
ftI ~~
‘ AD A055 7% NORTHWESTERN L~IIV EVANSTON ILL. DEPT OF PHYSICS F/S 20/12

ELECTRONICALLY DRIVEN PHONON ANOMALIE S NC PHASE TRANSFORMATI ON— DC (UI
MAY 76 A 4 FREEMAN. H GUPTA. H W MYRON AF0SR—76—29k8

UNCLASSIFIFO AF0SP—T R—78—lol e Pt.

I

I

I I
I
I

I I



i .
________________ 

.‘ .~

• DIII :~~ ~~

DIII
Hill’ .25 IMI~± HilL

\l~~~~~~~n ~l ’ t t I l~~~N I I

\~ , \ ~ ‘ I C  ‘‘ -



- --~~~~~~~~~~~ - ‘~ —
- - _ _ _ _

• 
____  111— ___ -.

Unclassified
SECURITY CL~~~~~~~ CATIOH OF T HIS PAGE (When ‘eta ~~~~ rr4

I~~~ PORT DOCUMENTATION PAGE
____________ - 

~~ 

GOVT A C C E S S I O N  NO. 3 N E C I P I F P 4 T S  C A T  5 CC ;  .J MHFR

~~~ TL E ( ~~ d S..~ i ” ’-~ T PF ~~ - O V E R E D

4’. lectronically Driven Phonon ~riomaiies and Phase/ ~ Interim r-E~1’rI~~7ransforsnations. i--— —
~~

— -‘ _____________________

/ 6. PERFORMING o~~o. REPORT NUMBER

7 . AUTHOR(s) 8. T OR G RA T N MBER(~ )

/
~~~ 

J .J (Vi r~~r~ ~~~~~En enhifiI. Sfl B~(IlII~ .T!,1I t1DT9-iJ~ ~~~~f~ESS ~o. PROGRAM ELEM T.A~ K..
___ Northwestern University \ ‘v~ ~~

• AREA 6 WORK UN~~~~ UpJ~° ~~~,

~~~ Dept. of Physics a~~i1ii~~.i~ .y L...—-- _____ F / 7  ~~
Evans ton , Illinois 60201 9767 04 _____

I i .  CoNTROLLING OFFICE NAME AND ADDRESS

AFOSR/NP ~
t - ,, 

May ~~78 / ~~~~~~~~~~~~~~~

Boiling AFB , B ldg. 410 i/ r ’~~~ . ~~~~~~~~~~~~ Ep
- - -—-

NJ -
Washin2ton . D. C. 20332 8

14. MONITOTh NG AGENCY NAME & A DDRESS(I l  different from Cont ro l l i ng  O f f i ce )  15. SECURITY CLASS. (e4-4I1 ( jç~,
Unclassified

ISa. DECLASSIFICATION OOWNGRA GI NO
SCHEDULE

UI 15. DISTRIBUTION STATEMENT (of this  Rep ort)

~. ___J .

Approved for public release; distribution unlimited fJ D C
r~ nn r~r~~

t’-~ J1JN 21 1978 t i l l
______ I? . DISTRIBUTION STATEM ENT (of the abstrac t en tered in Block 20, i f  d i f f eren t from Report) Lii 

U

E
IS. SUPPLEMENTARY NOTES

Proc. of Conf . on Lattice Dynamics , Pari s , 1977 p 204—210 1978

19. KEY WO RDS (Continue on reverse aide if nec es s ary and l d r r i r l ( y  by block numker)

a

I
20. A B S T R A C T  (ContInue on revers e aide If necess ary and Iden ti  Vs by b lock number)

See reverse side

S.

r
~~

Q o~i 19 ~7.8
DO 

