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The semiconductive organic crystal of [(C¢H;);PCH;]*(TCNQ), is known to undergo a first-order phase
transition at 315.7°K. The discontinuity in the temperature dependence of the electrical conductivity takes
place at the transition temperature, above which the populations of the electrons and the holes in the electrical
conductivity increase abruptly. A theoretical consideration of the system of conduction carriers in an intrinsic
semiconductor was developed in order to evaluate the entropy change of the electrons and holes at the phase

transition.

For [(CeH;);PCH,]* (TCNQ), , this kind of entropy change was found to be much less than the
total entropy change determined from the heat-capacity measurements by Kosaki et al.

In view of these results,

it was concluded that the anomaly in the electrical conductivity was induced by the change in the crystal struc-

ture.

There are a few organic semiconductors that are
known to undergo phase transitions.!»? The phase
transitions of such organic semiconductors are par-
ticularly interesting, since the anomalies in their elec-
trical conductivities are associated with their phase
transitions.

Much attention has been paid to the solid anion
radical salts of 7,7,8,8-tetracyanoquinodimethane

(TCNQ) because of their high electrical conduc-
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tivities.1=¥ The phase transition of the TCNQ anion
radical salt of methyltriphenylphosphonium, [(Cs-
H,),PCH,]*(TCNQ),”, is known to take place at
315.7°K.1:5-)  Heat-capacity measurements of this
phase transition have been made by Kosaki et al.”)
The transition has thus been found to be of the first
order. The enthalpy and the total entropy change
associated with the phase transition were experimen-
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tally determined to be 485.18 cal/mol and 1.7206
cal/deg-mol respectively.
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Fig. 1. 7,7,8,8-Tetracyanoquinodimethane (TCNQ).

On the other hand, the discontinuity in the tem-
perature dependence of the electrical conductivity
of [(CgH;),PCH,]*(TCNQ), was observed at the
transition temperature, where the electrical conductivi-
ty increased abruptly by a factor of about 3.5 in
the higher temperature range.! This change was
found to be reversible. If this anion radical salt
belongs to an intrinsic semiconductor, the temperature
dependence of the electrical conductivity, ¢, below
or above the transition temperature can be expressed
by:

g = oyexp (—E,/2kT), (1

where E, is the energy gap between the conduction
band and the valence band. The energy gap in the
low-temperature phase, F,, was experimentally deter-
mined to be 0.82+0.04 ¢V, while that in the high-
temperature phase, E ', was thus determined to be
0.60+0.04 eV.) An appreciable decrease in the
energy gap by about 0.22 eV in the high-temperature
phase was found to be caused by the phase transition.
Therefore, at the transition temperature, the abrupt
increase in the electrical conductivity in the higher
temperature range can be understood mostly in terms
of the increase in the population of conduction car-
riers in the high-temperature phase. At this time,
the abrupt increase in the electrons and the holes
should cause some entropy creation at the phase tran-
sition.

The purpose of the present paper is to examine
to what extent this kind of entropy change contributes
to the total entropy change as determined by the
heat-capacity measurements. For this purpose, a
general statistical theory for the system of electrons
and holes in an intrinsic semiconductor will be de-
veloped in the Theoretical section. The entropy
change due to the electrons and holes was evaluated
when a first-order phase transition takes place in
the semiconductor. By applying this theory to the
phase transition of [(CgH;),PCH,]* (TCNQ),, we
shall investigate the mechanism of the phase tran-
sition of this anion radical salt.

Theoretical

Let us consider, in general, the system of an in-
trinsic semiconductor, where the energy gap between
the conduction band and the valence band is assumed
to be E,. In the case of a usual organic semicon-
ductor, the band widths of both the conduction band
and the valence band are narrow enough in compari-
son with the energy gap.®® The carriers for the
electrical conduction are excited electrons in the
conduction band and holes in the valence band. For
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Fig. 2. A schematic representation of the band structure
of an intrinsic semiconductor. The zero energy level is
taken at the top of the valence band. FE, is the energy
gap between the conduction band and the valence band,
and u is the level of the Fermi energy.

an intrinsic semiconductor, the number of the elec-
trons is equal to that of the holes.

