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I 
VIBRATIONAL FREQUENCIES VIA FROZEN PHONONS 

B.N. Harmon *(') , W. Weber*and D .R. ~amann*" 

i Kernforschungszentrwn KarZsruhe, I n s t i t u t  fiir Angewandte Kernphysik I ,  
0-7500 KarZsruhe, F.R.G. 

** 
Be22 LaSoratories, Murray H i l l ,  NJ 07974, U.S.A. 

Abstract.- We have used a f i r s t  p r inc ip les  l i n e a r  combination of atomic 
o r b i t a l s  (LCAO) method t o  ca lcu la te  the  t o t a l  ground s t a t e  energy f o r  
c r y s t a l s  of S i ,  Nb and Mo involving l a t t i c e  d i s t o r t i o n s .  From these cal- 
cu la t ions  the  equilibrium l a t t i c e  constant ,  cohesive energy, and bulk 
modulus a s  well as  the v ibra t iona l  frequencies f o r  selected phonons were 
determined. 

1. Introduction.- Band t h e o r e t i c a l  methods a r e  f inding increased use i n  the  

study of e l e c t r o n i c  response t o  l a t t i c e  d i s t o r t i o n  (caused by compression, 

s t r e s s ,  phonons, e tc . ) .  These techniques provide a t o o l  f o r  accurately calcu- 

l a t i n g  from f i r s t  p r inc ip les  the frequency and charge densi ty response f o r  

phonons a t  se lec ted  wavevectors. These techniques have already been applied t o  

S i  with considerable success using the  pseudopotential and LCAO methods. 

Here we b r i e f l y  present our LCAO method and our r e s u l t s  f o r  Si and then discuss  

the  app l ica t ion  of t h e  method t o  metals giving preliminary r e s u l t s  f o r  Nb and 

Mo . 
2. Method.- We have used the l o c a l  densi ty approximation f o r  exchange and cor- 

r e l a t i o n 4  combined with a f i r s t  p r inc ip les  t i g h t  binding method, the  d e t a i l s  of 

which have been described e l s e ~ h e r e . ~ , 5 ' ~  The method employs an atomic 

basis  composed o f  Gaussian funct ions which allow easy ana ly t ic  evaluat ion of a l l  

t h r e e  center  in tegra l s .  The p o t e n t i a l  is  expanded i n  a second Gaussian basis  

s e t  and is  general ( i .e . ,  no muffin-tin approximation is made). The calcula- 

t i o n s  a r e  i t e r a t e d  u n t i l  the  t o t a l  energy is s t a b l e  t o  seven s i g n i f i c a n t  d i g i t s .  

Absolute e r r o r s ,  f o r  example those associated with the approximate treatment of 

exchange and cor re la t ion ,  a r e  of course l a r g e r ,  but they a r e  expected t o  cancel 

s ince we consider only energy differences.  

3. Application t o  Si.- S i  was used as a t e s t  case t o  f i r s t  avoid complications 

caused by a Fermi surface. Using the frozen core approximation the t o t a l  energy 

was evaluated a t  e igh t  values of the l a t t i c e  constant and l e a s t  squares f i t  with 
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a f o u r t h  order  polynomial. The corresponding equi l ibr ium l a t t i c e  constant ,  bulk 

modulus and cohesive energy a r e  l i s t e d  i n  Table 1. The t o t a l  energy was a l s o  

ca lcu la ted  a s  a funct ion of displacement f o r  l a t t i c e  d i s t o r t i o n s  corresponding 

t o  p a r t i c u l a r  normal v i b r a t i o n a l  modes. These y i e l d  e s s e n t i a l l y  c l a s s i c a l  

p o t e n t i a l  we l l s  whose curvature  gives  t h e  phonon f o r c e  constant  o r  frequency. 

The frequencies  f o r  the  t r ansverse  o p t i c  phonon a t  r [TO(F)] and the t r ansverse  

accous t i c  phonon a t  X [TA(X)] a r e  a l s o  l i s t e d  i n  Table 1. There is  good agree- 

ment with experiment, and t h e  d e t a i l e d  ana lys i s  of the  con t r ibu t ions  t o  the  

t o t a l  energy agree wi th  previous s tud ies . ly2  The charge d e n s i t y  f o r  t h e  TO(T) 

phonon is shown i n  Figure 1. 

Fig. 1 : The charge dens i ty  i n  t h e  
(110) plane f o r  the  l a t t i c e  d i s t o r -  
t i o n  corresponding t o  t h e  TO(r) 
phonon with  a displacement of 
-0.1371 along t h e  111) d i rec t ion .  a (atomic u n i t s  x 1 0  ). 

