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An approx ima te  solution is obtained to the l inear ized  Bol tzmann equation, on the bas i s  of 
which the t r a n s m i s s i o n  laws a r e  then genera l ized .  The hyperbol ic  equation of heat  conduc-  
tion is a l so  der ived.  

A fundamental  p rob lem in nonequi l ibr ium t h e r m o d y n a m i c s  is to es tab l i sh  a re la t ion  between the d i s -  
t r ibut ion of the genera l i zed  potential  and the flux of the genera l i zed  charge .  A body e las t i ca l ly  deformable  
under  sma l l  shear ing  s t r e s s e s  is cal led a solid. Most sol ids have a c rys ta l l ine  s t ruc tu re .  A c r y s t a l  is 
a subs tance  with a r egu l a r  per iodic  str~tcture containing one or  m o r e  a toms  of e lements .  "E lec t ron  gas" 
and ion osc i l la t ions  in the c r y s t a l  la t t ice  a r e  t r a n s m i t t e r s  of genera l ized  charge.  Among the m o s t  i m p o r -  
tant  p r o c e s s e s  in te r fe r ing  with the mot ion of e lec t rons  in me ta l s  and semiconduc to r s  is the s c a t t e r  of 
cha rge  c a r r i e r s  by lat t ice osci l la t ions.  The e l ec t ron - - l a t t i ce  in te rac t ion  is r espons ib le  for  the fact  that 
both the e l ec t r i c a I  and the t h e r m a l  conductivi ty of me t a l s  as  well  as  the mobi l i ty  of e l ec t rons  and holes in 
semiconduc to r s  at h igher  t e m p e r a t u r e s  a r e  functions of the t e m p e r a t u r e ,  and it p lays  a dec i s ive  role  in 
t h e r m o e l e c t r i c  ef fec ts  such as  superconduct ivi ty .  

The aggrega te  of conduction e l ec t rons  can be c h a r a c t e r i z e d  by the d is t r ibut ion function. The e l e c -  
t ron  veloci ty  in a c r y s t a l  is defined as  

1 
v~ = - U  v ~  (k), (1) 

where  h* = h/2II  with h denoting the P lanck  constant ,  k denoting the wave vec to r ,  and e denoting the energy  
of an e lec t ron;  the wave vec t o r  k v a r i e s  accord ing  to 

h*k ~- F, (2) 

where  l~ = dk/d t ,  t denotes  t ime ,  and F denotes  the fo rce  act ing on an e lec t ron .  The d is t r ibut ion  function 
f(k, r ,  t) is defined so that  the n u m b e r  of e l ec t rons  in a s ix -d imens iona l  volume e lement  dkdV at  t ime  t 
wil l  be 

1 
411----- 7 f (k, r, t) dkdV. (3) 

During equi l ibr ium the dis t r ibut ion f(k, r ,  t) depends on e only and becomes  the F e r m i  d is t r ibut ion  

1 
fo(~) ! + e(~_n)/kor , . (4) 

with ~? denoting the chemica l  potential ,  k 0 denoting the Bol tzmann constant ,  and T denoting the t e m p e r a t u r e .  
According to L iouv i l l e ' s  t heo rem,  the total  i nc remen t  of the d is t r ibut ion function within the t ime  dt is 

O i [ O f ]  = 0 .  (5) df~ = _ kv~f - ,,v. f + ~ + [ J~ oo~o. 

