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Résumé - Nous avons mesuré la rës is t iv i té électrique, jusqu'à 2.5 GPa et à 
la température ambiante, des graphites intercalés CpPeClg, CnSbF5 et CnHN03. 
L'augmentation de la résistance jusqu'à 2.5 GPa est sensiblement la même 
dans les t rois cas. On a constaté une transit ion de phase dans chacun des 
deux derniers matériaux, les caractéristiques de ces transitions étant 
diffe'rentes. Nos résultats sur la variation de la résistance du polypyrrole 
sont en accord avec la théorie de "sauts à pas variable". I l parait que la 
densité d'états au niveau Fermi augmente avec la pression. 

Abstract - We have measured the pressure dependence up to 2.5 GPa of the 
electrical resistance of the acceptor intercalated graphites CnFeCl3, 
CnSbF5, and CnHN03. The slope of resistance versus pressure is approximately 
the same in all cases. Two different types of high pressure transitions are 
observed in CnSbF5 and CnHN03. The results of electrical resistance measure­
ments under pressure in polypyrrole are consistent with a simple extension 
of the variable-range-hopping model. We infer for this material that the 
density of states at the Fermi level increases with pressure. 

INTRODUCTION 

During the past year we have begun a study of the pressure dependence of resistance 
in graphite intercalated compounds (GIC's) and doped polypyrrole (PPy). A common 
behaviour of these organic materials is their large conductivity after doping with 
similar agents. Typical values are 10s S/cm for GIC's (in plane), and 102 S/cm for 
doped PPy, as compared to that of copper, 5.8-105 S/cm. Also, very few high pressure 
measurements have been performed on these materials and existing results are contra­
dictory. As will be shown below our results on HN03-GIC are entirely incompatible 
with those of lye et al /1/. Regarding polymers the pressure dependence of the 
optical absorption HI and the electrical conductivity /3/ in polyacetylene, (CH) , 
have been reported previously. In this first study of the pressure dependence of 
the electrical conductivity in boron-fluoride doped PPy we will examine the Mott-
Davis IM variable range hopping (VRH) model, which has been used previously to 
fit the a(T) data for polypyrrole /5,6/. 

EXPERIMENTAL 

The high pressure experiments have been performed in a conventional piston-cylinder 
apparatus /7/. As pressure transmitting medium in a standard Teflon® cell we have 
used a 50/50 mixture of normal- and isopentane, providing hydrostatic conditions 
to about 7 GPa at room temperature. The temperature is limited to the range between 
250 K to 300 K due to the massive nature of the apparatus. 

Stage 2 FeCl3 and stage 1 SbF5 samples were obtained from Professor F. Lincoln 
Vogel, and stage 2 HN03 samples from Professor John E. Fischer, both of the Uni-
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vers i  t y  o f  Pennsylvania, Phi ladelphia,  U.S.A. The c o n d u c t i v i t i e s  o f  these samples, 
a t  room temperature and ambient pressure, were measured by a contact less open c o i l  
i nduc t ion  method /a/. Under pressure we used a contact less, closed t o r o i d a l  core 
method /9/. 

Boron- f luor ide doped PPy samples were prepared i n  Linkoping according t o  standard 
procedures /5/ and sent under i n e r t  atmosphere t o  Umed f o r  h igh  pressure study 
us ing the 4-point  contact  method. Before p ressur i z ing  R(T) was measured between 
77 K and 300 K. 
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Fig. 1  - Re la t i ve  res is tance o f  CnHNO, 
versus pressure. 

PRESSURE (GPa) 

Fig. 2 - Phase diagram o f  CnHNO,. 

RESULTS AND DISCUSSION 

I n  a l l  the acceptor i n t e r c a l a t e d  samples, i.e. FeC1,-, SbF,-, and HNO -GICis, 
examined here, the pressure c o e f f i c i e n t s  o f  resistance, ( I/R(O) ) ( ~ R ( P Q / ~ P ) ,  have 
about the  same value, +0.1 GPa-1, which con t rad ic ts  t h a t  o f  I y e  e t  a1 /I/, who 
r e p o r t  -1.0 GPa-l. This discrepancy was noted i n  e a r l i e r  measurements by t h e  
authors / T O /  on the  FeC1,- and SbF,-GIC's, and now on HN0,-GIC f o r  conclus ive com- 
parison. 