~~~~~~~ 
1473 £01 TION OF I NOv 65 IS OBSOLETE’ 0

I4/
ç

~~5 
~~~ ~~, 

4’i~si
j~L.. S F C L R I T Y  C L A S S I F I C A T I ON OF THIS PAGE (II~’~ n t) a~a

~~~~~~ _ _ _ _  

- 

~~~~~~~~~~~~~~~ 
—ii~~~

_-
_ 

-



‘-‘I-- — .. -. -. ‘~ .- -.,- “,- ~~
- ,— —---- ,- — 

~
—

~- —,~~-— — .— —

____  * 

—

J
_ _ _ _ _ _ _ _ _ _

SE C U R I T Y  CLASSIF ICAT ION OF TH IS PA G E(I than Data Fnt.r.d) 
—

We have Iltud Led th e  ICC O i t ~i. o 3’ 0 i  I’ t i t  ‘ ‘ I I’ ’ l I j C  1 r’. t c t ~ 1rc’ O I l
ohii e rve~ 1Th~~t 1On anomal 1 I l C : ’ I l ’r’o:at j ono 1 0 . 111 11
ot  C l r q t e  c U l C u l at t c n ~ of t h e  I ’ I l t ’ l ’ 11l1~~0l1 1’ l r lCt  t - ~~, -~~~ 1 0 1 . .

fO L’ lI C l — 1 r I t e1’aot l . li ~’ ‘ 1 ’ l t l l ’ t  j o  ‘ I I ’ t  1’OCII . j~, ’t ~ P . ’ P I L
. - i i  t ’ t : 1  CI’ C O O t  2 ” ( i ’ u’ i 1 l o l  i o ’  ol . i o i i o  of F~’ l’ ,:l 1 ui’i: i ,’ ’  1001 11C~~

— I tot Vt ) I tune ” 0 1 1 ( 0  0 ( ~ 1 1 ( 1 1 1, 1 , ‘ 2 1 1 , 0 i ’i .I ’’, ( I C ‘ 
•the EF ) are m o  loot CI 11111 i t  ‘~ ol ’ . ‘ ‘~~\‘ lot 101 ‘21 (C i i  i t -  1000

and our rooen t I ,~ d I ’ V o l , ’1’ ’ ’ j  0 , 1 , ,  ‘ 2  C . ’ ~I l’0i~ 1110,111’ ‘ o r —
:io ’t hod Co r re la t  i O t 1~ 1 of 2 h ~ . I t 1 1  3 of  j ’ l 1 0 2 1 0 ~ anoma l ir o
ao l  - ‘or the o c c ur e nc e  of ~‘ ooo 1 C I I I C I O IO’, ’ l t .  01 :1 Wi t -h l. ii r 1’t ’ 11121X 1 0 5
in x (~ ) are found and p r ’v  I ,it ’ : t ] , ~ ~~~~~~~~~ d ’ no e  I ha t tj i ov  iii’
t r ’ o  ati e lec t ronica l ly  d r iv e u  ‘I o ooo i l l  t ~‘i) ( I ) In I T—
Ta52 and I T—TaSo2 , I a t~~ p ’:Ik i ’ in ‘( (~

) or ’  10110 1 lit t }IO ol’ooi’ —
ved i values along FM co c r 0 2 - C l  1n~ t o  t h e  CDW • ( 2 )  In l e t I i  P1
and Ft meta ls , a large pe:ik lo  fOSUOI at prec ise ly  that q value
along [ 110]  for  which large Kahn anomalies hav e been found . An
additional peak is found along [iii] which predicts the occur-
rence of a Kohn anomaly is this direction (but which is strong—
or in Pd than in Pt), (3) Large peaks in x (~ ) are found for
both NbC and TaC at precisely those q values at which soft no—
des were observed by S m i t h  and f l n : er . Maxima in ~

(
~~) are p r o —

d i o t e l  f o r  o t h ’ i ’  d j r e ct J o T : i i  . The 1.00110 of t l I t ’ 1 i i ’ ‘F— ’~~ v al u t o
can be represented by a warped clti ’ c ot’ d i me n n i , on .2 (2 11 i )
in momentum space — in st r i k i n g  agreement w i t h  the o,)f t  mode
sur face  proposed phenomenologically by Wehor . No ooch peaks
are found for ZrC and HfC , for  which no phonon anomal ies
have been oboerved . ( 4 )  For the totragonal r l lt i l e  r t i ~l :ie ot’
V02 ,  we f ind a large maximum in x (~’) at t he  00110 l’o:u:d~~ry H .
This oug geot r  the p oos ib l e  format ion  ot’ a CDW w i t h  .1 - - rx , The
subsequent condensat i~ n of p honons at H c~ : i i i  then  t ’X i ’ l i I  10
the crystallographic (meta l  t o  o em i c c ’ t l d u c t.lli).: ) p h : i l ’e t r : t i o ,t —
I i on  at T ~340 . Recent x—ray i l f f u o e  sca t ter ing measl lr ements
by Terauchi and Cohen of Northwestern conf irm these pr od j o —
t I o f l o ;  t h e i r  resul t s  show a lat t ice i n s t ab i l i t y  near the
m e t a l —i n s u l a t o r  t ransi t ion to occur at the H poin t .

UT1~ Whiti SicUsil 
~~DOC hIt S.etIou 0

MA H OVNCEU 0
JI1~IFICATION 

I ; ,

CI3’ffiIBUTION.’*VA IIA UIITY COItES

AI~IL. ,nl or SPECIAL

- ‘ 

S E C U R I T 5  C LASSI F ICAI ’ I0II I~~ ~~~~ pAGL ’ wh.n fl at . ~‘,,t.?.d)

~~~~~~~~~ -~~~



204 ELECTRON . PHONON INTERACTIONS

ELECTRONICALLY DRIVEN PHONON ANCtIALIES AN]) PHASE TRANSF0~~ ATI0NS *

A .J. Freeman

Department of physics and Astronomy and Materials Research Center,
Northwestern University , Evanston, Illinois 60201 , U.S.A ., and
Argonne National Laboratory, Argonne, Illinois 60439, U.S.A .,

and
M. ~spta, H.W. Myron~ , J . Rath’~~, and T.J . Waston-Yang ,

Department of Physics and Astronomy , Northwestern University ,
Evanston, Illinois 60201 , U .S.A.

