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L a tt ic e  d y n a m ic s  o f  b o d y -c e n te re d  cu b ic  (bcc) V b-V Ib g ro u p  tra n s itio n  m e ta ls  (T M ), an d  B 1 -ty p e  

m o n o c a rb id e s  an d  m o n o n itr id e s  o f  I I Ib-V Ib tra n s itio n  m e ta ls  a re  s tu d ie d  b y  m e a n s  o f  f irs t-p rin c ip le s  

d e n s ity  fu n c tio n a l p e r tu rb a tio n  th eo ry , u l tra  so ft p s e u d o p o te n tia ls , an d  g e n e ra liz e d  g ra d ie n t 

a p p ro x im a tio n  to  th e  e x c h a n g e -c o rre la tio n  fu n c tio n a l. G ro u n d  s ta te  p a ra m e te rs  o f  tra n s itio n  m eta ls  

a n d  th e ir  c o m p o u n d s  a re  c o rre c tly  re p ro d u c e d  w ith  th e  g e n e ra te d  u ltra s o f t  p se u d o p o te n tia ls . T h e  

c a lc u la te d  p h o n o n  sp e c tra  o f  th e  b c c  m e ta ls  a re  in  e x c e lle n t a g re e m e n t w ith  re su lts  o f  in e la s tic  

n e u tro n  sc a tte r in g  e x p e r im e n ts . W e sh o w  th a t th e  s u p e rc o n d u c tiv ity  o f  tra n s itio n  m e ta l ca rb id e s  

(T M C ) a n d  tra n s itio n  m e ta l n itr id e s  (T M N ) is  r e la te d  to  p e c u lia r itie s  o f  th e  p h o n o n  sp ec tra , a n d  th e  

a n o m a lie s  o f  th e  sp e c tra  a re  c o n n e c te d  to  th e  n u m b e r  o f  v a le n c e  e le c tro n s  in  c ry s ta ls . T h e  c a lc u la te d  

e le c tro n -p h o n o n  in te ra c tio n  c o n s ta n ts  fo r T M , T M C , an d  T M N  a re  in  e x c e lle n t a g re e m e n t w ith  

e x p e r im e n ta lly  d e te rm in e d  v a lu e s . P h o n o n  sp e c tra  fo r a n u m b e r  o f  m o n o c a rb id e s  a n d  m o n o n itr id e s  

o f  tra n s itio n  m e ta ls  w ith in  th e  c u b ic  N a C l-  an d  h e x a g o n a l W C -ty p e  s tru c tu re s  a re  p re d ic te d . Id ea l 

s to ic h io m e tr ic  B 1  c ry s ta ls  o f  S cC , Y C , an d  V C  a re  p re d ic te d  to  b e  d y n a m ic a lly  s ta b le  and  

su p e rc o n d u c tin g  m a te r ia ls . W e a lso  c o n c lu d e  th a t Y N  is  a se m ic o n d u c to r . ©  2 0 0 7  A m e r ic a n  

In s t i tu te  o f  P h y s ic s .  [D O I: 1 0 .1 0 6 3 /1 .2 7 4 7 2 3 0 ]

I. INTRODUCTION

T ra n s itio n  m e ta l (T M ) c a rb id e s  (T M C ) an d  n itrid es  

(T M N ) a re  m e ta llic  c o m p o u n d s  w ith  o u ts ta n d in g  p h y s ic a l 

p ro p e r tie s , e .g ., th e y  a re  e x tre m e ly  h a rd , an d  th e ir  m e ltin g  

te m p e ra tu re  is v e ry  h ig h . F o r  in s ta n c e , th e  m e ltin g  te m p e ra 

tu re  (ab o u t 4 2 0 0  ° C )  o f  T aC  is  th e  h ig h e s t  am o n g  k n o w n  

m a te ria ls . B e s id e s , T M C , as w e ll as T M N , a re  c h e m ic a lly  

v e ry  s ta b le  a n d  h a v e  h ig h  c o rro s io n  re s is ta n c e . D u e  to  th e se  

c irc u m s ta n c es , th e y  a re  w id e ly  u s e d  in  th e  in d u s try , e .g ., as 

cu ttin g  to o ls . T h e y  h a v e  a lso  p o te n tia l a p p lic a tio n s  in , fo r

a)Electronic mails: eyvaz isaev@ yahoo.com  and Eyvaz.Isaev@ fysik.uu.se 
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e x a m p le , in fo rm a tio n  s to ra g e  te c h n o lo g y  (fo r c o a tin g  o f  

m a g n e tic  sh e e ts ) , h ig h  p o w e r  e n e rg y  in d u s try , an d  o p to e le c 

tro n ic s .

B e s id e s  a n u m b e r  o f  e x c itin g  p h y s ic a l p ro p e r tie s , th e y  

a lso  a d o p t se v e ra l c ry s ta l s tru c tu re s . It is  w e ll k n o w n  th a t 

T M C  an d  T M N  can  c ry s ta lliz e  in  d if fe re n t c ry s ta l la ttic e s  

an d  fo rm  d iffe re n t p h a se s , d e p e n d in g  on  th e  R X / R M ra tio  

w h e re  R M an d  R X  a re  th e  a to m ic  ra d ii o f  m e ta llic  a n d  n on- 

m e ta llic  a to m s, re sp e c tiv e ly . T h e y  fo rm  s im p le  c ry s ta l s tru c 

tu re s  w ith  M X , M 2X , M 4X ,  an d  M X 2 s to ic h io m e tr ie s , if  

H a g g ’s ru le , R X / R M <  0 .5 9 ,1 is fu lfilled . In  p ra c tic e , th e  

p h a se s  a re  n o t s to ic h io m e tr ic  an d  th e y  e x is t o v e r  a  w id e  c o n 

c e n tra tio n  ra n g e . C a rb id e s  an d  n itr id e s  o f  T M s w ith  th e  M X  

s to ic h io m e try  a re  u s u a lly  c u b ic , w h e re  th e  m e ta llic  a to m s
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fo rm  th e  fa c e -c e n te re d  c u b ic  (fee) su b la ttic e , an d  n o n m e ta llic  

a to m s o c c u p y  in te rs tit ia l  p o s itio n s , fo rm in g  N a C l- ty p e  s tru c 

tu re , fo r  ex a m p le , Z rC , T iC , N b C , T iN , a n d  Z rN .2,3 U n u su a l 

p h y s ic a l p ro p e r tie s  (e x tre m e ly  h ig h  m e ltin g  te m p e ra tu re , 

b r itt le n e ss , an d  c o n d u c tiv ity )  su g g e s t th a t th e  a to m ic  b o n d 

in g  b e tw e e n  m e ta llic  an d  n o n m e ta llic  a to m s in  c a rb id e s  an d  

n itr id e s  o f  T M s is  v e ry  s tro n g , a n d  h a s  a  c o v a le n t n a tu re . A s 

a m a tte r  o f  fac t, T iC  h a s  m e ta llic  c o n d u c tiv ity  ch a ra c te r , b u t 

so m e  n itr id e s , S c N  as e x a m p le , a p p e a r  to  b e  sem ico n d u c to r .

T h e  p h y s ic a l  an d  th e rm o d y n a m ic a l p ro p e r tie s  o f  T M  

c a rb id e s  an d  n itr id e s  h a v e  b e e n  w e ll re v ie w e d  in  R e fs . 2 an d

3 . T h e ir  e le c tro n ic  p ro p e r tie s  h a v e  b e e n  s tu d ie d  b y  m e a n s  o f  

b o th  e x p e r im e n ta l an d  th e o re tic a l m e th o d s , an d  th e  g e n e ra l 

tren d s  as a  fu n c tio n  o f  c o m p o s itio n  a n d  T M  a to m  ty p e  a re  

su m m a riz e d  in  R e f. 4 . A  re v ie w  o f  la ttic e  d y n a m ic s  p ro p e r 

tie s  o f  T M s an d  th e ir  c o m p o u n d s  h a s  b e e n  g iv e n  in  R e f. 5 . 

T h e  d e n s ity  o f  e le c tro n ic  s ta te s  (D O S ) o f  T iC , T iN , an d  T iO  

w as  s tu d ie d  b y  m e a n s  o f  th e  lin e a r  c o m b in a tio n  o f  a to m ic  

o rb ita ls  (L C A O ) an d  th e  a u g m e n te d  p la n e  w a v e  (A P W ) 

m e th o d s , an d  th e  ro le  o f  c o v a le n t m e ta l-n o n m e ta l in te ra c tio n  

in  s tru c tu ra l s ta b iliz a tio n  o f  th e  c o m p o u n d s  h as  b e e n  

e m p h a s iz e d .6- 8 E le c tro n ic  s tru c tu re , D O S , a n d  o p tica l p ro p 

e rtie s  o f  m o n o c a rb id e s , -n itr id e s , an d  -o x id es  o f  T i an d  Z r 

h a v e  b e e n  in v e s tig a te d  in  R e fs . 9 an d  10 u s in g  th e  fu ll- 

p o te n tia l l in e a r  m u ffin -tin  o rb ita l (F P -L M T O ) m e th o d . E le c 

tro n ic  b a n d  s tru c tu re  o f  N b C  (R efs . 11- 13) an d  N b N  (R efs. 

11- 14) w as  e x a m in e d  b y  m e a n s  o f  th e  A P W , fu ll-p o te n tia l 

l in e a r iz e d  a u g m e n te d  p la n e  w a v e  (F P -L A P W ), an d  p s e u d o 

p o te n tia l m e th o d s . I t  h a s  b e e n  sh o w n  th a t th e  co n d u c tio n  

e le c tro n s  in  N b N  h a v e  m a in ly  4 d - lik e  c h a ra c te r  an d  N b C  an d  

N b N  a re  d - ty p e  s u p e rc o n d u c to rs . I t  h a s  b e e n  c o n firm e d  b y  

n u c le a r  sp in - la ttic e  re la x a tio n  tim e  m e a s u re m e n ts .15 T h e  

e le c tro n ic  s tru c tu re  an d  p h y s ic a l p ro p e r tie s  o f  e a r ly  tra n s itio n  

m e ta l c a rb id e s  an d  n itr id e s  in  th e  B 1  s tru c tu re  h a v e  b e e n  

s tu d ie d  b y  m e a n s  o f  th e  L M T O  an d  F P -L A P W  m e th o d s , as 

w e ll as in  th e  fra m e w o rk  o f  a b  in i t io  p s e u d o p o te n tia l 

te c h n iq u e s .16- 19 It  h a s  b e e n  re p o r te d  th a t in  c o m p a riso n  w ith  

th e  lo c a l d e n s ity  a p p ro x im a tio n  (L D A ), th e  u s e  o f  th e  g e n 

e ra liz e d  g ra d ie n t a p p ro x im a tio n  (G G A ) im p ro v e s  th e  a g re e 

m e n t w ith  e x p e r im e n t. B e s id e s , b a n d  s tru c tu re  c a lc u la tio n s  

p e rfo rm e d  b y  m e a n s  o f  th e  s c re e n e d -e x c h a n g e  L D A  m e th o d  

h a v e  sh o w n  th a t so m e  o f  th e  n itr id e s  (S cN , Y N , a n d  L aN ) 

h a v e  se m ic o n d u c tin g  n a tu re  w ith  in d ire c t b a n d  g ap s , c o m p a 

ra b le  w ith  th o se  fo r c o n v e n tio n a l se m ic o n d u c to rs . E le c tro n ic  

p ro p e r tie s  o f  so m e  tra n s itio n  m e ta l n itr id e s  (V N , N b N , TaN , 

C rN , M o N , an d  W N ) w ith  th e  B 1 s tru c tu re  h a v e  b e e n  

s tu d ie d 20 u s in g  th e  A P W  m e th o d . E a r lie r  s tu d ie s21,22 o f  N b N  

a n d  M o N  sh o w e d  an  u n u su a l in c re a se  o f  th e  D O S  o f  M o N  in  

c o m p a riso n  w ith  N b N , w h ic h  is k n o w n  to  b e  a s u p e rc o n 

d u c to r  w ith  h ig h  T c [1 4 .7  K ,(R e f . 2 3 ) or ev e n  2 0  K  (R ef.

2 4 ) ]. T h e  p re d ic te d  v a lu e  o f  T c w a s  a b o u t 30  K , c lo se  to  T c
25

o f  th e  firs t c o p p e r  o x id e  b a s e d  su p e rc o n d u c to rs  an d  M g B 2. 

T h e  sa m e  te m p e ra tu re , 30  K , w as  p re d ic te d  th e o re tic a lly  fo r 

V N , b u t it w as  b e lie v e d  th a t sp in  f lu c tu a tio in s  sh o u ld  b e  

re s p o n s ib le  fo r  th e  re d u c e d  e x p e r im e n ta l v a lu e  T c ~  8 .6  K .26 

B e s id e s , i t  h a s  b e e n  fo u n d  th a t th o u g h  th e  D O S  o f  C rN  is 

la rg e r  th a n  th a t o f  M o N , th e  c o n tr ib u tio n  to  th e  e lec tro n - 

p h o n o n  c o u p lin g  a ris in g  fro m  a m e ta l is sm a ll in  C rN .
27

J h i e t a l. u s in g  th e  f irs t-p rin c ip le s  p se u d o p o te n tia l

m e th o d  h a v e  s tu d ie d  th e  in flu e n c e  o f  v a c a n c ie s  on  m e c h a n i 

c a l p ro p e r tie s  o f  T M  c a rb id e s  a n d  n itr id e s , so m e th in g  w h ic h  

tu rn e d  o u t to  b e  d if fe re n t fo r c a rb o n  a n d  n itro g e n  v a c a n c ie s . 

C a rb o n  v a c a n c ie s  re s u lt  in  h a rd e n in g  o f  th e  h o s t  m a tr ix , 

w h e re a s  n itro g e n  v a c a n c ie s  le a d  to  so fte n in g  o f  th e  sh ea r 

e la s tic  s tiffn e ss  d u e  to  th e  o p p o s ite  w a y  in  f illin g  o f  th e  d - d  

b o n d in g  s ta te s  a t th e  F e rm i le v e l, i.e ., th e  D O S  fro m  d d  

s ta te s  is re d u c e d  fo r  N b C , a n d  in c re a s e d  fo r T iN . M e c h a n ic a l 

p ro p e r tie s  (su ch  as e la s tic  c o n s ta n ts , h a rd n e ss , Y o u n g ’s and  

sh e a r  m o d u li, an d  th e  e q u a tio n  o f  s ta te ) o f  H fN , Z rN , and  

N b N  w e re  e x a m in e d  e x p e rim e n ta lly , as w e ll as 

th e o re tic a lly 28,29 u s in g  a b  in it io  p s e u d o p o te n tia ls  an d  th e  l in 

e a r  re s p o n s e  o f  th e  u n p e r tu rb e d  sy s te m  to  h o m o g e n e o u s  

s tra in s  d e v e lo p e d  b y  H a m a n n  e t a l .30 T h e  d if fe re n t b e h a v io r  

o f  th e  b u lk  m o d u li B ,  te tra g o n a l sh e a r  G ',  an d  sh e a r  m o d u li 

G  fo r  T M N  an d  T M N  w as  e x p la in e d  in  te rm s  o f  b a n d  fillin g . 

T h e  o b se rv e d  re la tio n sh ip  b e tw e e n  th e  e la s tic  c o n s ta n ts  

( C 11 >  C 44>  C 12) fo r  H fN  a n d  Z rN  d e te rm in e d  fro m  n eu tro n  

sc a tte r in g  e x p e r im e n ts  is  n o t o b e y e d  fo r N b N . T e trag o n a l 

sh e a r  m o d u li G  fo r tra n s itio n  m e ta l c a rb o n itr id e s , M e C 1-xN x, 

an d  d i- tra n s itio n -m e ta l c a rb id e s , A 1-xB x C  is  c o n s id e ra b ly  e n 

h a n c e d  fo r a v a le n c e  e le c tro n  n u m b e r  o f  Z v =  8.3.

T h e  n a tu re  o f  m e ta l- to - in su la to r  tra n s itio n  in  B 1  T aN x 

an d  th e  ro le  o f  T a an d  N  v a c a n c ie s  w as s tu d ie d  e x p e r im e n 

ta lly , as w e ll as b y  m e a n s  o f  th e  f irs t-p rin c ip le s  F L A P W  

m e th o d .31,32 I t  w as  sh o w n  th a t th e  c o n d u c tiv ity  o f  T aN x can  

b e  tu n e d  b y  m e a n s  o f  th e  N 2 p re ssu re , as w e ll as b y  te m p e ra 

tu re . In  tu rn , th e  c o n d u c tiv ity  fo r  N -r ic h  T a - N  sy s tem , as a 

c o n se q u e n c e , th e  m e ta l- in su la to r  tra n s itio n , is  m a in ly  c o n 

n e c te d  to  Ta v a c a n c y  an d /o r  T a -p o o r re g io n s  in  th e  sy s tem . 

T h e  in flu e n c e  o f  n o n m e ta l o f f  s to ich io m e try , as w e ll as s u b 

s titu tio n a l im p u ritie s , on  th e  p h a s e  s ta b ility  an d  th e rm o d y 

n a m ic s  p ro p e r tie s  in  M o C x an d  T iC x a llo y s  is d isc u sse d  in 

R e f. 3 3 .