Electrons in Conduction Band. First, let us pro-
ceed to consider the electrons in the conduction band.
It is convenient to describe this system as a grand
canonical ensemble.’® The grand partition function,
Z, at the temperature 7 is represented by:

Zg = Z €Xp (—ﬁ; &), (2)

f=E—n  B= ©
where the sum with ¢ runs over all the conceived quan-
tum states. In the ¢ th quantum state, E, is the energy
of an eclectron and n; represents the number of elec-
trons. # 1is the chemical potential (i.e., the Fermi
energy). For the Fermi-Dirac statistics, since n,=0
or 1,

Zg = TL(1 + e-#e). 4)

The entropy cf the system of the electrons in the

conduction band, S(electron), can be derived from:
9 (1
] = |\ —
S(electron) aT<ﬁanG)V'#

+ T‘IZI (efei4-1)—1g,. (5)

=k 3 In (14e-fei)

By using the form of the Fermi-Dirac distribution
function of f;=1/(ef<i4-1), S(electron) is expressed as:

S(electron) = —kS[fiIln f, + (1—f) In(1—f)]. (6)

The first Brillouin zone in the conduction band is
composed of N conduction levels, each of which in-
cludes « and g spin states. Then,

S(electron) — —Qk%[ft Infi+ (I—f)In(1—f)1. (7)

In Eq. (3), the energy of the electron in the con-
duction band, E;, and the Fermi energy of the intrinsic
semiconductor, u, are;
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E, =E, + Sy (8)
1 3 mp,
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where %2k ;2/2m, is the kinetic energy of the electron
and is related to the conduction band structure, and
where m, or m, is the effective mass of the electron
or the hole respectively. In the case of usual organic
semiconductors, although it is very difficult to deter-
mine the precise band structures, the band widths of
both the conduction band and the valence band are
of the order of kT'%% Since E, is much larger than
kT, one can neglect, in Eq. (8), #%k,?/2m, in com-
parison with E,, and g is very nearly equal to %E,.
By the use of these approximations, the Fermi-Dirac
distribution function of f, is replaced by:

1 .

Sf=r= exp(Ey/2kT) + 1 (i=1,2,---, N). (10)
Therefore, from Eq. (7), we have:

S(electron) = —2NE[fIn f+ (1—f)In (1—1)]. (11)

Holes in Valence Band. The holes in the valence
band can be treated in a way similar to that of the
electrons in the conduction band. In the case of
the holes in the valence band, the Fermi-Dirac distri-
bution function is:

1

So= Sy (12)

in the valence band is:

(13)

Here, the energy of a hole, E
#i2k,?
~om,

i
E; =

If we assume that £, is much larger than #2k.2/2m,,

1 .
f=fi= “oxp (B 2kT)+1° (i=1,2,=-, N). (14)

In this case, the entropy of the system of the holes
in the valence band, S(hole), is found to be identical
with that of the electrons in Eq. (11).

Entropy Change Associated with a First-order Phase
Transition. By summing S(electron) and S-
(hole), the entropy per mol for the system of the con-
duction carriers in an intrinsic semiconductor, S(carrier),
is then expressed as:

S(carrier) = S(electron) + S(hole)
= —4R[fIn f+(1—f)In (1—f)]. (15)

Let us now consider the case when a first-order
phase transition takes place in the intrinsic semicon-
ductor at the temperature, 7,. The energy gaps for
the low-temperature phase and the high-temperature
phase are assumed to be F, and F, respectively.
At the transition temperature, the Fermi-Dirac dis-
tribution function, f, and the entropy for the system
of the conduction -carriers, S(carrier), in the low-
temperature phase can be derived from the 7, and
E, values by means of Egs. (10) and (15), while those
in the high-temperature phase, f’ and §’(carrier),
can be derived from the T, and £, values. Therefore,
for the system of the conduction carriers, the entropy
change, 4S(carrier), at the phase transition is esti-
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mated to be:
AS(carrier) = §'(carrier) — S(carrier). (16)

Application of the Theory to the Phase
Transition of [(CsHs)sPCH;]+H(TCNQ ),

In this section, the above-mentioned theory will be
applied to the phase transition of the anion radical
salt of [(C¢H;),PCH,]*(TCNQ),~ at 7,=315.7°K.
For this anion radical salt, as has been described in
the Introduction, the energy gap between the con-
duction hand and the valence band in the low-tem-
perature phase, E,, is 0.82+0.04 eV, while that in
the high-temperature phase, E,, is 0.60+0.04 eV.D)
Therefore, these values well fulfill the condition that
both E, and E, should be considerably larger than
kT, The notations described in the preceding
section will be used for f, S(carrier), f’, and §’(carrier).
From Eq. (10), f and f” at the transition temperature
are evaluated approximately by:

f = exp (—E,2kT,), (17)
S = exp (—E,[2kT,). (18)
Putting the values of f and f’ into Eq. (15), we have;
S(carrier) = 3.7 x 105 cal/deg-mol, (19)
S’ (carrier) = 1.5x 10-3 cal/deg-mol. (20)

