which proton tunnelling or channelling along the three directions [100]
have been proposed [2], a cubic lattice of interstitial sites is a reasonable
approximation to the actual situation, For such a lattice, the quasi-elastic
peak should be truly Lorentzian and the width of this Lorentzian wiil be
sensitive on the relative position of K with respect to the three directions
[100]. In this respect single-crystal measurements are meaningful also
for the study of the diffusion process, If proton tunnelling should occur,
it can be expected that there will be a large difference in the diffusion
constant of hydrogen and deuterium, To prove this point of view, which
was suggested by our neutron results, internal friction measurements
have been carried out by Schiller [4] at Ispra which show that the diffusion
constant for hydrogen in Nb is 300 times larger than for deuterium,

For the various reasons mentioned above, the present study has been
carried out with polycrystalline and single-crystal samples of vanadium
and niobium,

2, THEORY

We know from the earlier neutron scattering experiments [2] that
cold neutrons are scattered quasi-elastically by hydrogen and that local
and band modes are generated by hydrogen in V and Nb, Therefore,
hydrogen vibrates for a certain time 7 in a certain interstitial position
that may t be taken as the origin, and then it jumps to an adjacent site at
position 7. There may be n such adjacent sites, where it may vibrate for
a time 7,

Under the assumption that the origin and the adjacent sites form a
'unit cell' and that the lattice of interstitial sites can be obtained by simple
translation of this ‘unit cell!, and assuming further that the diffusive and
oscillatory motions are not correlated and that the diffusive jumps take
place instantaneously, Chudley and Elliott [5] have derived the incoherent
double-differential cross-section, This theory does not cover the actual
situation in the bcc lattice and leads to imaginary cross-sections by
applying it to tetrahedral or octahedral sites, Since there are certain
reasons to believe in proton tunnelling or channelling along the principal axes
of the crystal, a cubic lattice of interstitial sites with a lattice constant
of a/4 seems to be a reasonable first approximation to the real situation,
Therefore, we use the Chudley and Elliott formalism as a first approxima-
tion to our problem:

d20' _ a2kf -
dade Ttk (R (@

The scattering law I' (K, w) for the zero-phonon contributions is given by

2-f(K)

0 - a-2W
'y (K,w)=e IR EI iy (2)
and the one-phonon destruction process

hkxjx ‘2wfv[g(y)<k_v\/ } (w_u)f'é(k:r)[f(?)]2 ®

LR, w =
exp
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where a is the incoherent scattering length; K; ,Kr are the initial and
final neutron wavevectors, h¥ = h(E; -K; ) is the momentum transfer;and
W is the Debye-Waller exponent,

The width function is defined by

£(R) = 51.7 Lexp{iRZ}- 1) (4)

i=1

where !7: is the position vector; 7 is the time between jumps; and n is the
number of nearest neighbours.

For the case of a cubic lattice, with lattice constant (9/4), the averaged
cross-section over all possible orientations of the crystallites with
respect to K can easily be obtained and is described by a Lorentzian,

whose width is given by
_1 9
£(e) = T[l-cos(znﬂ (5)

by
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FIG.1. The width function AE(X) for hydrogen in niobium at 200°C. The solid line gives the theoretical
width function AE = 2h+f(x) = (2R/ 7){1~cos(ka/d)}.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The samples have been prepared in the usual manner, as discussed
in Ref, [2]. The neutron measurements were carried out at the Ispra-I
cold neutron facility. Two flight paths of 3 and 4.5 m have been used,
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NEUTRON INTENSITY (arbitrary units)
]
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TIME OF FLIGHT (16 usec channais)

FIG.2. Neutron time-of-flight spectrum of inelastically scattered cold neutrons on VH  o(®) and V (O) at
a temperature of 50°C and a scattering angle of 90°. The difference of the two measurements VH; -V is
marked by (A).

3.1. The VHy-results

Figure 2 shows the time-of-flight spectrum of cold neutrons inelastical-
ly scattered by a polycrystalline sample of VH, ¢, (e} at 50°C and 90°
scattering angle. The spectrum of pure vanadium (o) and the difference
VHj g4-V = H(A) is also plotted. The difference of the intensity reveals
the hydrogen motions in vanadium, showing clearly the existence of local
and band modes and the zero-phonon contribution is broadened (quasi-
elastic scattering), Figure 3 shows the TOF spectrum of neutrons
scattered from a single crystal of VH; ;, at 200°C and a scattering angle
of 90°, The spectrum shows clearly two local peaks-as expected from
symmetry conditions, Because of symmetry conditions, unfortunately,
one cannot align ¥ and U; and make at the same time ® and U, perpendicular in
order to measure only one mode at a time, But, as can be seen from
Figs 1 and 2, the spatial averaging is avoided and the two peaks can be
separated, In Fig,4(a) the generalized frequency distribution function
for the local peaks is plotted and the energy of the two peaks determined as
E; = 16716 meVand E5 = 12316 meV, Within the errors of this
experiment, the ratio of E; /E, =42,



SM—104/128 227

N [ & W
T T T T

NEUTRON INTENSITY (arbitrary units )

~

1

0 700 0
TIME OF FLIGHT { 16 psec channels )
I3 1 1

o A1 ]
' 200 100 50 20 10 5 v
ENERGY TRANSFER ( meV )

FIG.3. Time-of-flight spectrum of neutrons scattered by a single crystal of VH  , by 90°. The sample was
kept at a temperature of 200°C.
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FIG.6. The width function AE is plotted against x* and the diffusion coefficient for hydrogen in niobium is

derived to D = 2 X 1075 cm%kec at 200°C.
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3.2, The NbHy-results

In Fig. 5 the time-of-flight spectrum of neutrons scattered from a
single crystal of NbHy o5 is plotted. The sample was kept at a temperature
of 200°C and the results are given for Ke,gi parallel to the [ 100] and
{110] directions. Again two local peaks can be observed, as expected
from symmetry conditions, Figure 4(b) gives the generalized frequency
distribution function for the range of the local peaks and their energies
are determined as E; = 177+6 meV, E; = 14416 meV,