E x p e r im e n ta l in v e s tig a tio n s  o f  th e  p h o n o n  sp e c tra  o f  T M  

c a rb id e s  (N b C , H fC , an d  T aC ) h a v e  b e e n  d o n e  b y  S m ith  and  

c o -w o rk e r 34- 36 w h e re  p ro n o u n c e d  a n o m a lo u s  o f  th e  p h o n o n  

d isp e rs io n  c u rv es  a lo n g  th e  [1 0 0 ] an d  [110] d ire c tio n s  for 

N b C  an d  T aC  w e re  fo u n d , w h ile  th e  sp e c tru m  fo r H fC  d id  

n o t c o n ta in  an y  an o m a lie s . T h is  w as  u se d  b y  th e se  au th o rs  to 

e x p la in  w h y  T aC  is  a  su p e rc o n d u c to r , w h ile  H fC  is n o t, at 

le a s t, fo r  T >  1 K ,34 ev e n  th o u g h  H f  a n d  Ta a re  b o th  re f ra c 

to ry  m e ta ls  w ith  c lo se ly  re la te d  p h y s ic a l p ro p e r tie s .
37

M o s to lle r  c a rr ie d  o u t p h o n o n  c a lc u la tio n s  fo r T M  c a r 

b id e s  in  th e  f ra m e w o rk  o f  th e  d ie le c tr ic  re s p o n s e  a p p ro x im a -
38

tio n  u s in g  th e  H e in e -A b a re n k o v  p s e u d o p o te n tia ls . I t  is 

a m a z in g  th a t th e  c a lc u la te d  a c o u s tic  b ra n c h e s  o f  th e  p h o n o n  

sp e c tru m  fo r  u ra n iu m  c a rb id e  (U C ) a re  in  fa ir ly  g o o d  a g re e 

m e n t w ith  th e  re su lts  o f  e x p e r im e n t.36 H o w ev e r, th e  m o d e l 

w as  n o t a b le  to  re p ro d u c e  th e  o b se rv e d  a n o m a lie s  o f  th e  

p h o n o n  d isp e rs io n  c u rv e s  fo r H fC , T aC , a n d  N b C  n e a r  th e  

B rillo u in  z o n e  (B Z ) b o u n d a r ie s . I t  w a s  c la im e d  th a t in c lu d 

in g  o f  th e  io n - io n  in te ra c tio n  n e g le c te d  in  th e se  c a lc u la tio n s  

c o u ld  le a d  to  a b e tte r  a g re e m e n t b e tw e e n  th e o re tic a l an d  e x 

p e r im e n ta l re su lts . P in tsc h o v iu s  e t a l. a p p lie d  in e la s tic  n e u 

tro n  sc a tte r in g  to  s tu d y  th e  p h o n o n  d isp e rs io n  re la tio n s  in 

T iC .39 T h e y  a lso  s tu d ie d  th e  in flu e n c e  o f  c a rb o n  v a c a n c ie s  on  

th e  sp e c tru m . I t  w as fo u n d  th a t th e  la rg e s t d if fe re n c e  b e 

tw e e n  th e  s p e c tra  fo r  T iC 0 .95 an d  T iC 0 89 w a s  a b o u t 3 .5 %  an d
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th a t i t  is  m a in ly  th e  o p tic a l m o d e s  w h ic h  a re  a ffe c te d  b y  

c a rb o n  v a c a n c ie s . T h e  in flu e n c e  o f  c a rb o n  v a c a n c ie s  on  th e  

f irs t-o rd e r  R a m a n  sp e c tru m  o f  T iC  w as  in v e s tig a te d  in  R ef. 

4 0 . T h e  m e a su re d  sp e c tru m  fo r T iC ,39 as w e ll as th e  p h o n o n  

s p e c tra  fo r a  n u m b e r  o f  T M  c a rb id e s  (Z rC , N b C , T aC , H fC , 

a n d  U C ), h a v e  b e e n  e x a m in e d  b y  m e a n s  o f  th e  p h e n o m e n o 

lo g ic a l “d o u b le -s h e ll”  m o d e l41 (D S M ) (in  th is  m o d e l d  e le c 

tro n s  a re  re p re s e n te d  b y  a sec o n d  sh e ll a t th e  T M  a to m s, an d  

th e  firs t sh e ll d e sc r ib e s  th e  p o la r iz a b ility  o f  a ll th e  o th e r  v a 

le n c e  e le c tro n s ; b e s id e s , i t  w as s u g g e s te d  th a t sp rin g s  b e 

tw e e n  th e  se c o n d  sh e lls  a re  n e g a tiv e ) , w h e re  lo n g -ra n g e  o r 

d e r  in te ra to m ic  in te ra c tio n s  w e re  ta k e n  in to  a c c o u n t b e c a u se  

th e  s im p le  sh e ll m o d e l d id  n o t g iv e  a  g o o d  a g re e m e n t w ith  

th e  e x p e r im e n ta l d isp e rs io n  cu rv e s . T h e  c o n n e c tio n  b e tw e e n  

p h o n o n  an o m a lie s  an d  h ig h  su p e rc o n d u c tin g  te m p e ra tu re  Tc, 

as w e ll as e le c tro n -p h o n o n  c o u p lin g  c o n s ta n ts  in  T M  c a r 

b id e s  an d  n itr id e s , w as  s tu d ie d  b y  W eb e r an d  c o -w o rk e rs  in  

R e fs . 4 2  an d  4 3  u s in g  th e  s tro n g  c o u p lin g  th e o ry  o f  

su p e rc o n d u c tiv ity .44,45 T h e y  su g g e s te d  a “re s o n a n t e le c tro n ic  

p o la r iz a tio n ” m o d e l (th is  le ad s  to  a p h o n o n  so fte n in g  an d  is 

t ig h tly  r e la te d  to  th e  D S M , w h e re  in  c e rta in  re g io n s  o f  th e  

B Z  n e g a tiv e  sp rin g s  b e tw e e n  se c o n d  sh e lls  c o m p e n sa te  th e  

p o s it iv e  c o re -sh e ll c o u p lin g  c o n s ta n t le a d in g  to  re s o n a n tlik e  

e n h a n c e m e n t o f  th e  e le c tro n ic  p o la r iz a b il i ty  in  th e se  B Z  r e 

g io n s)  an d , as a re su lt, c o n c lu d e d  th a t th e  e le c tro n -p h o n o n  

m a tr ix  e le m e n ts  a re  m a in ly  d e te rm in e d  b y  s tro n g  d - d  o v e rlap  

in te ra c tio n . S in h a  an d  H a rm o n ,46 u s in g  th e  d ie le c tr ic  fu n c 

tio n , h a v e  sh o w n  th a t th e  se lf -c o n s is te n t f ie ld  th e o ry  p re d ic ts  

a  c o lle c tiv e  e le c tro n  in s ta b ility  d u e  to  th e  c h a rg e  flu c tu a tio n  

b e tw e e n  th e  d  sh e lls . H o w e v e r, th e  in s ta b ility  is  p re v e n te d  b y  

th e  e le c tro n -p h o n o n  in te ra c tio n , th o u g h  th e  in te ra c tio n  m ig h t 

r e su lt in  an  a n o m a ly  in  th e  p h o n o n  sp e c tru m . T h e  m o d e l w as 

a p p lie d  to  N b C  an d  p e c u lia r itie s  o f  th e  c a lc u la te d  p h o n o n  

s p e c tra  w e re  fo u n d  to  b e  in  fa ir ly  g o o d  a g re e m e n t w ith  th e  

e x p e r im e n ta l re su lts  o f  S m ith  a n d  G la z e r .36 T h e  ro le  o f  th re e -  

b o d y  in te ra c tio n s  w a s  e m p h a s iz e d  fo r th e  la ttic e  d y n a m ic s  o f  

T iC , Z rC , an d  H fC  w h e n  in v e s tig a te d  in  th e  r ig id  she ll
m o d e l.47

A b  in it io  p h o n o n  c a lc u la tio n  fo r a T M  c a rb id e  (N b C ) h as  

b e e n  d o n e  b y  S a v ra so v 48 u s in g  th e  lin e a r  re s p o n s e  te c h n iq u e  

in  th e  f ra m e w o rk  o f  th e  L M T O . T h e  a g re e m e n t b e tw e e n  

th e o ry  an d  e x p e r im e n t w as  fa ir ly  g o o d . T h e  p e c u lia r itie s  o f  

th e  sp e c tru m  a lo n g  th e  [£ 0 0 ] d ire c tio n  [n e a r  the  

2 o t /a ( 0 .6 , 0 , 0 )  p o in t]  w e re  w e ll re p ro d u c e d , w h ile  a n o m a 

lies  a lo n g  th e  h ig h  sy m m e try  [£ , £ ,0 ]  d ire c tio n  w e re  n o t so 

p ro n o u n c e d  c o m p a re d  to  th e  m o d e l c a lc u la tio n s  o f  W eb er.41 

T h is  d is c re p a n c y  w a s  a ttr ib u te d  to  th e  sm a ll n u m b e r  o f  q  

p o in ts  fo r  w h ic h  th e  sp e c tu m  w as  c a lc u la te d  a n d  th e n  u se d  

fo r in te rp o la tio n  o f  th e  p h o n o n  sp e c tru m  fo r  a  g iv e n  d ire c 

tio n . A t h ig h  p re s s u re  th e  su p e rc o n d u c tin g  te m p e ra tu re  o f  

N b C  is  su p p re sse d  d o w n  to  4 .9  K  at 60  G P a , a n d  as lo w  as 

~ 1  K  a t 150 G P a ,49 to  b e  c o m p a re d  w ith  11 .2  K  at a m b ie n t 

p re s s u re .43 F irs t-p r in c ip le s  in v e s tig a tio n  o f  th e  p h o n o n  sp e c 

tru m  fo r T iC  (R ef. 5 0 ) an d  Z rC  (R ef. 51 ) h a v e  b e e n  d o n e  in  

th e  f ra m e w o rk  o f  th e  su p e rc e ll  m e th o d , an d  th e  H e llm a n n - 

F e y n m a n  fo rc e  th e o re m  in  c o n ju n c tio n  w ith  n o rm - 

c o n se rv in g  p se u d o p o te n tia ls  w as  a p p lie d  to  c a lc u la te  in te r 

a to m ic  fo rc e  c o n s ta n ts . T h e  p h o n o n  d isp e rs io n  c u rv e s  an d  

d e n s ity  o f  s ta te s  w e re  c a lc u la te d  an d  g o o d  a g re e m e n t b e 

tw e e n  th e o ry  a n d  e x p e r im e n t w as  fo u n d , th o u g h  it w as  

a c h ie v e d  b y  re d u c in g  th e  c a lc u la te d  sp e c tra  b y  a  fa c to r  o f  

1 .05. B e s id e s , th e re  w as  a  c o n s id e ra b le  d isc re p a n c y  b e tw e e n  

th e  c a lc u la te d  e la s tic  c o n s ta n ts , e s p e c ia lly  fo r C 12, an d  th e  

o n es fro m  u ltra so n ic  e x p e r im e n ts . T h is  d isc re p a n c y  w as  a s 

c r ib e d  to  th e  d if fe re n c e  in  s lo p e  o f  th e  e x p e r im e n ta l an d  

th e o re tic a l p h o n o n  d isp e rs io n s  n e a r  th e  B Z  c e n te r  w h ic h  is, 

p re su m a b ly , c a u se d  b y  la c k in g  so m e  o f  th e  fo rce  c o n s ta n ts  

re q u ire d  fo r  th e  d e sc r ip tio n  o f  th e  lo n g -ra n g e  C o u lo m b  in te r 

a c tio n .

A n o m a lie s  o f  th e  p h o n o n  s p e c tru m  in  T iN  an d  Z rN  sh o w  

a d ip  o f  th e  L A  m o d e  at q ~ 2 o t / a ( 0 . 7 , 0 , 0 )  an d  q  

~ 2 o t / a ( 0 . 5 , 0 .5 ,0 )  p o in ts , as w e ll as so fte n in g  o f  th e  L A  

m o d e  n e a r  th e  L  p o in t, h a s  b e e n  o b se rv e d  e x p e r im e n ta lly  in 

R e fs . 52  an d  5 3 , an d  th e  re su lts  a re  w e ll d e sc r ib e d  u s in g  th e  

p h e n o m e n o lo g ic a l D S M . T h e  iso e le c tro n ic  H fN  p o sse sse s  

th e  sa m e  a n o m a lie s54 fo r  th e  a c o u s tic  b ra n c h e s , b u t in  H fN , 

in  c o n tra s t to  o th e r  T M  c a rb id e s  an d  n itr id e s , a  so -c a lle d  

in v e rs io n  o f  th e  lo n g itu d in a l o p tic  (L O ) an d  tra n sv e rsa l o p tic  

(T O ) b ra n c h e s  ta k e s  p la c e  w h e re  th e  T O  m o d e s  a re  h ig h e r  in 

e n e rg y  th a n  th e  L O  b ra n c h . It tu rn e d  o u t th a t th e re  is  a s tro n g  

in flu e n c e  o f  n itro g e n  v a c a n c ie s  on  th e  R a m a n  sp e c tru m , p h o - 

n o n  d e n s ity  o f  s ta te s  an d , c o n seq u en tly , s u p e rc o n d u c tiv ity  o f  

T iN 1-x c o m p o u n d s .55 In e la s tic -n e u tro n -sc a tte r in g  m e a su re -  

m e n ts56,128 re v e a le d  th a t a c o u s tic  b ra n c h e s  o f  th e  p h o n o n  

sp e c tru m  o f  V N  a re  c o m p le te ly  d if fe re n t c o m p a re d  to  T iN  

an d  N b C , a n d  th e  a n o m a lie s  o f  th e  sp e c tra  a re  sh if te d  to  th e  

X  p o in t  o f  th e  B Z , w h ile  fo r o th e r  c a rb id e s  an d  n itr id e s  w ith  

th e  B 1 s tru c tu re  th e  sp e c ia l fea tu re s  o f  th e  sp e c tra  a re  lo c a te d  

n e a r  th e  p o in t  2 o t /a ( q , 0 , 0 )  a lo n g  th e  h ig h  sy m m e try  A d i 

re c tio n  w h e re  q  ~  0 .6 5 - 0 .7 0 .  T u n n e lin g  m e a su re m e n ts  fo r 

V N  h a v e  b e e n  d o n e  in  R e f. 57  w h e re  th e  E lia sh b e rg  sp ec tra l 

fu n c tio n  a 2F (w )  fo r V N  w as fo u n d  to  b e  s im ila r  to  th a t o f  

N b N  fo r w h ic h  o p tica l p h o n o n s  a re  b e lie v e d  to  p la y  an  im 

p o r ta n t ro le  fo r su p e rc o n d u c tiv ity . P h y s ic a l p ro p e r te s  o f  

so m e  T M  c o m p o u n d s  in c lu d in g  T M C  an d  T M N  h a v e  b e e n  

s tu d ie d  in  R e f. 5 8 . T h e  re la tio n  b e tw e e n  la ttic e  in s ta b ilitie s  

an d  h ig h  v a lu e s  o f  th e  su p e rc o n d u c tin g  te m p e ra tu re  T c in 

T M  an d  th e ir  c o m p o u n d s  w as  e s ta b lish e d  b y  P h il l ip s ,59 

F ro lic h ,60 a n d  Z e lle r .61 P re s s u re  in d u c e d  c h a n g e s  in  th e  p h o - 

n o n  sp e c tru m , as w e ll as in  th e  e le c tro n -p h o n o n  c o u p lin g , 

su p e rc o n d u c tin g  te m p e ra tu re , a n d  th e  D e b y e  te m p e ra tu re  

w e re  s tu d ie d  u s in g  R a m a n -sc a tte r in g  m e a su re m e n ts .62 A p 

p ly in g  h ig h  p re s s u re  u p  to  32 G P a  re s u lte d  in  a sh if t o f  th e  

p h o n o n  D O S , an d  th e  p h o n o n  sp e c tru m  acco rd in g ly , to 

h ig h e r  fre q u e n c es  (th e  so  c a lle d  p re s s u re - in d u c e d  p h o n o n  

h a rd e n in g ) . T c fo r  H fN  an d  Z rN  is d e c re a se d  w ith  in c re a se d  

p re s s u re  (as it  w as  o b se rv e d  fo r m o s t c o n v e n tio n a l m e ta ls ) , 

w h ile  fo r N b N  an  in c re a se  o f  T c on  c o m p re ss io n  is  o b se rv ed . 

T h e  p h o n o n  sp e c tru m  a n d  e le c tro n -p h o n o n  c o u p lin g  c o n 

s tan ts  fo r  Z rN  a n d  H fN  at a m b ie n t c o n d itio n s  h a v e  b een  

c a lc u la te d 63 b a s e d  on  th e  m ix e d -b a s is  p s e u d o p o te n tia l an d  

lin e a r  re s p o n s e  m e th o d s . N e v e r th e le s s , it is  w o rth  n o tin g  th a t 

th e  p h o n o n  s p e c tra  fo r m o s t o f  th e  T M  n itr id e s  a re  n o t y e t 

in v e s tig a te d  th e o re tic a lly  u s in g  f irs t-p rin c ip le s  m e th o d s  an d  

th e  s tu d y  o f  th e  p h o n o n  d isp e rs io n  re la tio n s  in  T M N  is o n e  

o f  th e  ta sk s  o f  th e  p re s e n t w o rk .

A n o th e r  in te re s tin g  fa c t is  th a t so m e  o f  th e  tra n s itio n  

m e ta l m o n o c a rb id e s  a n d  m o n o n itr id e s  h a v e  n e v e r  b e e n  s y n 
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th e s iz e d  e x p e r im e n ta lly  in  th e  cu b ic  B 1  s tru c tu re , fo r e x 

a m p le , M o C  an d  M o N . T h is  u n u su a l b e h a v io r  is  a sc rib ed , 

b u t ju s t  s c h em a tica lly , to  th e  p h o n o n  in s ta b ility  a t th e  X  

p o in t .64 R ecen tly , B 1 M o N  w as fo u n d  to  b e  u n s ta b le , b e 

c a u se  th e  c a lc u la te d  e la s tic  m o d u lu s  C 44 tu rn e d  o u t to  b e
29

n eg a tiv e .

T h e re  is a  la rg e  b o d y  o f  th e o re tic a l an d  e x p e r im e n ta l 

s tu d ie s , w h e re  e le c tro n ic ,65 s u rfa c e -re la te d  p ro p e r tie s ,66 as 

w e ll as p h o n o n  m o d e s ,67 c a u se d  b y  v io la te d  B lo c h  p e r io d ic 

ity, h a v e  b e e n  in v e s tig a te d  fo r a n u m b e r  o f  c a rb id e s  an d  

n itr id e s . In th is  w o rk  w e  do  n o t c o n s id e r  su rfa c e  p h o n o n  

d isp e rs io n  re la tio n s  in  th e  T M C  a n d  T M N . T h e y  a re  th e  s u b 

je c t  o f  o u r fu tu re  s tu d ie s .

