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ASPECTS OF TAKE TEIWIPERATLJRE DEPENDENCE OF 
ELECTRICAL CONDUCTIVITY I N  POLYFERIC MATERIALS 

P. LOVE 
Chemistry Department, 
University of Connecticut a t  Stamford, 
ScofieldtownRd., Stamford, Connecticut06903 

The temperature dependence o f t h e  e l e c t r i c a l  
conduct ivi ty  of  a number o f  polymeric organic 
and inorganic  mater ia l s  i s  described by a 
funct ion,  G(E,T), t h a t  i s  the  de r iva t ive  of 
t he  Fermi funct ion.  The mathematical j u s t i -  
f i c a t i o n  f o r  t he  use of t h i s  func t ion  i n  place 
of t he  Fermi funct ion i s  described. Use of 
t he  G(E,T) funct ion i n  t h e  appropriate  con- 
d u c t i v i t y  equation allows one t o  reproduce 
the  temperature dependence of e l e c t r i c a l  con- 
d u c t i v i t y  i n  mater ia l s  a s  d iverse  a s  (SN) 
and germanium s ing le  c r y s t a l s ,  The funct%on 
is  found t o  be appl icable  toexper imenta l  con- 
d u c t i v i t y  da t a  t h a t  c o l l e c t i v e l y  spana range  
of about 20 orders  of  magnitude, and a t o t a l  
temperature range of approximately 1000 K f o r  
t he  ma te r i a l s  c i t ed .  
adequately s imulates  t he  commensurate-incom- 
mensurate t r a n s i t i o n  t h a t  i s  observed i n  
mater ia l s  such a s  (TMTSF)2PF and TTF-TCNQ. 

of s i n g l e  c r y s t a l  per fec t ion  on der ived pro- 
p e r t i e s  of  t he  conduct ivi ty  curve a r e  discussed. 
The G(E,T) funct ion i s  appl icable  t o  o ther  
e l ec t ron  t r anspor t  p roper t ies .  The tempera- 
t u r e  dependence of e l e c t r i c a l  capacitance of 
SrTiO is  c i t e d  a s  an example, 

The G(E,T) func t ion  

The importance of l a t t i c e  or 2 e r  and t h e  degree 
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332 P. LOVE 

INTRODUCTION 

The tempera ture  dependence of t h e  e l e c t r i c a l  
c o n d u c t i v i t y ,  g ( T ) ,  i s  a f u n c t i o n  t h a t  i s  o f t e n  
d i scussed  i n  t h e  c h a r a c t e r i z a t i o n  o f  low-dimen- 
s i o n a l  polymeric m a t e r i a l s .  Yet t h i s  f u n c t i o n  
has  n o t  been expressed  by a t h e o r e t i c a l  equa t ion  
t h a t  adequa te ly  accounts  f o r  t h e  d i v e r s e  forms of 
a (T)  t h a t  are  o f t e n  observed. One would l i k e  t o  
know what c o n s t i t u t e s  "normal" c o n d u c t i v i t y ,  f o r  
example, f o r  a m e t a l - i n s u l a t o r  t r a n s i t i o n ,  and 
what type  of c o n d u c t i v i t y  behavior  can be consid-  
e r e d  a t y p i c a l  for a g iven  m a t e r i a l .  

One form of e l e c t r i c a l  c o n d u c t i v i t y  as a 
f u n c t i o n  of energy ,  E,  and tempera ture ,  T, o(E,T),  
i s  t h a t  g iven  by t h e  e q u a t i o n ,  

a(E,T) = n(E,T)  G P ( E , T )  ( 1  1 
where n(E,T) i s  t h e  e l e c t r o n  d e n s i t y  i n  t h e  con- 
d u c t i o n  band, 

The e l e c t r o n  charge  i s  r e p r e s e n t e d  by e ,  and 
p(E,T) i s  t h e  e l e c t r o n  mob i l i t y .  
f u n c t i o n  i s ,  a s  u s u a l ,  g iven  by f (E ,T)  where 

The Fermi 

f ( E , T )  = { 1 + exp[(E-EF) /kTl  1-l . ( 3 )  

The term N(E,T) i s  t h e  e l e c t r o n  d e n s i t y  of s t a t e s  
f u n c t i o n .  

