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. TABLE VII: ' Griineisen parameters for the Ubrational modes 
in the ex phase: : .. , 

-- T ' . Low-frequency High-frequency 
("K) E,. mode. . T,. mode T,. mode 

8 1.95:1:0.06 1.63 :1:0. 06 1.68 :1:0. 08 
18 1.95 :1:0. 06 1.68:1:0.06 1.65:1:0.08 
33 1. 96 :1:0. 08 

, , 

leveling off to a value around 3 just below the a-f3 tran-: 
sition. Since the Griineisen parameters for the libra­
tional modes are substantially lower than three, it must 
be cOI].cluded that these modes cannot be responsible 
alone for the increase in )'0. Translational modes prob­
ably having Griineisen parameters around 3 must make 
significant contributions to 'Y,. below 36 OK. 
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·:·.;:~e; than U;~~~~~~lv~~~·~ ;~Th-;~e~~~'w.~-~eem ': . In 'anisobaric experiment, . the crumg~s in the libra-: ' '~' 
. ; to· indicate that the.,12 power of the repulsive part is too . tioru;U frequencies ~th temperature contain one contri- ' . • ~ , __ 

· ',': liigh. .. Indeed, ' for a:~epu1ai-ve atom~:ltom Potential of.the ·· bution due to thermal expansion and a second contribu'::' '.',. . 
' .. :':form:A?"", the .G.~isen parame~rs ob,tained ~ \:he , > : tion whicb is, a direct result of anharmonic ~teractionS " : = . 
+'present' study· would. yield 9. 3, < ~ <.10_,1. ~ ,7.~4.~ n 5.!1~ ~~. . and is present even iJl a solid held at constant volume. ~,.~;_::'.'~' " 

,'-::-:£or: th8 E,.. and .T; mOdes, · .. respectively, " .~ the . quasi~.:~ This last contribution has been measured in samples . ;-.' . 
'·?: f:;harmonic approximation. .. ,Thisconclusion is substan- :! five and six. '.The change in molar volume 'of these L' , ~.' 
.. ; ti~d by the classical harm~)Dic calculations of Jacobi ... :. "clamped" samples in the temperatw::e ~range 5-39 :K., '.';' 

· ',; :; and Schnepp, 41 who used the 6-n atom"':atom potential introduces a change in the E,. librational frequency of 
.. :andfoundn=9togivebetleragreementwiththemeasured about 0.05 em-I. This change is considerably less than ' 

lattice energy, and infrared and Raman frequencies at the errors in the frequencies and it is reasonable- to 
. ·zeropressure~ Using a multipole expansion of the inter- assume that the Raman spectrum in the a phase for these 
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obtained 'Griineisen param- samples is only directly affected by changes in tempera-., . . 
,~:7 eters of about 2 and 1.7 for the E, and two T,. modes, : .". ture. -' The E,. librational frequencies of these samples . ':.,." 

· '~'-·respectl.velY;: · :However~ ·the authors assumption of a ~ ': are given in Table· VIII at interyals of about 3 ,oK. in: the.:: ...... _.:. ~: . 
. < hexadecapole':"niooopole term independent of vo~ume ·is ~ . :. tempera~e' range .5 ~39 OK • . ". ',: ! '.~.:;; ~~;;;.~r.~.1 ',.:,,:. ;'.2-' -.i~;0'< 
-.; ootfully jUS~i:~~5;O.; .. : '.: : . ' ".,"", ,~ ",; , ,: '~~· 'i)"'· l~., ~<; , "~ 'Al~~ the :lib~tio~l amPli~~~·~;u.~:;~e in"tiie''':~ '''''': '-
~ ,,:": Tli~ ~easur-~ libratio~l fr~ue~i~s c~ -~ extrap': phase, Harris and CaU48 have shown that they-are small '. ' 
.: alated to zero pressure using the Griineisen parameters enough to warrant a perturbation treatment starting from 

and the molar \TOlumes at zero pressure from Fig. 1. .. ' conventional lattice dynamics. This ' treatment has been 
.. . The calculated zero pressure 1librationalfrequencies. . ::..~ . widely considered in the literature in the case of transla-
, .' are 32! 8, 37.~, :and 60.5 cm- at 8 OK and 32. 3,: 36 •. 6, .~:· tional modes. For an extensive discussion on the sub-