3.3. Diffusion of hydrogen in niobium

. To measure the diffusion constant D of hydrogen in niobium and the
time between jumps 7, the width function was measured using a poly-
crystalline sample of NbHy o9 at 200°C and 5 different scattering angles,
In Fig, 1 the width function is plotted as a function of k., As can be seen,
this agrees quite well with the assumption of a cubic lattice for the intersti-
tial sites, Unfortunately, we could not measure yet beyond the maximum
of the width function which would be a more convincing proof of this
approximation, From the fit we deduce a value 7 = 1,3 X 10712 sec,
Figure 6 shows the quasi-elastic broadening as function of k2, Since we
are obviously in the small k region, a continuous diffusion model may be
applied to determine the macroscopic diffusion constant, Using Vineyard's
formula [6], we obtain Dgypeec = 2 X 1075 cm?2/sec for hydrogen in niobium,
It is interesting to note that the value of 7 derived in this manner does
not agree at all with the one derived from the width of the local peak, The
width of the local peak is about 25 meV and would give a value
T =2,7X10¥ sec, This result suggests very strongly that a band model
is much more appropriate to explain the width of the local peak, A further
extension of this experimental work to higher « values is being prepared,
An improved Chudley and Elliott model might then allow also the assignment
of the site configuration in which the hydrogen is moving, Figure 7 shows
the results of the quasi-elastically scattered cold neutrons in the {100]
and [110] directions., Because of an experimental difficulty, only a quali-
tative statement can be made about this result. It confirms the assumption
of a cubic lattice for the interstitial sites accessible to the hydrogen,

Table I shows the results from internal friction measurements, as
obtained by Schiller [4] at Ispra and by Cannelli and Verdini (7], From
their results we can extrapolate the diffusion constant for jumps in the
tetrahedral sites at 200°C to D1,r, = 7.55 X 107% cm? /sec. Considering
the extrapolation over 7 orders of magnitude, reasonable agreement is
obtained with the neutron data, The measurements of the diffusion constant
for deuterium in niobium give a value 300 times smaller than the one for
hydrogen. :
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NEUTRON INTENSITY ( arbitrary units )
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FIG.7. The spectra of quasi-elastic scattered cold neutrons from a *single crystal' of NbHo o at 200°C for
_two orientations of % with respect to the crystal axes. The results for ¥ parallel to the [100] are marked
(O) and the one for ® parallel to the [110] direction are marked (A).

TABLE I. JUMP FREQUENCIES AND ACTIVATION ENERGIES
FROM INTERNAL FRICTION MEASUREMENTS

Activation
Tm(CK f,
mCK) m(e/sec) energy (meV)
Cannelli NbH
and, 97£0.5 17.300
Verdini [7] 100 £ 0.5 30. 700
103£0.5 60.000 W = 180
106 £ 0.5 95.200
107 1.0 127.900
Schiller [4] NbH
100 30.000
107 130. 000 WH = 185
NbDp
110 750
129 10.000 Wp = 160
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LATTICE DYNAMICS
OF a-Fe AND Fe3Al

C. VAN DIJK AND J. BERGSMA
REACTOR CENTRUM NEDERLAND,
PETTEN (N.H.), THE NETHERLANDS

Abstract

LATTICE DYNAMICS OF «-Fe AND FeyAl, Detailed measurements of the phonon dispersion
relations in alpha-iron have been made at room temperature using the triple-axis crystal spectrometer
at the HFR reactor at Petten. Over 200 modes, observed at regular distances in the [£001, [£¢0],

[¢eed, [ge1] and [33¢] directions, are presented. An analysis in terms of the Born-von Kdrm4n theory,
using a linear least-squares method, shows that for getting qualitative agreement with experiment it is
sufficient to take into account forces out to third neighbours only, but for reproducing the details of the
dispersion relations forces out to fourth and fifth neighbours have also to be included. An interesting
feature, also confirmed by other recent measurements on «-Fe, is the attractive force between first
neighbours manifested in «, > 8;. This has been found so far for all bee transition metals. Based on

this model the phonon frequency distribution has been calculated. An attempt to include the effect of
the conduction electrons according to the Krebs' model, was not very successful.

In addition, phonon measurements on the closely related iron-aluminium alloy Fe4Al in the ordered
phase are reported. The structure of FezAl consists of four interpenetrating fcc lattices and can be derived
from the o-Fe structure by replacing every fourth atom along the [111] direction by aluminium. The
close relation between the lattice dynamics of a-Fe and Fe;Al becomes much more clear, when the
a-Fe data are described according to the Fe Al lattice, The different mass of the aluminium atom
and the different interaction with its neighbours, and a possible change in the iron-iron interaction as
compared to that in the iron lattice, cause the marked differences in the dispersion relations of the two
specimens,

1. INTRODUCTION

Investigations of the lattice dynamics of a-iron, reported earlier
[1], have been extended. By means of inelastic neutron scattering using
a triple-axis crystal spectrometer, the phonon dispersion relations have
been determined for the principal symmetry directions and for directions
at the zone boundary where the dynamical matrix factorizes. Since the
previous report [1], experimental work on o-iron, carried out independently
at other laboratories, has been published [2-5], enabling the results to
be compared.

The interest in the dynamics of o-iron originates, among other
reasons, in its complicated electric band structure. It is hoped that the
information desired can be extracted from the phonon dispersion
relations either by fitting them to a physically realistic model or by
comparing them with the relations of other systems. As regards the
latter aspect, the study of the dynamical behaviour of the alloy Fes Al
could provide an interesting comparison with the results for iron. In
the ordered phase FegAl has a fcc structure and contains two species
of iron atoms. Those of type I are surrounded by 8 atoms of type II
in a spatial configuration similar to that of the atom in «-Fe, whereas
atoms of type II are surrounded by 4 atoms of type I and by 4 aluminium

233
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FIG.1. Dispersion relations for a-iron: solid lines: 5th neighbour Born-von Karman model; dashed lines:
Krebs' model.

atoms. A neutron diffraction study by Pickart and Nathans [6] showed
that the type I atoms possess a magnetic moment much the same as in
iron, whereas that for type II is lower by roughly 25%.

In this paper the result of the analysis for a-iron with all new data
included is reported. In addition experimental data on FegAl in the
ordered phase, obtained with the same technique, are given. It is
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shown that the general behaviour of the dispersion relations can be
understood from the dynamics of a-Fe when this is described on the
Fey Al structure.

2. LATTICE DYNAMICS OF «a-Fe

Since the previous publication [1] on the inelastic neutron scattering
by phonons in iron the experimental work has been extended, in particular
to branches at the zone boundary. Comparison with the results of
Van Dingenen and Hautecler [2] obtained on an iron crystal with 3.5%
silicon suggested appreciable differences in the dynamics of the two
specimens. Therefore, part of the experiments were repeated on the
same iron-silicon crystal, obtained through the courtesy of Dr. Hautecler.