I n  the SbF,-GIC we have repor ted i n  Ref. / l o /  a  very slow (24 hours) phase (stage) 
t r a n s i t i o n  a t  about 1.2 GPa, accompanied by a f u r t h e r  increase i n  res is tance.  I n  
the HN0,-variety we observe an almost instantaneous order-d isorder  t r a n s i t i o n ,  
accompanied by a sharp drop i n  resistance, as can be seen i n  .Fig. 1. At  room 
temperature the  t r a n s i t i o n  occurs a t  about 0.45 GPa. The hys te res is  i s  about 
0.05 GPa on decreasing the  pressure, The corresponding hys te res is  i n  CuSbF, i s  about 
0.5 GPa. At  1 bar  the  t r a n s i t i o n  temperature i s  about 240 K, which i s  i n  agreement 
w i t h  repor ted data /11/, and a lso  v e r i f i e d  a t  our labora to ry  by d i f f e r e n t i a l  
scanning ca lor imetry .  The phase diagram, showing the  boundary between the low 
temperature ordered s t r u c t u r e  and t h e  h igh  temperature disordered one, i s  shown i n  



Fig. 2. The slope, dT/dP, o f  the phase boundary a t  room temperature and 0.45 GPa 
i s  91 K/GPa, and a t  atmospheric pressure and 240 K, 132 K/GPa. According t o  the 
theory o f  DiVincenzo e t  a1 /12/, based on the Clausius-Clapeyron equation, the  
change i n  slope o f  the phase boundary ind ica tes  a r a t i o  A R ( O . ~ ~ ) / A ~ ( O )  = 0.70, where 
An equals the change i n  volume upon i n t e r c a l a t i o n .  

POLYPYRRO LE 

PRESSURE (GPa) PRESSURE (GPO) 

a 
Fig. 3 - Re la t i ve  conductance o f  Fig. 4 - The VRH parameter To - -- 

pol y p y r r o l e  versus pressure. versus pressure. N(EF) 

At room temperature and atmospheric pressure the  po lypy r ro le  samples had a dc con- 
d u c t i v i t y  i n  the range 35 < a < 55 S/cm. A t y p i c a l  normalised curve o f  conductance, 
G = 1/R, versus pressure i s  shown i n  Fig. 3 and ind ica tes  an increase i n  sample con- 
ductance by 85 % t o  2.5 GPa. 

I n  a previous paper /13/ we have shown t h a t  the  T-dependence a t  P = 1 bar  f i t s  the 
VRH model /4/, 

o = A(T,/T)$ ~ X ~ { - ( T ~ / T ) " ~ I .  