., : .. ind' 60.1 cm-1' at 18 OK to be compared ~o 31. 5; _ 36~ 0, -_~ .. . '. ject the reader is referred to Wallace's book. 71 . usually, 

.::::~ .59; 8 cm:l.~m~~~ed by Mathai ~ Alli~::a ,at 4 ~.K~';: . . cubic and quartic anharmonic .terms are added to the-Po- , 
.. ,. 'aDd, 3'2 - 36. 5 :,;. ~and 60.cm-1 measur~d by Ander.son, ~un; ,;., tential am the total energy is then caJ.culated in second..-';.· .-
"':' and- ' "Oo'nke l' ..2t .. · t 18 OK --- . - :.: ":~'. -= ';:. " ;.:~~'. ~~ ":' · '[.7:::-"··.. order p' erturbatio" " The resulting cor' rection' to, ."'- , .. ;'f'--",." . '. . . rs oq\;'~_,a .. . • . ~ .:. _.;_ ,~ . :<,.., ... 'o. ~. "'.' ::1'-""'. <':;;s-/:' : '.. .....,. " 

. ' .. fJ~· __ ..l. -_."' . ,..i:,:-......~ ............ _ .• , •. h . "'. " " '! ""-'23"''''.'''.'!~ ~ ,,:~, .. ,...~-;.r,;~~'ffi ha~onic energy' is called the anhariDonic· s~lf..en8rgy--.~ ,.,,'·. :. ;:::'ii~:rh~' b:ind be'tWe~n '70' and 100 ·cm:-~1. in' Fig." 4 seems to · . • ... 
, .... ~. , . th t . . d ' Thi~ self-energy is complex and is· written as ~ .: : ::',-.,'; :; ',,; : ... 

·,"'··conSistofaseries.ofbroadllnes,. emos pronounce ... " . . . " _ ': . _;'.','.' .. .... ;..;';:..~-.::~,, ; .... :": ..... .. ,.' 
< being around 70 and. 95 cm-:-

1
• ~ These frequencies are . ..., :' . . ;r~w{;\.) =Ji~(;\') ~ iIiT{i\) '; .~. ' : ';: .:': - _ :. '.': : _.: (3) :.:," .. 

'. ; 'close to the· sum. of the E,. and each of the Ti librational . :':!: ':'7"{ '."':~--' .' :': --:-- :: .... "':":.~;:: -:- ~, ~.::-~ .~..:.~ . .,. ''' .. , ' : ._ : .. ~.::-. --:: '. 
", 'di ti that 't 'ht b two libron b--.:I . where;\. refer:;J to a mode WIth a particular: wavevector ? -; modes, 11l ca ~ 1 mlg e ~ - _ ~ a.uu. . . . " , . . , , ( ) _ , . : 

, - :: 'HoWever, the 70' cm-1 line could coincide, with an inh:'a:-:- , - and. polanzatiol4 . The quantity ~ ~ !eprese~~ the s~t.~.-
'~~:~:red-active phOnon..~~ ' . T~ check thes~ possi~ip.ties,.~~ '.: ... . ~ "~~~~~~_!r,~.~u~~~y,: ~<~~(~ ,;'; .~~:<f;~~~~.~~~.,~:::;:; 

