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ABSTRACT 

The observed an iso t ropy  reflects a 2D a r r a y  o f  
TCNQ's.  A p la t eau  i n  t h e  loga  v s  T - l  p l o t s  is 
computer f i t t e d  t o  t h e  Roberts-Schmidlin model of  
states i n  t h e  band-gap, with e l e c t r o n s  as ma jo r i ty  
carriers. The p red ic t ed  Seebeck c o e f f i c i e n t  is 
c o r r e c t  i n  s ign  (nega t ive )  and temperature- 
dependence, but  t o o  l a r g e ,  sugges t ing  a ho le  
con t r ibu t ion  t o  t h e  carriers; s t r u c t u r a l  d i s o r d e r  
is c l e a r l y  a f a c t o r .  

INTRODUCTION 

The mo o c l i n i c  d i e t h y l  b ipyr id i l ium complex (DEBP) 
(TCNQ):- shows c o n d u c t i v i t i e s  i n  t h e  p lane  of t h e  
TCNQ s h e e t ,  ub 1 uC and 20-30 times a a c r o s s  t h e  
p lanes  of  t h e  c a t i o n s .  
complex TEAt (TCNQ) 2 shows a 2000 g r e a t e r  conduct iv i ty  
(RT) along t h e  s t ack ing  a x i s  o f  t h e  T C N Q ' s  ( he re  t h e  
a axis), and a much more marked an iso t ropy ,  
a >> u > u and t h e  corresponding the rmoe lec t r i c  a c b y  power va lues  are 3 )  -59, t 1 . 5  and -49.5, a l l  WV K - l .  
By comparison, t h e  room temperature  thermopower for  a 

2 t  

a 
The t r i c l i n i c  triethylammonium 

[ 1 863]/ I23 
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1244 18641 N. DREW cr al. 

2 t  2- compressed d i s c  of (DEBP) (TCNQ)4 was -440 V V  K - l ,  and 

similar high negat ive  RT thermopowers were found for three 

o t h e r  semiconducting complexes4). For (DEBP)2t(TCNQ)2- 

t h e  e l e c t r o n  mob i l i t y  of  10-25 c m 2  V-l s-l a t  RT 

(aT-ln6) and hole  mob i l i t y  
were taken  t o  i n d i c a t e  narrow band conduct ion,  wi th  
s c a t t e r i n g  by l a t t i ce  phonons. 

2 v-l s -1 (aT-’”) of  4-8 c m  

Complex I 

EXPERIMENTAL 

Complex II 

The two complexes s t u d i e d . a r e  shown i n  Table 1. 

Formula 

Cation 

Crystal. 

Axis, & 

Crystal 

TCNQ 

Stack 

Dipyridyl butane 

Triclinic 

b, short 

a, medium’ 

c. long’ 

dimcn along 11 10 1 

at acute angle to b 

Dimethyl-bipyridinium ethane 

T li c I i n i c 

b, short 

a, long 

c. medium 

pain of dimers along 11 101 

at acute angle to b 

There is a vcond habit. hexagonal f . m  in the ac plane, where the external crystal 
c is thc direction at 1 to dimensions may be apparently merred, C.A. Owcnd) 

planes of TCNQs and cations. 

The p repa ra t ive  and a n a l y t i c a l  methods have been 
summarised i n  an earlier review4).  
were prepared by slow cool ing  of a nea r ly  b o i l i n g  
ace ton i t r i l e -wa te r  s o l u t i o n  ove r  three days i n  a D e w a r  
f l a s k  of hot  water. C r y s t a l s  o f  (11) were prepared by 
d i f f u s i o n  i n  a thermal  g rad ien t  of  18-ll°C over  3 months, 

C r y s t a l s  o f  ( I )  D
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ANISOTROPY OF THERMOPOWER AND CONDUCTIVITY [1865]/125 

t h e  so lvent  being d ry  a n a l a r  acetone.  
determinat ion used 2 copper wires a t t ached  by Ag-paint 
t o  t h e  oppos i te  s i d e s  of s i n g l e  c r y s t a l s ,  i n  g l a s s  c e l l s  
first pumped t o  loe6  t o r r  and f i l l e d  wi th  10 t o r r  He gas 
for heat  t r a n s f e r .  
equipment w i l l  be descr ibed  i n  a l a t e r  paper .  

The conduct iv i ty  

The s i n g l e  c r y s t a l  thermopower 

0, (WK, 200K) 4.9 x 10-l. S.0 x l C 3  

(WK, 220K) 5.7 x loe1, 7.3 x 

oc (ZOOK, ZZOK) 43 x 1C2, 4.9 x lo4 

Q, (WK, 220K) -77S, -219 

Q, ( W K ,  220K) -648, -170 

Q ( W K ,  220K) -546, -248 

RESULTS AND DISCUSSION 

o, (300K)0.6 x lo-' 

q, (300K) 1.8 x 10-1 

o, (300K) 0.26 x lo-' 