The f u n c t i o n  a ( T )  has been d i s c u s s e d  i n  terms 
of t h e  t e n  e r a t u r e  dependence of the e l e c t r o n  
m o b i l i t y ( l 7 .  However, t h i s  concept  has  l i m i t e d  
a p p l i c a b i l i t y  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  mate- 
r ia l s  t h a t  e x h i b i t  a me ta l - in su la to r ,  commensurate- 
incommensurate, o r  P e i e r l s  t r a n s i t i o n .  One ex- 
p l a n a t i o n  f o r  the  o (E ,T)  f u n c t i o n  must be g iven  
i n  t he  incommensurate metal l ic  r e g i o n ,  and ano the r  
q u i t e  o f t e n  d i f f e r e n t  one f o r  t h e  commensurate 
i n s u l a t o r  reg ion .  

An a l t e r n a t i v e  approach t o  the c a l c u l a t i o n  of 
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ASPECTS OF ELECTRICAL CONDUCTIVITY 333 

a(E,T) i s  t o  assume t h a t  p(E,T) is cons tan t  t o  a 
f i r s t  approximation, and consider  t h a t  t h e  tem- 
p e r a t u r e  dependence of t h e  conduct ivi ty  i s  a 
f u n c t i o n  of t h e  temperature dependence of the  
e l e c t r o n  d e n s i t y  i n  the  conduction band. If t h i s  
is assumed t o  be t r u e ,  and N(E,T) i s  e s s e n t i a l l y  
temperature independent, one could p o s t u l a t e  t h a t  
u(E,T) v a r i e s  due t o  t h e  temperature dependence 
of f(E,T). This, however, i s  equal ly  unsatis- 
f a c t o r y .  It i s  wel l  known t h a t  the Fermi func t ion  
p r e d i c t s  t h a t  the  e l e c t r o n  d e n s i t y  i n  the  conduc- 
t i o n  band tends  t o  zero a s  t h e  absolute  tempera- 
t u r e  approaches zero. Unless one invokes an 
electron-phonon o r  similar s c a t t e r i n g  mechanism, 
u(T) f o r  a m e t a l l i c  substance should tend t o  zero 
a s  t h e  temperature approaches absolute  zero. 
Furthermore, P e i e r l s '  conclusion t h a t  a one- 
dimensional metal i s  i n h e r e n t l y  unstable  a g a i n s t  
a d i s t o r t i o n  of t h e  l a t t i c e  i s  genera l ly  c i t e d  (2)  
as accounting; f o r  observed metal- insulator  t ran-  
s i t i o n s .  

Nei ther  of these  p r e d i c t i o n s  i s  v e r i f i e d  f o r  
a(E,T) by a n a l y t i c a l l y  pure w e l l  ordered s i n g l e  
c r y s t a l s  of po lysul fur  n i t r i d e ,  (LSN)~ ( 3 ) .  It is  
w e l l  known t h a t  high q u a l i t y  s i n g l e  c r y s t a l s  of 
(SN) e x h i b i t  a monotonically increas ing  conduc- 
t i v i % y  with decreasing temperature,  and become 
superconducting a t  -0.3 K (4). The low tempera- 
t u r e  p r o p e r t i e s  of (SN), a r e  o f t e n  overlooked i n  
d iscuss ing  t h e  behavior of t h e  Fermi f u n c t i o n  and 
t h e  inheren$ i n s t a b i l i t y  of  low-dimensional 
m a t e r i a l s  w i t h  r e s p e c t  t o  a metal- insulator  
t r a n s i t i o n .  

a metal- insulator  t r a n s i t i o n  with decreas in  
temperature,  and have lower conduct iv i ty  (55. 
Although t h e r e  a r e  many explanat ions of these  and 
r e l a t e d  fac ts  about a(E,T), none has previously 
e f f e c t i v e l y  reconci led  t h e  behavior of t h i s  
f u n c t i o n  f o r  a n a l y t i c a l l y  pure high q u a l i t y  s i n g l e  
c r y s t a l s  and lower q u a l i t y  disordered s i n g l e  
c r y s t a l s  without invoking d i f f e r e n c e s  i n  dimen- 
s i o n a l i t y  (6), o r  one explanat ion f o r  monoton- 
i c a l l y  i n c r e a s i n g  conduct iv i ty  and superconduc- 
t i v i t y  on t h e  one hand, and another explanat ion 
when a metal- insulator  t r a n s i t i o n  occurs on t h e  
o ther .  