Here  [0f/Ot] col l i s ion denotes  the inc rease  in the number  of e lec t rons  in the volume dkdV due to sca t t e r .  
Equation (5) is the Bol tzmann kinetic equation. We l inea r ize  the col l i s ion in tegra l  by introducing a r e l a x a -  
t ion t ime  ~-* based  on the equali ty 
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of ] f - f o  
coll ision- T* (6) 

This relaxation time, being a time constant, characterizes the exponential law according to which the per- 
turbed distribution f(k, r, t) tends toward the equilibrium distribution f0. The approximation (6) is not 
valid for pure metals at temperatures about half as high as the Debye temperature. The relaxation time 
introduced here will be meaningful, if it does not depend on the kind of perturbation. It can be shown that 
the relaxation time has a physical significance whenever the change in the energy of an electron during one 
collision is much smaller than k0T. At very low temperatures the electron--lattice scatter becomes very 
weak and the relaxation process associated with the elastic scatter of electrons at impurities becomes pre- 
dominant. In this case equality (6) is entirely valid. The solution to (5) under condition (6) will now be 
sought in the following form: 

f (k, r, t) = fo (8) + ft (k, r, t), (7) 

wi th  the a s s u m p t i o n  that  

fl(k, r, t ) = -  q)(k, r, t) Of~ 
08 

and fllk,  r ,  t) a s s u m e d  m u c h  s m a l l e r  than  fo(e). Inse r t ing  (7) into (5) y i e lds  

pv0fO e (v•  a 9 0 f o  , ~ Ofo 
"Oe + ch---; T* Oe Ot Oe' 

w h e r e  

(8) 

(9) 

P = eE - -  (e - -  ~1) V In T: V,.Y ~ ATfo 0fo = - ~  V T - /  Vrl �9 (i0) 

H e r e  H is the magne t i c  f ield in tens i ty  and E is the e l e c t r i c  f ield intensi ty .  On the bas i s  of  (4), we can  
w r i t e  

Vr f z - -  Of 0 [W] -~- (e - -  ~]) V In T]. (11) 
08 

The  second  t e r m  on the l e f t -hand  s ide  o f  Eq. (9) can  be e x p r e s s e d  a s  

e e ( H . ~ P )  010 
~-~ (v • H) V~fl = ch---~, ' ~ e '  (12) 

w h e r e  
= VI~ 8 • Vh- 

Then  (9) c an  a l so  be w r i t t e n  as  

~ + ----r = P,, + ~ (,.a%). 
0t ~* 

Th i s  equat ion  is the fundamenta l  one in the r e l axa t ion  approx ima t ion .  

Le t  us  find the so lu t ion  to Eq. (13). 

Case  1: tt = 0, i. e . ,  t h e r e  is no magne t i c  f ield p r e s e n t .  Now (13) b e c o m e s  

t ~:--t 
(I)= fPv-~*ec * d~. 

0 

When E ~ 0 and VT = 0, then we have 1 ~ = eE  and 
~-_t 

t -r* 

oro C 
f (k, r, t) ~- fo (e) 08 .] 

0 

(13) 

(14) 

(15) 

W h e n  E = 0 and  V T  ~ 0 ,  t h e n  

f (k, r, t) -- ~* (8-- n) 
h* 

O+ Ofo i" v.T e +'+'̀' a+. 
Ok Oe .) T 'r* 

0 

(16) 
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Case IT. H r 0 and the ene rgy  su r f aces  a r e  of a r b i t r a r y  form.  
i te ra t ion  method,  with 

t ~--J 
-g* 

~(o} ~ I Pw* eT,- d~, 

0 

Equation (i3) can be solved by the 

(i7) 

taken as  the ze ro th  approximat ion .  Then the f i r s t  approx imat ion  is  

t : -_2 

e~* (H.~r d~. (i8) 
O(~) = {D{~ ~- c h  *--'-V-+ .~ T 

0 

In analogous m a n n e r  it is poss ib le  to find a lso  the subsequent  approximat ions .  
p r o c e s s  conve rges  when (e~-*H/m*c) << 1, where  m* denotes  the effect ive e lec t ron  m a s s .  

Using this method,  the author  has de t e rmined  the d is t r ibut ion function under  ce r t a in  assumpt ions .  
With the dis t r ibut ion function known, one can then find the c h a r a c t e r i s t i c s  of  the t r a n s m i s s i o n  p r o c e s s .  

