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H 1 ~ -... ~~ -~ '.The ~~"~~~ '~i~lid ~t~gesi" h~ ~ st~di:~/~t hi~ ;essures and low tempera~ur~ .d .", . : ~: ... ~. using a method of sample preparatioD that allows the 'separation of effects due to change of molar ., 

.<:'"": .. (Received 20 .January 1975) ... . - "" ~' .... , 

:1 ~ . . . ' volume and of temperature, respectively, Two lines have been observed in the lattice region of the i " , . _ .. , "- ' ' .. :--:._ . . c. ' . .. ' 

: ~ . '. c:.;' ':c,'-: ... phase "'h.ich are identified as E a and B Ja librational mod.es on the basis of frequency and relative ' ." . 
~ .' ': ;.,.:":" .' :~~ intensity calculations.. An asymmetrical line. has been observed ·in the stretching region of this phase. . . . . . .. ' . : . . . __ _ . ' .' ., l -: .:.' .::· .. ~;".i.'. :-:·. In the a phase. ·the measured GriiDeisco parameters indj~te that ' neither -tbe:.quadrupolar nor .. the 7: .: ~ • • :,j::,-; .;;.:,,<; ~'7;~ " '. :-. " ':' .. :' ... . ' : 

.~ ::'.,{/.\::~}; : ':-12 atOs;atom, interaction poten~ h.as the correc(v~l~ dependen~:Jbe.temperature ~r;: : . ; :::-;;:::, .. ~. ::~~'~::" :'~ '::':::~:;: '~ .: . ':-, i;"" -:;:!~-;:)~' 
~~ • . j ' .: _ . ; ' .• ~ . ependen of the frequency and linewidth 'of the Ee' librauonal mode lS ~proposed toJ~ due to : ·7r; . . ... :." • ., ._ ~ .. ~ :.:::.; .' . , ,,,' ; : "_ . • : ..•• :~. 

, '1 "':" - ~:: ... \r,,~ .~ ·h~phonon ·interactions. · Two very 'broad Raman lines'are observed ui the lattiCe .i-eiionof the' /J . '," :- :", ' '>:'': .''.f. ' ~'.: ".::" .: ':. ' ~7.:=: :'~::; ·: 
I ,~ :.~!~<\-;'~j~~:'~ phase. ,The low: ' and high-frc:q~ency .~· are ldentifi~ ' ~th tDnslational. '~d librational ~~~":;:." /~.:::' ,}~ ::~:::;;~ ~::~r~ ;~:,:~;;~~"-~f::' 
1 .~ -: :', ~:: ... ~_~:::. ~~ .~vely~· The obsetvations are consistent with a precessing molecule model for ·the .:S. phase. " .. .... ... ", .;- , ' " ;"..:;:,:" S:·-:'~·' .~:' .. :--:. :-:-'!~~"" -

I i~ ~~: :?i~;~~::~:~,::}, ~: ~· ·~;i~[~~i~!Y;:~:~~:~;~~~i.;~f~E~~~~z;:l%':; " ~ :.:.:;,~· ·~~t;J1~~1{?~~i~~~,iJ;.~::::~i;:t:~~Z~t~~~tf 

I I. INTRODUCTIOI\.i,:- ~:;;.~ .::~ ;" :;- .. ~ .' .- ~.'~ '':'. ':,- .,'. '. X~:: -- .~;-:... placed aIon£ih~ :c~ cli~onals' from' the'~~~~ oi in-~Y:~~-:L 
. • ~,,:::. C 'derabl '; -; : ':">rtm':' .. tal and' . thea' ·' ti "al"· · · k has' :0", version Elymmetry .they: occupy in the Pa3 stz:uc~e •. '>- .c:· .. ': 
l! ' . - ' '':' Onsl e expe en re c wor '. " .. ' : '''': ' ' ': '. '.' " . . '.' '. ' .~ : .. ..... " . . >:.' . '7 , 

i ... !.~: been devoted to molec~ solids, such as Hz, N2, CO" - The eXperimental evidence supporting each sti-uctur~ .. :.~'" 
.a! '~_-'~. COz, ~, and others • . These solids represen,t the first · is extensive. In some x-ray2.3·6 and electron&-ll dif~ : .'.; ,;' 
~1 .... step in complexity f~m the monatomic inert gases. "': . . fraction experiments lines which are forbidden for the·.·. :/i " 
~ ~ . ' ", They are among the s~ple~t systems where one can ' :. Pa3 structure were not detected. The Pa3 s~cture l~, . ; .;.-::. 
5 ~ .. , ., , study ~olec~ rota~ons" I.e., where one can s~y .' f~ther suppc?r~d.by meas~ements of .the optical bi!,e;~ . ::< 
1') : :,:.' the am~troplc or orlentation-<iependent part of the m- frmgenc~ that lOdicate CUbIC symmetry18 and the ab- . . ; . :. 

I :.::. ~ termolecular potential. '. Some of these solids are also . sence of coincidences between the frequencies in the . . ; ... ~:. 
; . ".' of interest because they exhibit phase transitions which Raman spectruml

9.023 and the infrared absorption spec-
~ . '; ': . presumably are associated with the anisotropic part of . trum. U-28 In other x-ray diffraction experiments1,',7 " :" 
~ . . the intermolecular potential. . " lines- which are forbidden for the PaS structure were ob- '. 
t. " '" -,- served • . Further supportfor the P~3 structure is pro- '. ' 
, Solid nitrogen exhibits such a transition from an ori- . 

f
A entationally ordered phase at low temperatures to a vided by the detection of piezoelectric resonances

27 
and .: '. 

~. a Ram. 2anS -.acti.ve lin,' e in, the infrar,ed absorption spec- . ' ... :, ..... 
t . . highly orientationally disordered phase at high tempera-
i tu Thi trang·ti has be h to be f .. ' trum, smce nelther 1S allowed m the centrosymmetnc . ' '; 
J res. 5 I on en s own rom a . .;"c" . . ., ' •. :, . 
l .'. ub' ~ has to h nal tI base th te .. , PaS structure • . Fz:om an analYSIS of the.lr data, Jordan· .... . . 
1" .' C IC ... p . e .. aexago ~p ,as e mpe:ra- ·.·.·. l ' 5 . 7 . ' . ;.~ :~,: . . 
. fJ >.'.::. ture is increased.~-l~ .. Another phase, the high pressure ". et a., .. and LaP~a and HaIIlllton estimate ~edis- .' .:" . '. n ':~ :~.' ~~e,:~th~.:~.~f.~~~.~to .h~V~: :~.~~o~. s~u~n "" ~~=t~ :e:~ot;::o~~~ti~ ~:O;:~:li~n~:~~ \;'. 
i 4 : ' ' . . '. ' .. ' -: .. , . . , ;.: . ':--- ", ''' .. ,' :." ... . :.: ever, the electron diffraction data ·of Venables and . 
t ~ . The nitrogen phase diagram is shown in Fig. 1. This .. E.nglishll can establish an upper limit of 0.05 A for this 
t ~ diagram covers the.·temperature railg~ from 0 to 200 OK displacement. ~ Furthermore. these authors argue tpat .. 
H .. and the mo~ l'olume range from 23.37 to 27.'81 cm3J. : the measurements supporting the 1'2t3 strucbu'e can be I:', 

ll -- . . :~;8 ~=~.#l;~l~:':'lj= =eeS:~e,;, >.,, ' . e;.~t;:~~. ·~~ .~~~~.~.~~~e ~~~ twins~~:~~ :efects.l.~ : /:'.: 

Ij
'" . different phases and isobars every lkbar up to 6 kbar,· · ·· . Finally, the stability of the Pa3 structure has been " ., '. 
". ' .. are also shown in this figure. This figure has been .s~ '. establi~hed using different methods and intermolecular :; :. 

. .- .~~ partly constructed from a similar figure in Ref~' 6. ' :"'<':,' .. . potentials. 2&-35 In particular, Goodings and HenkelInanu .' ., 
~ '. ~ .. . More recent data on the melting parametersl5 ami the:':'- : used .the ·Kohin potential,30 in a classical calculation of '.:' 
~i '. ~ relative length changes along the solid-vapor linelsof~ ', ;. the ~~stal energy as a function of the ~splacement of 
)ft nitrogen have been used to construct the melting.and . " the mtrogen molecules along the cube diagonals and . " 
~J . solid-vapor lines • . In addition, the a'-f3-" triple point ':. ' found that the ~west energy corresponds to zero dis-
gl of solld nitrogen used in Fig. 1 has been estimated from placement or, m other wor~:, the Pa3 structure. More · 
~. the results of nuclear quadrupole resonance studies of . recently, Zunger and Huler used the so-called 6-12 
N the a-f3 transition.17 '. . atom-atom potential and again determined Pa3 as the 
~: more stable structure. 

I .Studies on the structure of the Q phase favor either 
, ~ a Pa3(T~) or a P2,.3(T') space group. The Pa3 struc-iii ' ture has fo\U' molecules p'er unit cell with the molecular 
H 

j
l centers arranged in a face-centered cubic lattice' and 
fi' the molecular axes oriented along one of the four cube 
~ . diagonals. In the P213 structure the molecules a]."e dis-

Assuming the Pa3 structure for the a phase, two 
stretching modes of symmetry AI' and Tn and three 

.librational modes of symmetry EI" Tn and T", are ex
pected in the first-order Raman spectrum. Two trans
lational modes ~f symmetry Til are infrared-active; . 

". ~ 
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tropic dispersive and repulsive interactions having r~ 
and r~1Z dependence, respectively. The atom-atom po_' . 
tential consists of 6-12 interactions between nonbonded 
atoms. _ 

. ' LLI FLUID Quantum. mechanical calculations using the quadrupolar 
5 interaction potential give the best agreement with the 
:I . measured lib rational frequencies. u-u Monte Carlo ", .... 
:I ' . . ..' , studies of classical free rotors USing the quadrupolar In-

.::~ ~ .~ .. -.. "" ':. , teraction potential48 give good .agreement With several 
~ .~::z 2 :'-; ~::.·'r.~-:' experimental Cluantities • . However, a quadrupole-indu~ed " ., 

.·.:~._:.~:;~; .. l_:.~.~,,"-.·;..·~_,·,~,,·:-, .~~~.:,' .. ' ,.~.".lt.-.~ __ ~. -.J'~' '.... _ '. . . . .,~, ~,~ • ::~;:!~:~E~ f:::::'=~~~;::-),i: 
::c_:c-~. - ' ¥ ,·.:£~·C :': --,"-,-,'. ~. " . ~.F. I '~':i. ";:e:::§; '~;:;~::'--"'. -energy and the measure<I sublimation energy 30,3$ Un-", :~ ;.' 