TABLE I. INTERATOMIC FORCE CONSTANTS FOR IRON
(102 dyn/cm)

Present results Minkiewicz Brockhouse

et al. [5] et al, [4]
o, (1XX) 178.6 £ 1.0 168.8 162.8
B, (1XY) 149,1:1,3 150.1 148,5
o, (2XX) 149,2+2,5 146.3 155.2
B8, (2XY) 3.6+1.4 5.5 5.4
«g (8XX) 12.4£0.8 9.2 11.8
85 (32Z) -10.9+1.3 -5.7 -8.8
Yy (3XY) 3.0:1,2 6.9 12,7
o, (4XX) -6.0+0,8 -1.2 -2.3
By (4YY) -0.6+0,4 . 0.3 2.4
ys (4YZ) ' 2.8+0.8 5.2 3.9
8, (4X2) 1.0 0.5 0.07 0.7
ag (5XX) -2,3+0,17 -2.9 -4,6
Bs (5XY) -2.4:1,0 3.2 -3.0
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The differences in the results turned out to be small and never exceeded
2%. Because of the larger size of the Fe(Si) crystal, the observed
intensities were higher than for pure iron and consequently provided
the possibility of improving the experimental data for the longltudmal
branch in the [£¢0] direction near the zone boundary.
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FIG.2. Phonon frequency distribution calculated from interatomic force constants.

The whole set of experimental data is displayed in Fig.1. The
least-squares analysis in terms of the Born-von Karmaén general forces
model taking into account interactions out to fifth neighbours resulted
in the set of interatomic force constants given in Table I. These results
differ only slightly from those given previously [1], as could be expected
since all new measurements were predicted quite well by the calculations
using the old force constants. The disagreement with the earlier data
for the longitudinal branch in the {£¢0] direction and close to the zone
boundary concerns a very small region only and has hardly any effect
on the frequency distribution. Table I also gives the equivalent sets of
force constants given by Minkiewicz et al. [5] and by Brockhouse et al.
[4]. The agreement with the present results is rather good. The most
significant differences between the three sets can be seen in the force
constant o,, mainly reflecting a small overall frequency shift with
respect to each other, the largest o; giving the largest frequencies. The
three sets agree with respect to the relation @y > B,, a fact which suggests
that bonding occurs between nearest neighbours as pointed out by
Brockhouse.
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In Fig. 2 the phonon frequency distribution is shown; it has been
calculated from the interatomic force constants by means of a sampling
method. It is interesting to note that the highest peak in this distribution
occurs for a frequency which is approximately 3% higher than the zone
boundary frequency of the [¢00] modes, which point according to Gilat [7]
should give rise to a logarithmic singularity in the distribution. A
similar tendency can be observed in the phonon frequency distribution
of Minkiewicz et al. [5].

The attempt to describe the lattice dynamics of o-Fe by means of
the Krebs' model [8] has already been reported. The dashed curves
in Fig.1 corresponding to that model show the failure of such a
description.

3. LATTICE DYNAMICS OF FejzAl

The structure of Feg Al in the ordered phase can be described as
four interpenetrating fcc lattices, one of aluminium and three of iron,
each with a lattice spacing approximately twice that of iron. Compared

FIG.3. (110) planes of the reciprocal lattices of the body-centred and face-centred cubic lattices with
Brillouin zone boundaries indicated.

to the bce iron structure every fourth atom position along the [111]
direction is occupied by an aluminium atom. There is much similarity
between the dynamical behaviour of Fez Al and that of o-Fe, which is
almost completely obscured when the dynamics of both specimens are
described each on its own reciprocal lattice. In a-Fe one has, generally
speaking, three acoustical branches, while in Fez Al with four atoms

per primitive unit cell one has three acoustical plus nine optical branches.
It is, therefore, very illuminating to describe iron according to the
FegAl lattice. In Fig.3 the dashed lines indicate the zone boundaries

in the (110) section of the normal iron reciprocal lattice, while the

solid lines denote the corresponding section of the reciprocal lattice for
FeyAl. For FejAl points A, D and C are equivalent except for their
structure factors. When iron is described on this lattice the parts AB,
CB and DE should, for example, each fully contain the information of
the [00¢] direction which in the iron lattice is to be found by combining
them. In Fig.4(a) dispersion relations of a-Fe in the [00¢] direction,
described on the Fe, Al lattice, are displayed. These data have been
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obtained from a Born-vonKéarmain model using forces out to second
neighbours only. As in iron, the structure factor is known from simple
symmetry considerations, approximate values for FejAl are obtained
by assuming equal structure factors for corresponding modes at

corresponding points

This assumption is not unreasonable, and has

served at least as a very useful guide for the phonon measurements

carried out so far,.
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In Fig.5 the experimental data obtained from a single crystal of
ordered FezAl, 6 cm in length and 2.5 cm in diameter, are displayed.
The set is still far from complete, yet it shows some features which
are of importance for the evaluation of the interatomic force constants.
Force matrices and coefficients of the dynamical matrix have been used
as evaluated by Borgonovi et al. [9], corrected for some obvious slight
errors. In the present paper their notation of force constants is used.

A general forces Born-von Karmén model with second neighbour
interactions contains 8 independent parameters. This number is
reduced by 3 on introducing the elastic stiffness constants. These have
recently been measured [10] for FegAl and have the values:
cqp =17.48X 10 dyn/cm, cq9=13.00X 101 dyn/cm and cyy =12.82X 101
" dyn/cm. These data show that the Cauchy relation ¢y, = ¢y, is satisfied
within 1.4%. It is, therefore, worthwhile trying a model with central
forces, which leaves only 2 independent force constants. The ratio of
the force constants v and a describing the first neighbour iron-iron
and iron-aluminium interactions determines to a large extent the degree
in which dispersion relations of the same symmetry type are deflected
away from each other at places where the iron dispersion relations
(Fig.4(a)) cross, when described with respect to the Fe Al lattice.

The experimental data of Fig.5 do not show any of these deflections

in the dispersion curves, which suggests an iron-like behaviour. There-
fore the assumption is made that a/y =./(m/M), in close analogy with

the iron model. Here M and m are the masses of iron and aluminium,
respectively. Taking the same ratio for the force constants A and D of
the second neighbour interactions, the iron-type behaviour is complete
in that no gaps appear at the origin and zone boundaries where the iron
dispersion relations are degenerate by symmetry. However, from the
experimental data it is clear that a gap occurs at the origin between
approximately 6.3X 1012 and 6.9X 1012 sec"],

There is also strong experimental evidence that in the [00¢] direction
the longitudinal mode, denoted as L0 in Fig.4(a), is split up. The
measured phonons of this branch had much larger line widths than
usual. This branch has been indicated in Fig.5 by a shaded band, which
probably consists of two separate modes.

Variation of the ratio of A and D gave a crude value for A, which
would lead in the applied model to a splitting of the proper size. The
set of interatomic force constants obtained in this way is:

a=8=150X% 102 dyn/cm v=6=215X 10%2dyn/cm
A=25X 10% dyn/cm D=117X 102 dyn/cm B=E=0

In Fig. 4(b) the dispersion relations calculated with these constants
are given. The agreement with the experimental data of Fig.5 is rather
poor for the optical modes. However, in the applied model, the elastic
constants play a dominating role, and probably only an analysis with
interactions out to more than second neighbours can improve the fit.
Such an analysis will be undertaken in the near future, when more
experimental results on the high energy optical modes will be available.
From the present analysis it seems very probable that in Feg Al
the ratio between second and first neighbour interactions of iron atoms
is much smaller than in @-Fe. More definite conclusions cannot be
drawn at the present stage of this investigation.
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DISCUSSION

R.I. SHARP: May I ask the author of paper SM-104/40 a question
about his copper results? Bearing in mind the discrete angular steps through
which triple-axis machines move, are the peak positions corrected for the
efficiency of the counter and the actual energy at which the spectrometer
'looks'? Alternatively, was any correction made for incident spectrum?