Disordered or low p u r i t y  (SN), c r y s t a l s u n d e r g o  
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334 P. LOVE 

T1IE PROBABILITY DENS I TY FUNCTION ADD ELECTRICAL 
CONDUCTIVITY 

I n  two pape r s  t h a t  w i l l  be d e s i g n a t e d  as I ( 7 )  
and 1 1 ( 8 ) , i t  has  been shown t h a t  t h e s e  problems 
can  be r e s o l v e d  by t h e  p rope r  cho ice  of t h e  prob- 
a b i l i t y  d e n s i t y  f u n c t i o n  f o r  e l e c t r o n  occupancy 
i n  t h e  conduct ion  band. Most wr i t e r s  on s o l i d  
s t a t e  p h y s i c s  and s t a t i s t i c a l  p h y s i c s  ( 9 )  assume 
t h a t  f (E ,T)  i s  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n .  
It i s  shown i n  I1 t h a t  t h e  c o r r e c t  p r o b a b i l i t y  
d e n s i t y  f u n c t i o n  f o r  thermal  e x c i t a t i o n  o f v a l e n c e  
e l e c t r o n s  i n t o  t h e  conduct ion  band i s  t h e  de r iva -  
t i v e  of t h e  Fermi f u n c t i o n .  The t empera tu re  
dependence of t h e  e l e c t r o n  d e n s i t y  i n  t h e  conduc- 
t i o n  band i s  t h e n  expec ted  t o  be p r o p o r t i o n a l  t o  
t h e  d e r i v a t i v e  of t h e  Fermi f u n c t i o n  w i t h  r e s p e c t  
t o  tempera ture ,  G(E,T). The c o r r e c t  form of u(E,T) 
i s  then  g iven  by r e p l a c i n g f ( E , T ) w i t h G ( E , T )  i n  
e q u a t i o n  2 where 

The i n t e g r a l  i n  equa t ion  2 r e p r e s e n t s  i n t e -  
g r a t i o n  w i t h  r e s p e c t  t o  energy  i n  t h e  conduct ion  
band. 
r e f e r  t o  energy i n  t h e  band gap r e g i o n ,  t h a t  i s  
below t h e  conduct ion  band. 
can  be cons ide red  t o  a f i r s t  approximation t o  be 
a c o n s t a n t  t h a t  i s  independent  of tempera ture  
f o r  any g iven  sample. 
g r a l  of equa t ion  2 can be cons ide red  t o  be a 
c o n s t a n t  w i t h  r e s p e c t  t o  i n t e g r a t i o n .  

f o r  equa t ion  1 should  t h e n  be g iven  by t h e  tem- 
p e r a t u r e  dependence of the f u n c t i o n  G(E,T). The 
tempera ture  dependence of  G(E,T) should  d e s c r i b e  
t h e  observed behav io r  of u(T)  f o r  m a t e r i a l s  such 
as (SN), i n  b o t h  h igh  q u a l i t y  s i n g l e  c r y s t a l  form, 
and f o r  lower q u a l i t y  d i s o r d e r e d  c r y s t a l s .  The 
c o n d u c t i v i t y  of a h igh  q u a l i t y  s i n g l e  c r y s t a l  of 
(SN), (lo), and t h a t  p r e d i c t e d  i n  terms of curve 
f i t t i n g  G(E,T) t o  t h e  expe r imen ta l  d a t a  f o r  E-EF 
e q u a l  t o  0.0010 e V  i s  g iven  i n  F igu re  1. Kaneto, - e t .  e. (11) have shown t h a t  Y-ray i r r a d i a t i o n  of 

The t e rns  of E - E p  i n  f (E ,T)  and G(E,T) 

The q u a n t i t y  E-EF  

Then G(E,T) i n  t h e  i n t e -  

The tempera ture  dependence of t h e  c o n d u c t i v i t y  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
30

 2
0 

Fe
br

ua
ry

 2
01

3 



ASPECTS OF ELECTRICAL CONDUCTIVITY 335 

. 

6, i 

nn 
H H  
w c  b z  
0 

a 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
30

 2
0 

Fe
br

ua
ry

 2
01

3 



336 P. LOVE 

(SN), s ing le  c r y s t a l s  r e s u l t s  i n  t h e  appearance 
of a metal- insulator  t r a n s t i o n  i n  the  conduct ivi ty  
curve. The metal- insulator  conduct ivi ty  maximum 
decreases  i n  amplitude and s h i f t s  t o  higher  tem- 
pe ra tu res  with increas ing  i r r a d i a t i o n  dosage. 
This  i s  the  e f f e c t  predicted by G(E,T) f o r  an 
increase  i n  E - E  (7). 

i n  highly ordered s i n g l e  c r y s t a l s .  For lower 
q u a l i t y  o r  i r r a d i a t e d  s i n g l e  c r y s t a l s  of (SN), 
the  G(E,T) funct ion y i e l d s  values  of E - E  
range -0.004+ 0.01 eV. 
i s  increased and po lyc rys t a l l i ne  ( S N )  i s  formed 
t h e  mater ia l  becomes a semiconductor 712). 
G(E,T) func t ion  descr ibes  t h i s  behavior a l s o  
w i t h  E - EF -0.01 eV, 
ex ten t  o f  c r y s t a l  d i so rde r  i n  t h i s  type of  mater ia l  
w i th  a numerical value of E - E F  obtained by use 
of  t h e  G(E,T) funct ion.  