U"",,-Il S "x ' _-....... -" -:. --~.' ~ ",,J' -:'~~ ":: '''-. 35 " • .'-,-.-..-
-~.::2.->" 2 ,..-lI- --1(--- -~ '-... .:..'-:: ....... '" "<:!!' ~ ,If:!~ !q:·,e.~-;?-~:.:··-... :- c, fortunately, ' classical . and quantum mechanical~$ cal~ .~'-::. ~ 

~~ -~~~ ,. :~ ·.'~~t~':= ,~:t::::~·::~;,~i::~:.:;~~: .. ;~:t ·:~~i:~~~:2~ ·::n:~::_:~h~ K~~:~:~0~~~~~~=:~;:5_ 
,~.-t~~? '':~ '- '' ' ~":" ,' --:;'~~ +' , • • :. . " ~ ':; ,< ~~ .. _._ I .. ':--.,J;..;.;!:,.;.., ..... : . . the me~ured frequencies, respectively • . ~ The general: ~~,";;!._ }ii ;,;.~ ': . ':~16':<' " '.' . ~4,·:_.' . _ . )~:~:;:~:;-'-!: ~~n;~U:~l1o!St~~i!::t~~~~:~: ~~::~~al"':' ~~~~. 

··!X~t2 . ,. ~ :-. 
.' ~' .-L~. TE1'~.GOHAI.. '·7 '~ _. _,' . - -:c" ' . are-incorrect. 45 ' . : . .. ~::: " - - - . ~, .. ,: - • - :.. .... ... " .- ,-= . 

. , ... )~~ ~~.S[ :- 1.: .... !._;.:;~. ~:....... .... - .. ~~~:'~~_- ,.' ;:'" : -~:: .. ,. . ... . ~ . ; :..: ~ :. ~~:.: .. : _, _: '- :: ' ' -:":.::~:' ::::~.:~: ;';." ~ ::;~- f~~-:~_ 
-);i?.~ :~: -.--x~·- X:-:~-=::-lC---~X"':---x:- . -: ... : ',.: ", .::,~"~:i:~";~.: '. ' -":---Theatoin~atompotentialhasalsobeenUsedextensively ' ':.~ : 
;.~~o:. ~ '" . _,, ~ ' .. ~', ... ''': " .", ' ... " . -~~~:C:':·:~· .- . · : . to calculate librati,onalfrequencies and other properties :~~' . 
. '::1~:i\f~i:~~~ .:~i¥i;~~;~ TJ- Kj' !·.;:::~~"~;j~ ·{-~:'/~;~~?;}g~:~p,-~:: : . of the a phase. 3 •. ~.t~U.~M9 Thi~ potentialhas yielde<:l, c. :~~~: :' 

-::-':; FIG~l-;~ NitrogeD..pha.Se diagram pa~ly reproduced from Ref.::' .. good agreement With many experImental .properties. ;~, ':~.' 
·::.6',:ax;i·more recent data from Refs •. 15:"17 • . < ... :"'.:' .. ,: .. ;.- Jacobi and Schneppu used a 6-n atom-atom potential and ' .. ! 

.... ;*~~'; .:.~. '_-.:.~L~_>..~::.~.:.'::.-_~.: ·'~.' .. -. ." ,,: ~,.' -'".'- '. , . . ., obtained best agreement with· experimental properties " . ', 
: A~~~:.:::~' . :~ ... ", .,"J'::"',:'; ' :' .: .. ;"" <' :" for n=9 . .. ZungerandHulerllhave studied the effect of : :.' 
·.::::CoiriCidences between Ranian ind infrare<t frequeDcies zero-point energy and complete relaxation of forceS and 

.'. ~,~ ·~~,~.~t allowed. ~:rhe Raman spectrum for the a phase ...,i~ . torques on the properties of 0' -N2, while Raich, 'Gillis 
. h:·!l_a~peen measured by several workers. 19-23 who ob;' . , ;.' and Anderson49 have studied· th,e temperature dependence 
._.~~j.~_ed lib:rationalf:requencies which differ by as much.> of the librational and translational lattice modes using , 
j{a.s.:6%~Four lines :have been ob~erved in the lattice - "'> .. " the self-consistent phonOn approximation. Although ,both , ,': ' 
• ",'.:- .• • ". ,.. • ..... . • • •. . . -. v ~ 

. -*:;t~giQn: -Three:relatively narrow lines which have been ' . studies .are moderately successful in fitting observed : 
~-:'::' ~SigDed..to the liprational modes and a very broad pando " properties, the authors conclude that a more complete : :: .. 
{.~a.round 80 cm~~~ ~-::.In the stretching region two lines,with,--· .- potential is needed. More recently, MandeU50 proposed ' 

-' ~X~;paration of abOut 1,. 2 c!1l-~ .have been rePorted. ~~:\.::;~;i :'. ~ an anisotropic i.ntermolecular potential consisting of a ' 
·:~:As:. the: temperature: is increased from below 20 OK to:~f; ':'/ sum.of inultipolellke interactions and concluded that terins . 
~. ~"! ..... . ~ ". . . • ~ . . - .'-:- .' .. . . . 

"',\'?justbelow fu.e,. a-jl. transition temperature. the libra-~-;.,:,' .-- of hexadecapo~r symmetry playa, significant role in ' ~ .. :,,' 
·-~~:'tio-;Ufrequericies.:decrease. by as m~h as '15% and the:'::.' , the orientational properties of a-Nz and that these terms . ;;" 
... ;jj~es. broaden co~derably.19~Z~~ ,This temperature ~j,; < __ .~ .. are we2k in the 6-12 _atom-atom potential. Another :,.- ' .,-:-.... 
. ~~!~~~e.nce, o~ ~~*aIn:m freq~~ie~ and J?lewidthS .:~:~),:;:; .~~z:itic~m. ?f c~cUlatiO~ using ,the atom-atom potentiai~ : ~.~~.~; 
:,~~!:s be: a.scnbed .. ,to·anharmoDlc1ties-.:-.; .. The anharmom.:,;::~:;~,:~~ , IS the:.lD~oduc~on of a ~_new {larameter •• ~ . the bond length :; .. 
~l~~es. resultfrO~~e' librational a.oo · traDSlatiO~ .. ~~;~:~,~.~( oftils",mh:ogen inolec~e, ~hich'can then. be. adjusted to . >~~ .~.: 
"~--aampiih1des ... ::The.aoomalous. increase,in the-linear, co':;. ;,:';~-::-:;: give he"st agreement with. experimenL ,f·:~'l.-. : ,:' ~ :':, ... ~_~::..:..\~.,;;:.;: ,: 
.. ~~-:;';ifidimt of uie'rr;·aj..eXpansion1~31: and the' heat' cap~lty~:;~?;~~'~:T~t~':"' "-tru::;; L:": '~of";":"th';';~ hi"' :gh!'-:-'" ~ -:-" ' ."" ;,: '?::'has' ''/;:'' ~·: ;'t:t::~ .. -: f7r:-
'.".7=:'!--:--~ ,. --- -- .. ~...., .~ ". '---.. - -- ., ... . . ... .... '0_-- -'- -- :_~"';:~ "i,-':.' ~ S c~u..<-e e a .pressure·'Y P e 15 e ... "'50~ ~·:!-·~ ' 

;,;-,and:;~· temperature,dependence of the-nuc~ar:quadru- ~;/';:>:;-;' '' nal-' ' ·th - nA I (-nit) - . and two' . ... .;..> 
;;-,;-...."'--.;-. :.:"'-'. . fr"' -' ...3i'h 'als·· be ' "-" bed 'to' ·".-; ·· ,,..-' .. 0 ,Wl a:, ~mnm.t.r-L\ space group mo1e- ,) .... .-.. ~ .. :c·~.-·,-'::: po __ .resonance equency ave o · en ascn .~~':,:":-".~,,: .. - . 14 - . ,~'::-:' 
:~~·larg''''rj:':':'''li' ' b ti nal' ,,:-.. Ii....:. ... · -16.39 Th ' .. - . lib- 'ti nal" ~~~·,:::, ·:·<·· cules ·per:UD1t cell. . ,'. The molecules are arranged In -'::":->' 
"".'- e: ra 0 amp . ........ es_ .. ;. e rms ra 0 "'·'<·". - ': ·la - ·th th 1 ular ' allel · thin -- " i c. ':'~f--~ "'-' '.~ .. . .. , . . ,."-' . , " 20 ._ . - ,-.. ,.' - '.'- ~:.~: :: ~ yers-Wl e ~o ec axes par , Wl a layer ',: :,:: ',-
. i .. amplitudes calculated from Raman and nuclear-,quarlrti-.· '. d M"'; ul . , ad' t la h' -. '. :'::', : 
-. : ..... _... ",.... l-da' ta" .. f 14° '" t 16 ° to 190 ,".-.'. - an perpe ........ c ar. 10 lacen yers • . as s own In .. ' .--" .' . " 'pole--resonance • range rom, . a K .-:,:.:-. .•. : _ . _. ' .' . .:.. ' ... .. 
;:;,:' .,- _ .1 " . 'n - te ' _h .. :.: ... ~'-" ... -::;.~::;:' ,,:~:".:~~~"'" .. Flg.: ~., :::!?r .a molar volume of 24.09:cm3/mole, x-ray :.:~ .: I 

. . -. near.the a i3 tran.si on mpe ... cu.w.e .. .. ----\., .. " -..... : . ~ .. ~ . '.". ,- diff ti - . t .. latti tants 3 _ 0 . 