G. NILSSON: There is no need for any such correction in this experi-
ment, Every phonon was measured with the outgoing wavevector k, fixed,
and thus there was no change in the efficiency of the counter or analyser.
Between two phonon measurements in a series where an anomaly was
sought, ko, was changed in order to make it possible to use the same incident
spectrum when the next phonon was measured. Furthermore a 1/v-sensitive
monitor was used, and the monochromator was programmed to move in
equal steps as regards energy and not as regards angle,

R. M. PICK: Could anybody explain the strong distortion in the
Cug, gNiy ; phonon spectrum? As far as I remember, the ratio of the Cu/Ni
phonon is more or less constant for any frequency and wavelength.

B. MOZER: We have demonstrated conclusively that Cu/Ni is not an
ideal solid solution., Diffraction data on Cu52.562Ni47,5 show short-range
order of the clustering type, with nickel preferring to have more nickel
surrounding it than would be expected from a random probability distribution.
Clustering is bound to affect the electron states, phonon states, etc., and the
electron bands for these alloys would not behave as rigid bands.

J.J. RUSH: I have a comment and a question on paper SM-104/128, In
my opinion the statement that, due to spatial averaging, two separate peaks
of the optical hydrogen vibrations cannot be observed in scattering from
polycrystalline samples of NbH and VH is not correct. We have recently
published a cold-neutron study of polycrystalline vanadium hydride in three
crystal phases., We do observe double maxima in good agreement with the
results given in paper SM- 104/128, although they are not too well resolved.
In addition, Pan et al. at Rensselaer Polytechnic Institute have recently
reported the observation of a well-resolved double hydrogen peak in niobium
hydride, which they obtained by energy-loss measurements on a polycrystal.

Could the authors say something more about the interpretation of the
significant inelastic scattering intensity in the region of 5-meV energy
transfer in Vgg g6 Hp, 04?

R. RUBIN: In reply to your comment I would announce that in recent
measurements in NbH, performed with the same resolution as that used
for an NbH single crystal, we ourselves have detected the existence of the
second peak. However, it was significantly smaller than in the single-
crystal sample,

As regards your question, the inelastic intensity observed at very
small transfer energies can be interpreted as quasi-elastic scattering due
to a high mobility of the hydrogen atoms, a mobility which seems to exist
only in the a-phase. The experimental results, especially from internal
friction measurements, indicate the existence of tunnelling. In suchacase
the resulting energy bands would give rise to the low- energy intensity.

W. GISSLER: The theory of Chudley and Elliott predicts a deflection
of the quasi-elastic line width dependent on k2, I imagine the x region
covered in the experiment described in this paper is too small to permit
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observation of this deflection., Could you say what value of k would be
required for this purpose?

R. RUBIN: Under the assumptions which we made, the value of x for
mao)filmum AE should, according to the Chudley-FElliott model, be about
3A

M.G. ZEMLYANOV: I also have one or two questions for Mr, Rubin,
First, has he done experiments to determine the structure of metal hydrides
using neutron diffraction? And secondly, what was the reason for choosing
a temperature of 200°C for performing the measurements on niobium and
vanadium hydrides?

R. RUBIN: We performed no diffraction measurements, but we did study
the relative intensities of the localized peaks of vanadium hydride in the
a- and B-phase over the temperature range 50-250°C and at concentrations
ranging from 4 to 20%. Further data on the phase diagrams at lower
temperatures (100-150°K) were obtained from internal friction measurements,
We selected a temperature of 200°C, firstly to have a sufficiently high local-
ized peak population in connection with the energy gain measurements, and
secondly to obtain a large broadening of the quasi-elastic spectrum,

M.G., ZEMLYANOV: We have ourselves carried out neutron diffraction
studies of niobium and vanadium hydrides, giving our attention both to the
structure and to the dynamics of cold neutron scattering, These studies
showed that in niobium hydride the order-disorder transition occurs at about
100°C, while in vanadium hydride the transition takes place at about -50°C.
In the ordered state the hydrogen atoms occupy tetrahedral sites and form a
sub-lattice. In niobium hydride the order-disorder transition is accompanied
by an increase in quasi-elastic scattering, Evaluation of the coefficient of
diffraction gave a value of 5X 10-5, In vanadium hydride no quasi-elastic
broadening was observed at room temperature.

J.J. RUSH: May I ask Mr., Zemlyanov a question about his neutron
diffraction results for vanadium hydride? Our inelastic scattering data on
the tetragonal phase suggest that two types of lattice site, presumably
octahedral and tetrahedral, are occupied by hydrogen atoms in this phase,
How does this compare with the structural information from his diffraction
data?

M.G. ZEMLYANOV: The neutron structure investigations on vanadium
hydride showed that the hydrogen atoms are located in the tetrahedral sites.

J.J. RUSH: At what concentrations were the diffraction patterns
measured?

M.G. ZEMLYANOV: The polycrystalline samples we first used had a
near-stoichiometric composition of vanadium hydride, while the single
crystals which we later employed contained about 3% hydrogen (VH, ,3).

W. GLASER: On the subject of the Fe Al system described in paper
SM-104/137, do the authors of the paper hope, after completing and fully
analysing their data, to obtain accurate information on the change in inter-
atomic potential or in electronic density around an iron site, as a function
of the additional aluminium atoms? This is of interest for M8ssbauer effect
studies on such systems, which are notoriously difficult to interpret.

An accurate calculation of the mean square displacement of the different
atoms would likewise be of assistance.

C.van DIJK: First I would state that our investigations are still in a
preliminary stage, and we are therefore somewhat reluctant to predict the
amount of information which will be obtained from this experiment, But
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because of the close relationship between the ¢-Fe and the ordered Fe;Al
systems, which becomes clear when both systems are described with
reference to the same lattice (as shown during the presentation of the paper),
differences in the relevant force constants in a-Fe and FejzAl will reflect the
difference in interatomic potential around the iron site, If the important
role the electrons play in lattice dynamics were better understood, the
change in this potential due to the aluminium atoms could probably be
interpreted in terms of the electron density around the iron site.