The experimentally determined e l e c t r i c a l  con- 
d u c t i v i t y  versus  temperature curves f o r  the  
ma te r i a l s  (TFlTSF)2PF6 (13) and TTF-ENQ (14) ,  and 
those predicted i n  terms of G(E,T) for values  of 
E - E ~ . e q u a l  t o  0.0038 and 0.012 e V ,  r e spec t ive ly ,  
a r e  given i n  Figures 2 and 3. It i s  wel l  known 
t h a t  t h e  amplitude of  t h e  conduct ivi ty  maximum f o r  
a metal- insulator  t r a n s i t i o n  v a r i e s  markedly from 
c r y s t a l  t o  c r y s t a l  f o r  a iven mater ia l .  Therefore, 
p rec i se  f i t s  of t he  G(E,T 7 func t ion  with experi-  
mental conduct ivi ty  da t a  f o r  any given c r y s t a l  
sam l e  a re  not  t o  be expected. Lower va lues  of 
u( T$, a t  t h e  metal- insulator  t r a n s i t i o n  temper- 
a t u r e y h a n  those pred ic ted  i n  terms of G(E,T) are 
common, and can be expected f o r  low q u a l i t y  o r  
disordered c r y s t a l s .  However, the  higher  experi-  
mental va lues  of c(T), 
p red ic ted  i n  terms of &E,T) t h a t  a r e  shown f o r  
(TMTSF)*PF and TTF-TCNQ again r a i s e  t h e  quest ion 
of supercogducting f l u c t u a t i o n s  i n  these  ma te r i a l s  

Heeger (16) r e p o r t s  t h a t  deuteron i r r a d i a t i o n ,  
which induces c r y s t a l  d e f e c t s  i n  TTF-TCNQ and 
s i m i l a r  substances,  y i e l d s  a decrease i n  the  con- 
d u c t i v i t y  maximum and an increase  i n  the  metal- 
i n s u l a t o r  t r a n s i t i o n  temperature with increas ing  
i r r a d i a t i o n  dosage. 
these  a r e  the  e f f e c t s  pred ic ted  by G(E,T) f o r  in-  

It is  known That i r r a d i a t i o n  produces de fec t s  

i n  the  
A s  t h e  ex ten t  of  8 i so rde r  

The 

Thus, one can a s soc ia t e  the  

as compared t o  t h o s e  

(15). 

A s  pointed out  previously 
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ASPECTS OF ELECTRICAL CONDUCTIVITY 339 

creas ing  values  o f  E - E F  They can be expected 
when the  ex ten t  of  l a t t i c e  d i so rde r  increases ,  

The G(E,T) func t ion  a l s o  descr ibes  t h e  con- 
d u c t i v i t y  of some semiconducting mater ia l s  such 
a s  s i n g l e  c r y s t a l s  o f  germanium (17). The ex- 
perimental  da t a  f o r  t h i s  ma te r i a l ,  and the  G(E,T) 
func t ion  ca l cu la t ed  with E - E F  equal t o  0,46 e V  
a r e  given i n  Figure 4, The conduct ivi ty  versus  
temperature da t a  f o r  v i t r eous  type 7740 boro- 
s i l i c a t e  (Pyrex) g l a s s  (18), and the  curve cal-  
cu la t ed  i n  t e r n s  of  G(E,T) w i t h  E - E F  equal  t o  
1.16 eV are given i n  Figure 5 .  Even i n  t h i s  
highly disordered mater ia l  t h e  agreement between 
experimental r e s u l t s  and the  G(E,T) ca l cu la t ions  
i s  very good, Thus, the  a p p l i c a b i l i t y  of t h e  
G(E,T) func t ion  t o  t he  temperature dependence of  
e l e c t r i c a l  conduct ivi ty  holds f o r  both ordered 
and disordered mater ia l s .  