Q, (300K) -600 

Q, (300K) -600 

Q (300K) -280 

I n  t h e  case o f  I ,  DPB (TCNQ) t h e  d a t a  presented  are 
t h e  average va lues  of measurements on s e v e r a l  c r y s t a l s  
picked from three ba tches ,  and are be l ieved  t o  be accu ra t e  
wi th in  10%. 
l i n e a r  branches separa ted  by a reg ion  of  lower s lope  
("plateau") .  
3 axes  t h e  t r a n s i t i o n  occurred i n  t h e  same temperature  
i n t e r v a l  255-330 K. 
power va lues  fo r  a l l  3 axes  of complex I and complex I1 
are shown i n  Table 2 .  
shown i n  Fig 11, t h e r e  is only a very smal l  i n t e r v a l  of 
lowest s lope ,  t h i s  occur r ing  around 273 K f o r  a l l  3 
c r y s t a l  axes .  The low temperature  and high temperature  
a c t i v a t i o n  ene rg ie s  a r e  r e s p e c t i v e l y  0 .19  and 0.32 eV. 

4, 

A l l  t h e  logo vs T'l g raphs  exh ib i t ed  two 

A t y p i c a l  example is shown i n  F ig  1. For a l l  

The conduct iv i ty  and the rmoe lec t r i c  

I n  t h e  case of complex 11, a s  

T S  

Elccaierl Anisotropy 

Complex I I Complex I1 
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1264 18661 N. DREW et 01. 

FIGURE 1 
(medium) a x i s  of DPB(TCNQ14 s ing le  c r y s t a l .  
t he  computerised f i t  with the  parameters l i s t e d  i n  Fig 3 .  

Res i s t iv i ty  p (Q cm) - temperature f o r  t he  a 
The l i n e  is 

l W O K I T  

FIGURE 2 
a x i s  of DMPA(TCNQ14. 
second specimen evacuated a t  100°C . 
ised f i ts .  

Res i s t iv i ty  p - temperature for  t h e  c(medium) 

Lines are computer- 
0 evacuated at  90°C, 0 104OC, A a 
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ANISOTROPY OF THERMOPOWER AND CONDUCTIVITY [ 1867]/127 

The resu l t s  show t h e  conduct iv i ty  i n  t h e  ab  p lane  is 

This  ag rees  with 
5-10 times h igher  than  i n  t h e  c d i r e c t i o n ,  ac ross  t h e  
a l t e r n a t e  p lanes  of c a t i o n s  and anions.  

There is a higher  conduct iv i ty  a long t h e  TCNQ stacks 
u = 740 i2-l m - l  f o r  TEA (TCNQ)2: 
much higher  an iso t ropy ,  suggest ing a h igher  degree of 
order  i n  these  c r y s t a l s .  
two complexes appears  t o  be confirmed by an a n a l y s i s  of 
t h e  temperature-coeff ic ient  behaviour. 

our ear l ie r  work on (DEBP)(TCNQ)b and o t h e r  complexes. 4) 

This  complex a l s o  has  as 

The presence o f  d i so rde r  i n  our 

Temperature Coeff ic ien t  of Conduct ivi ty  

Roberts and Schmidlin have given a s ta t is t ical  t rea tment  
of t h e  effect  of l o c a l i s e d  e l e c t r o n  and hole  states i n  t h e  
band-gap, on t h e  conduct iv i ty  of semiconductors ,6) 
successfu l  i n  accounting f o r  graphs l i k e  Fig 1 when found 
f o r  G e  and S i ,  and Fig 2 ,  when found f o r  GaAs.7) 
model w e  have energy l e v e l s ,  conduction band edge Ec, deep 
ly ing  l o c a l i s e d  e l ec t ron  l e v e l s  E, and l o c a l i s e d  hole  
l e v e l s  Eq i n  t h e  gap, and valence band edge Ev. 
r e spec t ive  d e n s i t i e s  of states, i n  m-3, a r e  Nc, Nm,  Nq 
and N v .  
and then  t a k e  t h e  given ru l e s6 ,7 )  t o  ob ta in  i n i t i a l  
estimates of Ec, %, Eq, Nm, us ing t h e  three apparent  
a c t i v a t i o n  energ ies  c l e a r l y  def ined  i n  F ig  1 f o r  complex I 
( l e s s  c l e a r  f o r  11) .  
thermopower e s t a b l i s h e s  t h e  complexes t o  be N-type over  
t h e  whole temperature range embracing t h e  t r a n s i t i o n s .  
Thus w e  assume t h e  high temperature  a c t i v a t i o n  energy 
Eg (Ec - Ev)/2, and if El is t h e  low temperature  
a c t i v a t i o n  energy, E2, t h e  intermediate  value E l  - E2 
= J(Ec - G) and E2 - E3 J(Ev - Eq). 
temperatures are T12 and T23 i n  o rde r  T 1  < T2 < T3, 
Nm = Nc exp (E, - Ec)/kT12, N 
The p a r t i t i o n  func t ions  f o r  eqectrons Qe and holes  Qp were 
ca l cu la t ed  and hence t h e  F e m i  l e v e l  EF = kT I n  Qp 