::~';::;;~'-::--:-; ,_ , .. '~·::.'·I·;~'-'·""'_''' ';' _'''::· ''' ' · - ''' ·'' ; '''·-;-O ~'''·:' '.-...:'..-;.'''\" ...... ' .. :~.-:' rac one~nmensg1ve ce.Cons a= .9:>7A· '". 1 
,:' .. -f~,The librational frequeilcies in the a phase have also · . . and c=5.109 A. ~~': Thecorrelationdi.a",a-ramofthe yphase , 'I 

. ' ,been the subject of an impressive ' number of classical :- at the center of the Brillouin zone derived from group . I 
.~.: and 'quantum mechanical ,calc~tions aimed' a~ eluci- '· -theoretic~l c·onsidera~0r:s51. is shown in Table I. The . i 
". dating. the form of, the aruSOb;-oPIC part of the lDtermolec- numbers 10 parentheSIS lDdicate the number of modes of ."'- ! 
. iuar· potential. 21. 34-;3M()-49 Several anisotropic poten- that symmetry. ' The librational and translational modes "1 

tials have been used in these calculations:quadrupolar, . are separable at the zone center • . ,:£,wo ~tretching modes · 
Kohin. and atom-atom j.nteraction potentials. 'the quad- . of symmetry Au and Bz,~ and two librational modes of 

. rupolar potential has an ,...5 dependence on the inter- symmetry Bt, and E" are expected in the first-order :.. ! 
~:: molecular distance ':',--:. The Ko4in potential adds aniso- ', Raman spectrum .. One translational mode of symmetry . " .! 

',~. ~{1u·~-". . -~~ ~)~~} .: ~. '. "'. ,~ ' :';J.::~~: p.~: va:': 64, No. 1 ~':~;;::~::~ ~~~'::~:::;': :"Y.'.~ .~ ~.i :~ .:E··/ ~.';,:: ~:,', .. ' , . ~." ~ ,~. : ~ .. ~~} .. ~ I 
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lions at a rate fast compared to the resonance frequency. 
These results also rule out the randomly oriented struc
ture. 

The Raman spectrum of the f3 phase in the lattice re-
.--~ . 

J • 
FIG. 2. Unit cell of the y gion has been reported to resemble the wing of the Ray-
phase determined by x-ray leigh line, whereas in the stretching region a single line ' 
diffraction experiments in . with wings has been observed. 2D The Raman spectrum 

: --
I ': 

c 
Ref. 14. :: . ,. expected on theoretical grounds depends obviously on 
- .' , " . -:".~. '. '.':. . the structure assumed for' the f3 phase. If the P63/mmc 

I 

. . , .. .. :;.;.. . - structure is assumed, the fact that molecules are orien~ 
.•. ' . , .. ,-....... .. _ , ~. ' ' . -: , .. _~ ,':" ~ ... ~ .":.: :," ,t. ,". -. tationally disordered means that librational excitations 

. ~~~~~~~:X~ijil~i~~~~~ti.¥E~c··";.~i~~E:f~~~~~~4~i~ 
-.. ,~' infrared frequencie$ are not allowed~~."!I'he Raman spec- ' ... ' .' . '. ~~ .. .. ,. : -;'" ~;'" . ~. . . ~_,." ~-,,,"T -,. ' - "',: ~:.:-:~ ::: . 

" ... truro of the y 'phase has been previously reported. ~.:· Two :-,:. If ~e ~OleCule~ lD
f 
~ : p~ ~~ assu~ed :.be ~!~.: ~ 

':'~": lines were observed in the lattice region. .... ,': :':: ''- ctae.slsslD
g 

a an .angtati°nal rd
eg 

aand
u 

. e c .3X1S, ~ e~~ ':,,"'.' 
. , :~ .. "_',' . " . . . .,~ . 1 some onen 0 0 er lib rational excItations 

,: A~' the hlgli~r 'd~~iti~s ' ~~;~esponding ' to ~ '~:~kse . can be, sustained by the solid • . The mOlec.ules librate in 
.. ... :. the anisotropic intermolecular potential is likeJ,y to be a plane containing the c axis. Replacing the precessing. 

,~.. . 'more harmonic and to contaizi a larger contribution from . molecules by some "average" molecules with different .: ,, ' 
. . the repulsive uiteraction. However, neither the quad- . polarizability, these new molecules are sitting on site.s . 

. :-- - rupole, nor the Kollin, nor the 6:"12 atom-atom poten- of ~11 symmetry. The correlation diagram can then be :, 
,~< Hal is capable of explaining the stability of the Di~ struc- 'Worked out, as shown in Table II. One stretching mode 

,:., ture. 33.S6,SZ .Raich and Millssz showed that a Kohin po- of symmetry AI', one lib rational mode of symmetry Et" . 
,;,'.' - tential where the repulsive term is replaced by a shape- and one translational mode of symmetry Ban are ex- . ; :.: 

• ? .' dependent hard-core potential, . similar in shape to the pected in the first-order Raman spectrum. None of·.the '. 
: .. ' calculated electron distribution,. accounts for the stabil- modes are infrared-active. ' . 7~~~":' ,'- '. ": ';i.5< ... _ 

. ity of . the y phase. Finally, Mandellso has shown that 
. hexadecapolar terms in the multipolelike expansion of 

. the intermolecular potential can account for theci to y 
~ '.- transition. 

. ' X-ray diffraction studies of the ~ phase indicate that 
.t':.=:, .. ·· the molecular cepters are arranged in a hexagonal 
. '':,7 .. ~- . closed-pac~dstructure2-6 with a higb degree of orien

.. ~~ tational disorder • . 'The mole'cular axes are inclined at 
~,":Dlil~ "'::-:.~:'. an angle' of about 56 deg with respect 'to the crystal c 

'. axis.5-8 Calculations using the quadrupolar>U·46,SZ and 
. ~ 6-12 atom-atomSS interaction p:>tential!; can predict a 

. ' first-order transition'from the orientationaUy ordered 
'., ~: .~ a phase to an.orientationally disordered phase at higher 
.-:':' temperaturesJhe x-ray diffraction data is eq~y " 
. :::. '. well fit by haviDg the molecules precessing about the ' . 
_::~ _;. c axis or randomly' distributed among the 24 general po
. ,:.-: :·sitions .of space group ~/mmc (Dtll).Schuch and . . 
:::-:. Mills6 analysed··.the .packing Of nitrogen molecules as- . 

~~:..- Buming their surlace to .be-defined by the 0.002 electron 
....... density contour. -? They found that the mOlecllles overlap 

slightly and can not precess. freely about the c axis but 
can take the random orientations of space group P63/ 

mmc without overiapping. The c to a ratio has been 
found to be close to the ideal value of 1.633 for closest 

. packing of hard spheres. 3-6 . However, molecular vQlume 
data,3 estimates of the rotational specific heatM and the . 

. entropy, ss and the detection of a small but nonzero nu
clear quadrupole coupling constant, 56 rule out completely 
free rotation. The results of ·the nuclear quadrupole . 
resonance experiments are consistent with the molecules 
being aligned at an angle of 54~ 7 deg with respect to the 
c axis while precessing or jumping among different posi-

:::- -::; It should be clear from the previoUs discussions that ' '~' 
many questions about solid nitrogen are $ti11 unanswered • 
The most fundamental concern is the form of the aniso
tropic part of the intermolecular po.tential. Some de--' 
tailed s~bjects of interest are: (1) The structure of the .. 

.. Ci phase; (2) the Raman spectrum of the f3 phase; (3) the . 
structure of the f3 phase; (4) the Raman'spectrUD;l of the .: 
y phase; (5) anharmonicities of all solid phases, and: .. ~:_:~ . 
others • . The 'present study of the Raman spectrum of-~ ; 
. "., ': ..... : _" . '. ' ~. _. . ,_. ,~~,<::; ',J '_.' .. ' _-:: ';:~~:~:L. 

~ . -::-::'~ ;". ;. .: - _ ;: :.:.c~~ -~ . 

TABLE I. Correlation diagram for the 'Y phase at the ~enter 
. o.!. the Brillouin zone. . 

Raman (1) 

Raman U) 
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7: ABLE II. Correlation diagram for the (3 phase at the center- . 
of the Brillouin zone~ ' . , . , '. 
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. Samples used in Raman scattering studies are usually 
Molecular Site Factor group. . grown by-condensation from the- gas phase on a substrate. 
symmetry symmetry symmetry This method has several disadvantages: (1) Strains are 
D~1t D31t DSII Activity usually present in the samples during growth, leading to 
1:;(11) A t______ A1,(l) Raman (1) sample cracking and defects and the resultant loss of 

_ _ . _ ~;;.; ----B,,,(l) '- ••• : _.: ' , . optical quality; (2) the external surfaces are of poor 
',.- , -. -' . - , optical quality; and (3) as the temperature of the sample 

1r,(R~!lJ--E" '::, .. . , E, (1) '.:, . Raman' (1) .. ' is changed, .. changes in the frequencies of the Raman 

; ;::::~~i':!~~~: .:- '",; .~E2:(1.~ ·:{/Z "~':. _,AcoustIc: (l~_~~ , lines result from changes in both temperature and vol-
'l;.{T-)' . All' .-:- ".::>. .- B (1.) ;,:" ~~:""" '.";,d: ~.i+ - ' , '.-- ~:,,", " ume • . These- effects cannot be separated in a single such ' 

·:ji~~~~,~~~·~~~~~;~)~;t~I~\;;;i;0tJi~·~;: :::;:~~i~~~:~,~:·~'~~~:~h2;'l2~~ r~~die~~~·~~;j 
~io(T"T~E'~B (1.) · '·~·'"¢;; ''-. ,-. Raman.(1)_·,';:.;. :,:- "··· . ' . ' . vC' ••• ' 

:.::~;;};"!"~.~_ ' ,: . . .~~S-;$" .~ 21 . - / ::.~:?t?:-- - ',:,: .::::'.~~~;~£;:: ~e a.}x)!~~,~ntioned dlsad.~tage~~ . ~amples of solid. '. _.~ ~,: '. 
_ ... ~;:~....,.... . ( .c . :'.:"~·::'-!.h :: E,.(1) .' : .... ; .. : ... '. . .., . ~. -"" '~'!-"~~ '.:' mtroge~ are prepare-d by growth Wlthin .an optical cell at.' <' , 
~. ?{,!-=:g$.:::j-~. ;.,. :~~"~'q:~~~ ... :..:~ ::",~ . .:;;.{ ' :'"!;.: _i';;;"#i:'';;:: :""'c: '·-l::~.'FSji.;";~. ·· high pressure~ on th8. melting curve. ,_Samples .ar~ the~ -~:. , ' 
. ..;:~~~"~~. ;"," i : si'{J.t.:i': ·;('. :.:. , ;~;:"l · • .:.;~:i:,..;.,~:,;"p:: "i:· i"~':1:~'. ,;,:, .;":';'~'!.~ cooled nearly lSochoncally to the temperature-or ob- ... ;~ . 