INELASTIC NEUTRON SCATTERING
ON SOLID AND LIQUID
TELLURIUM AND SELENIUM

W. GISSLER, A. AXMANN AND T. SPRINGER

INSTITUT FUR FESTKORPER - UND NEUTRONENPHYSIK,
KERNFORSCHUNGSANLAGE JULICH,

FEDERAL REPUBLIC OF GERMANY

Abstract

INELASTIC NEUTRON SCATTERING ON SOLID AND LIQUID TELLURIUM AND SELENIUM, The
lattice dynamics of tellurium and selenium are of interest with regard to the relatively strong deformations
of the valence electron shells and the asymmetric lattice structure of the crystal which consists of spiral
chains in a hexagonal array. Inelastic scattering experiments have been performed on crystalline and
liquid selenium and tellurium and on amorphous selenium using a rotating crystal and a triple-axis
spectrometer, The experiments on selenium polycrystals and tellurium poly- and single crystals show
high-energy modes which can be identified as intra-chain bond stretching modes with a pronounced
molecular vibrational character, There are further optical modes at lower energies due to bond-shearing
vibrations and to torsional modes of the chains against each other. The results are consistent with
infrared experiments. No reliable check of the existing theories has been possible, but a rough agree-
ment was found.

Comparing the spectra of polycrystalline, amorphous, and liquid selenium, there is no appreciable
shift or broadening of the peaks ascribed to optical intra-chain modes in the amorphous and liquid phase,
The influence of small admixtures of iodine has been studied which reduces the length of the chains, For
liquid tellurium at 470 °C there are no peaks at all in the spectrum which results from a breakdown of the
polymeric structure, The change of the quasi-elastic line width with the chain length was found to be
considerably smaller than the change of the reciprocal viscosity.

1. INTRODUCTION

Crystalline selenium and tellurium have in common a structure [1]
which consists of helical chains in a hexagonal array with 3 atoms per
unit cell (Fig.1). The atoms are bound tightly to their next neighbours
within the chains, whereas the interaction with the neighbours in ad-
jacent chains is weaker. The difference [2] between the Se and Te
structures is that the first neighbour distances within the chains are
smaller for Se relative to the inter-chain distances because the covalent
bonding is stronger. The pronounced ‘'individuality' of the chains in the
case of Se is even maintained after melting. i

Part of the optical lattice vibrations of Se and Te is infrared active
with relatively low frequencies. This is due to appreciable deformations
of the valence electron shells and to the low crystal symmetry. The
interaction between these vibrations and the charge carriers has an im-
portant influence on the semiconductor properties [3]. For this reason
and because of the highly asymmetric lattice structure, there is con-
siderable theoretical interest in the lattice dynamics of these elements.
Dispersion curves have been calculated by Hulin [4] on the basis of a
model with three force constants. An improved model with seven force
constants has been worked out by Geick et al.[5]. This uses general
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FIG.1. Lattice structure of Se and Te.

forces between neighbours within a chain and central forces between
adjacent chains.

The optical frequencies at wavevectors q=0 have been determined
by a number of infrared experiments [3,5-7]). Neutron spectroscopic
measurements on Se and Te were performed previously by us [8] and
on Se by Kotov et al. [9].

In both the vitreous and the liquid states Se is assumed to consist
of chains (several 10 to 10% atoms long) mixed with a considerable amount
of smaller rings (probably of the Seg type); Te is also considered to have
a chain structure in liquid [10,11]. The polymeric ring structure prevents
immediate crystallization after solidification. The addition of small
amounts of alkalides or halogens reduces the viscosity greatly and
facilitates crystallization considerably. Te, on the other hand, crystal-
lizes easily and relatively big single crystals can be grown.

Section 2 of our paper discusses neutron spectroscopic experiments
on crystalline Se and Te in connection with the theory and with infrared
experiments. In section 3 experiments on amorphous and liquid Se and
Te are presented. The typical differences between both elements are
discussed, as well as the influence of small amounts of admixtures in
liquid Se.

2. EXPERIMENTS AND DISCUSSION OF THE RESULTS IN THE
CRYSTALLINE PHASE

The measurements were performed with the rotating crystal spec-
trometer at the FRJ-2 (DIDO) reactor {12]. Its resolution is about
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25 usec/m. Part of the single crystal work was carried out with the
triple-axis spectrometer at the FRJ-2. In this case eight Te single
crystals (1 em diam., 5 cm high) were fixed together and aligned by
X-ray diffraction. For the polycrystalline samples the probability of
both multiple scattering (combiningtwo inelastic events) and two-phonon
scattering has been estimated. The contribution of both is sufficiently
small to avoid any spurious peaks.

Se polycrystalline Te polycrystaliine
=20°C 12

T= 20°C

1000

500

01 -
Se amorphous Te liquid
- 20°C r-émec [ \
20:87°
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T 0 : |
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FIG.2. Time-of-flight spectra on Se and Te at different temperatures. 29 = scattering angle.

Figure 2 shows spectra from Se and Te polycrystals together with
the results from the liquid and amorphous phase (see section 3). In the
energy region corresponding to peaks 3, 4, 5 the shape of the spectra is
not essentially affected by the condition of momentum conservation for
coherent scattering because contributions from many different reciprocal
lattice vectors come into play. A change of the scattering angle did not
shift the position of these peaks. Therefore, we conclude that the peaks
mark the energies for which the density of normal vibrations is high.

Figure 3 represents dispersion curves in the [100] direction of Te,
as calculated by Geick and Schrdder [5]. The force constants were found
by an optimum fit using the elastic constants and the existing infrared
data (squares at q=0 in Fig.3). Arrows show the peak positions taken
from Fig.2. A series of phonons has been measured on Te single crystals
with the time-of-flight and the triple-axis instrument. Those in {100]
direction are also shown in Fig.3. Further measurements are in
progress.



TABLE I. SPECTROSCOPIC RESULTS FOR SELENIUM AND TELLURIUM
Element Selenium Tellurium
Vibration type acoust, 0O, 0,04 0} 0,03 acoust. O, 0,0, O} 03,04
cryst 4.6 7.1 11,17 16.2 31.5 4.8 6.0 10.0 10.5 18.5
N this amorph - - - 15.3 32.4
work
liquid? - - 12,8 - 34 - - - - - -
[71 cryst - 17.5 - 34 11 13 - -
amorph - 14,8 - 31
[5] cryst 12,8 17.3 - 28.8 - 12.5 - -
R
[6] cryst 10,7 11.4 - 17.6
cryst 12.6 17.7 27.7 11,1 11.3 - 17.7
(3]
amorph many peaks betw, 6,2 and 31,4
Th [4] cryst 9.2 15.2 20,1
N: Line energies (in units of 107% ev) from neutron spectroscopy (maxima of the states density). IR: infrared spectroscopy (q ~0);2  at 350°C.

Th: Theory,

8¥¢

TE 32 ¥HTISSIO
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FIG.3. Wavevector q and frequency w/2m for Te in [100] direction. Solid curves: theory [5].
O time-of-flight, ® tiple-axis experiments. Squares at q=0: infrared experiments [6]. Arrows: position
of neutronic intensity peaks from Fig.2.