In  o u r p re v io u s  c o m m u n ic a tio n  w e  s tu d ie d  th e  p h o n o n  

sp ec tra , as  w e ll as th e  e le c tro n -p h o n o n  c o u p lin g  c o n s ta n t X 

fo r s e le c te d  T M C  an d  T M N .68 In  th e  p re s e n t p a p e r  w e  in v e s 

t ig a te  th e  g ro u n d  s ta te  p ro p e r tie s  an d  p h o n o n  sp e c tra  o f  all 

th e  I II6-V I6 m e ta l c a rb id e s  an d  n itr id e s , e x c e p t th o s e  w ith  L a  

an d  C r, fo r  w h ic h  o n ly  la ttic e  p a ra m e te rs  an d  b u lk  m o d u li 

a re  p re se n te d . I t  is w e ll k n o w n  th a t c h ro m iu m  c a rb id e  h a s  a 

ra th e r  c o m p le x  s tru c tu re  a n d  th a t B 1 C rC  w as  sy n th e s iz e d  

re c e n tly .69 C h ro m iu m  n itr id e  w as  a lso  p ro d u c e d  recen tly , an d  

th e re  is so m e  c o n tro v e rs ia l in fo rm a tio n  c o n c e rn in g  th e  C rN  

la ttic e  s tru c tu re . In  p a r tic u la r , an  a n tife rro m a g n e tic  p h a se  

w as  fo u n d  fo r a lm o s t s to ic h io m e tr ic  C rN .70,71 T h e re  a re  o n ly  

few  p u b lic a tio n s  d e v o te d  to  L a C  (R ef. 16) an d  L a N .16,17,72 

B e s id e s , th e re  is  n o  e x p e r im e n ta l in fo rm a tio n  on  th e  la ttic e  

d y n a m ic s  o f  L a C  an d  L a N . In v e s tig a tio n  o f  th e  d y n a m ic  s ta 

b i l i ty  o f  d if fe re n t p h a se s  o f  L a  an d  C r c a rb id e s  an d  n itr id e s  is 

in  p ro g re s s , an d  th e  re su lts  w ill b e  re p o r te d  e lse w h e re . W e 

h a v e  a lso  s tu d ie d  e le c tro n -p h o n o n  c o u p lin g  c o n s ta n ts  o f  th e  

II I6 g ro u p  m e ta ls , an d  T M  c a rb id e s  an d  n itr id e s  co n ta in in g  

sev en  an d  n in e  v a le n c e  e le c tro n s  in  th e  u n it  ce ll.

T h e  p a p e r  is  o rg a n iz e d  as fo llo w s . In  S ec . II  w e  d e sc rib e  

th e  d e ta ils  o f  u ltra s o f t  p se u d o p o te n tia l g e n e ra tio n , th e  c a lc u 

la tio n s  o f  th e  to ta l en e rg y , a n d  p h o n o n  sp ec tra . In  S ec . III  

re su lts  o f  f irs t-p rin c ip le s  c a lc u la tio n s  o f  la ttic e  c o n s ta n ts  and  

b u lk  m o d u li fo r s e le c te d  b c c  m e ta ls  a n d  a ll c o n s id e re d  T M C  

an d  T M N  a re  p re s e n te d  an d  c o m p a re d  to  a v a ila b le  e x p e r i 

m e n ta l an d  th e o re tic a l re su lts . In  S ec . IV  w e  d isc u ss  th e  p h o - 

n o n  sp e c tra  fo r  b c c  tra n s itio n  m e ta ls  i l lu s tra tin g  g o o d  p e r fo r 

m a n c e  o f  th e  g e n e ra te d  u ltra s o f t  p se u d o p o te n tia ls . T h e  m ain  

re su lts  fo r  th e  p h o n o n  s p e c tra  o f  T M C  an d  T M N  a re  d e 

s c r ib e d  in  S ec . V. S e c tio n  V I is d e v o te d  to  a  d isc u ss io n  o f  th e  

o b ta in e d  re su lts  an d  to  so m e  g e n e ra l c o n c lu s io n s . In  th is  s e c 

t io n  th e  c a lc u la te d  e le c tro n -p h o n o n  c o u p lin g  c o n s ta n ts  a re  

a lso  p re s e n te d  an d  c o m p a re d  w ith  e x p e r im e n ta l a n d  o th e r  

th e o re tic a l re su lts .

II. METHODS AND DETAILS OF CALCULATIONS

O u r p re s e n t in v e s tig a tio n  o f  g ro u n d  s ta te  p ro p e r tie s  ( la t 

t ic e  c o n s ta n t a n d  b u lk  m o d u lu s )  o f  e a r ly  T M s, as w e ll as 

th e ir  c a rb id e s  an d  n itr id e s , is d o n e  in  th e  fra m e w o rk  o f  th e
73,74

d e n s ity  fu n c tio n a l th e o ry  ’ w ith in  th e  s ta te -o f- th e -a r t first-

p rin c ip le s  u ltra s o f t  (U S ) p se u d o p o te n tia l m e th o d  in tro d u c e d
75

b y  V an d erb ilt. E x c h a n g e -c o rre la tio n  e ffec ts  w e re  tre a te d  in 

th e  f ra m e w o rk  o f  th e  g e n e ra liz e d  g ra d ie n t a p p ro x im a tio n  

(G G A ) u s in g  a fu n c tio n a l p ro p o s e d  b y  P e rd ew -

B u rk e -E rn z e rh o f ,76 w h ic h  w as fo u n d  to  re p ro d u c e  c o rre c tly  

g ro u n d  s ta te  p a ra m e te rs  fo r a  w id e  ra n g e  o f  c ry s ta ls . F o r  C r, 

C rC , an d  C rN  w e , h o w e v e r, a p p lie d  B e c k e -P e rd e w
77

e x c h a n g e -c o rre la tio n  fu n c tio n a l, k n o w n  to  c o rre c tly  d e 

s c r ib e  th e  m a g n e tic  s tru c tu re  o f  Cr.

T h e  n e u tra l a to m ic  c o n fig u ra tio n s  w e re  ch o se n  to  b e  th e  

re fe re n c e  s ta te . O n ly  fo r  T i an d  Z r th e  re fe re n c e  s ta te  w as 

c h o se n  to  b e  a  s in g le  c h a rg e d  m e ta l io n . S e m ic o re  o rb ita ls  

w e re  c o n s id e re d  as v a le n c e  s ta te s  fo r  a ll I I I6-V I6 m e ta ls  (ex-
\ 78

c lu d in g  L a  an d  C r), an d  n o n lin e a r  c o re  c o rre c tio n s  a re  a lso  

in c lu d e d . B e s id e s , th e  d  c h a n n e l w as tre a te d  as th e  lo c a l p a rt 

o f  th e  p s e u d o p o te n tia l. A  sc a la r- re la tiv is tic  v e rs io n  o f  th e  

S c h rö d in g e r  e q u a tio n  w as a p p lie d  in  o rd e r  to  g e t  a to m ic  

w a v e  fu n c tio n s  to  b e  u se d  fo r  th e  p s e u d o p o te n tia l c o n s tru c 

tio n .

F o r  L a , H f, Ta, an d  W  th e  4 f  s ta te  is n o t c o n s id e re d  as a 

v a le n c e  s ta te , b e c a u s e  it is  c o m p le te ly  filled  (14 e lec tro n s) 

an d  is  c h e m ic a lly  in e rt. T h e  sa m e  a p p ro a c h  w as  u se d  in  R ef. 

7 9  fo r  th e  in v e s tig a tio n  o f  th e  p h o n o n  s p e c tra  o f  la n th a n u m  

b y  m ean s  o f  a  f irs t-p rin c ip le s  p se u d o p o te n tia l m e th o d  in  c o n 

ju n c tio n  w ith  th e  fro z e n -p h o n o n  m e th o d . T h e  o b ta in e d  r e 

su lts  g a v e  r is e  to  th e  c o n c lu s io n  th a t th e  a ssu m p tio n  w o rk e d  

w e ll an d  th a t an o m a lie s  o f  th e  p h o n o n  sp e c tra  o f  fcc  L a  are 

n o t c o n n e c te d  to  th e  4 f  e lec tro n s .

P la n e  w a v e s  (P W s) w ith  c u to f f  e n e rg y  u p  to  4 0  R y  w ere  

u s e d  in  o rd e r  to  d e sc r ib e  th e  e le c tro n ic  w a v e  fu n c tio n s  in  a 

p e r io d ic  c ry s ta l, a n d  P W s u p  to  7 5 0  R y  w e re  in c lu d e d  for

d e sc r ip tio n  o f  th e  a u g m e n te d  ch a rg e . In te g ra tio n  o v e r th e  B Z
80

h as  b e e n  d o n e  u s in g  th e  M o n k h o rs t-P a c k  sch e m e , an d  o c 

c u p a tio n  n u m b e rs  a re  tre a te d  a c c o rd in g  to  th e  M e th fe sse l-
81

P a x to n  sc h e m e  w ith  a b ro a d e n in g  a =  0 .0 2 5  R y  u s in g  th e  

f irs t-o rd e r  H e rm ite -G a u ss  ty p e  o f  p o ly n o m ia l. In te g ra tio n  

o v e r th e  B Z  w as  c a rr ie d  o u t u s in g  an  18 X 18 X 18 m e sh  o f  k  

p o in ts .

T h e  la ttic e  d y n a m ic s  o f  th e  p re s e n t sy s tem s  o f  in te re s t 

w as s tu d ie d  in  th e  f ra m e w o rk  o f  th e  h a rm o n ic  a p p ro x im a tio n  

to  th e  fo rc e  c o n s ta n ts  an d  u s in g  th e  l in e a r  re s p o n s e  m e th o d 82
83

w h ic h  is re a liz e d  in  th e  Q u a n tu m  ESPR ESSO  co d e . In  th is  

m e th o d  th e  re s p o n s e  o f  a  sy s te m  to  th e  a to m ic  d isp la c e m e n ts  

is a  lin e a r  fu n c tio n  o f  p a ra m e te rs  a n d  th e ir  f irs t-o rd e r  d e r iv a 

tiv e s  w h ic h  a re  d e fin e d  in  te rm s o f  p a ra m e te rs  (ch a rg e  d e n 

sity , e le c tro n - io n  in te ra tio n , an d  e x c h a n g e -c o rre la tio n  fu n c 

t io n a l)  o f  th e  u n p e r tu rb a te d  sy s te m  [so -c a lle d  d en s ity  

fu n c tio n a l p e r tu rb a tio n  th e o ry  (D F P T ), see  R e f. 8 2 ] . T h e  

m e th o d  a llo w s o n e  to  a v o id  a  n e e d  fo r  a  su p e rc e ll c o n s tru c 

tio n , so  a ll c a lc u la tio n s  a re  d o n e  w ith in  a s in g le  u n it  c e ll. T h e  

m e th o d  en ab le s  c a lc u la tio n  o f  th e  p h o n o n  f re q u e n c ie s  fo r an 

a rb itra ry  q  p o in t  in  th e  B Z  u s in g  fo rce  c o n s ta n t m a tr ic e s  for 

a  g iv en  q  p o in t  m e sh  a n d  in v e rs e  F o u r ie r  tra n s fo rm a tio n  to 

o b ta in  re a l-s p a c e  fo rc e  c o n s ta n ts . A s  a m a tte r  o f  fac t, th e  

k n o w le d g e  o f  th e  p h o n o n  sp e c tru m  m a k e s  it p o s s ib le  to  d raw  

so m e  c o n c lu s io n s  a b o u t th e  p h y s ic a l p ro p e r tie s  o f  a c ry s ta l. 

F o r  ex a m p le , th e  a p p e a re n c e  o f  im a g in a ry  fre q u e n c es  is a 

s tro n g  a rg u m e n t fo r  la t t ic e  in s ta b ility  an d  th e re fo re , fo r  a 

p h a s e  tra n s fo rm a tio n . P e c u lia r itie s  (a  d ip  an d  so fte n in g  o f  

a c o u s tic  m o d es)  o f  th e  sp e c tru m  a re  a lso  o ften  p re c u rso rs  fo r 

p h a s e  tra n s fo rm a tio n s  an d  c o u ld  b e  re la te d  to  th e  o n se t o f  

s u p e rc o n d u c tiv ity  in  th e  c ry s ta l.

In  o rd e r  to  d e r iv e  th e  d e ta ile d  a c c o u n t o f  p e c u lia r itie s  o f
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th e  a c o u s tic  m o d e s , fo rc e  c o n s ta n t c a lc u la tio n s  a re  p e r 

fo rm e d  u s in g  an  8 X 8 X 8 q  m e sh  in  th e  c a se  o f  B 1 T M C  

a n d  T M N , as w e ll as fo r  th e  b c c  m e ta ls , an d  an  4  X 4  X 4  q  

g r id  fo r h e x a g o n a l m o n o c a rb id e s  an d  m o n o n itr id e s  (M o C , 

N b N , W C , an d  W N ). T h e  e le c tro n -p h o n o n  c o u p lin g  c o n s ta n t 

X is c a lc u la te d  in  th e  f ra m e w o rk  o f  s tro n g -c o u p le d  su p e rc o n 

d u c tiv ity  th e o ry  o f  E lia s h b e rg45 u s in g  an  8 X 8 X 8 q  m e sh  

fo r th e  b c c  m e ta ls  an d  6 X 6 X 6 q  m e sh  fo r  th e  c a rb id e s  an d  

n itr id e s  w ith  sev en  an d  n in e  e le c tro n s  in  th e  u n it  c e ll. T h e  

su p e rc o n d u c tin g  te m p e ra tu re  is e v a lu a te d  b y  m e a n s  o f  M c 

M il la n ’s e q u a tio n 44 m o d ifie d  b y  A lle n  an d  D y n e s84 w h e re  a 

lo g a r ith m ic  f re q u e n c y  w as  in tro d u c e d  in s te a d  o f  th e  e m p ir i 

c a l D e b y e  te m p e ra tu re .

III. GROUND STATE PROPERTIES OF BCC METALS, 

AND TM CARBIDES AND NITRIDES

In  o rd e r  to  in v e s tig a te  th e  tra n s fe ra b ility  o f  T M s ’ 

p s e u d o p o te n tia ls , w e  h a v e  c a lc u la te d  th e  g ro u n d  s ta te  p ro p 

e rtie s  fo r T M  c a rb id e s  an d  n itr id e s , as w e ll as fo r  b c c  m e ta ls  

(V, N b , Ta, M o , an d  W ). R e su lts  a re  su m m a riz e d  in  T ab les 

I—III a n d  c o m p a re d  w ith  a v a ila b le  e x p e r im e n ts  an d  re su lts  o f  

o th e r  c a lc u la tio n s . T h e  e q u ilib r iu m  la ttic e  c o n s ta n ts  an d  b u lk  

m o d u li a re  o b ta in e d  fro m  th e  to ta l e n e rg y  c a lc u la te d  fo r  a

g iv en  n u m b e r  o f  la ttic e  p a ra m e te rs , fo llo w e d  b y  th e  f ittin g  o f
85

th e se  re su lts  to  th e  B irc h -M u rn a g h a n  e q u a tio n .

L e t u s  a n a ly z e  th e  g ro u n d  s ta te  p a ra m e te rs  o f  p u re  b cc  

(V, N b , C r, Ta, M o , an d  W ), d o u b le  h e x a g o n a l c lo se  p a c k e d  

(D H C P ) L a , an d  h e x a g o n a l c lo se  p a c k e d  (H C P ) m e ta ls  (Y, 

Sc, T i, Z r), se e  T ab le  I . O n e  can  see  th a t fo r  th e  b c c  m e ta ls  

th e re  is a  v e ry  g o o d  a g re e m e n t, b e tte r  th a n  1% , b e tw e e n  the  

c a lc u la te d  an d  e x p e r im e n ta l la ttic e  p a ra m e te rs . M o s t o f  th e  

c a lc u la te d  b u lk  m o d u li a g re e  w ith  e x p e r im e n ta l d a ta  an d  

f irs t-p rin c ip le s  c a lc u la tio n s86 w ith in  6% , e x c lu d in g  V, fo r
87

w h ic h  th e  d is a g re e m e n t w ith  e x p e r im e n t is  o f  a b o u t 10% . 

T h e  d is c re p a n c y  m a y  m e a n  th a t th e  c u t-o f f  ra d ii fo r V  sh o u ld  

b e  c h o se n  m o re  ca re fu lly . A s  a m a tte r  o f  fac t, p a ra m e te rs  fo r 

th e  v a n a d iu m  p se u d o p o te n tia l w e re  c h o se n  to  g e t a c o u s tic  

fre q u e n c ie s  c lo se  to  ze ro  at th e  T  p o in t, so  th a t th e  aco u stic  

su m  ru le  is a p p ro x im a te ly  fu lfiled . W e h a v e  a p p lie d  th e  sam e  

p ro c e d u re  fo r  o th e r  b c c  m e ta ls  an d  fo u n d  th a t th e  a g re e m e n t 

o f  th e  o b ta in e d  la t t ic e  p a ra m e te rs  an d  b u lk  m o d u li w ith  

a v a ila b le  d a ta  is  m u c h  b e tte r  c o m p a re d  to  V. O n  th e  o th e r  

h an d , th e  e x p e r im e n ta l b u lk  m o d u lu s  p ro v id e d  in  R e f. 4  is 

172 G P a  w h ic h  ag ree s  w e ll w ith  o u r c a lc u la te d  v a lu e . F o r  

D H C P  L a  th e  c a lc u la te d  c  p a ra m a te r  is so m e w h a t la rg e r  th an
87

th e  e x p e r im e n ta l v a lu e , b u t  th e  d if fe re n c e  is le ss  th a n  1%. 

A s  a re su lt, c a lc u la te d  b u lk  m o d u lu s  fo r D H C P  L a  is in  g o o d  

a g re e m e n t w ith  th e  e x p e r im e n ta l o n e . O v e ra ll  a g re e m e n t fo r 

b o th  la ttic e  p a ra m e te rs  an d  b u lk  m o d u li fo r  th e  H C P  m e ta ls  

is v e ry  g o o d , e x c e p t fo r Z r, fo r  w h ic h  th e  c a lc u la te d  b u lk  

m o d u lu s  is  b y  ~  13%  la rg e r  th a n  th e  o ld  e x p e r im e n ta l v a lu es  

fo r B .87,88 In d e e d , th e  c a lc u la te d  B tu rn e d  o u t to  b e  in  e x c e l 

le n t a g re e m e n t w ith  re c e n t re su lts  o f  s y n c h ro tro n  x -ra y
89

e x p e r im e n ts . It is  w o r th  n o tin g  th a t fo r  C r a p s e u d o p o te n 

tia l u se d  in  th is  w o rk  y ie ld e d  n o t o n ly  a g o o d  a g re e m e n t fo r 

th e  la ttic e  p a ra m e te r  an d  b u lk  m o d u lu s , b u t i t  a lso  a llo w e d  us  

to  d e sc r ib e  c o rre c tly  th e  m a g n e tic  m o m e n ts  o f  a to m ic  fo rce  

m ic ro sc o p y  (A F M ) C r, 0 .6 7 ^ B, in  g o o d  a g re e m e n t w ith  e x 

p e r im e n ta l o b se rv a tio n s .90 N o te  a lso  th a t th e  u s e  o f  th e

TABLE I. G round state param eters fo r bcc (V, Nb, Ta, Cr, Mo, and W ), 

D HC P (La), and H CP (Y, Sc, Ti, Zr, and Hf) m etals using ultrasoft pseudo 

po tentials generated in this work. For each m etal first we show  results o f our 

calculations, and on the next line available experim ental (Ref. 87  if  nothing 

specified) and theoretical data  are presented.