The flux of genera l i zed  cha rge  is de t e rmined  accord ing  to the fo rmula  

S ! (r, t) = - ~  (k, r, t) ak. (19) 

The e l e c t r i c a l  c u r r e n t  a t  H = 0 and VT = 0 is ca lcula ted  as  

t ~---J 
g T* 

I = e~k~ E T T d 5  ( 2 0 )  

0 

where  

The i t e ra t ive  approx imat ion  

k , , -  1 j +* (,, . v) ( Y + .  (2On) 
12123 de ~ d [V1,8[ 

$ 

In the der iva t ion  of (20) it has been a s s u m e d  that  ~-* is i so t rop ic ,  i. e . ,  independent of the wave vec to r  k. 
The e l ec t r i c a l  conductivi ty is 

! 
= - -  = k l e  2. (21) 

E 

On the bas i s  of (20), we obtain the re la t ion  

Ol [<=T*-01 = k s '  E or ! - [ - ~ * - - = o E .  
• Ot 

Equation (22) r e p r e s e n t s  the genera l i zed  Ohm~s Law. 

Let  us ca lcula te  the cu r r en t  and the ene rgy  when H = 0 and VT ~ 0. 
these  quant i t ies  a r e  

The fo rma l  e x p r e s s i o n s  for  

~-t  t ~ - '  . 2 ~---: t T -  - -  "~* 

0 0 0 

t+-t r+-t ~- t  ~ -  ~ ..... ~ --- 

0 0 0 

where  k n is fotmd f r o m  (20a). 

In Eq. (23) we let  I = 0, then s y s t e m  (23)-(24) y ie lds  the value of q: 

(22) 

(23) 

(24) 

q ++_+,k+ 
k 1 T"" 

(25) 
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L e t  us  a s s u m e  that  (k2--klka)/kl = - -n* ,  with ~ * / T  = ndenot ing  the t h e r m a l  conductivity. 
the genera l i zed  equation of heat  conduction 

q + T* 0._qq = __ xvT, 
Ot 

Now (25) y ie lds  

(26) 

f i r s t  der ived  by A. V. Lykov. 

On the bas i s  of these  r e su l t s ,  we will  examine  the t h e r m o e l e c t r i c  effects .  F r o m  (23) follows a r e l a -  
t ion between the e lec t r i c  field intensi ty and the t e m p e r a t u r e  gradient .  When I = 0 and V~ = 0, then (23) 
y ie lds  

Eabs = k~ --- ~lk_,. (27) 
ekl T 

Expre s s ion  (27) r e p r e s e n t s  the absolute  value of the t h e r m o e l e c t r o m o t i v e  force  which governs  the Seebeck 
effect .  

(28) 

We now inser t  

Le t  us calcula te  the ra te  of heat  genera t ion  p e r  unit volume of solid 

W ~ IE ~ div q, 

where  I g  is the work  of the e lec t r i c  field and div q is the d ivergence  of the t h e r m a l  flux. 
E into (28), according  to  (23), and 

d i v q = ~ •  div e ~. 

0 

then 

.... ' [  ' o 01/  __Eabs]__div q (29, 

o r  

! ~ T* c~l ~ 
W = + ITVEab s -  div q. (30) 

o 2o Ot 

The f i r s t  t e r m  and the fourth t e r m  in (30) c h a r a c t e r i z e  the Joule heat  and the d iss ipa t ion  of t h e r m a l  flux, 
i. e . ,  p r o c e s s e s  of heat  genera t ion  a s soc ia t ed  with e l ec t r i c a l  and t h e r m a l  condictivity.  The third t e r m  
d e s c r i b e s  the r e v e r s i b l e  heat  genera t ion ,  namely  the Thompson heat  W T. The second t e r m  c h a r a c t e r i z e s  
the additional heat  genera t ion  W D = (r*/2a)(012/0t),  indicating that  a nonsteady e lec t r i c  cu r r en t  p roduces  
an addit ional  heat  source .  
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