The three highest branches (0') in Fig. 3 are primarily due to
stretching modes of the rather stiff intra-chain bonds. For a scattering
vector X parallel as well as perpendicular to the hexagonal axis the ex-
periment did not resolve these three branches. Therefore, the splitting
of the 0' modes must be much smaller than predicted by theory.

The calculated lower optical branches are attributed to intra-chain
bond shearing modes (O,, Og) and torsions of the chains against each
other (01) for q=0. Branch Oy falls into the region of the experimental
points. O; and O, might have been missed in the experiment due to a
small dynamical structure factor. Consistency exists between the neutron
data at =0 and the infrared lines at 17 and 11X 10 eV. The agreement
between the rather sharp peak energies from the polycrystal (arrows)
and the energies of the high optical branches in Fig. 3 is an indication of
the isotropy and the relatively small slope of w(q) for these phonons.
Table I compares all available data.

The frequency ratio v(Se)/v(Te) is smaller than (MTe/MSe)% =1.,27
for the O; mode (1.17), and considerably greater for the O' modes (1.7)
and for the modes O, and Oz (1.5). This indicates nearly two times
higher coupling constants within the chains for Se than for Te, and
naturally an even more pronounced 'molecular' character of the modes
O', Oy and O,.

3. AMORPHOUS AND LIQUID PHASE

Comparing the spectra of crystalline, amorphous and liquid Se
(Fig.2; Table I), there is no relevant shift or broadening of the high-
energy peak 5 which we identify by the intra-chain bond stretching mode
(like O' in the crystal) of the polymeric chains in liquid and amorphous
Se. Peak 5 might also contain stretching vibrations within Seg rings.
They will not be very different from those in the (more or less) straight
chains because the nearest neighbour arrangement is approximately the
same. Peaks 3 and 4 in the amorphous phase correspond to peaks 3 and 4
in the crystal (O; and O,04). Peak 4 in the liquid is assumed to cor-
respond to peak 3 in the amorphous phase (explained by torsional motions).
Surprisingly, this peak seems to be more pronounced in the liquid than in
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TABLE II. EFFECTIVE DIFFUSION CONSTANTS AND
VISCOSITY OF LIQUID SELENIUM AND TELLURIUM

timated
Deff Viscosity Es imate
Sample (cm¥seq) (poise) chain length
(atoms)
Se (340°C, pure) 0.9%x10°5 1.7 85-100
Se (340°C +4% 1) 1,4%x 1078 ~0.5 ~50
Te (450°C) 2.6x1075 -

the amorphous phase; this might result from a greater flexibility of the
chains to rearrange with their neighbours. Peaks 2 and 3 do not coincide
with the peaks in the polycrystal.

The addition of halogens, as iodine, reduces the chain length, pre-
sumably by forming J-Se...Se-J complexes such that the average chain
length is just n=2/p, where p is the atomic fraction of the iodine ad-
mixture [10]. This helps to increase the disorder amongst the chains
which could explain the disappearance of peak 4, whereas peak 5 appears
to become less intense.

In Te the spectral structure has disappeared completely above the
melting temperature (450°C). This could be assumed fo result from a
rather complete breakdown of the chain structure. On the other hand,
X-ray patterns of liquid Se and Te are not drastically different {14}. The
observed amount of smearing of the Te spectrum could not be interpreted
merely by a stronger contribution of multiphonon scattering (this is in-
fered from a comparison of the spectra of Te at 20°, and 350°C).

The loss of the peak structure in the spectra is connected with an
increase of the quasi-elastic line width I'. We define an effective diffusion
constant Dy byl I'=2h«2 D¢ (in a somewhat similar sense as inRef.[13]).
This describes the combined diffusive motion of individual atoms, namely
the parallel motion of the chains, torsional jumps, and the diffusion of
the Seg rings. Table II shows the viscosity n, Dgy , and estimated chain
lengths [10] using for pure Se the relation ln n =const nz [16]. The
viscosity increases stronger than 1/D.4. This could be explained by
assuming that n is mainly determined by the mobility of large fragments
of the chains, whereas Dy is given by the motion of single atoms within
the chains, and of small atomic groups, as Seg. More detailed studies
on the relation between the quantities of Table II are in preparation.

! The influence of the line narrowing effect [15] on the «2? dependency of ' was shown to be safely
below 20% by a series of measurements on liquid Se [8].
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DISCUSSION

L.A. de GRAAF: How do the measured effective diffusion coefficients
compare with the macroscopic data?

T. SPRINGER: No macroscopic self-diffusion data were available,

G.S. PAWLEY: This is really a point of nomenclature. Mr, Springer
mentioned that he had a branch on his dispersion curves which was very
nearly flat, and he described this as having practically no dispersion. Now,
a phonon branch with no dispersion is really a straight line from the origin
of the dispersion curves. I feel, therefore, that some alternative terminology
is necessary to describe flat optical mode branches in which the frequency
is independent of wavevector, To say that these branches have no dispersion
may well be confusing to the uninitiated!

T. SPRINGER: At all events I meant optical branches of a highly
'molecular' character where the change of w as a function of q is very small,
as is the case with the highest branches shown in my figures.

B.M. POWELL: The model used to interpret your single-crystal
measurements was obtained by fitting to four optical frequencies and two
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elastic constants, Can you tell me how good this fit was when applied to
the optical frequencies for tellurium, and how the fit compared with that
for selenium?

W. GISSLER:  The fit for tellurium was good, with an error of about
10%, while for selenium it was poorer {error about 25%), owing to the more
pronounced anisotropy in the case of the latter element,
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Abstract

ATOMIC VIBRATIONS IN FACE-CENTRED-CUBIC ALLOYS OF Bi, Pb AND T1. The atomic
vibrations in the alloy systems Bi-Pb-T1 have been studied at 100°K, over a wide range of electron
concentrations (3.2-4.15 electrons per atom), by inelastic neutron scattering. Six binary alloys and
one ternary have been investigated. The dispersion curves for these alloys show a progressive change
with electron concentration. The main features of the dispersion curves for pairs of alloys having the
same electron concentrations (3.4 and 4.0 electrons/atom) are quite similar. The variation of the
frequencies with electron concentration indicates that the electron-phonon coupling strength increases with
increasing electron concentration. This result correlates well with the superconducting properties of the
alloys.

Analysis of the dispersion curves based on Born-von Kdrmdn theory shows that long-range forces
extending beyond the eight neighbour exist for these materials. However, distant neighbour interactions
appear to become smaller as the electron concentration in the alloy systems is reduced. The dispersion
curves for some of the alloys are believed to show Kohn anomalies similar to those observed in Pb. The
anomalies in the alloys have moved and grown weaker with respect to those in Pb. From these anomalies,
diameters of the Fermi surface along the {110] and [111] directions have been deduced for the Pb-T1
alloys. The results are consistent with the rigid band model.