• :;' ~,'J"=:,-!.T<"" . ' --, ~ . ": .. _~ .. • . - .- ... :-- . . --"' ''' ~ . - ... .... - ~ .> ... ....... ~,..,,_ -..,~.~J: .. !.... . . -....- -'. : .~.J--;;' 

; :-<:~:~~(o~> ~ .. ';-. ~n.:'.·· .;' \ " -,' ,·.N .; .. ,'<.; .; , ;:; .. · .. ·. :.;·~·.r;,:;~:.. ' " servatioIl.-. The optical cell is equipped with sapphire' . :--- .- ,..~.:'-
'~ . ..... :.o :-~-.'- - . . ....... ~..;..:~ •• - ,.. ' . ".f . ~lt.O .... ,-, ."!"t .,... .. ':.'( '.-' .M:': :t:'-•. t 9 . ' ''·-' " so. 81 .., ,. r 

. soli~iIiiti-ogen at ~i~~' tem~~~e~ and pre~~~~'s:~h<'~~: ~~s , ' so that the s.ample may be studie-d in situ :. ~: ' :'" 
. '-und take . 'th· ·th h f bedding li ht ' ... ' Wlthin Its high pressure Jacket. The method has been . 
was er n Wl , . e ope 0 s g on so~e .. , . d - ' lasti tr tte . a tudi 62,63 

f th ti ~ ' ... , ~. . ~ . " ". . , . :' . '~ " .•. ;-. ' ".' use m me c neu on sca .rIng s .es- of neon . 
, 0 · ese-ques ons. : 4

.'\:-, '., .'. ---, .. .... . ,. ~" . ' '' :-: '7' ~--:''. ''.-'' M . ' .. ", ' 
., .' .. _ ...... ""., .. . . - ~ ..• -" .... .. ~:;.,. .. . ..:;;_ . ..;- .. , .-, . '._ , .,;;.. r-" _.,_>_ •.•.. ! . .. ;. •. :-j-~" ~' : " and krypton. The- method has the folloWlng advan- d' .~. . ;'" 
'':: ~~~-''''~ ..).!.,.I ..r ,·~ i.._ ..".....'1r"' · ;.iiu· .... ~ .. : .. "! ',~ . .. ' ... - ,-; .. -, •• ~ ..... " :~., ....... :: - .... ~ .. -,;;~;;J~.t -.' •• _- ... ~:; . 

· :.~:.~'''';-':.-''.~:-' '. .'-" ,. ::.... . . .. . , ' . , .'. : ' .. ::, ' " tages: (1) The high pressure prevents sample cracking'; ,:~;.~. 
· .:::::,·:The-. experimentally measured quantities serve as a ·':," . '. ' . . '. .\: ' -" -il. ok. f th . tro" t f th . te I ular ' ". ' and the resultant loss of optical quality, (2) for the same -' 
.:c ec .0 . e, a,mso . plc par 0 8 · m rmo ec po-::=-~ , reason the external optical surfaces.remai"nflat and of .-
·,te~usedmaP:u-ticulartheory •. , . Pressuredepen~e~e, high 0 tical uality (3) the shifts of soectral1ine i 
studies can proVlde' a.sevare test for any theory • . This p q . J _. S w th_ . . 
'. parti'" , ularl ,--._ .' , t inf d' dR ' temperature directly represent temperature-dependent .. 
is. C y .u.uc'smce· mos rare an aman ex:- , anhar ' -If . and (4) ' . 
periments on nitrogen have been done- along the sqlid-va- . momc s~ . -energIes; g~~ samples of .. 

-line the . ti be ' th R tt ' ', ' different densIties allows the deterJDJ.nation o£ the vol- : por. , elCcep on mg e ' aman sca ermg ex- . . . . ' ' 
. . ts f Thi t · I tl ted 23 H . ... -, ume dependence of the Raman frequenCies which can then 

· pe~en o . .e~ ~ a., recen '!. repor. ow"":: .:.,. -: .~~-be compared to the volume dependence calculated Wl·th 
· ever;' these expenments were done at only one tempera-':"" . . . . . ' 
·tUfe ·3.nd d Db dro tati that ad . varIous amsotroplc mtermolecular potentials. -. --.:. , ~ , . " ;. un erno y s cpressure m equan-:-- , '.' ~. ',' , '. ,., . 'I 

titativa-' resui'ts ress . reliable. The present high pressur~ · .' The pressure generating system is ' a ~taridard re:i ~".= . ...: . 

. . e:itpenments are ~que because of the use- of a noveL"'?' search tool in our laboratory and has been extensively ' ~ -
. ,methcxl of" sampl8- 'preparation' that allows the separation ,- described; 65,68 . The gas tinder investigation, in this case ' . 
, ot_temperature arufVol~e effects: on the Raman spec- :::'::· . nitrogen;. is ·used as the pressure transmitting fluid. _ .:. ,. 

truIIii:;.: ,This is accomplished by constraining the sample Prepressur,ization is-accomplished by a 2 kbar air-op:~.· : , ~ 
_InSide-a high pressUre- optical cell and hence assurixig -";,~, erated pump. The main valve is close-d and the pres":: ·:· . 
:-thafth8 molar volume':changes only' slightly .as the tem~'~':-: , sure is further increased using an intensifier-with an . :~ __ .'.. ,: 

• '" .' '.. . . - ""!). , ~ • 

· perature-·is lowered~ ,'~ . ....... ; .. ,' ' ., .: .' :- .. ,, :~ ;-:" _ ~,:-'i. ;'.:,~ - ;,:;::;:;.~" " area ratio of15: 1. ·.5he intensifier piston is driven by''':'<: - : 
;.~~'1,:;:~0~;:·?., · ;:"~~1~.~~~~ -~;·:·::':·r. ;~~.~.~:':'~;,: I.,:-.!!.-;::o3;:ff-;~2~~-::'> a hand~perated oii pump. ;.The pressure is b:ansmitted " . --, 

' ;-:~-;Ii~~"':prese~i~~~the ex:perim~nfal ·~liIrlq~~<~~d=.~ .;" to the oPt,ical cell aDd preSsure 'gauge ~ugh hard .. ::: S·.',. ~'; 
'~;ilrob'tainini Ram;m:spectra of the three known phiSes~of~':' ' '. drawn stainless steel pressllre' tubing., ' In this minner .. ·· _i '.;..:' 
,-,''Solld-mtrogen are-':-described~:'-- ResU1ts forthe ·· three;~::~: ':.~ ::S.: .. : pressures of 10 kbar' are easily' reached. = Pressure. is' :'.::',:' . 
. · phaSes'are : preseiit.ed;~·~ ciu.culitionS 6nlie librati6nalY'~~'-)'~:.· . . measured'by a high precision manganin gauge construct- .- .: 
~ fre-queneies, andielati~e intens\ties are.. compared to: th';L':1;:i ed and calibrated in~s laboratory. 65.- Pressures mea~ ,~ :' . 
". 'eiPerilnentalresUIts:-in the y phase.·~ The 'Volume de"::S*-~'~:' sure-d with this gauge- are estimated to be accurate to .. ,~~ ": .. 
':" pendence of the RamanfrequeI).cies in the ~ phase is· dis .J"~ ::·· better than. 5 bars ·in the- 0-10 kbar range.: :-:" .. :,-· .. : .. -;,.:::",; .• ~)'j:~:·~ 
." • -, ' - •• " - " --=W-;:'-~-:='---=--~-;'~~"=~_ , • .:_-:.-.:.o::-=...-:::;::-.-:;."~_ ::-. -. _ .. - .. _ _ " ____ ~_._ ............ ' 
',- cusse-d in relation. to the,form of the anisotropic parloL,:".;: ;~', . " ' . . ;' '. . '. / ".- " ,, '-. -----,-. -:',- ,-, --=-""""!' .:.Y.:;--,' 
· the 'inte' le ular ' teO tial -thi th te t " f th ,' ,,,,:;-,.'.:;,.,~" The high pressure optical cell use-d 1D this study has .... ~ .. . · ' rmo c po n Wl n e con x 0 e·~ ·'~;-~-;·'. ' . ' . . '. -

, .. 'harm , " 'ti Th te atur ' d . " "-:. ~ .. ' been deSIgned by one ,of. the authors (WBD)and will be ·· " .""' quasi omc approlOma on. e mper . e· epen--;- ',: :' ' ., . ". 
d . . f th R tr· di d . lati t " descnbed elsewhere. It IS constructed from maraging -.:: .. .. enee 0 e aman spec um IS scusse In re on 0 . ' . " . ' .. 

th ub· and ti anh . te 'th H ' 1 " . steel and has an. estimated bursting pressure well above ' e c iC quar c . armomc rms In e aID! - . '0. • • , 

to , f .. · ... b ti t tm t f th latti. "d , .;- -.. -. 10 kbar.--~t IS attache-d to the cold fmger .of a cryostat 
man 0 a per .. .u a ve rea en 0 e ce ynan:ucs - bl f ti t Ii 'd h li te tur ' . , . capa eo opera on a qUl e um mpera e. Two 

of the a phase • . Flnally, the Raman spectrum of the '., 'J' : di ti hi ld d '1·_t la d . ' . . .. . . ra a on s e s an a vacuum Jac..... are p . ce around · f3 phase is discusse-d and Its structure IS Identihed.,· · ')"~ " th 11. . e ce _ , .. 
-:'" -" ~ ,' . . ,,'. 

Preliminary reports on the Raman spectrum of the The temperature is controlle-d to better than 0.1 OK 
')' phase and the volume dependence of the Raman·fre- '",· ,· by a Kelvin resistance bri.dge arrangement having' a tem- -
quencies in the a phase have already appeared in the lit- perature sensor as one arm and a variable resistance ' 
erature. 58,59 '-.'" ' --':' . • " , .. ~-",;-,=: , . as the balance- arm~ :. When the bridge is not balanced '. . ' .. " ... ' '.' .. " . ~r·~: ~ " . . .... :' . .. '. -. :. ,.,' ... : ' '~ '. !. :-: 

· ,./:.:::: .,~>.:} - 'J ; Chern, Phys:; V~I-; .64; No.1. nan·~ary 1976 , '-:" ' . ., ,.: . 
• ", " 0 .J' .. " _.' _ • .; ... ' _:-_ • • :: :',-7- -::."_',' :.a· ·' .... 