2 -  
@e 

Thereaf te r ,  t o  s impl i fy  t h e  programme it was necessary t o  
omit t h e  hole  con t r ibu t ion  t o  t h e  conduct iv i ty  u, i e  t o  
assume t h e  mobi l i ty  p e  >> up,  al though i n  e a r l i e r  work on 
s i m i l a r  compounds, pe 3pp. With t h i s  assumption, i e  

I n  t h e  

The 

We take Ev = 0,  and assume Nc = Nv = 2.5 x 1025 m-3 

An important gu ide l ine  is t h a t  t h e  

If t h e  t r a n s i t i o n  

= Nv exp (Ev - Eq)/kT23. 

u = ANc exp (EF - Ec )/kT where A = eve, 
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1284 18681 N. DREW er al. 

t he  parameters E l ,  A ,  Nm, N 
t he  best  f i t  t o  t h e  loga vs T-1  p l o t ,  Figs 1 and 2 ,  where 
examples a r e  given. 
computed values l i e  within 3% of the  observed values f o r  
temperatures above 210 K. 
must be reserved for a f u r t h e r  publication. 
t h i s  method t o  t h e  th ree  c r y s t a l  axes of DPB(TCNQ)& gives  
t h e  energy l e v e l  scheme i n  Fig 3a, and t o  DMPA(TCNQI4 i n  
Fig 3b. The dotted l e v e l s  f o r  t h e  b a x i s  of t he  la t t ice  
show t h e  maximum v a r i a b i l i t  noted between c r y s t a l s .  
Applying t h e  Lark-Horowitz87 equation f o r  a band theory 
semiconductor t o  a calculat ion of thermopower Q , and 
assuming pe/pp >> 1, gives negative values,  of course, 
with t h e  o r r ec t  temperature c o e f f i c i e n t ,  but some 
900 pV K more negative than observed. It seems p r e t t y  
c l ea r  t h a t  we have neglected t h e  hole contr ibut ion t o  t h e  
thermopower, and hence t o  t h e  conductivity,  so i n  fu tu re  
work an attempt t o  omit t h i s  simplifying assumption w i l l  
be necessary. 

and Ec were varied t o  give 9 

Typically,  as i n  Fig 2 a l l  our 

The d e t a i l s  of our procedure 
Applying 

-E 

CONCLUSIONS 

Since the re  is every reason t o  assume an i so t rop ic  band 
gap, then the  higher values f o r  t h e  a and c axes ( i f  not 
due t o  va r i a t ions  from c r y s t a l  t o  c r y s t a l )  might imply 
act ivated mobil i t ies  contr ibut ing t o  t h e  a c t i v a t i o n  
energies along these axes,  and neglected 
It must a l s o  be noted however, t h a t  Ec - Ev is  deduced 
from an experimental slope E3 covering a small number 
of points a t  t h e  highest temperature, so inaccuracies can 
a r i s e  from t h i s  f a c t o r .  The d e n s i t i e s  of s t a t e s  f o r  (I) 
appear very reasonable, whereas f o r  (11) those for t he  
local ised electron l e v e l s ,  Nm, seem very high. Even for 
( I ) ,  the  values of Nm and Nq seem too  high t o  arise simply 
from any chemical impurit ies present ,  and s t r u c t u r a l  
disorder must a l s o  be assumed present .  
have given evidence f o r  considerable disorder  i n  ac 
conduction, 9) and i n  the  heavy trapping of photoconductive 
p u l s e s ,  which f i t  the  Mort-Scher treatmentlo).  The 
dens i t i e s  of  C u r i e  l a w  sp ins  a l s o  point t o  disorder ,  v i z  
3.7 x 1021 f o r  ( I ) ,  and 5.2 x 1021 f o r  (II), admittedly 
on d i f f e ren t  c r y s t a l  preparations.  

i n  t h e  ana lys i s .  

S i m i l a r  complexes 

By rapid c r y s t a l l i s a t i o n  it was possible t o  prepare 
microcrystals o r  "hairs" of a more highly conducting 
(very low ac t iva t ion  energy) phase of (DMPA)2t (TCNQ):-. 
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ANISOTROPY OF THERMOPOWER AND CONDUCTIVITY [1869]/129 

X-ray crys ta l lography ( D r  S C Wallwork) shows t h i s  t o  be 
even more d isordered ,  and t h e  h igher  conduct iv i ty  may 
r e f l e c t  t h e  onse t  of a hopping conduction between s t a t e s  
i n  t h e  band gap. 11) 

0.424 
Eq- Nq0.232 x 1s' 

I I 

t 
i 

E q Z  1.52 x lozo 

Em* 0.318 x loz2 

Eq- 0.471 x loZ2 

0.756 
E~- 4.25 1025 

E,- 2.05 x 1024 

2.02 x 1025 E ,  - 

2.81 L 1022 Em- 

0.761 

0.624 

1 . 1 9 ~  1s' 0.424 
Eq- 

E,L 2.5 1025 

C 

Eq- 5.4 x lozo 

FIGURE 3 Energy l e v e l s  and s t a t e  d e n s i t i e s ,  a ,  b and c 
axes.  
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