Metal a  (Â) c (Â) B  (GPa)

V 2.995 182

3.03 161, 172a,b

Cr 2.871 202

2.88 190

Nb 3.30 172

3.30 170

Ta 3.30 194

3.31 200, 194c

Mo 3.16 258

3.15 272, 265c

W 3.18 303

3.16, 320,d 3.16e 323, 314,c 320,d 274e

La 3.77 12.266 22

3.77 12.159 24.3

Sc 3.317 5.168 54

3.31 5.27 58.4

Y 3.651 5.689 40.6

3.65 5.73 42

Ti 2.983 4.591 110

2.95 4.65 107

Zr 3.23 5.15 94

3.23 5.15 295,83,8

H f 3.194 5.05 108

3.19 5.05 109

aR eference 4 .
^Reference 142, FP-L M T O +G G A . 

cR eference 140, Expt.
^Reference 86 , norm -conserving pseudopotential and LDA. 

eR eference 92, pseudopotential+ LDA. 
fR eference 88, Expt. 

gR eference 89 , Expt.

P A W + G G A  a p p ro x im a tio n  re s u lte d 91 in  a  la rg e  lo c a l m a g 

n e tic  m o m e n t fo r  C r a to m s, o f  o rd e r  o f  1 /xB, an d  in  a  sm a lle r 

la ttic e  p a ra m e te r  (2 .8 5  A ) w h ile  c a lc u la te d  B w as  c o n s is te n t 

w ith  th e  re p o r te d  e x p e r im e n ta l da ta .

In  T ab le  II  w e  p re s e n t re su lts  o f  o u r d e n s ity  fu n c tio n a l 

th e o ry  (D F T )-G G A  c a lc u la tio n s  fo r la ttic e  p a ra m e te rs  and  

b u lk  m o d u li fo r  m o n o c a rb id e s  o f  in te re s t. W e h a v e  fo u n d  

e x c e lle n t a g re e m e n t b e tw e e n  o u r c a lc u la te d  an d  a v a ila b le  e x 

p e r im e n ta l an d  th e o re tic a l la ttic e  p a ra m e te rs  fo r a ll m o n o c a r 

b id e s . O u r  c a lc u la te d  b u lk  m o d u lu s  fo r T iC  is  in  v e ry  g o o d  

a g re e m e n t w ith  m o s t o f  th e  a v a ila b le  d a ta . It is  p e rh a p s  m o re  

in te re s tin g  to  n o te  th e  o rig in  o f  d is a g re e m e n t w h ic h  o ccu rs  in 

c o m p a riso n  w ith  o th e r  c a lc u la tio n s . In  R e f. 94  ca lc u la tio n s  

w e re  c a rr ie d  o u t b y  m e a n s  o f  th e  L M T O  m e th o d  in  c o m b i 

n a tio n  w ith  th e  a to m ic  s p h e re  a p p ro x im a tio n  (A S A ) w h ic h  is 

n o t su ita b le  fo r  an  o p en  s tru c tu re  su ch  as T iC . Jo c h y m  

e t  a l .50 e v a lu a te d  b u lk  m o d u lu s  u s in g  th e  e la s tic  c o n s ta n ts

Downloaded 06 Apr 2010 to 131.174.17.26. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://jap.aip.org/jap/copyright.jsp


123519-6 Isaev et al. J. Appl. Phys. 101, 123519 (2007)

TAB LE II. Equilbrium  lattice param eters and bu lk  moduli for B 1 TM C. For each TM C  first we show calculated 

lattice constants and bulk moduli, and then available experim ental and theoretical data are given on the next 

line.

TMC a  (Â) B  (GPa)

ScC 4.68

4.72a

153

YC 5.08

5 .11,a 5.076,b 5.195c

128

LaC 5.434

5.429c

80

TiC 4.36 242

4.3176,a 4.326 ,d 4.27,e 4.38,f 4.332g 239,d 310,e 267,f 242,h 233,i 220,k 394,1 273,m 286,” 2350

ZrC 4.699 222

4.6957,a 4.698,c 4.692g 265,b 250,p 247,q 223r

HfC 4.651 238

4.638,a 4.64,q 4.639g 263,g 243,r 291s

VC 4.154 304

4.1599,a 4.22,f 4.13614, 4.10,' 4 .17g,d,s 377,d 321f 348,” 351,' 304,“ 303v

NbC 4.476 301

4.47,a 4.470,c 4.471,g 4.45,' 340,s 331,g 315,“ 302,v 332s,w

TaC 4.47 324

4.44,0 4.457,d 4.456g 321,“ 332,i 345,x 318y

CrC 4.10 322

4.117,c 4.10,f 4.01 ,s 4.03z 333,s 351f

MoC 4.366 337

4.278,c 4.42,f 4.33i 351,' 380p

W C 4.38 365

4.266,k 4.38,f 4.221g 396f

aR eference 102.
^Reference 104, EP-L M T O + G G A . 

cR eference 16, LM T O + LD A . 
dR eference 94 , Expt. Ref. 46 . 

eR eference 95 , FP-L M T O +L D A . 
fR eference 101, PsP +L D A . 

gR eference 141, experiment. 
hR eference 105, experiment. 

iR eference 97 , experiment. 
jR eference 96 , experiment. 

kR eference 10, F P -L M T O +G G A . 
'R eference 94 , LM TO +A SA . 

“ R eference 103, F P -L A PW +G G A . 
"Reference 100, FP-L M T O +G G A . 
oR eference 106, experiment. 
pR eference 64 , FP-LAPW , LDA. 

qR eference 29 , LD A  and DFPT. 
rR eference 41 , from  D SM  phonons. 

sR eference 2 , experiment. 
tR eference 139, L A P W + LD A . 

“R eference 98 , LA P W + G G A . 
vR eference 4 , experiment. 

wR eference 107. 
xR eference 138, experiment. 

yR eference 145, D FPT+G G A . 
zR eference 137, experiment.

C 11 a n d  C 12 c a lc u la te d  on  th e  b a s is  o f  th e  lo n g  w a v e  m e th o d . 

T h e y  h a v e  n o tic e d  th a t th e re  is a  d is a g re e m e n t b e tw e e n  th e  

c a lc u la te d  C 11 an d  C 44 c o m p a re d  to  b o th  th e  e x p e r im e n ta l 

an d  th e  s tre s s -s tra in -m e th o d  c a lc u la tio n s  fo r th e  b u lk  m o d u 

lu s . B e s id e s , th e y  s tre s se d  th a t th e  d is c re p a n c y  c o u ld  b e  

c a u se d  b y  th e  su p e rc e ll m e th o d  th e y  u se d  d u e  to  th e  la c k  o f  

so m e  lo n g -ra n g e  o rd e r  in te ra c tio n s  o w in g  to  re s tr ic te d  su p e r 

c e ll s ize , w h ic h  in  tu rn  c o u ld  a ffec t a  s lo p e  o f  th e  ac o u s tic
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TAB LE III. G round state param eters fo r transition m etal nitrides w ithin B 1 structure. R esults o f other calcu 

lations and experim ental date are show n on the next line after results o f our calculations.

TMN a  (Â) B  (GPa)

ScN 4.51 198

4.505,a 4.501,b 4.543 1822, 201c

LaN 5.293 120

5.32l,d 5.295e 140d

YN 4.905 158

4.889,a 4.85d

d
36

TiN 4.275 264

4.239,a 4.26,d 4.24,f,g 4.266,h 4.253,i 4.32,j 4.299k 286,d 288,g 280,i 304,j 326,k 310,1 318m

ZrN 4.583 250

4.585,a 4.61,b 4.62,n 4.5890 264,d 272,n 285,p 215 ,q 285,‘, i  277o

HfN 4.54 269

4.52 ,a 4.54,d 4.47n 278,d 303,n 276,p 306q,r

VN 4.11 313

4.136,a 4.12,d 4.14,f,g 4.132,i 4.19,j 4.092k 333,d 316,i 282,g 370,k 338,j 268m

NbN 4.41 309

4.394,a 4.42,d 4.378,j 4.392,t 4.379q 317,d 350,“ 354,q'r 292,q 287,m 354q,r

TaN 4.408 329

4.33,a 4.42 ,d 4.385,v 4.397,s 4.3363w 338,d 372r

CrN 4.09 322

4.168,t 4.058,i 4.140,s 4.148,f 4 .0 9 ,x 326,i 361j

MoN 4.328 327

4.41,j 4.214,t 4.25,j 4.285y 354,j 390,p 360y

W N 4.35 354

4.36,j 4.154,z 4.20r 394j

“R eference 102.

^Reference 144, experiment.
“R eference 18, FP-LA PW +G G A .

^Reference 17, FL A P W + G G A .
“R eference 72 , experiment, at P = 0  and T  =93 K. 

fR eference 71 , experiment. 
gR eference 94 , LM T O + LD A . 

hR eference 15 in Ref. 20 .
R eference  98 , V A SP+G G A .

'R eference 101, pseudopotentia ls+LD A .
kR eference 100, FL A P W + LD A

lR eference 10, F P -L M T O +G G A .
mR eference 133, experim ent, using B = (C 1 1  + 2 C 1 2 ) /3 .
"Reference 63 , pseudopotentia ls+ LD A .
oR eference 143, FPLA PW  + GGA.
pR eference 16 in Ref. 63 , experiment.
^Reference 28 , neutron scattering experiment. 

'R eference 29 LD A +D FP T.
"Reference 20 , A PW + LD A .

R efe rence  16, LM T O + LD A . 
uR eference 64 , LAPW.

'R efe rence  63 in Ref. 17.
"R eference  136, experiment. 

xR eference 70 , pseudopotentials + LDA. 
yR eference 107, LA PW + LD A  

zR eference 135, experiment.

m o d e s  fo r th e  lo n g -ra n g e  w a v e s . T h e  F P -L M T O  

c a lc u la tio n s95,96 g a v e  v e ry  d if fe re n t re su lts  d u e  to  th e  d if fe r 

e n t e x c h a n g e -c o rre la tio n  fu n c tio n a l th e y  u se d . F o r  c o m p a r i 

so n , m o re  re fe re n c e s  fo r  T iC  an d  T aC  can  b e  fo u n d  in  R ef.

9 7 . A n o th e r  n o tic e a b le  d if fe re n c e  is seen  fo r V C , b u t e x p e r i 

m e n ta l re su lts  ta k e n  fro m  th e  sa m e  re fe re n c e  (see  R e f. 41  in 

R e f. 9 4 ) a re  c o n s id e ra b ly  d if fe re n t an d , o b v io u s ly , th e  d is 

a g re e m e n t c o u ld  b e  a sc r ib e d  to  n o n s to ic h io m e try  o f  th e
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e x p e r im e n ta l V C  sa m p le s . N e v e r th e le s s , o u r c a lc u la te d  la t 

t ic e  c o n s ta n t a n d  b u lk  m o d u lu s  a re  in  e x c e lle n t a g re e m e n t 

w ith  a b  in it io  G G A -b a se d  p se u d o p o te n tia l c a lc u la tio n s  o f
98

S ieg e l e t  a l. u s in g  u ltra s o f t  p se u d o p o te n tia ls  a n d  a ll 

e le c tro n  A P W  p o te n tia ls . It is  a lso  in te re s tin g  th a t in  R e f. 28  

th e  c a lc u la te d  b u lk  m o d u lu s  fo r N b N  is  q u ite  la rg e , 3 4 8  G P a, 

w h ic h  is  c o m p a ra b le  w ith  th e  b u lk  m o d u lu s  o f  c u b ic  b o ro n  

n itr id e . I ts  fu r th e r  in c re a se  u n d e r  p re s s u re  e n c o u ra g e d  the  

au th o rs  o f  R e f. 28  to  sp e c u la te  a b o u t p o s s ib le  h ig h -p re s s u re  

ap p lic a tio n  o f  N b N . H o w e v e r, th e  b u lk  m o d u lu s  fo r N b N  

e v a lu a te d  fro m  n e u tro n  sc a tte r in g  e x p e r im e n ts  is  o n ly  

2 9 2  G P a , in  q u ite  g o o d  a g re e m e n t w ith  o u r c a lc u la tio n s . F o r 

S cC , Y C , a n d  L a C  th e re  a re  n o  a v a ila b le  d a ta ; th e re fo re , ou r 

c a lc u la tio n s  p re d ic t  th e  b u lk  m o d u lu s  fo r th e  ca rb id e s .

N o te  th a t re c e n t h ig h -p re s s u re  e x p e r im e n ts  h a v e  o b 

ta in e d  a  c o n s id e ra b ly  lo w e r  v a lu e  fo r b u lk  m o d u lu s  o f  

V C 0 85 ,99 2  58 G P a , an d  o b v io u s ly  C  v a c a n c ie s  m a k e  V C 0 .85 

m o re  c o m p re ss ib le . T h u s , V C 0 8 5 d o es  n o t sh o w  th e  sam e  

b e h a v io r  as N b C  fo r w h ic h  v a c a n c y - in d u c e d  h a rd e n in g  w as 

o b se rv e d . M o s t lik e ly , th is  is  d u e  to  th e  h ig h  C  defic ien cy .

A  c o m p a riso n  o f  la t t ic e  p a ra m e te rs  a n d  b u lk  m o d u li fo r 

T M N  (T ab le  I I I ) w ith  e x p e r im e n ta l an d  th e o re tic a l re su lts  

sh o w s th a t o u r G G A  c a lc u la tio n s  in  g e n e ra l a re  in  g o o d  

a g re e m e n t w ith  th e se  d a ta . T h e  b u lk  m o d u li c a lc u la te d  b y  

H a rt a n d  K le in ,64 as w e ll as b y  W o lf  e t  a l .100 a re , h o w e v e r, 

h ig h e r  th a n  th e  o n es w e  c a lc u la te . T h is  is n o t so  su rp ris in g , 

ta k in g  in to  a c c o u n t th e  fac t th a t th e ir  c a lc u la tio n s  a re  d o n e  in  

th e  f ra m e w o rk  o f  th e  L D A , w h ic h  u s u a lly  re su lts  in  a h ig h e r  

b u lk  m o d u lu s  c o m p a re d  to  th e  G G A  tre a tm e n t. A t th e  sam e  

tim e , th e  a g re e m e n t w ith  L D A  c a lc u la tio n s  c o m b in e d  w ith  

m ix e d -b a s is  p s e u d o p o te n tia ls  o f  H e id  e t a l .63 is  a lso  g o o d . 

N e v e r th e le s s , a g e n e ra l tre n d  in  d e p e n d e n c e  o f  b u lk  m o d u lu s  

on th e  la t t ic e  c o n s ta n t is  th e  sa m e  as c o m p a re d  to  R e f. 6 4 , 

d e sp ite  so m e  d if fe re n c e  o b ta in e d  fo r  th e  a b so lu te  v a lu e s  fo r 

th e  b u lk  m o d u lu s , m a in ly  fo r L a N . O n e  can  see  fro m  T ab le  

III  th a t th e  a g re e m e n t b e tw e e n  o u r re su lts  an d  th e  F P -
17

L A P W -G G A  c a lc u la tio n s  o f  S tam p fl e t a l. is  e x c e lle n t fo r 

b o th  th e  la t t ic e  p a ra m e te r  a n d  b u lk  m o d u li, b u t  th e re  is a 

s tro n g  d e v ia tio n  fro m  th e  e x p e r im e n ta l b u lk  m o d u lu s  o b 

ta in e d  fo r n o n s to ic h io m e tr ic  V N . L a tt ic e  c o n s ta n ts  a n d  b u lk
98

m o d u li c a lc u la te d  b y  S ieg e l e t a l. b y  m e a n s  o f  V A S P  ag ree  

n ic e ly  w ith  o u r re su lts . T h o u g h  C rN  is b e lie v e d  to  p re fe r  the  

A F M  o rd e rin g  o f  m a g n e tic  m o m e n ts  an d , th u s , a m o re  c o m 

p lic a te d  a to m ic  s tru c tu re , m o s t o f  c a lc u la tio n s  h a v e  b e e n  

d o n e  fo r  th e  n o n m a g n e tic  B 1  p h a se . T h e re fo re , w e  fo llo w  

th e se  c a lc u la tio n s  fo r th e  sa k e  o f  co m p a ra b ility . C a lc u la te d  

la ttic e  p a ra m e te r  ag ree s  w e ll w ith  a v a ila b le  d a ta , b u t c a lc u 

la te d  B u s in g  th e  L D A  a p p ro x im a tio n  an d  n o rm -c o n se rv in g  

p s e u d o p o te n tia l seem s  to  b e  la rg er, in s te a d  o f  u ltra so f t 

p s e u d o p o te n tia l w ith in  G G A  c a lc u la tio n s .

In  F ig . 1 w e  su m m a riz e  o u r c a lc u la te d  B fo r a ll th e  T M C  

an d  T M N  sy s te m s  w e  h a v e  s tu d ied . T h e re  a re  so m e  g en e ra l 

tren d s  in  B w e  w o u ld  lik e  to  p o in t  o u t. T h e  firs t tre n d  is  th a t 

th e  b u lk  m o d u li o f  II Ib-V b m e ta l n itr id e s  a re  la rg e r  th an  th o se  

o f  th e  c a rb id e s . F o r  C rC  a n d  C rN  w e  o b ta in e d  v e ry  s im ila r  

b u lk  m o d u li, b u t  fo r M o  an d  W  th e y  a re  so m e w h a t la rg e r  fo r 

c a rb id e s  c o m p a re d  to  n itr id e s . T h e  se c o n d  tre n d  is  th e  in 

c re a se  o f  B fo r b o th  T M C  an d  T M N  fro m  I I Ib to  V b g ro u p  

m e ta l. T h u s , th e  d if fe re n c e  b e tw e e n  B (T M C ) an d  B (T M N ) is

FIG . 1. (Color online) Trends in bu lk  m oduli o f III^-VI* group m etal m ono 
carbides and m ononitrides w ithin B 1 structure. The filled circles refer to the 

carbides, and the squares stand fo r the nitrides.

n e g a tiv e  fo r I I Ib-V b m e ta ls , w h ile  it  b e c o m e s  p o s it iv e  fo r V Ib 

m e ta l. B u lk  m o d u li o f  T M C  an d  T M N  fo r V b a n d  V Ib g ro u p  

m e ta ls  a re  v e ry  c lo se  to  e a c h  o th e r  an d , p ro b ab ly , th e y  can  b e  

tu n e d  so  th a t th e y  h a v e  a  s im ila r  B (as an  e x a m p le , ra n d o m  

M e C 1-xN x a llo y  c o u ld  b e  c o n s id e re d ) . T h is  m ig h t a llo w  u s  to 

o p tim iz e  th e  u s e  o f  V b an d  V Ib g ro u p  T M C  an d  T M N  fo r 

p ra c tic a l a p p lic a tio n s . R e su lts  o f  a b  in it io  p se u d o p o te n tia l 

c a lc u la tio n s  fo r a  se rie s  o f  T M C , a n d  T M N  R ef. 101 o f  3 d  

an d  V Ib m e ta ls  sh o w  s im ila r  b e h a v io r . F u r th e rm o re , w e  o b 

s e rv e d  v e ry  u n u su a l d e c re a s e  o f  B fo r L a C  an d  L a N . C a lc u 

la te d  B is  a b o u t 80  G P a , an d  120 G P a  fo r L a C  an d  L aN , 

re sp e c tiv e ly . T ak in g  in to  a c c o u n t an  a rg u m e n t u se d  in  R ef. 