TABLE m. Melting parameters and phases studied . .. constant during the entire run since it is constrained 

.. Melting .' . Melting . Molar volume . within the optical cell. However, . changes in volume of . 
,.'.: . .temperature . pressure of solid . Phases the cell due to changes in temperature and pressure have' 
Sample (OK) (kbar) . (cm3/mole} -----" ~udied been estimated using eJ,asticity theory,87 and Benson7s

66 

1 112:i:0.2 \ expressions for the volume thermal expansion coeffi-
_ 2 2.85:i: 0.02 26.94:i: 0.06 fJ, a cient, and the modulus of elasticity in tension for mar- ~ . 

. 131:i:0.2 4.28:i:0.02 26.00:i:0.06 {3,~ -
3 . 151%0.2 . 6.00:1:0.02 25.15:1:0.06 p,a aging steel. Table IV summarizes the corrected molar ' 
4 . . 189:1:0.2 ' 9.75:1:0.02 23.75:1:0.06 fJ ,"'( volumes and estimated errors for samples 1-4 at four 

"' 5,6 125:1:0.2 ' '. 3.80:1:0.02 26.30:1:0.06 ,a different temperatures. These values have been used to 

.. ~:. ,~~. ~~;;":~;;:~:' __ .~~';;.~)~~~~~;~"~':: ," ~: :'~:: .. ~ :: :::~:.~ '.~:~, <~.? ::':~''':'' .:~'.':.::. '. ~~::nt!: :~~ ~t;:~i:: = ::-~;h e::er:,~ ' . 
: /: the amplified error signal activates either the heab:!rs ,_ " to study the temperature dependence of the Raman fre- -= . 

;';;,:' or a valve thatallows .the flow of coolant around the cold . · quenciesand. linewidths in the a phase; the corrected .~':"" 
~.~:::: finger, :depending on whether the cold finger is tOO cold " molar .. . volumes at 40 and 5 OK l1:re 26.18 and '26.17 cm

s 
/ .. 

. .i!.~~; or too ·hot. :· Four bm:Iii.nal piitinUm a.lui germaniuiD ': ~:::.;.:; ~ ~o~e,'>~~spe~~vely. ~. .--. ' . . 7-:-.. · : ';'=-.: .. ;,?,::: i .~~: .... ::': t~;.£;l~ .~ 
:~~~~·.·thermometers. ar~ uSed to measure' .the · temptirature -·~·~·,:'· <:.'~.:,::.r~~' R~~~;~'~~ '~~r~ -e;ct~:'~-~~:-5~45 A' ]r:;/6i~'~~' 
-1f:;' above ,and be~ow.· 40 OK, . respectively:·' The' resistances .. :::. . 'an argon-!on laser in the usual 90 ;, -~~~ttering 'geometry 5';,: 
... '<: ~ of the se~ors.are Ineas~ed :by a ~iieller bridge with _ .. :'. ' The 4880 A line·V;as used occasionally··as a eheck.'."The'~;~~·,: 
>.~:: :;::e::ng JDerc~ sWltch •. I~ ~~ ~~~r, tempera- :scattered light ·was analyzed with a' Chromatix DS-40 . ":~i~~':;> ' 
'.:.' . . .' . be ~eas~~d to ±p~. l . ~~ ... ;. _': .- . ~;., .. . '.' double monochromator with Bausch and Lomb 1800 :::~~~;;:::.: . 
. \' .. Nitrogen gas f~m the M~t.~eso~ ·G~'C~" ~f a' ~iate'd . lines/mm gratings, . blazed at 5000 A. It was detec~'d~<1~ :: 
~"". minimum purity of 99.9995% was used to grow samples and displayed by a Channeltron photomultiplier and a. <:, ' 
0'.> of the high temperature tl phase at several points on the photon counting system with output tQ a chart recorder: - '.' 

_~ .~ .melting curve; depending on which phase was to be stud- ..... :: ':. :""~ ' ~ , . .:, " '. , ':-'>,, ;[~.~;.. . : .. 

. :~ ied ~t low temperatures. Figure 1 was used 'as a guide 1II~.RESUl TS AND DISCUSSION . ' : : ';~ : '-.: : : ' :~' .;:-' 
~fll~,Jl ;~'~~' aJld the ·correspondiDg melting parameters were then A. Rainan spectrum in the 'Y phase ',. :-~··;j~·i." · " . . : .~.~.;,{ . 

'~. determined from Cheng's data. 15. To grow a particular ' . .' . ' - ..... - - - . . . ' ';';' .' 
: ".: -- ~alDple the temperature was maintained constant while ' .- Sampi~4 ~c~e nearly opaque wh;o tak~n i~ th~-~ ' ;~ :'. 
. the pressure ~as slowly increased until the solid began 'Y phase in the sense that in the 1 em long sample esse~':' . . 

to grow. A heating wire was wound around the preSSllre' tially the entire exciting beam was attenuated by inter- :.' .-
tubing near the optical cell to prevent the nitrogen from .granular anisotropies of the polycrystalline sample. - ~~~ .. 

. freezing and plocking the tubing. In order to prevent -:::The -Raman spectrum of Y-Nz in Fig. 3 was taken at 8' ~k 
the solid from growing near the pressure inlet another and about 5 kbar and shows two lines in the .lattice region 
heater was placed on a pressure fitting, maintaining a with frequencies of 58.4 and 103.6 cm-

1 ~ These fre- . 
·. temperature difference of -1 0 K across the cell. This queneies are in good agreement with those measured 'by :' 

.' :," _ temperature difference introduced density differences Thiery et al. , 23 contrary to the conclusion of Luty and . : 
::":'i'. across the .samples of less than 0.1%. ' Samples were Pawley66 who did not realize that our sample was groWn 
:::: grown in periods of up to 12 h and then annealed over- at. 9.75 kbar and cooled nearly "isochoricaUy," not iso- . 

. ~' :~::- night to remove density gradients:· Each sample was . : barically, to .the Y phase. The lattice region waS scan:'. " 
' .~ then cooled 'through the f3 phase and into the a or the y ' ned from 25 to 200 em-

1
, reVealing DO additional s~c:" ': ' " 

phase; Table ill contains a sUmmary of the samples tral features. However, because of the large amount of 
grown, indicating the melting pressure and tempera- elastically scattered light it was difficult to scan within ' 

_" ture,th~ molar volume of the soJid and the phases stud- 25 cm-
1 

of the laser line. A shoulder was observed on . 
.. :-:;.. .. ied. . .'.' ... '. ' ,-. - .. _. . .. :. ..:' . the elastic peak around 20 cm-1 which could' not be re-

.~ ..• ~~.,~.~.:.~.:.·~: .. t •. ~~. ;~LEfI;;V~'}:C;WO;~rrre;cCrted~;mio:acl;arz;v:orl·-~um" te:'S.~i-~n~;c~m~/~:~m:~~O:l~e~~.,: .• ~.~ ... :,~.,nU_,",.~ .• ::.. •• ~._:n:; ... :.::.. ..•... ~. __ •. ' .•. _ .... ~ .. o._,·_.thSO.,.-..•.. :.~_e .• ~_~·;~.las .•.. e.,~~d.-: •. :~ .. ;-~. :.:._:.? ... ~: ... ~.e .... _ .. ~ ....... ~o.,r.;;e:. thi .. : : •. : .. n.s!~~~~!;:~~::m~';{f • . -
_ . .~~~AD==-=="==-.=========~~~.~~~,;..;.,;.,;;_;..;~==' =·=-·~;.;o..,;;-~~' ".::~';.;,:' '--=~;.,': ~;;"~~,;;~:~'~~;~,.;,'~-o,, - ;:l~~~~1E;:-h~I~:fI 
.<\0[: ',' '.- s'amp{~~" ~~d~~~ ~'p~e I ',: .:~:.: . ~~~'p~e 2 .. -;.:.: ' ~:'p~e 3 . ~ :~.' . sl·8am9.PKl~ .4~ :~.~::~;':·~ .. ' :.~~~ .:.~.~:. ,,;.:.:~ . ",' .: .~~ .. ~~~.:~:'., . 

•• ..~- .... ~::~";~-~ 'j. 

'55 ' 
33 
18 

: 8 
. Change from 

meltiog 
curve to 
8 DK 

' ;' '. 
. -

2.85kbar · 4.28kbar 6.00kbar ··'·;:. 9.75kbar ···":"'::· · .. . . ' . ....... :- '.' -- ,,,. 
, 26.94 26.00 ' 25.15 ' 23.75 .... : ,.. .. .. , ,- .~:--: - .,.., 

' ems/mole ·' emS/mole cm3/Ipole . cm3/mole " -.... ';. 

26.87:1: O. 08 25.90:1:0.09 25.05:1: 0.09. 23.59:1:0.10 
26.84:1:0.08 25.88 '&0. 09 25.02:1:0.09 23.56 :i:0.l0 
26.83 :1:0. 08 25.87:1:0.09 25.01 :1:0. 09 23.55:1:0.10 
26.82 :1:0. 08 25.87:1:0.09 25.00:1:0.09 23.55:1:0.10 

0.4% 0.5% 0.6% 0.9% 
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(a) 

>... 
en 
z ... ... 
z 

. . 'l'+\1 ': . 

B 6 , SO - : 
.. _ .. :. '. 1 N '''~':''C M-- 1 '. "":> .. ~ " ': -

FiG~ 3>" Raman' s~ ~f th8 Y phase :at'~8 "K: - (a) lawde- ;' , -.. 
region: ' (b) stretching regioll. '. '.. : .. :..,,~> 

,. ..... '';'' i "; '_ ... -'.~ . 

~.'L ~ ._ :.... '-~~ .. .:...:.. ~ .. -:.- .-..... ~-- -:..:. . ..:.:: ~~-.!... ~ .. .:.., ··-~-t ... -·· ... .. 
low the peak and, is possibly part of the instrumental 
profile made visible by the extreme elastic scattering 
from the sample. Figure 3 also shows an asymmetrical 
rule in the stretching region with a frequency of 233L :.:. ~: . 
em-l~" , Table V shows the results for different tempera-:" 
tures~ .··. . '. . ,. ' ... ...... ';-..:-,: ,:,-" ., -' ;" 

.,,_. ____ ~. :_ .... ~ ...;,;'t.;:.:~. ;~':.. .. , r . _ ~:., : ... ~.\:~~ ..... '-- t '7' - .- ' . . ;. •. ;-.- :~~;":.'::J. _ -

TABLE V. Observed Raman frequencies and relative intensi- _ 
ties for the 'Y phase. 