We have studied the possible role of electronic structure on
observed phonon anomalies and phase transformations by mean s

‘I of accurate calculations of the generalized response function,
x (~

), for non—interacting conduction electrons. Both Fermi
surface “nesting” (parallel sections of Fermi surface) and so—
called “volume” effects (parallel electron—hole bands crossing
the Ep) are included using results of energy band calculations
and our recently developed analytic tetrahedron linear energy
method. Correlations of the positions of phonon anomalies
and/or the occurence of phase transformations with large maxima
in ~

(
~ ) are found and provide strong evidence that they arise

from an electronically driven divergence in x (~) (i) In iT—
TaS2 and 1 T—TaSe2, large peaks in x(~) are found at the obser-ved q values along FM corresponding to the CDW. (2) In both Pd
and Pt metals, a large peak is found at precisely that q value
along [iio) for which large Koim anomalies have been found. An
additional peak is found along [iii] which predicts the occur-
rence of a Kohn anomaly is this direction (but which is strong-
er in Pd than in Pt). (3) Large peaks in x(~) are found forboth Nb C and TaC at precisely those q values at which soft mo-
des were observed by Smith and Glaser. Maxima in x(~) are pre-dicted for other directions. The locus of these ~~~~~~ values
can be represented by a warped cube of dimension “~1 .2 (alt/a)in momentum space — in striking agreement with the soft mode
surface proposed phenomenologically by Weber. No such peaks
are found for ZrC and Hf C, for which no phonon anomalies
have been observed . (4) For the tetragonal rutile phaoe of
VO?, we find a large maximum in x(~

) at the zone boundary R .
This suggests the possible formation of a CDW with q’1’R. The
subsequent condensation of phonons at R could then explain
the crystallographic (metal to semiconducting) phase transi-
tion at T=340. Recent x—ray diffuse scattering measurements
by Terauchi and Cohen of Northwestern confirm these predic-
tions; their results show a lattice instability near the
metal—insulator transition to occur at the R point.

1 • INTRODUCTION homogeneous) perturbation, emphasis has been
placed on possible anomalous behaviour which

Recent theoretical and experimental may result from an instability in the conduc—
developments have called attention to the tion electron gas as a result of a divergence
central role played by the generalized sus— in this res’onse function. Irs linear—response
ceptibility function x(~) in the understand— theory ‘

ing of many physical phenomena in solids. f \  - (~O5 /f ~~
( . \  (~ ‘•\~~ ( 4 \

~inoe x (~ ) measures the response of the sys— — x~q,,’. ~~~~~~
tem to an external (generally spatially in— where i(~

’) is the electron—electron inter—

* supported by the Air Force Office of Scientific Research, the National Science
Foundation (DMR Grant Nos I&R-72-031 0t-A02 and TYáR 72-O~O1 9) and the Unj~ edStates Eriergf1~ searwi ai~d j,~-v~ iopmwlt Aamin~~trat1~~F’ 7-~~ Z~~yy

+ Present address Nijmegen University , Dept . of Phy si~w~ ~l jinegen, L~~ Ne’ther—
lands.

+ preeent address University of Missouri, Dept. of Physics, Columbia, Missouri
65201 .
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action and x(~~) is the bare zuscep tibility of a spectral Green’s function (Eq.2). The
energy band method is now well accepted fordefined as 

~~~~~~~~~ f 
~~~~~~~~~~~ ~) successfully providing accurate eigenva ’Lues

x(~) L ~~~~~~ f l• i~ ( 2 )  and hence energy related resolts in quite

~~~~~ 
~~ ~~ ~~~~~ 

— ~~~~ good agreement with experiment including
fo r  bands n and n’ and wavevector 1~, The f’s 

complex metals and compounds, We report re-
sults based on the KKR (Green’s function)are the Fermi occupation numbers for occupied method 1 , the non—relativistic and relativis—‘ and emp ty states and the M’s denote oscilla— tic APW methods2’3 and the analytic LCAOtor strength matrix elements, basis set Discrete Variational Method (DVM),Since the early work of Overhauser,

attention has been drawn to the role of Fermi For the precise calculations of x(~ ) we use
the analytic tetrahedron linear energy me—surface “nesting” features, i ,e, the exist— thod~ which we have derived as an extensionence of large parallel pieces of Fermi sur— of the work of Jepsen and Andersen6 and Leh—face, in leading to a divergence in x(~) and mann et al .7 on the density of states pro—possibly to a divergence irs ~

(
~ ) itself , de— blem . In this method , using t etrahedrons aspending on the value of I(i~’). More recently ,the possible role of so—c’slled “volume” ef— microzones with which to divide the BZ, a

fects (parallel electron—hole bands crossing geometrical analysis is made of the occupied
and unoccupied regions of any tetrahedronthe Fermi energy) in producing divergences which reduces the problem of calculating x (~

)in 
~

(
~ ) has been emphasized . The physical essentially to the problem of performing amechanism leading to either a spin density volume integral over a tetrahedron with awav e ( SDW ) or charge density wave ( CDW ) state lineari zed energy denom inator , This procedureis that a lower energy state results from the

promotion of electrons from orbitals of one yields simple analytic expressions for the
spin to orbitals of the same (or opposite) BZ integral which depend only on the volum e
spin sustained by the Fermi surface , or band , of the tetrahedron and the differences of
geometry favourable to electron—hole excita— energies, tsE~(1O , at its corners. The result
tions , Such a repopulation cars also be achi— is a computational scheme — not limited to
eyed by the scattering of the electrons by constant matrix elements — which is highly
phonons through the electron—phonon inter— accurate and, because of its simplicity,
action. It can be shown that x(~ ) plays an rapid to perform.
important role in the expression of renorma—
lized phonon frequencies and that, under 