OTHER APPLICATIONS OF THE G(E,T) FUNCTION 

Capacitance 

The general ized e l e c t r i c  cu r ren t  dens i ty ,  J, 
can be wr i t t en  as 

J = Jt + Jd (5 1 

where J;t r ep resen t s  t he  t r a n s p o r t  cu r ren t  dens i ty ,  
and J d i s t h e  displacement cu r ren t  dens i ty .  
displacement cu r ren t  dens i ty  can be assoc ia ted  
wi th  the  e l e c t r i c  charge accumulation, o r  t he  
capaci tance (19) .  

s t r eng th ,  one can expect t h e  G(E,T) func t ion  t o  
a l s o  descr ibe  t h e  temperature dependence of the  
capaci tance,  Data f o r  the experimental tempera- 
t u r e  dependence of  t he  capacitance of SrTi03 (20), 
and t h e  G(E,T) func t ion  with E - E F  equal  t o  0.010eV 
p l o t t e d  on an a r b i t r a r y  sca l e  a re  shown i n P i g u r e 6 .  

Electromagnetic Radiation andElec t r i ca1  Conductivity 

G(E,T) func t ion  f o r  t%e conduct ivi ty  of ( S N )  
0.0010 eV. 

The 

Since (T = J / E  , where E is t h e  e l e c t r i c  f i e l d  

The value of E - E  determined i n  t e r n s  of  t he  
i s  

An energy value on t h e  order  of  8,001 e V  
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340 P. LOVE 

corresponds to electromagnetic radiation in the 
millimeter wavelength region. One, therefore, 
expects that millimeter microwave irradiation 
should cause anomalies in the conductivity of 
single crystals of materials such as high quality 
single crystals of ( S N )  . This assumes that a 
significant portion of %he transport current 
density occurs within the skin depth region of 
the metallic substance. For metallic substances 
that undergo a metal-insulator transition the 
effect of  microwave irradiation can be expected 
to be the most noticeable just below the electri- 
cal conductivity maximum on the low temperature 
side. It would be of interest if the reverse 
effect, microwave emission resulting from the flow 
of electric current, should occur. 

For values of E - E F - 0 . 0 1  - 0.02 eV the G(E,T) 
function describes semiconductor behavior. Energy 
of this order of magnitude corresponds to infrared 
radiation. Both microwave and infrared radiation 
absorption by metals and semiconductors has been 
studied (21). Some of these results might be 
reexamined in terms of the model of thermal exci- 
tation of valence electrons into the conduction 
band herein discussed. 

Possible Relationship of G(E,T) to Superconductivity 

A s  indicated in the Introduction the Fermi 
function predicts that for positive values of E-EF 
the conduction band electron density tends to zero. 
This is the result to be expected for a cumulative 
probability function. 
values of E-EF<O.OO1 eV predicts significantly 
finite values of the conduction band electron 
density for temperatures near absolute zero. The 
G(E,T) probability density function, therefore, 
suggests a logical correlation between ohmic con- 
ductivity and superconductivity at temperatures 
near absolute zero. 

The G(E,T) fur-ction for 

CONCLUSION 

Use of the derivative of the Permi function 
with respect to temperature, G(E,T), as the prob- 
ability density function for electron occupancy in 
the conduction band allows one to predict the 
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general form of the temperature dependence of 
electrical conductivity for various types of 
materials. A simple model of thermal excitation 
of valence electrons into the conduction band, 
and to a first approximation temperature inde- 
pendent mobilities and temperature independent 
density of states functions are assuued. The 
G(E,T) function is applicable to the conductivity 
of low-dinensional metallic substances which have 
a monotonic increasing conductivity with decreas- 
ing temperature, and to those that exhibit a 
metal-insulator transition. The G(E,T) function 
also describes the temperature dependence of the 
electrical conductivity of semiconductors such as 
single crystals of germanium and vitreous mate- 
rials such as Pyrex glass.  Collectively the 
range of conductivities characterized by this 
function span about 20 orders of magnitude and a 
total tenperature range of approximately 1000 K. 

The G(E,'P) function appears to be applicable 
to other electron transport properties such as 
capacitance. The temperature dependence of the 
capacitance of SrTiO is cited as an example. 

G(E,T) function to experimental electrical con- 
ductivity data correspond to microwave and infrared 
radiation for metallic and semiconducting mate- 
rials. This suggests that electromagnetic irra- 
diation in these regions may cause anomalies in 
the conductivity of metals and semiconductors, 

The G(E,T) function in contrast to the Fermi 
function predicts finite electron densities in 
the conduction band of metallic substances near 
absolute zero. This suggests a possible corre- 
lation between ohmic conductivity and supercon- 
ductivity in this temperature region. 
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