100 fo r V N , w e  can  su g g e s t e la s tic  in s ta b ility  o f  B 1 L a C  and  

L a N , i.e ., i t  m ig h t b e  th a t th e  c ry s ta llin e  s tru c tu re  o f  L a C  an d  

L a N  is ra th e r  d if fe re n t fro m  th e  B 1 ty p e .

IV. PHONON SPECTRA OF BCC METALS

In  th is  se c tio n  w e  p re s e n t th e  c a lc u la te d  p h o n o n  sp e c tra  

fo r  th e  in v e s tig a te d  b c c  m e ta ls  (V, N b , Ta, M o , an d  W ) in 

o rd e r  to  i l lu s tra te  th e  a b ility  o f  th e  g e n e ra te d  p s e u d o p o te n 

tia ls . T h e re  a re  so m e  c o m m o n  fea tu re s  fo r th e  sp e c tra  o f  th e  

V b g ro u p  b c c  m e ta ls  [F ig s . 2 (a )- 2 (c )] . F irs t  o f  a ll, th e y  h a v e  

th e  sa m e  sh a p e  in  th e  [1 0 0 ] an d  [111] d ire c tio n s . T h e re  is a 

d ip  o f  th e  L A  m o d e  a lo n g  th e  [1 0 0 ] lin e  n e a r  th e  H  p o in t 

[q  =  ( 0 .7 ,0 .7 ,0 ) ] .  A n o th e r  o b se rv e d  d ip  n e a r  th e  P  p o in t  [q  

=  ( 0 .7 ,0 .7 ,0 .7 ) ]  an d  c ro ss in g  o f  T A  a n d  L A  m o d e s  a t th e  P  

p o in t. In  th e se  d ire c tio n s , d u e  to  th e  u n d e r ly in g  b c c  s tru c tu re , 

th e  p h o n o n  sp e c tra  o f  N b  an d  Ta c o u ld  b e  su c c e ss iv e ly  a p 

p ro x im a te d  b y  sc a lin g  th e  sp e c tru m  fo r V  b y  a  fa c to r  o f  

y M X / M V w h e re  M X  is th e  a to m ic  m ass  o f  an  a to m  X  (X  

= N b ,T a ) ,  an d  M V is  th e  a to m ic  m ass  o f  V. In d e e d , th e  c a l 

c u la te d  ra tio  is  eq u a l to  1 .35 , an d  1.88  fo r N b  a n d  Ta, r e s p e c 

tiv e ly . T h e  f re q u e n c y  ra tio  w V/  w X is e q u a l to  1.15  a n d  1.57 at 

th e  P  p o in t  a n d  fo r  th e  H  p o in t  th e  ra tio  o f  fre q u e n c ie s  is 1.2 

an d  1.6, fo r N b  an d  Ta, co rre sp o n d in g ly . S o , th e  f req u en cy  

ra tio  is p ra c tic a lly  th e  sa m e  fo r tw o c h a ra c te r is tic  p o in ts , and  

a p p ro x im a te ly  e q u a l to  V m x / M V c o n firm in g  o u r su g g es tio n . 

A n o th e r  c o m m o n  fe a tu re  fo r th e  sp e c tra  is  th e  so fte n in g  o f  

th e  tra n sv e rsa l a c o u s tic  (TA ) m o d e  fo r  th e  lo n g -ra n g e  w a v e
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TABLE IV. C om parison o f calculated phonon frequencies for bcc m etals in 

high sym m etry H  and N  poin ts (in THz).

FIG. 2. (C olor online) The phonon spectra of IV* and V b bcc m etals along 

high sym m etry directions in the B rillouin zone. In (a) the spectrum  fo r V  is 
depicted for which there is  no available inelastic neutron scattering experi 

m ent results. The squares and circles are results o f early TDS experiments 
(Ref. 112) and refer to the LA  and TA m odes, respectively. Experim ental 

points fo r N b (b), Ta (c), M o (d), and W  (e) are taken from  (Refs. 108- 111), 
respectively. T-H , H -P -T , and T -N  refer to [100] [111], and [110] direc 

tions, respectively. TA 2  m ode corresponds to the low est mode along the  T -H  
direction near the T point, LA is  the highest mode, and TA1 m ode lies 

betw een these tw o m odes at the sam e q  point. These m odes are specified for 
Ta.

v e c to rs . T h is  is  m o re  p ro n o u n c e d  fo r  N b  fo r  w h ic h  th e  s u 

p e rc o n d u c tin g  te m p e ra tu re  (9 .2 5  K ) is  th e  h ig h e s t  a m o n g  th e  

e le m e n ta l m e ta ls  a t a m b ie n t c o n d itio n s .

A  d if fe re n c e  b e tw e e n  th e  sp e c tra  ap p e a rs  in  th e  [110] 

d ire c tio n . O n e  can  se e  th a t a t th e  N  p o in t  th e  T A 1 m o d e  o f  V  

is h ig h e r  th a n  th e  T A 2 an d  th e  L A  m o d e s , an d  th e  c ro ss in g  o f  

th e  T A 1 m o d e  w ith  b o th  th e  T A 2 an d  L A  m o d e s  tak es  p la c e . 

F o r  N b  th e  T A 1 h as  a  c ro ss in g  p o in t  w ith  o n ly  th e  T A 2 

m o d e . F in a lly , fo r  Ta th e  T A 2 an d  L A  m o d e s  a re  a p p ro x i 

m a te ly  d e g e n e ra te d  an d  th e re  is  n o  c ro ss in g  o f  th e  m o d e s  in  

th e  [1 1 0 ] d irec tio n .

T h e  p h o n o n  sp e c tra  o f  V Ib g ro u p  m e ta ls  M o  [F ig . 2 (d ) ] 

a n d  W  [F ig . 2 (e )] d o  n o t h a v e  fea tu re s  w h ic h  a re  p re se n te d  

b y  V b g ro u p  b c c  m e ta ls . M o  an d  W  h a v e  p ro n o u n c e d  s o f t 

e n in g  o f  th e  L A  m o d e  n e a r  th e  H  p o in t. N e a r  th e  N  p o in t 

s o fte n in g  o f  th e  tra n sv e rsa l m o d e  ta k e s  p la c e  fo r b o th  m e ta ls . 

T h e  m a in  d if fe re n c e  in  th e  p h o n o n  sp e c tru m  o f  M o  a n d  W  is 

th e  a p p e a ra n c e  o f  c ro s s in g  L A  an d  T A  m o d e s  n e a r  th e  H  

p o in t  a lo n g  th e  h ig h  sy m m e try  [1 11] d irec tio n .

A  c o m p a riso n  b e tw e e n  th e  c a lc u la te d  a n d  e x p e r im e n ta l 

re su lts  sh o w s a v e ry  g o o d  a g re e m e n t b e tw e e n  a b  in it io  la t 

t ic e  d y n a m ic s  a n d  in e la s tic  n e u tro n  sc a tte r in g  

e x p e r im e n ts 108- 111 fo r  N b , Ta, M o , an d  W . T h e  a g re e m e n t 

w ith  re c e n t F P -L M T O  c a lc u la tio n s  in  R e f. 4 8  is a lso  v e ry

V N ba Tab M oc W d

h l t Theor.e 7.95 6.67 4.99 5.57 5.57

Theor.f 8.03 6.43 5.13 5.71

Expt. 6.49 5.03 5.52 5.50

Nl Theor.e 7.04 5.58 4.35 8.72 3.70

Theor.f 7.22 5.52 4.53 7.99

Expt. 5.66 4.35 8.14

N T1 Theor.e 5.35 4.25 2.64 6.00 4.54

Theor.f 4.76 3.94 2.65 5.74

Expt. 3.93 2.63 5.73 4.50

N T2 Theor.e 5.98 5.19 4.24 4.67 6.75

Theor.f 6.17 4.80 4.18 4.69

Expt. 5.07 4.35 4.56 6.80

R eference 108. 
bR eference 109. 
cR eference 110. 
dR eference 111. 

eThis work. 
fR eference 48 .

g o o d  fo r V, N b , an d  T a (see  T ab le  IV ) , a n d  fo r W  th e re  is 

g o o d  a g re e m e n t w ith  n o rm -c o n se rv in g  p se u d o p o te n tia l c a l 

c u la tio n s  o f  R e fs . 86  a n d  9 3 . F o r  V  in e la s tic  n e u tro n  s c a tte r 

in g  m e a su re m e n ts  o f  th e  p h o n o n  sp e c tru m  a re  n o t a v a ila b le  

an d  th e  a c c u ra c y  o f  th e  x -ra y  th e rm a l d if fu se  sc a tte r in g  

(T D S ) m e th o d  seem s to  b e  lo w ,112 th o u g h  re c e n tly  it  h as  

b e e n  d e m o n s tra te d  th a t th e  a c c u ra c y  o f  th e  T D S  m e th o d  can  

b e  e n h a n c e d  c o n s id e rab ly , an d  as a  re s u lt  g o o d  a g re e m e n t
113

w ith  th e  n e u tro n  e x p e r im e n ts  fo r  N b  w a s  o b ta in ed .

V. DESCRIPTION OF PHONON SPECTRA OF TMC AND 

TMN

F irs t, w e  c o n s id e r  th e  p h o n o n  d isp e rs io n  re la tio n s  in  c a r 

b id e s  an d  n itr id e s  o f  S c  an d  Y  [F ig . 3 (a )- 3 (d )] , th e  I I Ib g ro u p  

m e ta ls . T h e y  sh o w  c o m m o n  fe a tu re s , b u t th e re  a re  a lso  so m e  

d if fe re n c es  in  th e  sp ec tra . F o r  in s ta n c e , fo r S cC  a n d  Y C  th e  

f re q u e n c y  o f  th e  T A 2 m o d e  in  th e  [1 1 0 ] d ire c tio n  is  h ig h e r 

c o m p a re d  to  th e  o n e  fo r  th e  lo n g itu d in a l m o d e . A  d iffe re n c e  

b e tw e e n  th e  s p e c tra  o f  S cC  an d  Y C  is th a t th e re  is an  o v erlap  

b e tw e e n  o p tic a l an d  a c o u s tic a l m o d es  in  S cC , b u t in  th e  c a se  

o f  Y C  th e  m o d es  a re  se p a ra te d  b y  a f re q u e n c y  g ap  o f  

0 .7 7  T H z .

T h e  sh ap es  o f  th e  a c o u s tic  b ra n c h e s  o f  S c N  an d  Y N  

[F ig s . 3 (c) an d  3 (d )] a re  ty p ic a l fo r th e  fcc  b a se d  s tru c tu re  

an d  d o  n o t c o n ta in  an y  p e c u lia r itie s . D e s p ite  a su b s ta n s ita l 

d if fe re n c e  o f  th e  a to m ic  m ass  b e tw e e n  th e  m e ta l a n d  n o n 

m e ta l a to m s , th e  o p tic a l a n d  a c o u s tic  m o d e s  a re  n o t s e p a 

ra te d , as it c an  b e  e x p e c te d . T h e  m a in  d if fe re n c e  b e tw e e n  th e  

sp e c tra  o f  S c N  a n d  Y N  an d  o th e r  T M  c a rb id e s  a n d  n itr id e s  is 

a  sp littin g  o f  th e  L O  an d  tra n sv e rsa l T O  m o d e s  at th e  T  p o in t 

w h ic h  is c h a ra c te r is tic  fo r p o la r  se m ic o n d u c to rs  an d  in s u la 

to rs , an d  is  d u e  to  n o n u n ifo rm ly  d is tr ib u te d  c h a rg e  den sity . 

B a se d  on  th is  o b se rv a tio n  w e  s u g g e s t th a t S c N  an d  Y N  are  

se m ic o n d u c to rs . In d e e d , l ik e  A mB V se m ic o n d u c to rs , S cN  

an d  Y N  h a v e  e ig h t e le c tro n s  p e r  u n it  c e ll w h ic h  a re  e x p e c te d
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FIG. 3. (C olor online) The phonon spectra o f III* group m etal carbides and 

nitrides along high sym m etry directions in the B rillouin zone: (a) ScC, (b) 
ScN, (c) YC, and (d) YN. N o experimental data  available for stoichiometric 

III* group m etal carbides and nitrides. T-X, X -K -T , and T-L  correspond to 
the [100] [110], and [111] high sym m etry directions, respectively..

to  b e  p a ire d  le a d in g  to  c o v a le n tlik e  b o n d in g . O u r  su g g ess io n  

is in  a g re e m e n t w ith  re s u lt  o f  re c e n t o p tic a l m e a s u re m e n ts ,114 

a n d  e x a c t-e x c h a n g e  (E X X ) c a lc u la tio n s ,114 as w e ll as w ith  

s c re e n e d -e x c h a n g e  (S -X ) c a lc u la tio n s 17 w h e re  th e  e x p e r i 

m e n ta l a n d  th e  S -X  b a n d  g ap , E g, fo r S c N  w as  fo u n d  to  b e  

1.3 eV , b u t so m e w h a t o v e re s tim a te d  in  E X X  c a lc u la tio n s ,
17

1.6 eV . T h e  g ap  fo r  Y N  is m u c h  sm a lle r  an d  is 0 .8 5  eV .

T h e  c a lc u la te d  m ic ro sc o p ic  d ie le c tr ic  c o n s ta n ts  a re  12.9 

an d  12 .5  fo r S c N  an d  Y N , re sp e c tiv e ly , a n d  th e y  se e m  to  b e  

re a so n a b le . F o r  e x a m p le , e (0 ) = 1 2 .9  fo r  G a A s  (E g 

=  1.42 eV ) a n d  e (0 ) = 1 5 .7  fo r G aS b  (E g= 0 .7 2 6  eV ). T ak in g  

in to  a c c o u n t th e  fa c t th a t e (0 ) b e c o m e s  lo w e r  fo r la rg e r  E g, 

w e  su g g e s t th a t E g fo r  Y N  is  u n d e re s tim a te d  in  S -X  c a lc u la 

t io n s . C a lc u la te d  e f fe c tiv e  ch a rg e s , Z*, fo r S c N  a n d  Y N  are  

± 4 .3 e .

I t  is  a lso  in te re s tin g  to  c h e c k  th e  L a d d y n e -S a k s -T e lle r  

(L S T ) la w  / e ( 0 )  =  wJLO/w T O fo r o p tic a l m o d e s . U n fo r tu 

n a te ly , w e  a re  n o t aw a re  a b o u t em  e ith e r  fo r S c N  o r Y N . 

N e v e r th e le s s , w e  e s tim a te d  e (0 )  /  fo r  a  w id e  ra n g e  o f  io n ic

c ry s ta ls 87 an d  A m B V se m ic o n d u c to rs  an d  fo u n d  th a t th e  ra tio  

v a r ie d  in  th e  ra n g e  o f  1 -6 . O u r  c a lc u la te d  v a lu e  m ^q / f o r  

S c N  at th e  T  p o in t  is a b o u t 5, b u t fo r Y N  th e  ra tio  is tw o  

tim e s  la rg e r  a n d  is  a b o u t 10 .5 . T ak in g  in to  a c c o u n t th e  c a l 

c u la te d  d ie le c tr ic  c o n s ta n t fo r  th e  lo w  f re q u e n c y  lim it, w e  

e s tim a te d  fo r Y N  to  b e  ~ 1 .4  in s te a d  o f  2 .6  fo r  S cN . So, 

u n lik e  c o n v e n tio n a l se m ic o n d u c to rs  w ith  sm a ll b a n d  g ap , th e  

e s tim a te d  v a lu e s  fo r in  S c N  an d  Y N  a re  v e ry  low . O w in g  

to  th e  lo w  em  Y N  ap p e a rs  as a  p ro m is in g  m a te r ia l fo r h ig h  

f re q u e n c y  a p p lic a tio n s . T h e  p h o n o n  sp e c tra  o f  S c N  an d  Y N  

w e re  n o t s tu d ie d  e x p e r im e n ta lly  an d  d u e  to  th is  c irc u m s ta n c e  

th e  c a lc u la te d  sp e c tra  sh o u ld  b e  c o n s id e re d  as a  p re d ic tio n .

T h e  c a lc u la te d  s p e c tra  fo r  th e  IV 6 g ro u p  m e ta l c a rb id e s  

a re  p re se n te d  in  F ig s . 4 (a ) - 4 (c )  w h e re  th e y  a re  c o m p a re d  

w ith  a v a ila b le  e x p e r im e n ta l d a ta , a n d  ad d itio n a lly , w e  c o m 

p a re  c a lc u la te d  fre q u e n c ie s  at h ig h  sy m m e try  T , X , an d  L  

p o in ts  fo r T iC  (T ab le  V ) w ith  e x p e r im e n ta l [3 9 ] an d  th eo re t-

FIG . 4. (C olor online) Phonon dispersion curves for IV fc group metal car 

b ides and nitrides along high sym m etry directions in  the B rillouin zone. 
Experim ental points for TiC (a), TiN (b), ZrC  (c), ZrN (d), HfC (e), and HfN 

(f) are taken from  Refs. 39, 52 , 4 1 , 53 , 36, and 54 , respectively. The circles 
and squares refer to the transversal and longitudinal m odes fo r both acoustic 

and optical brances. N ote the reverse order for LO  and TO m odes fo r HfN 
and ZrN.

ic a l [5 0 ] re su lts . W e n o tic e  th e  e x c e lle n t a g re e m e n t b e tw e e n  

th e  th e o re tic a l an d  e x p e r im e n ta l re su lts  fo r th e  c a rb id e s . T h e  

a c o u s tic  b ra n c h e s  do  n o t p o sse s s  a n y  p e c u lia r itie s  an d  a re  

s im ila r  to  th o se  fo r n o b le  m e ta ls  w ith  fcc  la ttic e  w h ic h  a re  

n o t su p e rc o n d u c tin g  m a te ria ls . A s  it w as  m e n tio n e d  in  R ef. 