~~~. 
APPL ICAT IONS — CHARGE DENSITY WAVES IN

simplifying assumptions, a divergence in x(~) 1 T—TaS 2 AND I T—Ta5e2
can lead to a softening of the corresponding
vibrational mode , In one of our earliest investigations,

In this paper, we focus the physical we reported results of detailed ab initio
information contained in the generalized studies of x (~ ) for the 1T polymorphs of both
susceptibility function alone and indicate TaS2 and TaSe2; these systems were of great
the sort of understanding presently avail— interest because of the existence revealed
able from accurate calculations of x(~) by electron diffraction studies8,~~, of CDW’s
based on accurate first principles band and their accompanying periodic lattice dis—
structure calculations. As examples, taken tortions, The band structures were determined
from the work of our ~roup , we cite correla— by the KXR method . The Fermi surfaces (PS) of
tions of peaks in x(~ with observed 1 CDW’s both metals were found to be very similar,
in I T—TaS2 and TaSe2, phonon anomalies2 in having cross s&~~tions which are approximatelytransition metal carbides, phonon anomalies3 constant in planes that are perpendicular to
in Pd and Pt and the origin of the metal— the z axis and which can be nested by approx—
insulator transit ion4 in the classic case of imately the same wavevector parallel to the
V02. Although neglected in what follows, we i’M direction1 . In this regard, it is impor—
emphasize that electronic Coulomb exchange tant to emphasize that our PS are quite dif—
and correlation interactions, as well as the ferent from the one derived from Mattheiss’
electron—phonon matrix elements play a major limited number of points result1° by Wil—
role in producing the observed anomalies, son and associates . This incorrect PS yields
This makes it all the more remarkable that dominant nesting along the FK direction which
the bare susceptibility response function agreed with the first (erroneous) report of
calculated from the band structure alone has the direction of the CD! ~ vector but not thebeen successful in predicting these pheno— second (correct) reportb of ~ along the FMmena , direction, We also showed that the response

function, x(~
)
~ contained not only informa-tion about the PS features (i.e. nesting)2. METHODOLOGY but also about band structure effects for

There are two steps re~uired for the states just above and below the Fermi ener~~accurate determination of x (a) in the con— (volume effects). Both effects were found to
atant matrix elements approximation (1) tk~ contribute substantially to the important
accurate determination of the underlying structure found in x(~). These accurate cal—electronic band structure and (2) a highly culatioris showed majorjeaks to occur in the
precise method for carrying out the phase— case of TaSe2, at the q value corresponding
space (Brillou in zone) integral (summation) to the observed CDW vectors . For TaSe2, which
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onii t ~ &fl b5’ i - x l i a t  I ‘ 1  u’s;’ ’ ’ I t  1 a i  1 y u t t  be i~~ ~ 01 o] , 1 1 Cj  tu . ;! I I I  j u r ‘~ ‘I ’ m ,. ’ mitt pta t m t
1115 ’ to lu ll ItIlOlItijIOttil lI t , ’t ’ ’’1I15’ ii t h e  t’ t np o : t t m e  pu ’akn wit  i~ ’ ll Os ’;’uI’ at i C , ou i ’ , , 0 .75 II Li
IISflL’t I t ’ll 01’ the cor:- i  i t ’ I ion ‘ ‘ I . - ’ ti’ s i t n  , x’e nu i t —  and C , 13’ 11, t i , i’ , ’ t t 1 ’ , ’ t t t  mvt ~’ ly • 1. - u’ , too , t n t  n
ing irs a : 1  i’si’tf ~n’i’,’,’tt lit, ’ ‘1’ thu n~

- i ’ i ’ n p u t d —  ‘itu üi pea k cont , ’ t ’ f in ” ’  ti:, ut , - t i t if of ’ ‘ i ’  S
111f p hinit ort i t o’ I ’ ’n  , ,~ungle— gyin Fi nn 1111 t’tIIi’( ’ ,VI t  i t t I  i t ’ t , ’t  , ‘- ‘Vt —

ever , in t’ h t t  i; t ,~iI of pallII-1iL’ it , A,J t , SII t l L L l i ’:i

I’ :- tCN CN AN OMALiES IN Fit AND i t  METALS ~~~~~~~~~~~~ t I t ’UICI w ua ks r I a ,  ii; I’d )