.~!;=i:~t~ ;,~';~~::'~;·H~:.:r~;;;,.'~'·;~tt1~t:ti~~~~r~2~?t~~;~t~&';t\;~:#1i~f: 
. ~~;;ues are close. to those obtained for ' the librational modes . TABLE VTII. >,Temperature dependence ~f . the frequency and':;, . ~,.. 
)~'and favors its· ic18Dtmcation as-··~ ;two-libron. band, .. ,as.·":': { . ,::,l,ine~4..th.?f.. ~he.E,.lioEt.in.the ex phase.:·:;.~.~'E-:-';~.:,,~~' .. ~!,,:;~';;;~f~~ 
.f::: . . · . . : .'-- 4&. ... :- 'of ',:;_::-,,;;1 l' . ~ .. :":" •• ..;; • • -;". .... . . ~ ..... i':':~':':' <_... . . . _ ~:-:...:.. 
,!,. preVlously.suggested_ •• -,;:~.1!,~;);t"'~,~~>;,c:tt~-" .. ~i!"'_'"- ,~., '". ~....,- :, ..... - -'s pte 5- ·1~-::--":::· ':::-': '.'.:-"-~;';"::":.:: ·' ~~ Sampl .. 6 '';:;:''; ,<".;, . • -' • ..;~,. 

'~'j~'~"~' - . - ".: .... ),..~':"" .; ~.;.':. ;.: . :. ;.~- ... -. .. -,~.~.~,.'.:.,~~,.:~ . ·'''' '! '· '~'~ ·'':':':,:.,::: .:~.::.~;,..;..am . ,_ ' : . :::: ,..:.. .• ;~-:~,;;.i:.""-'-' .~_ . _ wI"- ;',~"$; 
'-hi:: ,The individual Griineisen parameters are related to _,~, .; '-~:I."""<"'<":;:~':;:.-: FuU width at . ..::.:,:, __ :~ ~ .-" . . ' :." Full. dth at . :" ' ::: 

'<:-:0:>;" ',' . " .. ' ,· .. ,"T ·, ~.;;: FrequeDCy'., halI-llILBnstty , _" T !._. FrequeDCJ' . -:;:nau-lllte .... lty •. ~:,. 
··~ ~'.the Griineisen.gamma)'o and other,thermodynamlc ,func.- · . .' ("K) " J"' ·(em-I>: ".c, (em-I) ' " : ~. "'" ' ("K) .' ', (em-tt .-.:. -:- {em-I) · .... . . :."' __ 

,·;~,i~ by E2~J~~T~~' ?J~;r0;~'~i;~~';f'1;)~': .-~~;~§gg~]!~g:;r:"~.'jt E:g~ ~~ 1:;~~;1~:i 
· ·· .• ';·.1":. V J • f' .. ,". V T ' ... " ...:'" - 269 " :· 344*02-" '." 3,7(5.1) '·',~ 26.8 34.3*0,2 "_ 3.7(II,2) -:-"~"'--::.',. 

:" h" C and' C · ~~ the heat capacity at constant. vol- . :. 24:6 : 34:5*0:2 ... ·2.7(4.2) · 24,2 ' 34.6*0.2 . 2.8(5,0) ' : , ':::""' 
- _were YJ . v . . . . :: 21'-0 ' a . 1.8(2.6) . 20.9 34,8*0.1 ' 1,9(3.2) . 0"" , . _ 

ume for the jth mode and the solid, respectively; a IS.'. 17.0 ' . a ., . 0.8(1,6) '_ 17.1"' 34.9:0.1.' .1.0(2.2) ':. 
·the. volume coefficient of thermal expansion; and KT is . '12. 7' !~ · 34. 95<00.1.' ;. 0.4(1.2)- -:: 12.7 ' 34.95*0.( 0.3(1.2) .,;, .... : . 
th 'th l ' 'b'lity . Heherlein Adams ' ,- 9,8 ' :'34,95*0,1 .. .0. 2(0,9) , .: " 9.7 . 35,0*0.1 · 0,2(0.9), .:." . 

e ISO erma compressl 1 . .. , ' . 5 ° 350*0.t ... O,l(O,S) 5,0 35.0~O,l O,l(O,S) ",.:.= 
and ScotCU calculated), 0 usi.ng experimental values of . ,. . . , . 

. :. the other thermodynalnic functions in Eq. (2) •. They ob- a-I'hese frequencies could not be obtained owing to irregularities 
·;:-;'tained a 'YI' strongly temperature dependent above 16 OK, . 10 the chart :recorder • .-. " ;.' _ ',.' '-'-_ .. __ . ... _ ' ~~', ".:.-
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