. Temperature 

35°K 

20"K 

~ ',. ~ ." ' . 

57. 5 
95.5 

2329 

'58.2 
102.5 

2330 

Relative 
integrated iotensi ty 

2 
4.5 · 

1 

5.5 
3 

' 1 

.' 58.4 -' '':: ':.7 : .. , . . . ;:...~~ _ 
8"K " ' > :;'~" --" .. '" - 103.6· .. ·.··',, · .. :; .. :.-.. ,':: '''2 : 5 :.: :' : .. ~'" " ',::-:-:. ... .. 

: .: " ":_ " . ·' 2331 < ':" ... .: . .. ; ~ 1· .... ·· ... '·<, ,._., :·_:-~ .. i.; ...... c~",,-

• . ; : ;_ .. _ .. • ~ ." ~ : .~' - " ' , . 0 " ••• .- _ : _. • _ _ ': • .::. ".:.: : :._:-.-

-'; . >~~?'~i5;~: . , .",:!£:~: ,, ;~ :~' j. :: i':'\~~t~~~?1~~~-:;-' ~~:.~::-ll::}~::,~~_ 
ling to 'the'infrared actiV~~E~·· translatioilal D](lcie that cor~'" . 

~espo~to '~e She~ :o.~~:~~ . ~'~~_·'~~~·Jj;~ .. ~.:i~~~-~: ~.i: i\::/t 
B .. Volume dependence 'of the Raman frequencies in the d" . -
phase 

Figure 4 shows the ~aman spectruln in the lallice re-' ; 
gion of. the a phase . ... Three sharp lines are observed ":'':~ .... ~ . 
corresponding to lib rations of En T" .aild T~ symmetry;.- .c/ ', . 
in agreemE:lnt with previous results. l~;' In addition, a . ;:: ": ~~ 
broad band is observed from about 70 to 100 cm-1. , In .,,":: .. ~; :'. 

The librationa! frequencies calculated in the harmonic ' . the stretching re'"on not shown in Fig. 4, two lines ' _: "~ " 
. approximation including quadrupolar interactions to 12th ..- ""7 

. nearest neighbors are weE,) =42 C~-l and w(Rt,) = 82 wi th a separation. of about 1.2 .cm-
1 ~ave been re~olved • . 

em-1• A calculation of the relative intensities for po- .. Samples 1-3 were grown to study the· volume depen-' .. ;. ~ 
larized incident light in the · usual 90 0 scattering geome- dence of the .Raman frequencies in the a phase. ' The re-
try yieids the ratio '!. 8: 1 faVOring the E, mode. 69 On the..;.~ sults for. these samples are summarized-in Table VI. ~~-: '. 
basis of these calculations the low and high frequency .~.,- Because of 'broadening, only the frequency of the E,line > ." 
Raman lines are' assigned to librational mod~s of E, and: . could be determined at 33 °K~ ' The frequencies increase . '. 
Bt, sYmmetry, respectively. 58 The poor agreement be-- with decreasing molar volumes, while the full widthS at,--. 
tween calcUlated and· measured fr~quencies is to be 'ex"; ' . half. intensity seem to be independent of volume •. .>·:. :.~-:--:- :·~'\'::'" 
Pected since. at the 'hi!!:herdensities corre·spOncu.ng to ~::~ . . -:. ~ . . .', . - . . ...... ,,:. ' .. .... . _.-' . -

~ . The lattice frequencies are 'independent 'of volume and -:;'~.:' 
the ,,'phase, ' the' repUlsi ve 'part of the potential becomes :" 
more. important. '. Calculations using the 6_12 38 3.nd . : .... ~: . temperature in th~ harmonic approximation. In the qua~~' ::-: 

siharmonic' approrlmation70 the frequencies are depen ..... · _ .:.,. ... 
6-exp8~ atom-atom potentials are in good agreemenL '" 

. ~~ .. ~~riIlle~~,,;:~\~i~;,.~;;~ ::: .,·~.-." · ~: ,"~ :·~ .:~~;:;7:~ '>-'::\~Mf~~~~~;i ~::~~:~~~:m~·theU:O~:e~::::::t !U:i=::~ ~:.:~. ;,:.' 
·The stro~ temperature dependence of ~ Rt,· libra..;; f . . a shift in the point of evaluation of the sec'ond order force ~ ~':" 

tional frequency seems: to point to a softening' of this. -::·~·'---""-cOzU;tants used in a harmonic calculation • . A 'measure of :,S~, 
mode' as· the· y to-tJ ,transition is approached;/ In going to: :" . . the volume depeDdence of the ·normal.mode fre'quencies, .,j,':.:' . 
the J! 'phase; where' the molecular'centers aX'e arranged <:. -.~ ' w(j) is given by the Griineisen parameter: of the jth mode ' ):'-J . 
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. tiona! mode, whieli.:coX"responds to librations in the plane ' .. ' where :V is the· molar. volume. ' These parameters are . :; /~:~. : 
of the· square faces~:;e:Ui. ~n become soft through coup"::· criticauy dependent on'the'form"of the' hi~rmolecular c,~, ~>~:, ; 
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o leeK . . . brational modes of the a phase. Raich, Gillis, 'and :'5 . 

. Anderson49 used this potential in a self-consistent calcu-',: 
, " .. ,.,' lation and obtained GrUneisen parameters 15%-50%:':~J=~ o:!" 
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'of the a phase; where the frequency w is in cm-1 and the molar' ."
volume V is in cm3/mole: x. experimental points; "--~ best 
fit to a straight line. .., 

. --rhese lines are very narrow and the linewidths cannot be re-- 
solved from the instrumental widths. 
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F. D. Medina 

. 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. 

. ., , ., ' C. Temperature deperidence ofE librational frequency . .... . . '. r:.t -:::: '.; . ... ~ - . >:.~" ~!~ . .. .,-=- .... . •. . . -t'. ... . K 
. ,:':::-:;':-" . ·"i " " . intheaphase '. ,', ""'; ': ' -' ~' . '_ 

·:·.;:~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 

,'- molecular potential MandeU
50 

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 • .-. " ;.' _ ',.' '-'-_ .. __ . ... _ ' ~~', ".:.-

• . .. . ~ .. ~ . c. ' .' .... < .; . . '"~ ,,'- : .~. , • • <.-:: .. : .. , _ i.": .~~(~~j~fi 
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, . , 
- ." 5 "F----'l--.--.:... .; . . : '.~ ,. ' ~ :'.':' : .. .. . ': ,. wz(E,,)= ·-51.9 em-I, .and wo() .. ')=83 cm-:. ·. The error in ' .' . 

i . .. .. .. . : ... : ..... ". .: , 'J:?o t?efr.~quencY.!<,o5~1~.~ ~s~imate~, ~t",,::~:~<:Ill~I. ~ 
I: . . .... . :.'.:':'. :-.: , '... '.' o • .; , :- <.' . ..... - - This characteristi.c frequency around 83 cm-t seems . 
I "~,~.: . ' : . ':'; "., .... ~ ~ ~'.. :. , ... :. : . . '. ". too high to represent the excitation of other librons to t· . ". .... '.:':' .~ .. ..::: ".. -'''' .. ,.. '.,. .; interact with the -E,: libron;' . A more reasonable explana-

0, . ' _ M '1.::;:.::. ,7'"' " _"1 ... " '" tion 'is that the' E"librons' are interacting with phonons . .. 
'I ... .... ,. ~ , . . ' ::: .. :>~. ', ::, .··.'0 : "'''. .. ... ::"" .~ :: .• . ' . " C . - . In particular, the infrared-active T" phonon with an 
1 ~:.::::.' . u . " '-. .., . . ~:.,;. -. . - . . anom31bus width' has 'a 'zero pressure' f.requency of 70 -
'J ";:-::~;·~):.Ji~ 1:; .... e~~~L,-,;-H~, ~ .,. ''"l;: ~''_''':~·7..~.~.: ·~~ !j ;·::·~'': ::'''-"i.::~:/r . :";t ·· 

.~ ::'-:::'.:: '. ..' . : .' ",?:;. ' ':-. " .' ', ', .; . ..;.-, " .. '.T;''''': ' .: .- '. cm·t . which; . when extrapolated to a molar volume of 

~. /~.: '- ~ .. . ';, ~L,: '. :"~;'::~~<-~,~".: ~'. . . "~·": ·:~': M ~~: ~~~:.' ; ::. ':'~" < .. 26..~. ~D;'-~/mole ~s~ing a G~eis:n gamm~ of 3, ' re- :: . it .:o..~ .. ::':: ~ - .--, .;;;;".=t '~ .•. !"~Jfl~,? . .,.~_ .... : ;~,J';; -" ~ •. ;-;;.·.9 ........ .,.-Co ," -::- ~'. Ff'-:' ::.: .'" sults m . ~.rreque~cy O.f 77 cm • ThIS value IS close to -: 
. . ~ : :~~~; ~5 :?:~(, :~.~~:~~:~~~!!.~ .. > ~f:~~~~~~P:O!-i~J~~~.\2:c 8~ . <:.m.~~t~d~~~ing· ~at'~e freque?cy· ~.epen~.:nce of th~ ~· __ . 

l l ~~i.~~ ~ ~: ?f.~?~;:~~~~=*-\~~}~:f-!-:·' ~·~~~~,9~.~.1~:~.D!~~q.?~:,.; ~·E,,·ll?~:·C~ .~ expl~ed. :f th~ E" h.b~?~· ~~ lD.te.r~.t~g: ~~: 
A >:~:~.~ ~k:-;~:'::-i!F~~~~f~;;~.~o,:. ;r-~.~'?:f.2~~.~~'t.1:~~~/:···' . onlYW1th7 ... -ph~f1l?n~;thro~gh ~u~cc~~OruCI~;,- .·~!· . ~.~. ,:· 

j
l .J. ;.~~};,-~~ . 1t~ ~~.:9~~\+~~-:'f;:!f~~.~, ~ l~~{;f~:..rri' ;~~*?'.: :~1- sh~~ .!?e .. ~~.nt!.on~~.~t :thlS. pomt 'that_M~'!.ell50 has shown·,,:.-: 

, ':;'·~~~:.E-.:.~of· ·t~~::~ ... ,.~~~~~::j ';r~·,a::.c... , .. .:;bdfu ~,,-,.:.:r-:';l . j:2;'~f:~.$.,-.~' .. " that hbron-phonon :mteracti0ns have an lID. portant effect. ~:;-: 
.~ ....... .. ... " . . ~ l · · -" .-'\""~"""-~- ··''' -' ' ·:;· ''''' '' ·' ~'' · -;. ... '1'1 :.--... _ ,, _ •• _ • . . - - ' ' .• - " - . _ _ . •• \,,: .... 