In l i m i t ’  ~l~i~~m m i c  I HII ,’t’ , M m  L i s t ’  ~ i HiOj  tu’ .,”mia h iS n i ’ , ’ to t he t : , ’a n ,x ’ ,’d ~
i s ,’ ,(tn i 14 ~ t , iv , I u im t II\ l i t  t I ~~~~~~~ 

valus, (— ‘ C t — C  8 ii s )  A 0 in .
~i 

I t~ I w i t

‘1’ the Or,~,] ‘I’ branch ni i t ~~ .1 1 ; p s ’I’ LmL ~ T tt cur— ~ X 1~~~i t • t 1 i t t~ 5%, ’ p1’ ’ ‘ t I n t  U WHIuH ’ X’ I t  ~t] t~ ‘IllIm i ’ ,’

yes fo r p a l  l it  u,’ui , ‘V i ’ . ’ an ‘:mt a ly m : ’ t  only ‘ ‘ 5 —  l’or Pt than l o t ’  Pd , i . ‘ ‘ . t I t ’ ’ rat io ii ’

I u tt , l ed  p’ , ’~ ’ ~ I’ u ’ ,n t I  t ’a ’ : . ’ t ’  of w lt\ ’ ’ ’ v T ’ nt t r  .‘p:i~,’u [X ~ ntra (qit tx) x i 1 t t x ’ u l’l C ) ]  t o  \ L t :t ra ( l  ‘3)  i s

lIlt also s1~’ s ’t’ S ’liI’~’d PiLl’ id l’t’ in amp l i t  nit ~ w I t h  23% for Pd Vi’1’nutl j ,~~, 1’s _ Li ’  Ft . Ln I. ot lt  ‘1 and
inc rea si ng  t ~‘1lI l ’Lr at1lr c . i t t ’ ’ i ’ , Dut  t-~~’t u’t ul. 1 5 Pt , weaker anomalies are print ts ‘ted f o r  t in .

also found a t ’at lt, ’I’ I ’i ’ r I i l ar  I ‘ i t  t : t ’I ‘ i t ’ m . t teal ~1 i i ]  d irec t ini t than for tile 1 d it ’ ’ ,’t  t ; ’II ,

anomaly i t s  the l ’r : t t t t ’}i n t  t’ lat i lt t i : t t  , i~~i ‘ he We Ilivi’ u i  so calculated x ( ~~~
) of both

L~~ O f t Iii ,’ ~~ iO Wii Ft ’ t’IU I, ‘Ii ri a~~i t ’ , I t t .  -m ~~I ~~~ 
Iii auid I’t 1 01’ 1 :ii ot,n let  ,‘l’ I —t ’v : l t ’,I, ‘ I iv  ‘t rLc~

sul Len w e re s l lfget l t , ’11 ° an lt u’ tI ’lll f f rom the t It’ll , l ’W , T Ia’t t t ’  Z’ s ’ LU t t l  a l t o  ‘ it , ’~ ’ ‘ ‘ a i im ’  from
,‘ - ‘ rm ex ’ a L i zed  Kolut t ’ 1 1 H 5 ’ t .t:tt’ to mt.n ~ t ‘ - ‘  I tu tmi t 5 w h i ch  a r i~ ’~ ’ i’ro:n 11’ t’t Lit ~~ FS l’e t t t  ‘irs’s
- 

We have t t  t i  1~~1 l i t . ’ I’ t ’ ;’ ’.’ -C ’ i , - ’ LCs,’t i t ’ H its ,’H t I lt  w h i c h  Iii’~ ’ low’ei ’  than ~ (ni— O) , T l tem i t ’  r e s u lt t t

01 € neral i.~u d Kolui ii m a i  i t i ‘, i i  , s, t i i— ~ U itt Vt i I m ML s l i ex  ‘ 1 u v it i t i t

ciii it ion ot tht i i  in I i  iii I I t ii 1 1 ity , HI 1 i 1 — S I I t S  l i i  t i in I a ( C O l

x (~~) , We t’ind ‘ no t :i P ’ T L  in x (,j ’) nail be ‘ Ian,’ tm t mt k LIIC an VL’ .f i~ ’ C —30° and in no lollf,’r
d i r e c t l y  r e l a t e s !  t o  I t s ’ ~ 1’ t ’ , ’ i ’ v t ’ tt IiiI ’ na iy  ~n v i s i b l e  ~ t t t

~~4 i ~~ .

the [ 0~~ ] T 1 1’ r i t ’ ts , ’ h i  i_L I t it ’ ’ s l i t ’  pt ’t ’H ion curves
of Pt and Pd ,