3 9 , a c o u s tic  m o d es  in  T iC  a re  n o t se n s itiv e  to  th e  p re s e n c e  o f  

c a rb o n  v a c a n c ie s , in  c o n tra s t to  th e  c a se  o f  su p e rc o n d u c tin g  

N b C . In d e e d , p h o n o n  d isp e rs io n  c u rv e s  fo r  T iC  c o n ta in in g

5%  an d  11%  v a c a n c ie s  in  th e  c a rb o n  su b la ttic e  a re  p ra c ti-
39

c a lly  th e  sam e . T h e  d if fe re n c e  b e tw e e n  o p tica l b ra n c h e s  

w h ic h  a re  m a in ly  a ffe c ted  b y  n o n s to ic h io m e try  is ab o u t 

3 .5 %  fo r d if fe re n t c a rb o n  v a c a n c y  c o n c e n tra tio n s .

In  c o n tra s t to  c a rb id e s , th e  a c o u s tic  b ra n c h e s  o f  m o n o 

n itr id e s  [F ig s . 4 (d )- 4 (f)  sh o w  an o m a lie s  in  [1 0 0 ], [110 ], and  

[111] d ire c tio n s . T h e re  is a d ip  o f  th e  lo n g itu d in a l aco u s tic

TABLE V. C om parison o f calculated phonon frequencies of TiC in  high 

sym m etry points T, X, and L  (in THz).

Tl t o

£

XLA C XLO ¿TA l l a ¿TO l l o

Theor.a 15.6 8.75 10.8 15.6 17.7 7.9 13.6 17.1 21.66

Theor.b 15.6 8.50 10.7 15.3 17.7

Expt.c 16.3 8.50 10.8 16.5 18.5 8.07 13.35 17.08 21.58

This work. 
bR eference 50 . 
cR eference 39.
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m o d e  a lo n g  th e  [1 0 0 ] d ire c tio n  (n ea r q  ~  0 .7 ) an d  a so ften in g  

o f  b o th  th e  lo n g itu d in a l an d  tra n sv e rsa l a c o u s tic  m o d e s  a lo n g  

th e  d ire c tio n  [1 1 0 ]. F o r  T iN  a p ro n o u n c e d  so fte n in g  o f  the  

L A  m o d e  n e a r  th e  L  p o in t  a lso  tak es  p la c e , b u t  th e  so ften in g  

fo r Z rN  an d  H fN  is  ra th e r  w e a k  c o m p a re d  to  T iN  in  a c c o r 

d a n c e  w ith  e x p e r im e n ta l r e s u lts .52- 54 I t  sh o u ld  a lso  b e  n o te d  

th a t th e  so fte n in g  is le ss  p ro n o u n c e d  fo r  m e ta ls  w ith  la rg e r  

a to m ic  n u m b er. B e s id e s , w e  n o te  th a t th e  e x p e r im e n ta l d ep th  

o f  th e  d ip  fo r  th e  L A  m o d e  o f  T iN  is  la rg e r  th a n  th e  c a lc u 

la te d  o n e . O u r  e x p e r ie n c e  a llo w s u s  to  su g g e s t th a t a  m o re  

fin e  q  m e sh  is re q u ire d  to  re v e a l th is  p ecu lia rity .

T h e  T O  an d  L O  m o d e s  a lo n g  th e  [111] d ire c tio n  fo r  H fN  

a re  p la c e d  in  in v e rs e  o rder, i.e ., T O  m o d e s  h a v e  h ig h e r  f r e 

q u e n c ie s  th a n  th e  L O  m o d e , in  a c c o rd a n c e  w ith  th e  e x p e r i 

m e n ta l o b se rv a tio n 54 an d , th u s , c o n firm in g  b o th  th e  a b ility  o f  

D F P T  an d  th e  g o o d  q u a lity  o f  th e  g e n e ra te d  H f  p s e u d o p o 

te n tia l. It sh o u ld  a lso  b e  n o tic e d  th a t th e  b e h a v io r  m e a n s  th a t 

lo n g -ra n g e  C o u lo m b  in te ra c tio n s  a re  n o t sc re e n e d  b y  the  

c o n d u c tio n  e le c tro n s  w h ic h  u s u a lly  le a d s  to  th e  L S T  sp littin g  

o f  o p tic  m o d e s . T h is  k in d  o f  u n u su a l b e h a v io r  o f  th e  o p tic a l 

m o d e s  is n o t c a u se d  b y  th e  c ry s ta l s tru c tu re  an d  h a s  b e e n  

o b se rv e d , b e s id e s  H fN , o n ly  in  u ra n iu m  c a rb id e  (U C ) an d  

u ra n iu m  n itr id e  (U N ) in  B 1  s tru c tu re . A n a ly z in g  o u r c a lc u 

la te d  sp e c tru m , w e  h a v e  fo u n d  th a t th e  re v e rs e  o rd e r  in  th e  

L O  an d  T O  m o d e s  a lso  tak es  p la c e  in  Z rN , b u t n o t in  T iN . 

S u ch  b e h a v io r  o f  th e  p h o n o n  m o d es  in  Z rN  h as  n o t b e e n  

re p o rte d  p r io r  to  th is  w o rk . T h e  c ro ss in g  o f  T O  an d  L O  o p 

tic a l m o d e s  in  T iN  h o ld s  n e a r  th e  K  p o in t  w h e re a s  fo r Z rN  

a n d  H fN  it  tak e s  p la c e  n e a r  th e  (0 .7 ,0 ,0 ) p o in t in  T -X  d ire c 

tio n . C o m p a riso n  w ith  th e  re su lts  o f  a b  in it io  c a lc u la tio n s63 

sh o w s th a t o p tica l m o d e s  a re  in  so m e w h a t w o rse  a g re e m e n t 

w ith  e x p e r im e n ts53,54 w h e n  c o m p a re d  to  th e  ac o u s tic  m o d e s . 

W h ile  w e  a lso  h a v e  p o o r  a g re e m e n t w ith  o p tic a l m o d e s  fo r 

Z rN , o u r c a lc u la te d  o p tic a l m o d e s  o f  H fN  a re  in  g o o d  a g re e 

m e n t w ith  e x p e r im e n ta l d a ta . In  R e f. 63 th e  p o s tio n  o f  th e  

d ip  in  th e  A d ire c tio n  fo r th e  T A 1 m o d e  o f  H fN  is n o tic e a b ly  

sh if te d  to w a rd  th e  X  p o in t  as c o m p a re d  to  e x p e r im e n ts . B e 

s id es , th e  so fte n in g  o f  th e  T A 1 m o d e  o f  H fN  a lo n g  th e  A 

d ire c tio n  is  m o re  p ro n o u n c e d , b u t a c c o rd in g  to  e x p e r im e n ta l 

re su lts  o f  R e f. 5 4  th e  so fte n in g  is  sm e a re d  ou t.

P re su m a b ly , th e  ab o v e  m e n tio n e d  fea tu re s  a re  re s p o n 

s ib le  fo r  s u p e rc o n d u c tiv ity  o f  T iN  w ith  a s u p e rc o n d u c tin g  

te m p e ra tu re  o f  T c= 4 .8 6  K  (R ef. 2 3 ) o r T c= 5 .4 9  K .2 D if fe r 

e n c e  b e tw e e n  th e  c a lc u la te d  an d  e x p e r im e n ta l p h o n o n  d is 

p e rs io n  c u rv e s  fo r  o p tic a l m o d e s  fo r  T iN  is  a b o u t 10%  a n d  is 

p ro b a b ly  c o n n e c te d  to  th e  n o n s to ic h io m e try  o f  th e  e x p e r i 

m e n ta l s a m p le52 w h ic h  c o n ta in e d  2%  o f  th e  n itro g e n  v a c a n 

c ie s . S p e n g le r  e t  a l .55 sh o w e d  th a t th e  n o n s to ic h io m e try  in  

th e  N  su b la ttic e  w as  c ru c ia l fo r T c. In d e e d , th e y  fo u n d  th a t 

T c= 6 .0  K  fo r T iN 0.995, w h e re a s  fo r T iN 0 .95 T c is c o n s id e ra b ly  

re d u c e d  d o w n  to  1.7 K . W e su g g e s t th a t th e  c h a n g e s  in  T c a re  

c o n n e c te d  to  ch a n g e s  o f  th e  p h o n o n  sp e c tru m  in d u c e d  b y  N  

v a c a n c ies .

A c o u s tic  an d  o p tic a l b ra n c h e s  a re  se p a ra te d  b y  a  f re 

q u e n c y  g ap  o f  a ro u n d  2 .5  T H z  fo r T iC  an d  Z rC , b u t fo r H fC  

th e  g ap  is m u c h  la rg e r, 6 T H z . T h e  b a n d  g ap s  b e tw e e n  

ac o u s tic  an d  o p tic a l b ra n c h e s  a re  a b o u t 6, 7 , an d  10 T H z  fo r 

T iN , Z rN , an d  H fN , re sp e c tiv e ly . F o r  th e  m o n o c a rb id e s  o f  

T i, Zr, an d  H f  th e  g ap  is  lo w e r  b y  a p p ro x im a te ly  a fa c to r  o f

r X K  T L  T X K  F L

FIG . 5. (C olor online) Phonon dispersion relations for V b group m etal car 
b ides [(a)-(c)] and nitrides [(d)—(f)] along high sym m etry directions in the 

B rillouin zone. For B1 V C  (a) there are no experim ental data. For NbC (b) 
and TaC (c) experim ental points are from  Refs. 36 and 34, correspondingly. 

The nitrides w ith ten valence electrons exhibit dynam ical instability near the 
X  point.

2 . O n e  can  see  th a t th e  b a n d  g ap  is  in c re a s e d  w h e n  th e  p e rio d  

n u m b e r  is in c re a se d  an d  th e  m ass  ra tio  M X / M Me is  c o n s id 

e ra b ly  red u ced .

F o r  V b g ro u p  m e ta l m o n o c a rb id e s  an d  m o n o n itr id e s  w ith  

th e  B 1  s tru c tu re  w e  h a v e  fo u n d  m o re  e x c itin g  fea tu re s . In 

c o n tra s t to  th e  I I Ib a n d  IV b g ro u p  m e ta l c a rb id e s , th e  ac o u s tic  

m o d e s  o f  V , N b , a n d  T a m o n o c a rb id e s  h a v e  a n o m a lo u s  fe a 

tu re s . In  F ig . 5 (a ) w e  d o  n o t c o m p a re  o u r c a lc u la te d  d is p e r 

s io n  re la tio n s  fo r  V C  w ith  e x p e r im e n t, b e c a u s e  V C  is h ig h ly  

n o n s to ic h io m e tr ic  an d  th e re  w as  n o  p u b lic a tio n  d e v o te d  to 

e x p e r im e n ta l sy n th e s is  a n d  s tu d y  o f  th e  s to ic h io m e tr ic  V C .

F o r  N b C  [F ig . 5 (b )] an d  T aC  [F ig . 5 (c )] w e  h a v e  fo u n d  

e x c e lle n t a g re e m e n t b e tw e e n  th e  th e o re tic a l a n d  e x p e r im e n 

ta l s p e c tra  (see  a lso  T ab le  V I  fo r  N b C ). T h e  o b se rv e d  a n o m a 

lie s  a re  a  d ip  o f  L A  m o d e s  in  th e  [1 0 0 ] d ire c tio n  an d  a 

so fte n in g  o f  b o th  th e  L A  an d  T A  m o d es  a lo n g  th e  [1 1 0 ] and  

[111] d ire c tio n s . C o m p a re d  to  I V b g ro u p  m e ta l m o n o n itr id e s

TABLE VI. C om parison of calculated phonon frequencies for N bC  in  high 

sym m etry T, X, and L  po ints (in THz).

t l t o XTA XLA XTO XLO l t a l l a l t o l l o

Theor.a 15.9 6.12 7.15 16.4 17.54 3.3 4.8 17.6 19.50

Theor.b 17.05 6.37 7.51 17.64 18.65 4.26 6.02 18.82 21.60

Expt.c 16.70 6.35 7.30 17.20 17.80 4.00 6.00 19.20

aThis work. 
bR eference 48 . 
cR eference 36.
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p e c u lia r itie s  o f  th e  sp e c tra  fo r  V C , N b C , an d  T aC  a re  n o t 

c o n s id e ra b ly  su p p re s se d  u p o n  in c re a s in g  a to m ic  n u m b e r  an d  

a so fte n in g  o f  th e  L A  a n d  T A  m o d e s  n e a r  th e  L  p o in t  is m o re  

p ro n o u n c e d . O n e  sh o u ld  k e e p  in  m in d  th a t th e  m o n o c a rb id e s  

N b C  an d  T aC  a re  su p e rc o d u c to rs  w ith  T c = 1 1 , an d  10 K , 

re sp e c tiv e ly .2

N e ith e r  V C  n o r V N  w e re  c a lc u la tio n s  c o m p a re d  to  e x 

p e r im e n ts  b e c a u s e  th e  e x p e r im e n ta l sam p le s  a re  h ig h ly  n o n - 

s to ic h io m e tr ic  an d , so  far, th e re  w as  n o  re p o rt c o n c e rn in g  th e  

s u p e rc o n d u c tiv ity  o f  s to ic h io m e tr ic  V C . T h e  su b s to ic h o m e t-  

r ic  V C 0.88 w as  fo u n d  to  b e  n o n s u p e rc o n d u c tin g  (T c 

< 0 .0 5  K ) .2 B e s id e s , sc a tte r in g  c ro ss  se c tio n  fo r V  is c o m 

p le te ly  in c o h e re n t w h ic h  m a k e s  it  d iff ic u lt to  c o n d u c t in e la s 

t ic  n e u tro n  sc a tte r in g  e x p e r im e n ts  fo r  V -b ased  a llo y s  an d  

c o m p o u n d s . S u b s to ic h io m e tr ic  V N X w as  s tu d ie d  in  R e f. 56 

a n d  a p ro n o u n c e d  so fte n in g  o f  th e  a c o u s tic  m o d e s  n e a r  th e  X  

p o in te d  w a s  o b se rv e d  fo r V N 0.88. N o n o r th o g o n a l tig h t b in d 

in g  (N T B ) m e th o d  c a lc u la tio n s  fo r  s to ic h io m e tr ic  V N  r e 

s u lte d  in  a v e ry  d eep  so fte n in g  o f  th e  m o d e s  c o m p a re d  to  

e x p e r im e n ts , an d  o n ly  th e  in tro d u c tio n  o f  n itro g e n  v ac a n c ie s  

h a s  le d  to  b e tte r  a g re e m e n t w ith  e x p e r im e n t. N o te  th a t 

a n o m a lie s  o f  th e  lo n g -ra n g e  fo rc e  c o n s ta n ts  D 2 in  V N  are 

la rg e ly  d e te rm in e d  b y  n o n m e ta l v a c a n c ie s .

In tro d u c in g  o n e  m o re  e le c tro n  to  a sy s te m  re su lts  in  a 

c o n s id e ra b le  c h a n g e  o f  th e  p h o n o n  s p e c tra  o f  V b m e ta l n i 

tr id e s  [F ig s . 5 (d )- 5 (f)] . W e h a v e  fo u n d  im a g in a ry  f re q u e n 

c ie s  a lo n g  th e  h ig h  sy m m e try  T  - X  d ire c tio n , w h ic h  is  in 

c o m p a tib le  w ith  th e  d y n a m ic  s ta b ility  o f  V N , N b N , an d  T aN  

w ith  th e  B 1 s tru c tu re . T h e re fo re , th e  a b o v e  m e n tio n e d  m o n o 

n itr id e s  c a n n o t b e  c ry s ta lliz e d  in  th e  N a C l- ty p e  s tru c tu re . In 

o rd e r to  sh ed  lig h t on  p o s s ib le  s tru c tu re  ty p e s  fo r  N b  m o n o 

n itr id e  w e  h a v e  c o n s id e re d  tw o  o th e r  s tru c tu re  ty p e s , n am ely , 

N iA s  an d  W C . R e su lts  o f  p h o n o n  c a lc u la tio n s  fo r N b N  

w ith in  th e  N iA s  an d  W C  s tru c tu re s  a re  p re s e n te d  in  F ig s . 

6 (a) a n d  6 (b ) . O n e  can  se e  th a t th e  p h o n o n  sp e c tru m  o f  N b N  

in  th e  N iA s - ty p e  s tru c tu re  [F ig . 6 (a )] h a s  an  im a g in a ry  f re 

q u e n c y  n e a r  th e  M  p o in t. T h e  c a lc u la te d  p h o n o n  d isp e rs io n  

re la tio n s  fo r  N b N  w ith  th e  W C  s tru c tu re  [F ig . 6 (b )] d o  n o t 

sh o w  a n y  a n o m a ly  in  an y  d ire c tio n ; th e re fo re , N b N  m ay  

a d o p t th e  W C -ty p e  s tru c tu re . W e h a v e  c o m p a re d  o u r c o n c lu 

s io n s to  th e  re su lts  o f  th e  to ta l e n e rg y  c a lc u la t io n s ,116 w h e re  

N b N  in  th e  N a C l- , N iA s-, W C -, a n d  N b O -ty p e  la ttic e s  h a v e  

b e e n  c o n s id e re d . T h e  la s t o n e  is s im ila r  to  th e  B 1 s tru c tu re  

w h e re  tw o  a to m s a re  re m o v e d  fro m  a c o rn e r  an d  th e  c e n te r  

o f  a c u b ic  ce ll. T h e  re su lts  sh o w  th a t (see  F ig s . 1 an d  3 in 

R e f. 116) th e  h ig h e s t to ta l e n e rg y  c o rre sp o n d s  to  N b N  w ith  

N b O -ty p e  s tru c tu re  (see  a lso  R e f. 117) . T h o u g h  th e  en e rg y  

fo r th e  N a C l- ty p e  la ttic e  is  lo w e r  c o m p a re d  to  N b O  ty p e , it  is 

h ig h e r  w ith  re s p e c t to  N iA s-  an d  W C -ty p e  s tru c tu re s . T h e  

d if fe re n c e  o f  th e  to ta l e n e rg ie s  fo r  N iA s  an d  W C  ty p es  a t 

e q u ilib r iu m  v o lu m e  is  a b o u t 0 .0 1 3  e V /P .U .,  an d  th e  lo w e s t 

to ta l e n e rg y  c o rre sp o n d s  to  th e  W C -ty p e  s tru c tu re . T u rn in g  

to  F ig s . 5 (e ) an d  6 (a ) , o n e  can  see  th a t th e re  is  a  h ig h  “d e 

g re e ” o f  in s ta b ility  o f  N b N  in  th e  N a C l ty p e  s tru c tu re , b u t it 

is c o n s id e ra b ly  re d u c e d  in  th e  c a se  o f  N iA s- ty p e . T h e  la tte r  

is a “n e a r ly ” s ta b le  la ttic e . T h e  s tru c tu re , p re su m a b ly , c o u ld  

b e  s ta b iliz e d  b y  a p p ly in g  p re ssu re .