: ;~:;:;:2/ -: ;e~rl?·:0··'. !.?.:ii.l'lr\:;i1';~&.t-··i:;,·:1T...r~Jj ·~1:;: ..;~a ::h;1:rt~s.:j~'; ~:"';·:,·' in the'multipole'expansion of tbe anisotropic·intermolec-7:-.· .. 

I : 1~~:~t:~~.~ .. ~·::;: ~~.~ .. :s(!=)~~~~~:~~;·~?~~~~~:::;~~~~_~t~~· .~~.;t~~~.~1}~~~7H;r~f.t~~~i:~~.::~~~~~~ '. 
1
,' < • .'~-'. ~ .:-: ':-' '- . ~ :<. ~.. .' . .,.':-. . .... "-' .: .•. ,., ..... - .• a._ -:::.~. - ' . .. ' The quadrupolar interacHon pot~ntial has ·.been used in '." 
; i ': . FIG. 8 • . 'Temperature dependence of the E" librational fre-·':~!; . " . Monte C~lo calculations for classical free rotors~8 re ':: .. ,~. 
; j ' ' . :quebcy of the a . phase: ·.x.: experimental points from samples ' . ' ,' . ., ... . 

J i ~:.:~,;.~~~e and ~1x; :-:--:-• . ~e~ fi~ to the functiQni~ · (6) • . ,::,;::; -;:::.~;:'..~:.,;; ; ". SUitIng ~ qua:Itatxvely the ~ro~ temperature dependence 
i <:;,j:~'7"'-; :..::"., . ' .. :. ... ',:,;;~ .. , . ..... .. ; .... .. . ," , ... , ;< . : ., .... , .... for the 11brabonal frequencles .m the ·a-:phase • . Self-con- , 
i ''''' ,·:~:i.t;.--'-~: .. :~'~·':~;-::,}.L::~p::,u.t,€. !.~,,~l..!, '<"~,,, ::, :;.:,.;:~Ff<: ·.:..~'; ;: :>lc:~; :. . s ' ste t calculations4g with a 6. 12 atom atom pote t :ai ' ..... 

. :··:V'-r;: ·~~Ji;:~~ ·::.::~;~~;:~'i~:~,~~,;;~ ... .:>~:::· :.': :;?,j;~;;,<..!2/;. · · " .~ ::'· ~ 0:;·':..:::· . '. ~eld nthe ~orre.ct te~perature~depen~e~e but the. ~~cu~~': 
.~: .' balf-intensity of the corresponding Raman·line." In sec- lated frequency changes .. are substantially lower than the ' . 

... ~. ond-order perturbation both cubic and quartic anharmonic m~aS~ed -changes:.:: . . . . .~ ... ~~. ;'::'~~'.":'~,. : ",.,. i,- ',; . ' .... :~:. 
l ./. :', term~ contribute. to -A(A) .whlle only cubic terms contrib-' .. ' ' .. : c.:' :. ':> !. ''':' :-;- .. ~.:" .; ~. - .. ' , , .:!;~.::-:::::.,. :: :-:~; .. ~.:;: ,';" .i: ' ., ute to r(~). ". :~'"~J':''' ., :_:::~ .. ..: ,-:.:~ .. o_. " . ... ,' ' .. At th~s point, a brief excursion is taken. back to 'Y-N2 : .' 
:~ ' !' .' .. ,. ";"~ ' :""" '.: ... :' ,:-:;: ;·",';!r.: .,1'P;;Vt;?'."":·,'.;: : . ~~:: • .;. . .:- "':.::..£~;s .:~. ::::.. . ~·f~::·:··:r. . and the' strong temperature dependence of the B 1 fre- : .... < .. 
~ .: . ~"~" The' frequency-slim is 'g;,ven b~'71 :~\~.':';'";" - .. :~.~:...: 0::". quency': : Th~ B'u frequencies were fitted to the functioIi ' . . 
11 : '.' .... ~ ... ... . ; '.:."'- '" . .... . gi:ven ·iil :(6.); resulting in 'a cha.ra~teristic ·frequency./:.".'~ , 

~
' .. ' '': A(~)=C(><)+LC(A,A')n(A'), · .:.::(4) wo(A')=62cm-l • Although the fit is inaccurate due to the . 

~ f '.. ' . ).. ,.., small number of data points, it would be interesting to 
.f: ,: where Cp .. ) and C(A, A') are temperature independent measure the frequency of the infrared active Ell phonon • . 
~ I ; ! .," facto~s depending.OY:ty on th~ strengths of the cubic and However, . theoretical calculations36,68 result in Ell fre-_ .: 
EiI i :".< .,: quarti.c anharmoDlc InteractIons and 'on the crystal con- quencies of 64.4 and 66..1 cm-l at 4 and 4.5 kbar, indi:: 
I,~ l'f~.';:: fi~ration.:" The.,!a~~t·~(AJ i~ ~he. av.e~.~e .~.ccul'.a.-!,i?n,·; cating.that the Ell' librons might indeed couple to E~ pho-. Jj i ':~X:~'nwnber given by:;·~~, "~.~'.~' · ~ .: ...... ~ .. ... :::;~.~ "~~, ~:. ~<~~.:.~ : · :~~~~::i~~~:;~~.:·;:/~t:~/~·;· <:~. :. : .~ ;~::::: .::,;:;~·~::~:?;·;::~:~~~;~r;· 

Ill "' : -wh.:'~,:~~::~:'l ~~::::~::~:~y ~,,:cl~ ~; !=~:" d'p'ndon," of tho Hnow;dfu of tho E, Un • . 

~~ t l~ simple case when the E, libron strongly interacts only 
I ~ ~. The true linewidth of the E"line in the a phase is given 
,,~:t I :~. o~~ .ot~e~ ,~~t~~tio: the E, frequ:~.~y' . c:m: ~ written in Table VITI at several temperatures. The linewidth in ... 
Hn I . - . '. --.-.-. - ... " . . '. . (not in) parentheses were obtained ass~ming that both · 
~it .. :,' ,. <.'. ~~, ~." ~' .W(E,,) ~ W~(E~)~:W~(E,) {~{~Wo(A')/kT] -l}-~. :. '. (6.). . the instrUmental profiles and the true line shape are . ~.'>'~-
. . . : given by Gaussian (Lorentzian) curves~ -.=' r, '~" . . .. ' .. . l ' l ~. . ~. The data points froni Table VITI 'Were fitted to a func- . ... .. ,. --... ~. ' _... . ., ,« " . • ~:: 1':~'!.!' , . 

!1: ! II ;~.'~:', .tion of the for~ ~~en by (6.)., The .best fit; sho~ in Fig • ..... :.: .. T~~ :i~~~~ part of the ~elf-e~~~' ~ ~q. (3); which 
I:'" I I ;_'::~; ~" ~ the ~~~.id line~" was obtained Wlth ~t~E,,) .=34. 97 .cm-t, is related to the linewidth of a Raman line, is given by71, . 

t: /1-';: '.<J~.: ' -:~" {' c " . ' ~':~. ; ' ~ ~ ' : ." '-.:.' ' . : :.: -= --: _ ".' __ I ~.;~~~·~~;;.~:;:~:~~~.:~:?~;~·~~';~.;~'~.'.~~:~.+i~±~,:}~~;:;:¥:~:,~. 
j'l J ~'~ r~'i ~ 1:: ~; I :~(~ ~::' ''')1' ([ n(~;) +~(~' ') :11,. [w,'(~) - W,(>')~:~(~ ')1 , '-" , . ~ .,- t o"· 
j. ; ,,~ . "' , +[n(>")~~().")][O("'O(A)~WO(A')-WO(A"))-O(Wo(A)-WO(A')+WO(A"»]}. '-'-';' (7) 

~ i 11 
<1 ' il · 

.DJ -~ 
~1f 1:; 

H: .,. 

where q,(A, 'A', )!') is related to the ~ubic anharmonic term 
in the potential. Wallis, Ipatova; and Maradudin'lZ also 
considered quartic .anharmonic contributions in higher-

. order perturbation.. Their result has been simplified by 
Gervais, Piriou,.' and Cabannes, 73 who assumed tbat the 

phonon under investigation decays into two or three pho
nons having frequencies which are dispersed around an 

. average. The result is given by . 

(8) 
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FIG. 9. Temperature dependence of the true linewidth of the 
E, line of the Ci phase: . x . experimental points obtained as sum -
ing that both the true line and the instrumental profile are given 
by Lorentzian curves; -:--. best fit to the. function in Eq. (9). 
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.. where;wi = iWO(A) and wi = ~WO{A), and r 1(A) and r 2{A) are :. 
temperature independent. ." • \'" ; '_' . ',- . 

T ABLE IX. Volume dependence of Raman fre-' 
q uencies in the fl phase at-55 ·K~ . .' , ,._ . ~_ 

. Sample 
Molar volume 
(cm3/mole) 

Frequeocies 
(cm-I ) . .. 