We ca lc u l at e d  I t i e  t am:,! I’ t r t t  ‘ t i  it ’ for LATTICE lNS’TAI’ i 1,1 ‘I’\’ A C D Iii t’V I’Al,— 1 NCl, l l A T C H  ‘V1vAC —
i’d 17 using t it , ’ AFW ttti ’t~tu1d iiit ~I t i ,  r ’elat ivi— S ITION IN Vt,’;t t lc  APW SL1IH1II ’’ for’ It -  — L o t  It with a warp —
,~sl inuf l’in l iii 1’ot , ’ t :t i r i~~, . The hand t t l  i’mit ’ I ‘ii’en T m ’ ’ t ’ Ili ‘ ‘ I n  Hltt ’ &’ HI a lt’ ’I-ii l — t t l H l t  1111  ~i~were previous iy I’otind 1 , 11’ I.o vi ‘11 Fermi sur— I u ’ t t n  it It ’ll Hs ’ s,’IIi’.’ 1 1  V O “ at ‘540k , ‘Viii’ Hi”i’ ii—
face radii , temperature is’pe itdt ’:.n i T ’L l of the t i l l  o’’i’;ii’ l t ~‘ p tat ’e t m ” ,i I ,’u ’IIIIII ion from pon’—
static magnet ic  Imltilni p t : l ’ m l i t . ,v , t (’ i ’ ) ,  r e s i s t —  clinic i ’ t t t l J t ’  t o  I t i ’ Ii’ Iu ’uCt ’Il’l l m ’ t I i l e  t ’ Irs t’—
l v i !  ;i , and a sp iii 1,at t I ni’ ri I mixa t ton , P1 T , in t. III’S’ H I t t ’t ’o:il ~‘ I I u H f  L’ V ii i III I’lL’ t- ‘ t L mm tp In
very good a,~u’ ,”n m mteutt with experiment , metall ic  c o it d l l - ’ t -  l v i  ty  ~‘1 o ’ )  ati~l a ju iitp in

In the ‘~ (~~
‘) s ’ t i  I n t l a t  ions 1 ~ , we m i ne d  magnetic I’tln; ’~ ’p t ib il  ~i ty , V0 ’~ ~~~~ not  oi’;li ~u’

204 8 tetrahedra ii. 1 4 i~~ t l t  i r reducible i~Z mafflet ‘i;’all y at low teulIpel’ii~~ ll i ’e:’ , We have
mit t i the  energy e Igenvaluoo at I ’ i l l -  nil to a invest ~mi t t  ,‘iI 4 W h et  t t ’ i ’  t l i e  ~ i ,H’t roni c p I’op, ’r—
Four ier  ser Les rep re ns ’m i t a  I ~ti , TIse resu l t s  t I en • 

, . 1. , Fs’I’l:t 1 I’ll i ’ iUc i ’ f~ ’s ’III’ ’ I i’\ ’ ~~~ Ia’—
of 

~ (il
) for q i i i  oltf 01 01, 11 o] and [ i i i  I Hpoitt ’” f~ t ‘IC t- t O i l  nt l i t , ’ l’V nI “lit , can ti ~‘cHunt

‘Ii rect ions were ‘U i nt l  mit i’d t o t ’  Pd and f nr  Pt t’or t ito  po H H ii ii 0 1 H i’,ltllt l Oit  ‘i a ,‘ - a Pft ’ LIen—
I’ ll ’ b anOs 4, 5 all ! t. W t l  I~ ’ iI  c ronn  the Fermi n i t y  wave (CP’N ) which could ls’ad • t ‘.troti 1’h
energy . The i t t  I-r:tbtiiti! l’Itt’t H s f ~ (ii’) at ~ — 0 the ole;’ t r o u t — p it  HlIs ’t’I s ’HtIp 1 iflf , t o  t hi’ i ’ e i m or —
t’or both metals are found to agree w I tts the nal t ’ n a t  ion s ’I Ii p I l on o i t t’l’ u’illlel l;’y , t it ’ ;‘OI’ ”e —
1 ent’ 1 ty of states at the Fex~ni energy to npond iiIf i’hIOiIOl t ttto ,I “ l’s’ coi i u h f  HV,’i’;la’::p;’d at
within 0, ~~~~ , Resul ts ;mim ~~w that the dominan t T-T~~, and d l i v  ing  the l a t t i c e  to  a new I’ t- i’ l in—
contribution to Xintra arise from the dom i— tural  phat~t’, Thin m echani s m of a :‘I i ’t i c t -u i ’ t t l
nan t band 5 whose “ jungle—gym ” PS has strong phase t r I I , l n t ’ ’I ’ I I l I I t  ion pr~’ci ’t ’diitf via a soft
nesting fea tu res;  t he m ain peak f o r  Pd oc— phonon p o sts ’ in ws”ll known in o t he r  m m t t i t , ’P i m s l s ,
curs at the amine ~ value (=0 .65 It/a ) fo r  ~ We have p , ’i’l ’ormed a f i r s t  p m ’ t i I t ’i p len
along the Il oqol, kqo] and [qqq]  d i r e c t i o n s , energy baud Htud y of th is ’ m e t al l ic  u’ t it  l i e
The locus 01’ this  main peak is a square in phase of V0 2 ,  l i n i n g  It t~e1seral r rys tal  p ot en—
the (0 ,0, 1) plane , The maxi.’num of Xint r a  for tial and an s’xp am t n  ion 01’ the Bloch func t ions
q along the [ 1 10]  and [ i i i ]  d i r e c t i o n s  are in a linear combinat ion of ’ a tomic o rh it a l s ,
23~ and 1~~ res~ectively higher than the Va— We obtained a l’irge d e nsi t y  of states at the
lue of ~ (q)  at q=0 . For ~ along tht ’ [~oi o] Fermi energy , The Ferm i surface is found to
direction , the peak is, however , 5.4~ lower be determined by the two lowest d band s , at
than the value of Xjntra at ij~ O. Hence , while the bottom of the ~t2g” manifold which isphonon anomalies are predicted for the {iio } split by the orthorhombic field ; the lowest
arid l i i i )  directions , no anomaly is predicted band Fermi surface possesses nesting features
for the [100) dIrection , The predicted ~~va— correspond ing to a nesting vector ~—I’R (seelue for  the [ 110]  anomaly , q=0.65 it/a is Fig .1) .
close to the expe rimental value of -‘0,7 It/a, We here focus on the physical informa—
Although there may be a hint of an anomaly tion contained in the generalized suscep t ib—
at 0.56 [111 ] in the measurements , a more ility function alone . The intra—band contri—
detailed invest igation of this region is butio n from band s I and 2 and the total in—
called for , terband contr ibmi tiona from the 6 bands be—