The neutron groups observed in the alloys are in general reasonably sharp and well-formed. They
are, however, somewhat broader than those observed in Pb, particularly those in the ternary alloy
(Biy ,Pb, (Tly.5)- The broadening of the neutron groups has been attributed to the force constant
disorder in the alloys. A theoretical discussion based on perturbation theory is given. The widths involve
products of pairs of deviations (of the force constants from their mean values) and hence are relatively
insensitive to force constant order.

I. INTRODUCTION

Considerable effort has been devoted in recent
years to determination of phonon dispersion relations for
pure metals by neutron inelastic scattering. The moti-
vation behind the work is largely interest in the inter-
atomic forces, the electron-phonon interaction, and the
electronic structure of metals. Similar studies on alloy
systems have recently been undertaken [1,2,3,4]. 1In
addition to the interest in alloys per se, such experiments
offer the possibility to study specific features of the
crystal dynamics of metals in a controlled way; in par-
ticular effects of smooth variations in the atomic force
constants, of changes in conduction electron concentration
and of changes in the relative concentrations of 3d and

% Now at Clarendon Laboratory, Oxford, England. This work forms part of a Ph. D. thesis
submitted to McMaster University (1967).
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4s electrons may be studied. By proper choice of alloy
system, it is possible to separate, to a large extent,
these various effects,

The present work on Bi-Pb-Tl1 alloy systems was
designed to study the effects of atomic force constant
variation and of changes in conduction electron concen-
tration. Bi-Pb-Tl1l alloy systems are favourable for
these studies for several reasons:

(i) Bi, Pb and Tl are neighbouring elements in the
periodic table; differences in the masses can
be completely neglected (see § 4).

(ii) The ion cores are small and thus the interatomic
forces are almost completely metallic. Overlap
interaction between the core electrons can be
neglected.

{(iii) Disordered substitutional alloys of Bi, Pb and
Tl having a face-centred-cubic structure exist
for binary compositions of Bi-Pb(0-18 at. % Bi),
Bi-T1 (4-27 at.% Bi) and Pb-T1 (13-100 at.% Pb).
It is thus possible to change the conduction elec-
tron concentration from about 3.1 to 4.18 electrons
per atom.

(iv) The alloys are superconductors with relatively
high transition temperatures. This indicates that
the electron-phonon interaction is rather large,
so that effects of conduction electrons on the
crystal dynamics are observable.

(v) Neutron properties of the elements are good, in
that the capture and incoherent scattering cross
sections are small. The coherent cross sections
are almost identical (T1-10b; Pb-11.5b; Bi-9.35b),
a fact favorable from the point of the phonon
experiments, though not from the point of view
of detecting order in the alloys.

Six binary alloys (Big, 15Pb , Bi Tl Bi Tl ‘
Pbo 4Tl 67 Pbo T1 4’ and Pbg 0 ES ,Oa%d 8ne terga%y 0.8
(Blo 2Pg0 6T1lo. 2? ave been investlgated at 100°K. The
electron concentration ranges from 3.2 to 4.15 electrons per
atom. The alloy crystals used were grown by Research Crystals
Inc, of Richmond, Virginia, using the Bridgman method; they
were cylindrical, 3.1 cm in diameter x 9 cm long. It is
desirable to know the compositions and homogeneities of
the alloy crystals, as well as the lattice constants and
mosaic widths. We have used neutron diffraction to ob-
tain these characterizations [5]. Because the large
neutron beam takes in and penetrates almost the whole
ingot, the lattice constantg obtained by this method charac-
terize the mean composition of the ingot, and the spreads
in lattice constant characterize its homogeneity. Results
indicated that the measured mean compositions were in
good agreement with the nominal compositions. With the
exceptions of Big_ j5Pbg,gs and Big, K oPbg gTlp.2, the
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alloy crystals were of good quality. The degrees of
inhomogeneity range from 1 to 5% (in composition) and the
mosaic widths range from 0.4° to 0.8° (F.W.H.M.).

2. DISPERSION CURVES AND FORCE CONSTANT MODELS

The frequency-wave vector dispersion relations for
the lattice vibrations in the seven crystals were measured,
mainly along the four major symmetry directions. The
measurements were.made on two different triple axis crystal
spectrometers - the Chalk River (C5) spectrometer [6] and
the McMaster University spectrometer [7] at Chalk Riyer.
The measurements were made usually in the 'Constant Q'
mode of operation [6], and in neutron energy loss. In
order to reduce the occurrence of spurious neutron groups
arising from higher order reflections of the monochromator
and of the analyzer, a 15 cm. quartz single crystal filter
was normally used in the incoming beam. 1In several cases
the same normal mode was studied_in two planes of the
reciprocal lattice, (100) and (110), and with both spec-
trometers. In all cases agreement was well within the
assigned errors.

The results indicate that marked regularities exist.
The dispersion curves for the alloys show a progressive
change, both in general frequency level and in shape,
with electron concentration. BAlloys in different systems
which have the same electron concentration, have similar
dispersion curves.

According to recent theories of crystal dynamics
of metals, the interatomic forces can be considered to
consist of three parts: (1) Coulomb force betweéen the
bare ion, (2) interatomic forces acting via the conduction
electrons and (3) exchange repulsive force arising from
the overlap of ion cores (which can be neglected in these

materials). The freguencies of the lattice vibrations
can be separated into two parts [8],
2 _ 2 2 _ 2,
w” = wy we " = wy (Id Ie) ,

where w 2 is the contribution from the direct Coulomb
interacgion, we2 is the contribution from the indirect

interaction via the conduction electrons, wp is the

plasma frequency for the ions, given by the expression
2 . (ze)?
w =16T ———o
D 16 ¥a3

- Ig depends only on the crystal structure and I, depends

on the electron-phonon coupling strength. The average
mass (M) and charge (Ze) for the ions in the alloys

were used to calculate wp® . If the phonon frequencies
were dominated by the direct Coulomb interaction between
the ions,then w?/w would be similar for equivalent
modes. In fact, tgey vary quite drastically, and depend
on the conduction electron concentration as well as on
the particular mode considered. In general w2/w, 2 de-
creases with increasing conduction electroh concentration;
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see, for example, Fig. 2 of ref. [3]. fThat is to say, the
contribution from the indirect interaction increases with
increasing electron concentration, which in turn indicates
that the electron-phonon coupling increases with electron
concentration.