1 
2 
3 
4 

26.87 
25~90 

25.05 
23.59 

2S±3 
28±3 
31±3 
36±3 ' 

50±3 
54±3 
58±3 
68±3 

'. _." • .l: 

the E, libron and the other two excitationS,' resPectively • . 
The term r l(A) has been added to account fof' the small 

.. .. . 0 _ :.- . ' . . : .$. \,. : . ':~-:"" . .. . . ... .... _ .: r.::. : ... hnewldth near 0 K ... .. .... ' . '" ... , .. ';: ",.,;'.:.. . . --.. :' . . ; ._: . , 
~ . ~~, :~ . • ' ":.-: ... ;:"-.. . ..::"> .... ! _:- -; ~" . '!': ~!}·;.r~::.'j~f:C ::-!)5!r! ;.Sr.:-i;' . ~~ .,i 

The .two sets of linewidths- were fitted to the function ' J ' .. 
'. given in.equation (9) .witn W= 35 cm-1 ..... · Figure 9-shows- ~ ; ~ .. ',~ 

the- best-fit for the set of linewidths not in parenthesel'r. --' 
in Table,;-VIII •. The: resuUing parameters..are rl().)~ 0.2 ' 
cm -1 rz(A) = 140 cm-1 "w' = 63 cm-1 wIt ;98 em -1. and ~ .. , , ,.' , 
r 1(A) =0. 6 cm-1, r 2(A) ';"106 cm-1,-' w'=54cm-1;- w"=89 --. 
cm -1 • The errors in these results are probably large 
and difficult to estimate. However, they show that the 
process responsibl~ for the temperature dependence of 
the linewidth of the E, line is possibly a combination with 
a Tr libron to create aT .. phonon. . The . rev~rse process . . 
ora T~:phonon decayiDg' intoE,and !~ librons has been'.' :.:< 
proposed as aD. explanation for the anomalous width of '~ '" '-- . 
the infrared-active Ti,' phonon with a zero pressure fr~ :': " _'. 
quency of 70 cm-1• 48 Although the characteristic fre- .' . 
quencies w' and w" are larger. than those corresponding 
to the low-frequency T,libron and the infrared-active Til 
phonon in samples 5 and 6, the discrepancies might be 
due to the failure to consider other less important anhar-

The linewidths from Table vm were fitted to the func
tion given in (8), but both sets of values resulted in ex
tremely poor fits. The difficulty arising in thes.e fits 
seems to be the smallness of the linewidth at very low . 
temperatures. This is easily resolved by considerini -:;:::~ monic processes. ,- . . ~.~:,,;:~:~: ~,.;,- ':'~.; . . ;-~.': 
the second term in (7). ;' This term will go to zero at 0 OK. . The coefficient r 2(A) can be relat~d to ,the: cubic rumar-

.. Then; .the smalliinewidth observed at 5 OK can be, at~ ~.:. . monic term H3 in' the Hamiltonian. USIDg r
2
{A) ,; 120 .'_ .;:....:. • 

. trlbuted to othei;- less important anharirionic interactions. cm-1.results in '1 H312 "" 1. 2(cm-1)2 in good agreement with . _ 

:!':::~Ufu;~ 'i~~n~ :~~~~~t cubi'c ~~~~;ri~" ~~~;a~~;~~' the value·of about 1{cm-1
)2' estimated by' Harris and ' " ".' -.:: 

, :.fuat auows the E,libron to combine with a second excita- Co1l
48 

for the' cubic anharmonic interaction which all~~ . 
the infrared-ac.tive · T .. phonon to ' decay"mto two libror.8 • . , . tion to produce. a thir~ •. ~ Eq. (7) becomes . l,.:, ':' :~ .' :-; ; ';. ;,'-;~~ ..... __ 

- ~. ~.'~. ' •• -•• " ,. • • • • - '. • • : • .1 _ . ~ ' .. _~I. •• <~'r;~:: . ..... ;...;.. .. _ :.-:;.~ ~:~-::::"..~~.~ .-:-
• > O)~ T(Aj,;. r1(A) ~ r ~6.)'[~(~') - new +w')] --:(~:<~ ~:,~: "'-:~;~:-(9) E. {J p~: ·.:··.: .. ; ;:~f· ·.~:~~,//t- .:' .~; : . "'." .. :;.0,,: •. ')' ,1-::,' .:.-_ .. : '_ ~._:~.' •.. : .. , ,.'". : ; "-"';'_";" 

.: . • :.. ! •.•. • : .... - . :.: : • • ;-: : •• .,j.\ ... : :... ..: .-. ',:_, •• : ••.• ~:!. _~ "'.1.; .. ..:. :~"1 . • ,:{.:: • ...[._ .... _. \ '. ~; __ ~'.;....;..J.. " 

where w, .. w'~ . and w'!·= w+cv', refer to the frequenCies of . _- Figure 10 shows Ramanspectra in the' lattice region of 
.. :. " .- .. .. ~ '.' ... ' :":'!"\: ' .. ' :'.;;)~:-.. , ..... ;:.: .. :,;-.:r,:; .. ' ·~ thefJphase · for ·samplesoneandfoui-_ at · 55°K~ Twoex- ·:,· 

:~ii;~;~~.t~~:~M1p~~'~~~~: .~. ;~~:~7E{:;~~i~i=:~!~:::~1.F.1Sf 
.;;"-.~~.t.~},~:;;:{;-·:-·'- ·,- 7!;r~~~~~· ;.;,;r,~:, .. :" ... ·~~,;-:1~..,.· . :'.~:-', .. ~-: :.?.:.- ::.-- 'ofthe'RayleIgh-lme 1D the flUId phase~~ ~:In the stretching' :,.,: 

. · :·-': ;;;;;':-.i:k:~si'f; ?::· . Z~.8T·/"'~"·~'-£~;~~t.-~:.~:- . ',~ _ ';-i:'-J:.~: ;"i;'~'~ ":tJ~ ;',.. - rejporr,:-:'not shown in'the' fiiUre, ; a : siDgie .ifue is observed ':'--' 
_ ... ·~/.fi;~,.:;:;!:,:·::ii ~ i.' :. ~'~;hn,":':~ _,,":"" '- ' . .. ~ . t ' ''-''~.~~~~:::~:>l ~ -:~ ~ .":. having a wing. on each side ~~ Table IX summarizes the ..... : ::',~~ 

<.;~.~~r:,~jl~r~J:\:.~ ~/~~~~~:~;.' .. " '~:;~~;:';~l?:"~~::' . ".~,~~~.~ .::,;":." :::::1~~t=!.I~~ ~~: .f~:s~~:! ~~:!h~:rr:t:e'~'~~~~'~_ : ... <.~.~ U :'9 '\ IMOLE . '." , :i::·2:: ~;:;;1 ::.. . ~/" ~ .. ~~~ ~eb~~r:U;~:a~o t:i~ :~:g~f_~~:~~~~~>:; . 
. . 'J :.' . • . ", .. :"l .• \.~·:~~,· ... ,- :. : ,' .. • " . of the. spectrum in the f3 phase.- . Tabl~ ~_ shows th~ .~em-· - . .: 

- ' -", ,;::--,,:,';;: .:." ;:.;.~.l ::·' peraturedependezi'ce of the Raman frequencies for 'sample . 
", -'. >"~"'- ' . ";- . ~: :-:-.. ;:.... four. . . . ~ ._.:.. ,. . 

90 

FREQUENCY IN 
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FIG. 10. Raman spectra in the (J phase at 55· K from samples 
with molar volumes of 23.59 and 26.87 cm3/mole • . Instrumental 
res olution is 2 ' cm-' . . . ','.:: .. ," . 

;. ... . ..' .' ... : .. .... ," ,=-:7' .. o • • , ..;-: . .. __ . _____ ,. _____ ·..-__ . __ ~, ____ ... _o _______ 0 · ..... 

Figure 11 shows a plot of lnw versus ln V for the two 
Raman lines of the f3 phase at 55 OK. The straight lines .' 
that fits the data best are shown by solid lines and result' 
in Griineisen parameters of 2.8 ±O. 5 . and 2.4 ±O. 5 for 
the low- and high:-frequency lines. - ;:.~_:..., ..... -_ .... :" "~;_:.: .:.:..:- ' 

:. ~:' 
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I' II; ... i' ~j~~S and Doll;"g" re",nfly ~d inelastic ne~;";n 
;i H· . ';' s.cattering to. study the lattice dynamics of the f/-:phase • . 
-, : I .;'-:-They observed two translational modes at q = 0 and 36 0 K 

l
~ ~! : I" . having frequencies of 25 and 64 cm-~. , The. low frequency ' 

J' : . _. the doubly degenerate E2r mode shown in Table IT. This 

4 .0 

,. .-" ': 
. ~~;--:l' ," 

,O~ . 

.o~ 
c.' . o~ 

'. 0, .-:'.: ':'-. _ 
'" 

. -' 

'. :i ; !"~mode splits into two modes for q *0 and corresponds to 

i iI; " j ~. ,.JD~~an-active and can be identified with the. 

I 
~ i: Ii . . low~frequenCylfne"'in.:the Raman spectrum of .sample one . .. . 

: :. i' bavmg a frequency of 25 cm-1 at 55 °K;'-:- Thjs identifica~ 3 .~ .:~: ' 
. :~:!I ' ': , tion is supported by the large Griineisen parameter of _..... . '- '::."~' ... , ' . ,~,: ~:::~. ' -:~~: " 

ii tI . - ·this line, usually characteristic of translational modes .: < . -,. , " c· . ' . ' - ' . " , -.- : ,. " . 

:!. H'·'·· '. iIi close-packed' molecular crystals': .The other'transla- . .. :,' .. ~,~ ..... .. :~';. ~: -.-.:. .. .,-=-:>:~~ .' ,' .. - (~ :;:-

~ '. LI. .~_ . 

-: . . ' 

'i~lll -.>.:~:. 'tional mode observed by Kjems and Dolling at cj'';O has ' .' ,-3 >.~"" . .. '. :: , ,~~-:, < .. '-.:' . ,.". ~, " .~ - .. ' - . .. ~".~,'..: -
.~ I' ~-~ .", \, .. . ." - " '-.:::. ,,~t"'~ ~ ~--;·- ·i .-:.. - '- .!;).~:.- :; I. ~ - .... ,,_~:J.~' • .rs..'t?J,;;~:..- .... , -- - ': :":'~ .. . ... : .. -..... 
~; . ' <.:.=:.100 bIgh ,a frequency.to correspond to the·cther·Raman '. ->~;, , ·';.{>.>·7·; _>~·_" o ". :A,-.. ,:: . ; . •. .....:.--;:.:: .... ::ij;,_'"' . .'_" ;Y',.~;. >. 
t! l .. <r.~"- '1.- . ' _J. -~, ....,;; ) ... .:' .. . '; 6 ~ "" , ... .. ;~~ • .:,~:-:,,~~ ... - .......... - .. ~ .;"I:v: ~-- .. '- 4' \ • • rr... _ . ~ . 
: t '/:":r: ~ me; ' Moreover . only. one translational .mode~ is -expected ' I . . :. '<" :;:"~ : .:: ; .. : '-"::~;;:::-~ ' -. e . ' :;:;--'~'-' '.;' -'~'-: . . ' ~~:'- :~t:~ . 
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