P h o n o n  d isp e rs io n  re la tio n s  o f  W C  an d  W N  h a v e  n o t 

b e e n  s tu d ie d  e x p e r im e n ta lly ; n e v e r th e le s s , w e  b e lie v e  th a t

FIG . 6. (C olor online) The phonon  spectra fo r N bN  w ithin hexagonal NiAs- 
(a) and W C- (b) type structures along high sym m etry directions in  the Bril- 

louin zone. The phonon spectra for hexagonal W C  (c), W N  (d), and W N  (e) 
w ithin cubic N aC l-type structure along high sym m etry directions in the 

B rillouin zone are also presented.

th e  sp e c tra  fo r  th e  W C -ty p e  s tru c tu re  [F ig s . 6 (c) a n d  6 (d )] 

w e  h a v e  c a lc u la te d  a re  co rre c t. T h e re  a re  no  a n o m a lie s  in  th e  

a c o u s tic  b ra n c h e s  w h ic h  c o u ld  le a d  to  an  in s ta b ility  o f  h e x 

a g o n a l W C . A  w id e  b a n d  g ap  b e tw e e n  a c o u s tic  an d  o p tica l 

m o d e s  is o f  a b o u t 9 T H z . C o m p a re d  to  W C , th e  aco u stic  

m o d e s  o f  W N  h a v e  p ro n o u n c e d  p e c u lia r itie s  a lo n g  th e  [£ £  0] 

an d  [£  0 0 ] T - K - M - T  d ire c tio n s  [F ig . 6 (d )] . H ig h  su p e rc o n 

d u c tin g  te m p e ra tu re  (T c = 1 6  K ) fo r B 1  W N  w as  p re d ic te d  in 

R e f. 2 0 , b u t  w e  h a v e  sh o w n  th a t it  is a  d y n a m ic a lly  u n s ta b le  

s tru c tu re  [see  F ig . 6 (f) ] . W e a lso  n o te  th a t th e  p h o n o n  s p e c 

tru m  fo r b o th  W C  an d  W N  w ith in  W C -ty p e  s tru c tu re  r e 

se m b le s  th e  sp e c tru m  fo r a  c u b ic  m a te r ia l, b u t  n o t a h e x a g o 

n a l o n e . F o r  th e  la tte r, th e  p re s e n c e  o f  a lm o s t l in e a r  T A  and  

L A  m o d e s  in  th e  T -A  d ire c tio n  is  c h a ra c te r is tic , se e  T-A  

d ire c tio n  in  F ig . 6 (a ) . T h e  la c k  o f  th is  fe a tu re  m ig h t b e  c o n 

n e c te d  to  c / a  ra tio  w h ic h  is  c lo se  to  1 fo r th e  W C -ty p e  

s tru c tu re . B e s id e s , i t  tu rn e d  o u t th a t a c o u s tic  an d  o p tica l 

m o d e s  o f  h e x a g o n a l W N  a re  n o t se p a ra te d  b y  th e  la rg e  b a n d  

g ap , d e sp ite  v e ry  la rg e  d if fe re n c e  in  a to m ic  m ass  fo r W  an d  

N  a to m s. S im ila r  b e h a v io r  w as  re v e a le d  in  s tu d ie s  u s in g  th e  

n o rm -c o n se rv in g  p se u d o p o te n tia l fo r  W . W e su g g e s t th a t it 

sh o u ld  b e  a s u b je c t fo r  fu r th e r  in v e s tig a tio n s .

L e t u s  n o w  d isc u ss  th e  re su lts  o f  p h o n o n  c a lc u la tio n s  fo r 

M o C  an d  M o N  [F ig s . 7 (a )- 7 (c )] . T h e  a v a ila b le  in v e s tig a 

t io n s  c o n c e rn in g  th e  s tru c tu re  o f  M o C  an d  M o N  a re  c o n tro 

v e rs ia l. T h e  au th o rs  in  R e f. 23  c la im e d  th a t b o th  M o C  an d  

M o N  c ry s ta lliz e  in  th e  N a C l- ty p e  s tru c tu re , a n d  th e y  h a v e  

h ig h  T c: 12 .0  an d  9 .2 6  K  fo r M o N  an d  M o C , re sp ec tiv e ly .
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FIG. 7. (C olor online) The phonon spectrum  fo r B1 M oC (a), B1 M oN  (b), 

and M oC  w ithin hexagonal W C - type (c) structure, and B1 TiO (d) along 
high sym m etry directions in the B rillouin zone.

R e c e n tly  th is  c o n c lu s io n  w as  q u e s tio n e d  in  R e f. 6 4 . I t  tu rn e d  

o u t th a t M o C  an d  M o N  w e re  n e v e r  s y n th e s iz e d  e x p e r im e n 

ta lly . In  o rd e r  to  sh e d  l ig h t on  th is  fa ilu re  w e  a n a ly z e d  th e  

p h o n o n  sp ec tra . A s  can  b e  seen  fro m  F ig s . 7 (a ) an d  7 (c ) , th e  

s p e c tra  fo r  M o C  an d  M o N  in  th e  N a C l- ty p e  s tru c tu re  e x h ib it  

im a g in a ry  f re q u e n c ie s . T h e re fo re , th e y  a re  d y n a m ic a lly  u n 

s ta b le  an d  th is  e x p la in s  th e  e x p e r im e n ta l fa ilu re  to  p ro d u c e  

B 1 - ty p e  M o C  a n d  M o N . B a se d  on  o u r p h o n o n  c a lc u la tio n s  

[F ig . 7 (b )] w e  h a v e  sh o w n  th a t M o C  can  c ry s ta lliz e  in  th e  

W C -ty p e  s tru c tu re  in  a c c o rd a n c e  w ith  re c e n t to ta l e n e rg y  

c a lc u la tio n s  o f  H u g o sso n  e t  a l . 115 U n fo r tu n a te ly , n e ith e r  o f  

th e  s tru c tu re s  c o n s id e re d  in  th e  p re s e n t s tu d y  w as fo u n d  to  

b e  d y n a m ic a lly  s ta b le  fo r  M o N .

VI. DISCUSSION

L e t u s  n o w  a n a ly z e  o u r re su lts  in  a  so m e w h a t d iffe re n t 

m an n e r: n am e ly , “ fro m  le f t  to  r ig h t” in  th e  f ra m e w o rk  o f  the

sa m e  p e r io d  o f  th e  P e r io d ic  T ab le  ad d in g  o n e  m o re  e le c tro n  

to  a sy s te m  ra th e r  th a n  “u p  to  d o w n ,” i.e ., fo r  g ro u p s  w ith  

iso e le c tro n ic  a to m ic  c o n fig u ra tio n . F o r  th is  p u rp o s e  w e 

m a p p e d  th e  P e r io d ic  T ab le  (see  T ab les  V I Ia a n d  T ab le  V IIb ), 

on  T M C  an d  T M N , re sp e c tiv e ly . F ro m  th e se  ta b le s  o n e  can  

se e  th a t th e  to ta l n u m b e r  o f  v a le n c e  e le c tro n s  in  th e  sy s te m  

c h a n g e s  fro m  7 to  11, d e p e n d in g  on w h e th e r  w e  c o n s id e r  

T M C  o r T M N . B lu e  an d  g re e n  c o lu m n s  in d ic a te  d y n a m ic a lly  

s ta b le  T M C  o r T M N , w h ile  T M C  an d  T M N  d isp la y e d  in  re d  

c o lu m n s  m e a n s  th a t th e y  a re  d y n a m ic a lly  u n s ta b le . B es id e s , 

g re e n  c o lu m n s  s ta n d  fo r su p e rc o n d u c tin g  c a rb id e s  an d  n i 

tr id es .

B a se d  on  T ab les  V IIa  an d  V IIb , w e  can  fo rm u la te  a g e n 

e ra l ru le : i f  th e  m o n o c a rb id e s  an d  m o n o n itr id e s  o f  th e  ea rly  

tra n s itio n  m e ta ls  w ith  N a C l- ty p e  s tru c tu re  c o n ta in  e ig h t v a 

le n c e  e le c tro n s , th e y  a re  d y n a m ic a lly  s tab le , an d  th e ir  a c o u s 

tic  m o d e s  d o  n o t c o n ta in  an y  an o m a lie s ; i f  th e re  a re  sev en  or 

n in e  e le c tro n s  in  th e  sa m e  s y s te m  w ith in  th e  sa m e  s tru c tu re , 

th e  a c o u s tic  m o d e s  h a v e  so m e  p e c u lia r itie s  (so ften in g  o f  TA  

an d  L A  m o d e s) , b u t th e  sy s te m  is s till d y n a m ic a lly  s tab le . 

T h e se  p e c u lia r itie s  a re  th e  k e y  fa c to r  fo r B 1 T M C  an d  T M N  

w ith  sev en  o r n in e  v a le n c e  e le c tro n s  in  th e  u n it  c e ll to  b e 

c o m e  su p e rc o n d u c tin g . M o n o c a rb id e s  an d  m o n o n itr id e s  w ith  

ten  an d  m o re  e le c tro n s  in  th e  N a C l- ty p e  s tru c tu re  a re  d y 

n a m ic a lly  u n s ta b le  an d  a  p h a s e  tra n s fo rm a tio n  to  a  d y n a m i 

c a lly  s ta b le  p h a s e  sh o u ld  b e  e x p e c te d . W e h a v e  d e m o n s tra te d  

th is  fo r N b N  an d  M o C  fo r w h ic h  w e  h a v e  fo u n d  th a t th e y  

sh o u ld  a d o p t th e  W C -ty p e  s tru c tu re . T h e  p ro p o s e d  ru le  w as 

a lso  te s te d  fo r B 1 T iO  an d  Z rO , an d  it  tu rn e d  o u t th a t b o th  

th e se  o x id e s  a re  d y n a m ic a lly  u n s ta b le , in  a g re e m e n t w ith  

th e ir  e le c tro n  c o u n t, ten  e le c tro n s  in  th e  u n it  ce ll. F o r  e x 

a m p le , in  F ig . 7 (d ) w e  sh o w  re s u lt  o f  o u r p h o n o n  c a lc u la 

t io n s  fo r  T iO . T h e  sa m e  c o n c lu s io n  fo r T iO  w as  re a c h e d  in 

R e f. 118 w h e re  th e  c a lc u la tio n s  w e re  c a rr ie d  o u t b y  m e a n s  o f  

th e  lin e a r  re s p o n s e  m e th o d  in  its  F P -L M T O  v e rs io n .48 It  is 

v e ry  e x c itin g  th a t tw o  v e ry  d if fe re n t c o m p o u n d s , su ch  as T iO  

an d  M o C , d e m o n s tra te  th e  sa m e  b e h a v io r  d u e  to  th e ir  iso -

TAB LE VII. (Color online) Tables illustrating dynam ic stability boundary for TM C  (a) and TM N  (b) w ithin B 1 

structure in dependence on N, the total number o f valence electrons in the unit cell. The red colum ns stand for 

dynamically unstable TM C  and TM N, and the green and blue colum ns refer to  stable TM C  and TM N. The 

green colum ns are for superconducting TM C  and TMN.
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e le c tro n ic  s tru c tu re . S o  fa r W eb er,43 b a s e d  on  v e ry  lim ite d  

n u m b e r  o f  e x p e r im e n ta l re su lts , q u o te d  th a t T aC  an d  N b C , as
2 43

w e ll as T iN , Z rN , an d  H fN , ’ sh o w  s ig n if ic an t p h o n o n  

an o m a lie s  a n d  th e  h ig h  T c fo r Z rN  is  o f  a b o u t 10 K . T h e  

p se u d o b in a ry  N b C 0 3N 0.7 a n d  N b N 0.8T iC 0 2 sy s te m s  w ith  a l 

m o s t ten  e le c tro n s  h a v e  T c ~  18 K ; h o w e v e r, th e y  a re  u n 

s ta b le  an d  u n d e rg o  p h a s e  tra n s itio n s . W e n o te  th a t a  h ig h  

su p e rc o n d u c tin g  tra n s itio n  te m p e ra tu re  is  e x p e r im e n ta lly  o b 

se rv e d  in  sy s te m s  w ith  p e c u lia r itie s  in  th e ir  a c o u s tic  m o d es  

an d  fo r  sy s tem s w ith  la ttic e  in s tab ility .

T h e  c a lc u la te d  e le c tro n -p h o n o n  in te ra c tio n  (E P I) c o n 

s ta n t X fo r  so m e  c a rb id e s  a n d  n itr id e s , as w e ll as fo r b cc  

m e ta ls , fo r w h ic h  so fte n in g  o f  a c o u s tic  m o d e s  tak es  p lace , 

a re  p re s e n te d  in  T ab le  V I I I . I t  is e a sy  to  n o te  th a t o u r c a lc u 

la te d  X is in  v e ry  g o o d  a g re e m e n t w ith  th e  E P I  c a lc u la tio n s  

o f  S a v ra so v 48 fo r  p u re  b c c  m e ta ls . S o m e  d if fe re n c e  b e tw e e n  

X a n d  w log c o u ld  b e  a sc r ib e d  to  d if fe re n t in te g ra tio n  m e th o d s  

o v e r th e  B Z . W e u s e d  th e  w e ig h te d  sp e c ia l p o in t  m e th o d , b u t 

in  R e f. 4 8  th e  te tra h e d ro n  m e th o d  w as  u se d . Z e lle r  re p o r te d 61 

th e  v a lu e  X= 0 .6 5 7  fo r Ta w h ic h  is  a lso  in  v e ry  g o o d  a g re e 

m e n t w ith  o u r c a lc lu la te d  X. In  R e f. 119 X= 0 .8 8  w a s  o b 

ta in e d  u s in g  th e  r ig id  m u ffin -tin  a p p ro x im a tio n  (R M T A ) fo r 

th e  c a lc u la tio n  o f  th e  m a tr ix  e le m e n ts  o f  th e  e le c tro n -p h o n o n  

in te ra c tio n . T h is  ag ree s  w e ll w ith  o th e r  re su lts  p re s e n te d  in  

T ab le  V I I I , b u t  X =  0 .5 7 2  c a lc u la te d  u s in g  tra n s p o r t  sp ec tra l 

fu n c tio n  « 2rF (w ) seem s to  b e  so m e w h a t lo w  d u e  to  p e c u lia r i 

tie s  in  th e  re a l F e rm i su rfa c e  w h ic h  e n te r  v ia  th e  g ro u p  v e 

lo c ity  o f  th e  e le c tro n s . In d e e d , th e  b a c k sc a tte r in g  o f  e lec tro n s  

fro m  o p p o s ite  s id es  o f  a n e s te d  F e rm i su rfa c e  w ill re d u c e  X 

b y  a  fa c to r  ( 1 - v kv k i / |v k|2), w h e re  v k is th e  g ro u p  v e lo c ity  o f 

th e  e le c tro n s . C o n tra ry , X = 1 .0 5  g iv e n  in  R e f. 134 is  h ig h e r  

b y  ~ 2 5 %  as c o m p a re d  to  m o s t o f  p re s e n te d  e x p e r im e n ta l, as

w e ll as th e o re tic a l re su lts  l is te d  in  T ab le  V I I I . R e su lts  fro m
120,121

tu n n e lin g  e x p e r im e n ts  g iv e  X =  0 .6 9 , w h ic h  is in  e x c e l 

le n t a g re e m e n t w ith  o u r v a lu e  fo r  X =  0 .7 1  c a lc u la te d  fu lly  

fro m  firs t p r in c ip le s .

O u r  e le c tro n -p h o n o n  in te ra c tio n  c o n s ta n ts  fo r T M C  an d  

T M N  c a lc u la te d  fro m  firs t p r in c ip le s  a re  in  e x c e lle n t a g re e 

m e n t w ith  X, c a lc u la te d  b y  o th e r  a u th o rs , se e  T ab le  V II I , an d  

e v a lu a te d  fro m  e x p e r im e n ta lly  d e te rm in e d  s u p e rc o n d u c tin g  

te m p e ra tu re  u s in g  M c M illa n ’s e q u a tio n 44 w ith  a  re lia b le  

C o u lu m b  p o te n tia l /x *. In  o u r c a lc u la tio n s  w e  u se d  in te rm e 

d ia te  f i*  ~  0 .1 2  i f  e x p e r im e n ta l in fo rm a tio n  on  T c is  ab sen t; 

o th e rw ise , w e  u se d  /x* w h ic h  le d  u s  to  b e tte r  a g re e m e n t w ith  

e x p e r im e n ta l su p e rc o n d u c tin g  te m p e ra tu re . I t  is in te re s tin g  

to  n o te  th a t th e  c a lc u la te d  X fo r  T M C  a n d  T M N  v a ry  w ith in  

a  n a rro w  ra n g e  o f  0 .5 9 -0 .6 7 , an d  0 .7 8 -0 .8 7  fo r  th e  n itr id es  

a n d  c a rb id e s , re sp e c tiv e ly , w h ich , p e rh a p s , re f le c ts  th e  s im i 

la r ity  b e tw e e n  th e ir  p e c u lia r itie s  in  p h o n o n  d isp e rs io n  r e la 

t io n s . In d eed , th e  sh a p e  o f  th e  sp e c tra  fo r  iso e le c tro n ic  T M C  

a n d  T M N  w ith  n in e  v a le n c e  e le c tro n s  in  th e  u n it  c e ll is s im i 

la r, an d  th e  o b se rv e d  d if fe re n c e  c o u ld  b e  a sc r ib e d  to  th e  p re s 

e n c e  o f  n o n m e ta l v a c a n c ie s  an d  d if fe re n t a to m ic  m a sse ss  fo r 

T M . F o r  e x a m p le , a  la rg e r  d ip  a t q ~ ( 0 . 7 , 0 , 0 )  is o b se rv e d  in 

T iN 0.98’ b u t  fo r  H fN  sa m p le s  w h ic h  c o n ta in e d  u p  to  6%  o f  

n o n m e ta l d e fe c ts  th e  d ip  a lo n g  th e  [1 0 0 ] d ire c tio n  is  c o n s id 

e ra b ly  sm e a re d  o u t. G o o d  a g re e m e n t b e tw e e n  o u r c a lc u la ted  

E P I  c o n s ta n ts  fo r  th e  b c c  m e ta ls , T M C , a n d  T M N  w ith  e x 

p e r im e n ta l an d  th e o re tic a l E P I  c o n s ta n ts  a lso  c o n firm  th e

TABLE VIII. E lectron-phonon coupling constants and superconducting 

transition tem perature fo r bcc metals, ScC and YC w ith seven valence elec 

trons, and isoelectronic IVb group m etal nitrides and V b group carbides w ith 

nine valence electrons in the unit cell. F or each m etal and com pound in the 

first line we present results o f our calculations, except i ,  the Coloumb 

pseudopotential. Available experim ental and theoretical data are show n in 

the  next line.