The overall shapes of the dispersion curves are quite
different for alloys with different electron concentra-
tions. Fig. 1 shows a comparison between the dispersion
curves for the alloy Pbg 4Tlp g (3.4 electrons per atom)
and for pure Pb (4 electrons per atom). (The results for
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FIG.1. Dispersion curves of fcc lead {9] and of a fcc lead-thallium alloy for the major symmetry directions.
To avoid confusion no experimental points are shown for lead. The dashed curves represent a Born-von Karméan
fit to the measurements for the alloy. The slopes of the straight segments of line through the origin represent
the velocities of sound of the alloy.

Pb were taken from the literature [9]; to avoid confu-
sion, the experimental points for Pb are omitted).
Striking differences exist in the two sets of dispersion
curves. In particular, the local minima observed for

Pb near the points X(100) disappear for the alloy. How-
ever, the main features of the dispersion curve for
pairs of alloys having the same electron concentration are
quite similar. Fig. 2 compares the results for two
alloys (Pb 4T10 and Bi0 5Tl 8) which have the same
number (3.2) of ¢onduction’elec¢trons per atom. In fact,
the mean frequency ratio <v(Pbg 4Tlg ¢)/v(Big Tlp g)>
is 1.033 - 0.005 with a standard deviation of a single
ratio from the mean of 0.027. The standard deviation
expected from the estimated errors is 0.05; thus the
curves for the two materials are almost identical except
for a 3% scale change.
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The ternary alloy, BiO.ZPbQ.GTlo,ZI and Pb comprise
another pair of analogous materials with 4 conduction
electrons per atom; the mean ratio <v(Big PbO.GTlg.Z)/
v(Pb)> is 0.963 =~ 0.006 with a standard deviatidn o
0.050. Again the homology of the lattice vibrations
(10] is quite pronounced, though less so than for the
preceding pair. The results indicate that the lattice
dynamics of these alloys are principally determined by the
number of conduction electrons per atom.

An analysis of the dispersion curves has been carried
out on the basis of Born-von Kirmdn theory. From previous
work [9] on Pb, it is obvious that the Born-von KAarméin
model is not very useful for purposes of detailed analysis,
because of the long-range nature of the interatomic forces.
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FIG.2. Dispersion curves for two alloys having the same number of electrons per atom (ng = 3.4).

Nevertheless, approximate fits to the measurements are
obtainable and the resultant models may be adequate for
Some purposes.

We have carried out the analyses using the programs
of SVENSSON et al.[ll]). The results are tabulated in
Table 1. Reasonably good fits were obtained using 8th
neighbour models, with forces from fifth to eighth neigh-
bours constrained to be axially symmetric. Better fits
were obtained for alloys with small electron concentrations
than for those with large. It was possible to fit the
observed frequencies for Big,(1Tlgp_ g9 with a mean deviation
of 1.2%, about the same as the expected deviation due to
experimental error. However, the best fit for Pb has a
deviation of -2.8%, about twice the expected experimental
deviation. The goodness of fit for the other alloys
lies between these two extremes. Examples of the re-
sults are shown by dashed lines in Fig. 1 for Pbg_4Tlg.g
and by solid lines in Fig. 2 for Big,6Tlg_ g. Measure-



TABLE I. ATOMIC FORCE CONSTANTS FOR Bi-Pb-T1 ALLOYS AT 100°K IN UNITS OF dyne/cm

86%¢

HSNOH3D 0¥ Pue ON

AFC Biy s PPy Biy.,Pby. Tl Pb Py Tly, AFC Pb, (Tl Pb, Tl Big , Tl g By, Tl
1XX 3564+ 88 3687 + 75 3933+ 65 4055 + 78 1XX 4603+ 90 4944+ 63 4679+ 99 4984+ 82
1zz -1426 £ 178 -1574 +152 -1280+ 133 -1111 + 182 1zz ~-1333+ 194 -15632 + 142 -1448 + 213 -1485+ 164
1Xy 5170+ 118 5037 £+118 4929 + 98 5270 + 128 1XY 5445 + 141 5540 + 120 5198 + 164 6161+ 172
2XX 1922+ 111 1532 +100 1617+ 92 976 + 101 2XX . 407 + 108 43+ 82 151 + 130 65+ 130
2YY -23+ 76 -5+ 71 309+ 60 103+ 82 2YY -128+ 82 -148+ 65 -129+ 102 107+ 91
3xX -499 + 122 -312+ 96 -266+ 90 -252 + 117 3XX -97+ 133 193+ 88 104 + 139 -26+ 105
3YY 170+ 87 71+ 46 41+ 46 59+ 51 3YY -92+ 62 =150+ 40 ~-133+ 66 -44+ 52
3YZ 349+ 61 233+ 60 349+ 52 147+ 59 3Yz 53+ 59 41 53 =37+ 173 -72+ 86
3XZ 35+ 34 40 + 32 =58+ 27 -4+ 30 3XZ 45+ 33 -8+ 22 -61+ 36 -66+ 42
4XX 763+ 40 572+ 37 167+ 31 566 + 39 4XX 382+ 40 141+ 32 251+ &1 -3 46
422 136+ 58 26+ 51 106+ 51 -68+ 57 4727 -9+ 61 -6+ 47 -0+ 72 -74+ 69
4axXy 265+ 133 176 +143 376 + 124 -51 + 152 4XY -100 + 164 123+ 124 337+ 188 12+ 164
5XX 74+ 99 -4+ 86 -288+ 75 -35+ 103 5XX -64 + 116 -142:+ 75 -156 + 115 12+ 97
5YY -293+ 42 =221+ 43 =341+ 41 -217+ 54 3YY -26+ 59 67+ 41 40+ 62 -7t 52
5ZZ -339: 56 -248 + 56 -347+ 54 -240+ 70 52Z -21+ 77 93+ 83 64+ 80 -10+ 68
5XY 138+ 48 81+ 47 20: 41 68+ 55 5XY -141+ 62 =79t 4 =73+ 61 7+ 52
6XX 53+ 29 -6+ 26 34+ 26 50+ 28 6XX -25+ 30 -81: 24 1+ 36 11+ 35
6YZ -213+ 83 -88+ 17 -177+ 70 8: 82 6YZ 43+ 84 23+ 63 117+ 107 15+ 87
XX -81: 49 -32 + 46 -59+ 42 =97+ 54 XX =10+ 62 97+ 42 51+ 63 38+ 54
7YY 143+ 54 84+ 47 133+ 44 101+ 59 Yy 31: 68 -38:+ 43 -81: 69 17+ 55
12Z -9z 22 -1+ 21 30+ 21 40+ 28 122 26 + 28 -5+ 19 20+ 33 -25+ 25
Yz 256+ 15 12+ 14 33: 14 13+ 14 Y2 9+ 14 10+ 13 -7+ 15 4+ 15
7XZ 37+ 22 18 22 50+ 20 20+ 21 TXZ 14+ 20 14: 20 -10+ 22 7+ 20
XY T4+ 21 37+ 20 100+ 14 39 16 TXY 27+ 17 291 10 -21+ 23 13+