4 .  Applicat ion To Metals.- For metals  small d i s t o r t i o n s  of the  l a t t i c e  cause 

changes i n  t h e  band occupation near  t h e  Fermi l e v e l  which must be accounted f o r  

i n  c a l c u l a t i n g  changes i n  t o t a l  energy. Indeed such e f f e c t s  f r equen t ly  g ive  

r i s e  t o  phonon anomalies i n  t r a n s i t i o n  metals.7 One approach f o r  metals  is t o  
-f 

simply keep inc reas ing  the  number of k po in t s  sampled u n t i l  convergence is 

reached, however, t h i s  is c o s t l y  and no t  necessary. Our approach has been t o  

d iv ide  the  i r r e d u c i b l e  Br i l lou in  zone i n t o  a number of l a r g e  t e t rahedrons  (32 

f o r  the  H point  phonon i n  Nb and Mo) and take t h e  cen te r  of mass d vec to r s  a s  a 

sample g r i d .  At each i t e r a t i o n  a t i g h t  binding (TB) f i t  ( s e e  Ref. 7 )  is  made t o  

t h e  eigenvalues on t h i s  g r i d  and is used t o  determine an accura te  Fermi energy 

and su r face .  The occupied volume a s  determined by t h e  TB f i t  us ing 64 smal ler  

t e t r ahedrons  i n s i d e  eacn l a r g e  one is used t o  weight the  % poin t s .  Calculat ions  

using a mixed b a s i s  pseudopotent ia l  technique f o r  phonons i n  Nb and Mo a l s o  
-f 

confirm t h e  importance of c a r e f u l l y  weighting t h e  k p ~ i n t s . ~  

The equi l ibr ium l a t t i c e  cons tan t ,  bulk modulus and cohesive energy a r e  

l i s t e d  i n  t h e  t a b l e  and again i n d i c a t e  t h e  method is  funct ioning we l l  f o r  the  

evaluat ion of bulk p roper t i e s .  To d a t e  we have only t e s t e d  the  method f o r  t h e  

H-point phonon i n  Nb and Mo with  t h e  r e s u l t s  l i s t e d  i n  the  t ab le .  This phonon 

i n  Mo is  p a r t i c u l a r l y  anomalous as  a r e s u l t  of a nes t ing  f e a t u r e  i n  t h e  Fermi 

~ u r f a c e . ~  The accura te  modeling of changes i n  t h e  Fermi su r face  a s  provided by 

t h e  TB f i t  was required before  the  t h e o r e t i c a l  frequency was reduced from -9Thz 

t o  5.7 THz. The frequency was determined by f i t t i n g  (rms e r r o r  = Rylatom) 
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a parabola t o  the energy ca lcu la ted  f o r  displacements of 0.0646, 0.078%, and 

0.0926, which a r e  comparable t o  the  displacement caused by the r e a l  phonon. 

Very mnall displacements led t o  numerical problems because of the l i n e a r  in te r -  

po la t ion  used i n s i d e  the  small te t rahedrons,  and much l a r g e r  displacements 

caused previously unoccupied port ions of bands t o  d ip  below the Fermi l e v e l ,  

giving r i s e  t o  anharmonic or  non-parabolic behavior i n  the  t o t a l  energy vs  dis-  

placement curve. 

5. Conclusion.- Our encouraging r e s u l t s  suggest t h a t  modem band theory tech- 

niques a r e  capable of becoming a use fu l  t o o l  i n  studying the  d e t a i l s  of elec- 

t r o n i c  response t o  c e r t a i n  high symmetry l a t t i c e  d i s t o r t i o n s .  

6. Acknowledgment.- One of the  au thors  (B.N.H.) would l i k e  t o  thank the s t a f f  of 

the  I n s t i t u t  f c r  Angewandte Kernphysik I, Kernforschungszentrum, Karlsruhe, f o r  

t h e i r  kind h o s p i t a l i t y  during h i s  s t ay .  

Table 1. Calculated and experimental p roper t i es  

a B 
L a t t i c e  Bulk Cohesive Phonon 
Constant Modulus Energy Frequency 
(a .  u.) (Mbar) (evlatom) (THz) 

Si ca lc .  10.40 
exp. 10.26 

Nb calc .  6.32 1.62 6.63 6.6* H po in t  
exp. 6.23 1.74 7.57 6.4 

Mo calc .  5.99 2.57 6.28 5.7 H p o i n t  
exp. 5.95 2.63 6.82 5.5 

*This is a prel iminary value based on a fewer number of small te t rahedrons and 
both l a r g e  and zero displacements so t h a t  it is  l e s s  p rec i se  than the value f o r  
Mo (see t ex t ) .  
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