For platinum , Xjntra for q along the longing to the t2~ manifold are plotted

MLKANSKI. - 1gm ,, Dv.,a,,*s
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R ___________ X 
___________ R crease from the value at r ; this peak is due

\~~ to the band I contribution and can be asso—

vector ~= (1/2,0,1/2) mentioned above . The

generally 5~~ higher than the band 2 coritri-~ 

d ated with the “nesting” features with wave—

magnitude of band 1 contribution to x (~
’) is

bution throughout the Brillouin zone. This
latter contribution shows i,ji t1~e FR direction

___________ ___________ around F , as the electron pocket around R__________ 

~~~~~ a broad structure for 0.3 K q ~~. 0,8 associ—
ated with contributions from the FS piece

R X R has essentially the same characteristics for
both bandsFig. 1 Ferm i surface cross—section of band I The total interband contribution isin the rza plane . Dotted portions in— remarkably flat and the resulting large back—dicate occupied regions; arrows iridi— ground which it provides to the total x(~

’)cate the nesting q=rR, would be largely suppressed by the effect of
the matrix elements, As no noticeable struc-
ture cart be observed in the interband part ,separately in Pig 2, along 3 high symmetry this contribution will be ignored , The re—directions R(1,0,1), P(l/2,1/2,1) and suits for x(~ ) given in Fig.2 determinedP(~~,1/2—~ ,1/2). The total intraband value along these several symmetry directions showincreases away from r and show s a sharp rise an absolute maximum to occur at the point Rat the zone boundary R. The peak at F in the in reciprocal space , which arises essentiallyintraband function corresponds to a 29% in— from the PS nesting features of the lowest

_______ _____ 
conduction band , Thus, the response function

‘00 - J of the conduction electrons of the system
shows an instability at the zone boundary R,

NT( ~~BA~d0 The Fermi surface can sustain a charge den—
sity wave and , even though the phase transi-
tion for V02 is first order in nature , this
instability could manifest itself by an over—- 
damping of the corresponding phonon mode with
wavevector ~=(l/2,0,1/2), due to the renorma—200 ’ lizat ion of this mode through the electron—
phonon coupling. This particular vector is

it ’ . ’ zI compatible with the change from rutile to
monoclinic structure and leads to a doubling
of the unit cell in the low temperature
phase. To test these predictions , Terauchi8 and Cohen2° carried out x—ray diffuse scat—

~ 
I00~~~~~~~~~~~~
’

~~~~~ 
“\,,/~ R

_ _ _ _ _  
Re

I l l

2 \~~2k

r _________

____________________________________ ________________________________

Pig. 2 The generali zed suscep tibility func-
tion x (~

) of metallic VO is given 
_________along several symmetry d~ recti one ,

with contribution s from the lowest M / M
six “V 3d” conduction band s , Curve (1)
is the intraband contribution of band P ig.3 The Br illouin zone of the rutile phase “

1 ; curve (2) the intraband contribu— of V02. The directions employed in
t ion of band 2; the curve labelled measurements near the R—point in Fig.4
(i ) + (2 )  is the tota l intraban d contri— are shown by numbered arrows . Also
button. The upper curve is the sum of shown is the diffuse cross of scatter—
.11 

~~~~
rbsn

~ 
contribut ions from the ing at the R—p oint expected from a

six e b.i ong ing to the fully eplit transverse phonon travelling in the
“ manifold ; note the break in the B—F direction and polarized in the a

veA ioai scale, d irect ion (after Ref ,20). 