Therefore, for the phase transition of [(C4H;),PCH,]*-
(TCNQ),~, the molar entropy change due to the
electrons and holes for the electrical conduction is
estimated to be:

AS(carrier) = 1.5%10-2 cal/deg-mol. (21)

Discussion

The above-mentioned results clearly indicate that,
in the phase transition of [(C4H;),PCH,]*(TCNQ),~,
the magnitude of AS(carrier)=1.5%10-3 cal/deg-mol
is negligibly small in comparison with that of the total
entropy change, A4S(obs)=1.7206 cal/deg-mol, as
determined from the heat-capacity measurements.?”
This means that it is quite hopeless to consider the
system of the electrons and the holes in the electrical
conduction as the main source of entropy creation
at the transition. Therefore, most of the total en-
tropy change was found to arise from other sources.

Let us examine the entropy change in the magnetic
spins associated with the unpaired electrons on the
TCNQ, anion radicals. Obviously, the [(CHj;),-
PCH,]+(TCNQ),~ anion radical salt is composed
of the diamagnetic counter cations, TCNQ anion
radicals, and formally neutral TCNQ molecules.3-%
The magnetic spins (S=1/2) on the TCNQ, anion
radicals are known to be paired up by an exchange
interaction.” This system contains a singlet ground
state and a triplet exciton state. However, Kepler
found a sharp discontinuity in the temperature de-
pendence of the paramagnetic susceptibility of [(C-
H,),PCH,|*(TCNQ ),~ at the transition tem-
perature.”) Chesnut showed that a certain type of
order-disorder transition with respect to the triplet
exciton density does occur if one includes in the inter-
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action a term which is quadratic in the triplet exciton
density, p.'Y) In this case, the spin entropy change,
A8 (spin), associated with the phase transition is:

AS(spin) = HRAp In 3, (22)

where 4p is the change in the triplet exciton density
at the transition. In a previous paper,!? the present
author estimated the value of AS(spin) for the phase
transition of [(CgH;),PCH]*(TCNQ),= to be 0.13
cal/deg-mol by the use of 4p=0.12, which was cal-
culated from Kepler’s data on the discontinuity in the
paramagnetic susceptibility at the transition tem-
perature.? Although the value of AS(spin) is ap-
preciably larger than that of AS(carrier), the value of
AS(spin) is again much less than that of AS(obs).

The above-mentioned investigations indicate that
the rest of the entropy change, 4S(obs)—A48(car-
rier) —AS8(spin) =1.59 cal/deg-mol, should be as-
cribed to the entropy change due to the change in the
crystal structure. It is important to note that the
magnitude of this residual entropy change amounts
to 92.4%, of the total entropy change of 4S(obs). In
view of these results, we may conclude that the phase
transition of the anion radical salt of [(C H;),PCH,]*-
(TCNQ);™ at 315.7°K comes mostly from some struc-
tural changes. The anomalies in the electrical con-
ductivity and in the paramagnetic susceptibility are
probably induced by the change in the crystal struc-
tures.

I1) D. B. Chesnut, J. Chem. Phys., 40, 405 (1964).
12) Y. lida, This Bulletin, 43, 3685 (1970).

Semiconductive Property and Phase Transition of Anion Radical Salt

3347

Concluding Remarks

For such semiconductors as [(CgHj)sPCHgl*-
(TCNQ),~, where the energy gap is considerably
larger than k7, the magnitude of the entropy for the
system of the electrons and holes in the electrical con-
duction is negligibly small, since the distributions of
the electrons in the conduction band and of the holes
in the valence band are quite limited at the temper-
ature 7.

On the other hand, however, the carrier population
is very much increased for semiconductors in which
the energy gap is comparable to k7. In this case,
the magnitude of the entropy for the system of the
electrons and holes becomes appreciably large. If
these semiconductors undergo phase transitions, this
kind of entropy should make a significant contribution
to the mechanism of the phase transitions. In ad-
dition to the increase in the carrier population, the level
of the Fermi energy in Eq. (9) is not located at the
center between the conduction band and the valence
band. Therefore, Eq. (14) for the holes in the valence
band is no longer identical with Eq. (10) for the
electrons in the conduction band. Since one cannot
neglect the term of #%k2/2m, in Eq. (8) or that of
#2k2/2m, in Eq. (13) in comparison with that of E,
exact knowledge concerning the band structures of
both the conduction band and the valence band will
be required in order to evaluate the entropy due to
the electrons and the holes.
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