It was a lso  shown t h a t  the  data f i t  equa l l y  we l l  a f u n c t i o n  o f  the  type a(T) = 
a Tn. However, instead o f  being a constant,  as i n  polyacetylene (n.13) /14/, n f o r  
~ f i y  changes from 0.75 ( a t  1 bar )  t o  0.35 ( a t  2.0 GPa), and seems t o  be constant a t  
P > 2.0 GPa. This  behaviour l e d  us t o  consider the P-dependence i n  the VRH model. 
As a f i r s t  approximation we assumed t h a t  the c h a r a c t e r i s t i c  decay leng th  o f  the 
l o c a l i z e d  s t a t e  l / a  increases w i t h  pressure. Then, a = a ( I -h -P) ,  where h = 0.04 
GPa-l i s  the l i n e a r  compress ib i l i t y ,  here taken equal t o 0 t h a t  o f  (CH) / 3 / ,  s ince 
the c o m p r e s s i b i l i t y  o f  PPy i s  unknown. To(P) i n  the VRH equation now gecomes 
To(P) F To(0) ( l -h .P)3,  where To(()) = ~ 4 a ~ / + k ~ N ( ~ ~ ) ,  and N(EF) i s  assumed constant.  
I n  our samples, To(0) = 1.0 . l o 5  K, i n  agreement w i t h  p rev ious ly  publ ished r e s u l t s  
/5/. At  low pressure t h i s  model agrees roughly  w i t h  experiment, b u t  a t  h igher  
pressures i t  deviates s i g n i f i c a n t l y .  At  each pressure, To can be ca lcu la ted  from 
the slope o f  l n (aT?)  versus T-1/4. Fig. 4 shows the v a r i a t i o n  o f  To w i t h  pressure 
obtained i n  t h i s  way. Supposing the value o f  h used i s  reasonable, a best  f i t  i s  
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obtained f o r  To(P) - (I-h-P) ' .  Since a3  - ( l - h - P ) 3  i t  i s  reasonable t o  assume t h a t  
the dens i t y  o f  s ta tes,  N(EF), increases considerably w i t h  increasing pressure. 

We would l i k e  t o  thank Dr. Russell Ross and Professor Gunnar Backstrom f o r  reading 
the manuscript. This work was f i n a n c i a l l y  supported by the  Swedish Natura l  Science 
Research Council. 

REFERENCES 

1. IYE Y., TAKAHASHI O., TANUMA S., TSUJI K. and MINOMURA S., J. Phys. Soc. Japan 
51 (1982) 475. 

2. mSES D., FELDBLUM A., DENENSTEIN A.D., CHUNG T-C., HEEGER A.J. and MACDIARMID 
A.G., Mol. Cryst.  L iq .  Cryst.  83 (1982) 87. 

3. FERRARIS J.P.. WEBB A.W., WEBETD.~. . FOX W.B., CARPENTER J r .  E.R. and BRANT P., 
Sol. S ta te  ~ommun. 35 (1980) 15. 

4. MOTT, N.F. and DAVISE.A., E lec t ron ic  Processes i n  Non-Crysta l l ine Mate r ia l s  
(Clarendon Press, Oxford, 19/9) Chapter 2. 

5. KANAZAWA K.K., DIAZ A.F., GILL W.D., GRANT P.M., STREET G.B., GARDINI G.P. and 
KWAK J.F., Jour. Syn. Met. 1 (1979/80) 329. 

6. WATANABE A., TANAKA M. and TANAKA J., B u l l .  Chem. Soc. Japan 54 (1981 ) 2278. 
7. SUNDQVIST B. and BKCKSTROM G., High Temp.-High Pressures 9 (1V;f7) 41. 
8. SUNDQVIST 9. and LUNDBERG B., J. Phys. E: Sci.  Instrum. lg (1983) 408. 
9. SUNDQVIST B. and LUNDBERG B., i n  High Pressure i n  Sc ienceand Technology, 

C.G. Homan, R.K. MacCrone, and E. Whalley ( E d i t o r s )  (E lsev ier ,  New York 1984). 
10. SUNDQVIST B. and LUNDBERG B., J. Phys. C :  S o l i d  State Phys. 17 (1984) L133. 
11. WU T.C., VOGEL F.L., PENDRYS L.A. and ZELLER C., Ma te r ia l  ScGnce and 

Engineering 47 (1981) 161. 
12. DIUINCENZO D T . ,  FUERST C.D. and FISCHER J.E., Phys. Rev. B 9, No 2 (1984) 

1115. 
13. LUNDBERG B., SUNDQVIST B., INGANKS O.,  LUNDSTRUM I .  and SALANECK W.R. To be 

publ ished i n  Mol. Cryst.  L iq .  Cryst .  
14. MOSES D., CHEN J., DENENSTEIN A., KAVEH M., CHUNG T.C., HEEGER A.J., MACDIARMID 

A.G. and PARK Y.W., S o l i d  State Commun. 40 (1981) 1007. 