~~~~~~~
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tering studies as a function ot’ temperature tering which is expected of a soft phonon .
on V0~ near the point  R ( 0 , 5 , 0 , 1 ‘

5 )  u si n g  They found the ,1ift’use intensity to increae~CuE0 radiat ion , They found that a lattice with decreasing temperature as T approarhe~instability os’curs at the F petnt with wave P0.
vector FR and polarization vector parallel
to the “e” axis , This result is what is ex— 4. DISCUSSIONpected it’ a t ransverse phonon softens near
T0, whereas sot tenun~ 01’ a longitudinal pho— All the results r ’~~orted here were done
non wou ld cause d if f u s e  sc a t t e r in g  in the a in the constant matrix element (

~~) ap prox —
d i r e c t i o n  (C t ’ , F i g ,3) .  Their  observed diffuse imatlon to Eq,2. We have discussed the dust—
i x t t t ’ m i s i t y  near the F— p o i n t  at T5~s3K in  shown if ica t i on  for  th i s  in detai l  elsewh -re 2 , Ba—
in Fig .4 .  Soall t r iangles  i’t the figure give sically , in all these cases considered here ,
the rt ’solut ion f u n c t i o n  est  ~t nmi t ~’,1 fro’s the the dominant s tructure  arises from the peaks
FW~~ of the aitperlat t ice reflect ion (0. - ‘.0, In the intraband part of x (~ ) . Using a Wan —
1 ,‘,) at T0 —5 K . For the ~~ dire ction through nier function representation A the Intrahandthe F—po int (see scan 1 in Fig.3) a diffuse matrix elements can be shown’ to modify the
I ntensity maximum is observed at the F—point ; constan t ME resul ts  by a slowly varying
howev er , double ma xima are observed for th~ function — es sen t ia l l y  the square of the

.5) direction (sean 2’). For the form factor , By contrast- the initerband part
direction there is a single maximum for of x (~)~ which is large in magnitude andscan 3, hut d t f t ’t t i s e ’.t s’at tering could n o t  he str ucturele ss , is ~mero when ME ~ ‘e included ,

detected for run 4, Thus , the x—ray latin is All previously reported results’ with ME
consistent with the softening of a t ransverse  included 5)10w that this “background” contri—
p hc ’iion near t-I~c R—p oint , as shown in Fig.3, hution is largely suppressed for all ~ Va—Teraitchi and (‘ohen2° also studied the lues , Hence we do not expect the interband
t-s’:nperature dependence of’ the djffttn (‘ scat — contribution with ME to give rise to sharp

structure nor our general conclusions to be
severely affected ,

We have presented striking and detailed
4 — correlations between our x(~ ) results and(05+L O,15) experiment in a variety of cases, Thus, one

—a— (05+1.008.13) must consider the role of the response fume—
— 

$ tion as an essential element which must be
2 consIdered in a more complete microscopic
“ a theory which includes many—body effects,

local field corrections and electron—phonon
_______ matrix elements . Unfortunately , due to the

o u s ’ intricacies of the theoretical formulations
., proposed to date , accurate and reliable abC

initip calculations are not yet feasible .t o  ____

Hence, one must be concerned with approxima—
tlona made in any of these attempts . What is

—
~~

--- (os,00e,15.t) clear from our studies is the importance of
. 1 3 includ ing structure of the diagonal elements

of the susceptibili ty matrix in any theoretic—

~ . 

al formulation , I—4
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vion’ n: the Vl’ carbides It I” /‘f ‘:t ,‘rent wI: ,’ t h o t  ci’ n o t  sin: :  I —
ml’ çho:noni ;tnno:nti m t ’s exist ~: t tne ‘ n .  11’ i d e s  , We hav e show’,:
t’rt’v inni sly tila t the ph on an~’:nnl ie~ 1: t Is’ Vt- on nt i ,Ies o
rise t c’ an excess speo Ic heat n I low n:ce en seen W i t  I: l ’eo—
F eOt  to the “nonnis I” Vi’ carbides , In t 1: n ‘nil - el’  — we
ot: moa nir ernet:t  s o ‘ lie sl’e~~it’ I~ hea t of the 1’ t i l t  z’Ides nt
low temperature I , F <~ T \ ‘10K~ , We have ,lete~’ ~d an excess
tens in the -tice specific heat  at low t emperal ‘es of the
IVb nitrid from a comparison w ith the lattice spi’ Ic heat -
01’ the c espouding IVb carb ides . Since the limiting 1~it’ 01’
the Be - e tempex’atu i’e 0D (P — 0) is approximately const for
the tride and the carbide of a given lVb TM we a t t r i b u t e  his
e es term to the evolution ci’ a sof t—mode  region in the

oust to part of the  p honon d is1’ersion 01’ t hi’ nit t~1~tt~ • At: ana —
I v o i s  l’ased sri the  Einstein model y i e ld s  t l i t ’ onset I ,e • the
lowest fre5i:l.’nov VE of’ the soft—regi me : ‘‘.n THz t’or TIN 3 ,
4, -

~ TIL n for  ZeN and 2, ~ TH~ for HfN.  These onset fre~uenc lee
agree very well with each other and with the correspond ing va-
lues for the Vi-’ carhides if they are appropriately scaled with
the respective mass of the TM atom . This indicates tha t the
mechanism which drives the phonon anomalies is closely related
In all these compounds . By analo~~ to the Vh carbidee yE would
then represent the transverse acousti c phono n fr e .~uency at the
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. L point.
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