X “ log (K) Tc (K)

V 1.22

1.19,a 0.82,b 1.00,c 1 .1 7

0.3

0.3a

202

245a

6.0

5.40a

Nb 1.22

1.26,a 1.36,d 1.04,c 1.22c 

0.9,e 1.17c

0.15

0.21a

124

185a

9.4

9.25a

Ta 0.71

0.88,f 1.05,g 0.657,h 0.69i,j 

0.86,a 0.572,f 0.78,b 0.83c

0.12 

0.17,a 0.11g,h

148

160a

4.6

4.47a

TiN 0.59 

0.59,k 0.54l

0.145

0.13k

470 6.0 

6.02,k 5.49l

ZrN 0.66

0.622,m 0.672,l 0.6272,n 0.62o

0.12 

0.11,n 0.1m

402 10.1

10.0l

HfN 0.67

0.686,m 0.69,l 0.643n

0.115 

0.11,n 0.1m

323 8.9

8.83l

VC 0.78 0.12 327 11.5

NbC 0.87

0 .6 6 -0 .7 2 ,' 0.63p

0.18 340 10.5

11.21

TaC 0.78 

0.925,k 0.72l

0.12 272 10.4 

10.6,k 10.351

ScC 0.60 0.12 464 8.6

YC 0.76 0.12 375 13.6

aR eference 130.
bSee (Refs. 3 and 39) in  Ref. 130.

cEvaluated by  Savrasovs from  electronic specific-heat coefficient, Ref. 130.
dR eference 129.

eR eference 5 page 379.
fR eference 119.

gR eference 134.
hR eference 61 .

iR eference 120.
R efe ren ce  121. 

kR eference 55 . 
lR eference 43 . 

mR eference 28 .
"Reference 131. 
oR eference 63 . 
pR eference 132.

h ig h  q u a lity  o f  th e  p s e u d o p o te n tia ls  w e  h a v e  g e n e ra te d . I t  is 

w o rth  n o tin g  th a t n o n s to ic h io m e tr ic  T iN x(x = 0 .9 8 )  h a s  a 

lo w e r  T c (5 .4 9  K ) , an d  as a  re s u lt  th e  e v a lu a te d  X is 

lo w er.43,55 M o re o v e r , fo r x ^  0 .8  T iN x b e c o m e s  n o n s u p e rc o n 

d u c tin g  at te m p e ra tu re s  a b o v e  1.5 K .55 P e r fe c t o r n e a r ly  p e r 

fe c t V C  a n d  V N  sa m p le s  w e re  n e v e r  re p o r te d  to  b e  su p e r 

c o n d u c tin g  e x p e rim e n ta lly . A  re a so n  fo r th is  is  th e  v e ry  h ig h  

c h e m ic a l a c tiv ity  o f  V  w ith  re s p e c t  to  im p u ritie s , e .g ., o x y 

g en . N e v e r th e le s s , w e  p re d ic t  th a t p e r fe c t  s to ic h io m e tr ic  B1 

V C  c ry s ta ls  sh o u ld  b e  su p e rc o n d u c tin g  w ith  X =  0 .7 8  and  

T c ~  11 .5  K , re sp e c tiv e ly . S u b s to ic h io m e tr ic  V C 0 88 w as  re -
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FIG. 8. (C olor online) Ferm i surface sheets fo r N bC  (a), TiN (b), V C  (c), 

ScC (d), YC (e), and TiC (f). FSs fo r ScC and YC look quite similar.

p o rte d  to  b e  a n o n su p e rc o n d u c tin g  m a te r ia l,43 an d , o b v i 

ously , it  ten d s  to  b e h a v e  as its  iso e le c tro n ic  sy s te m  T iN x. It 

h a s  a lso  b e e n  sh o w n  th e o re tic a lly 122 th a t N  v a c a n c ie s  c o n 

s id e ra b ly  d e c re a s e  T c o f  M o N x (x  <  1) c o m p a re d  to  th a t o f  

th e  id e a l B 1  M o N , an d  th is  e x p la in s  ra th e r  lo w  T c o b ta in e d
123

e x p e rim en ta lly .

In  a d d itio n , w e  h a v e  fo u n d  th a t o u r c a lc u la te d  X, 0 .6 0 , 

an d  0 .7 6  fo r S cC  an d  Y C , re sp e c tiv e ly , a re  c o m p a ra b le  w ith  

th o se  o f  c o n v e n tio n a l s u p e rc o n d u c to rs , an d  T c e v a lu a te d  

fro m  th e  A lle n -D y n e s  e q u a tio n  u s in g  ^ *  =  0 .1 2  is  8 .6  K  fo r 

S cC  an d  13 .6  K  fo r  Y C .

T h e  re la tio n  b e tw e e n  p h o n o n  an o m a lie s  a n d  p e c u lia r itie s  

o f  th e  F e rm i su rfa c e  (F S ) o f  N b  an d  N b C  w as  d isc u sse d  b y  

W eb e r,5 an d  it  w as  fo u n d  th a t fo r  N b C  w a v e  v e c to rs  fo r 

w h ic h  p e c u lia r itie s  in  th e  p h o n o n  sp e c tra  w e re  o b se rv e d  a re  

c o n n e c te d  to  th e  K o h n  an o m a lie s , i.e ., n e s tin g  o f  th e  FS  

sh ee ts  o f  N b C  in  th e se  d ire c tio n s . O u r  c a lc u la te d  F S  (R ef. 

124) fo r  N b C  [F ig . 8 (a )] is  v e ry  s im ila r  to  th a t sh o w n  in  R ef.

5 . M o re o v e r, o u r  c a lc u la te d  F S s  fo r S cC  [F ig . 8 (b )] , Y C , V C  

[F ig . 8 (c )] , T aC , an d  T iN  [F ig . 8 (c )] sh o w  th e  sa m e  sh ap e , 

a n d  th e  la tte r  F S s  e x h ib it th e  sa m e  fea tu re s  as th e y  h a v e  b een  

fo u n d  in  th e  d e  H a a s -v a n  A lp h e n  e x p e r im e n ts  an d  th e o re ti 

c a l c a lc u la tio n s  b y  H a v ila n d  e t a l . 125 fo r  T iN . B e c a u s e  o f  

s im ila rity  o f  th e  F S  to  th a t fo r N b C  fo r  w h ic h  a  n e s tin g  

s itu a tio n  o f  th e  F S  sh ee ts  w as  o b se rv e d  w e  can  su g g e s t th a t 

th e  F S s  fo r T M C  a n d  T M N  w ith  sev en  (S cC  an d  Y C ) an d  

n in e  v a le n c e  e le c tro n s  (V C , T aC , T iN , Z rN , an d  H fN ) ex h ib it 

a n e s tin g  fea tu re . O n e  can  e a s ily  o b se rv e  th e  n e s tin g  s i tu a 

t io n  fo r N b C  [F ig . 9 (a )] an d  V C  [F ig . 9 (b )] , w h e re  co n to u rs  

o f  th e  in n e r  e le c tro n  sh e e t o f  th e  F S  a re  p a ra lle l to  th e  o u te r  

h o le  sh e e t o f  th e  F S . F o r  V C  th e  in n e r  sh ee t o f  th e  F S  fo rm ed  

b y  th e  e le c tro n  b a n d s  e x a c tly  m a tc h e s  w ith  th e  se c tio n  o f  th e

(a) (b)

FIG . 9. (C olor online) Illustration o f the nesting behavior o f the Fermi 
surface sheets for N bC  (a) and V C  (b).

tu b e  a lo n g  th e  [1 0 0 ] d ire c tio n s . A t th e  sa m e  tim e , th e  F S  fo r 

n o n s u p e rc o n d u c tin g  T iC  w ith  e ig h t e le c tro n s  [F ig . 8 (e )] d oes 

n o t sh o w  th e  n e s tin g  b e h a v io r  o f  th e  F S  sh ee ts . T h is  o b se r 

v a tio n  is in  a g re e m e n t w ith  th e  e le c tro n  c o n c e n tra tio n  ru le , 

fu n d a m e n ta l s tab ility , an d  s u p e rc o n d u c tiv ity  in  B 1  c o m 

p o u n d s , fo rm u la te d  a b o v e . V acan cy  in d u c e d  c h a n g e s  in  th e  

F S  m a y  le a d  to  th e  d isa p p e a re n c e  o f  th e  p h o n o n  sp e c tra  p e 

c u lia r itie s  fo llo w e d  b y  a q u ite  sh a rp  d o w n  o f  Tc.126

In  R e f. 100 a  d ra s tic  d e c re a se  o f  th e  C 44 e la s tic  c o n s ta n t 

fo r  V N  w ith  ten  v a le n c e  e le c tro n s  is  o b se rv e d  an d  its  lo w  

v a lu e , a b o u t 120 G P a , w as in te rp re te d  as a  p re c u rs o r  fo r an 

e la s tic  in s tab ilty . M o re o v e r, M o N  w ith  11 e le c tro n s  in  th e
29 107

u n it  ce ll w as fo u n d  to  b e  u n s ta b le  w ith  re s p e c t  to  o rth o - 

rh o m b ic  an d  tr ig o n a l d is to rs io n s , an d  th is  is  in  a g re e m e n t 

w ith  o u r c o n c lu s io n  a b o u t la ttic e  in s ta b ility  o f  B 1 -M o N . 

W o lf  e t a l. s tu d ie d  a tre n d  in  fo rm a tio n  an d  c o h e s io n  en e rg y  

fo r  so m e  c a rb id e s  an d  n itr id e s  an d  c o n c lu d e d  th a t M o N  an d  

C rN  w ith  11 e le c tro n s  d o  n o t c ry s ta lliz e  in  th e  N a C l s tru c 

tu re . D u e  to  th is  c irc u m s ta n c e , th e  p re d ic te d  h ig h  T c in 

B 1 -M o N  c o u ld  n o t b e  o b se rv e d  in  p e r fe c t  s to ic h io m e tric  

M o N . W e h a v e  fo u n d  fro m  o u r p h o n o n  d isp e rs io n  c u rv e s  

th a t th e  e la s tic  c o n s ta n ts  C 44 an d  C ' fo r V N , N b N , T aN , and  

M o C  d e r iv e d  as a s lo p e  o f  th e  T A 2 m o d e  a lo n g  [1 0 0 ] and  

[1 1 0 ] d ire c tio n s  m u s t b e  p o s itiv e . A s  a m a tte r  o f  fac t, it is 

d iff ic u lt to  d ra w  a c o n c lu s io n  a b o u t la ttic e  in s ta b ility  o f  th e se  

c o m p o u n d s  b a s e d  o n ly  on  e la s tic  c o n s ta n ts  o b ta in e d  fro m  

to ta l e n e rg y  c a lc u la tio n s . In d e e d , C 44 fo r B 1 M o C  c a lc u la te d  

b y  H a r t  an d  K le in 64 is  p o s itiv e , w h ile  fo r  B 1 M o N  o n e  can  

se e  th a t th e  s lo p e  o f  th e  TA  m o d e  is  n e g a tiv e ; th u s , C 44 is 

n e g a tiv e  in  a g re e m e n t w ith  R e fs . 2 9 , 6 4 , a n d  1 0 7 . B es id e s , 

H a r t an d  K le in 64 sh o w e d  th a t B 1 M o N  is  e la s tic a lly  u n s ta b le  

ev e n  at h ig h  p re s su re s , an d  s u g g e s te d  th a t th e re  is an  u n 

s ta b le  p h o n o n  m o d e , w h ic h  m a k e s  it  im p o s s ib le  to  s y n th e 

s iz e  B 1 M o C  e x p e rim e n ta lly . T h e y  g a v e  a s c h e m a tic  p ic tu re  

o f  th e  p h o n o n  in s ta b ility  a lo n g  th e  T -X  d ire c tio n . T h e  lo n g i 

tu d in a l m o d e  fo r  N b C  an d  M o C , g iv en  in  R e f. 6 4 , lo o k s  

p la u s ib le , b u t a c c o rd in g  to  th e  re su lts  o f  o u r c a lc u la tio n  an d  

th e  re p o r te d  e x p e r im e n ta l c o n c lu s io n s  on  c ry s ta l s tru c tu re  o f  

N b N , a  m o d e  fo r B 1 N b N  seem s to  b e  in c o r re c t (see  F ig . 4  

o f  R e f. 6 4 ) . P h il l ip s59 a lso  su g g e s te d  th a t th e re  is  a  la ttic e  

in s ta b ility  in  N a C l- ty p e  N b N . W e w o u ld  a lso  l ik e  to  n o te  th a t 

re c e n tly  p o s s ib le  h ig h -p re s s u re  a p p lic a tio n s  o f  O sC  c o m 

p o u n d s  h a v e  b e e n  d is c u s s e d .127 T ak in g  in to  a c c o u n t th e  to ta l 

n u m b e r  o f  v a le n c e  e le c tro n s  in  B 1 O sC , 12, an d  o u r p re lim i 

n a ry  p h o n o n  s tu d ie s , w e  can  c o n c lu d e  th a t B 1 O sC  is a  d y 

n a m ic a lly  u n s ta b le  c o m p o u n d . T h is  c o n c lu s io n  ag ree s  w ith  

R e fs . 101 a n d  127 a c c o rd in g  to  w h ic h  M o C  an d  O sC  c ry s 

ta lliz e  in  a  h e x a g o n a l s tru c tu re .
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O n e  o f  th e  m a in  a s su m p tio n s  w e  h a v e  m a d e  in  o u r p h o - 

n o n  c a lc u la tio n s  is  th e  h a rm o n ic  a p p ro x im a tio n  fo r  th e  fo rce  

c o n s ta n t c a lc u la tio n s  an d , th e re fo re , a n h a rm o n ic  te rm s  a re  

n o t ta k e n  in to  a c c o u n t in  o u r  c a lc u la tio n s . N e v e r th e le s s , W e-
42

b e r  e t  a l. n o tic e d  th a t a n h a rm o n ic  e ffec ts  a re  sm a ll in  TaC  

a n d  N b C , b e c a u s e  th e re  is  n o  n o tic e a b le  d if fe re n c e  in  th e  

p h o n o n  sp e c tra  m e a su re d  a t 4 .2  an d  3 0 0  K , b u t it w as  b e 

l ie v e d  th a t th e  e ffec ts  a re  im p o rta n t fo r T a C 1-xN x w ith  x
97

~  0 .4 , an d  N b N  w h ic h  se e m  to  b e  u n s ta b le . D o d d  e t  a l., 

b a se d  on  u ltra s o n ic  e x p e r im e n ts  fo r  e la s tic  a n d  n o n lin e a r  

a c o u s tic  p ro p e r tie s , fo u n d  th a t a c o u s tic  m o d e  a n h a rm o n ic ity  

is sm a ll fo r  T iC  an d  T aC . A n h a rm o n ic ity  m ig h t s ta b iliz e  th e  

p h o n o n s  fo r T iO , V N , a n d  N b N  n e a r c r itic a l p o in ts , b u t it  is 

u n lik e ly  to  o c c u r  at su ff ic ie n tly  lo w  te m p e ra tu re s  g iv in g  

la rg e  v a lu e s  o f  im a g in a ry  f req u en c ies .

In  c o n c lu s io n , w e  h a v e  d e m o n s tra te d  th a t th e  lin e a r  r e 

sp o n se  m e th o d  in  c o n ju n c tio n  w ith  th e  s ta te -o f- th e -a r t u l t r a 

so ft p s e u d o p o te n tia ls  is a b le  to  re v e a l p e c u lia r itie s  o f  th e  

p h o n o n  s p e c tra  fo r 3 d , 4 d , a n d  5 d  m e ta ls  a n d  th e ir  c o m 

p o u n d s . W e h a v e  sh o w n  th a t s u p e rc o n d u c tiv ity  o f  so m e  T M  

m o n o c a rb id e s  an d  m o n o n itr id e s  is  c o n n e c te d  to  p e c u lia r itie s  

o f  th e  F S , a n d  a c o u s tic  m o d e s  o f  th e  p h o n o n  sp e c tru m . T h e  

su p e rc o n d u c tin g  te m p e ra tu re  is  h ig h e r  in  sy s te m s  w ith  m o re  

p ro n o u n c e d  a n o m a lie s  o f  a c o u s tic  m o d e s . T h e  c a lc u la te d  

e le c tro n -p h o n o n  c o u p lin g  c o n s ta n ts  fo r m e ta ls  a n d  c o m 

p o u n d s  o f  in te re s t a re  in  v e ry  g o o d  a g re e m e n t w ith  a v a ila b le  

e x p e r im e n ta l an d  th e o re tic a l d a ta . W e h a v e  sh o w n  th a t th e  

re a so n  fo r th e  e x p e r im e n ta l fa ilu re  to  s y n th e s iz e  a  n u m b e r  o f  

s to ic h io m e tr ic  T M  c a rb id e s  an d  n itr id e s  in  B 1 s tru c tu re  is 

d u e  to  d y n a m ic  in s tab ility . B e s id e s , w e  s u m m a riz e d  th a t la t 

t ic e  s ta b ility  o f  T M  c a rb id e s  an d  n itr id e s , as w e ll as o x id es , 

is s tro n g ly  a ffe c ted  b y  th e  to ta l n u m b e r  o f  v a le n c e  e lec tro n s . 

T h e  p h o n o n  sp e c tra  fo r a  n u m b e r  o f  T M C  an d  T M N  are  

p re d ic te d  an d , th u s , th e re  is a  c h a lle n g e  fo r e x p e r im e n ta lis ts  

to  s y n th e s iz e  th e se  c o m p o u n d s  an d  th e n  c a rry  o u t in e la s tic  

n e u tro n  sc a tte r in g  o r x -R a y  T D S  m e a su re m e n ts  fo r p h o n o n  

d isp e rs io n  c u rv e s . W e a lso  p re d ic t  th a t p e r fe c t  S cC , Y C , an d  

V C  c ry s ta ls  w ith  B 1 s tru c tu re  a re  d y n a m ic a lly  s tab le , an d  

sh o u ld  b e  ra th e r  g o o d  su p e rc o n d u c to rs  w ith  T c ~  8 .6 , 13.6 

an d  11 .5  K , re sp e c tiv e ly . B a se d  on  d e ta ils  o f  th e  p h o n o n  

sp e c tru m  o f  B 1 Y N , w e  su g g e s t th a t th is  c o m p o u n d  is  a 

se m ic o n d u c to r  c ry s ta l.
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