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Optical-absorption data have shown that Qn(TCNQ), and (NMP),.(Phen), _,(TCNQ) are semicon-
ductors up to T=300 K, with gaps due mainly to Peierls distortion on the TCNQ chains. To ex-
plain the observed slow falloff of the Peierls gaps with temperature, there must be a small additional
contribution to the gap due to the cation potential and perhaps Coulomb effects. As a result of the
interchain potential, the stable soliton defects arising from electrons in excess of 0.5/TCNQ mole-
cule are polarons rather than kinks. The stable polarons are found to consist of pairs of — %e, — —;—e
kinks or + —;—e, + %e kinks, thus being bipolarons. The energy levels, creation energy, and length of
the bipolarons are calculated in terms of the interchain potential A,. To obtain an approximate
value for A, the Peierls portion of the gap A, is calculated as a function of temperature T for dif-
ferent A, values and compared with the temperature variation of A, obtained from optical absorp-
tion. To carry this out it is necessary to determine the numbers of positive and negative bipolarons
as functions of 7. This is done by calculating their chemical potentials and relating these to the
Fermi energy. It is found that the theoretical Ay(T) agrees best with experiment for a A, /kp value
of ~25 K. The energy levels of the electrons bound in a bipolaron may then be calculated. Unam-
biguous evidence for the presence of bipolarons is not found in the optical absorption. Consideration
shows that the bipolaron absorption may be quite broad, due to structural imperfections as well as to

15 JUNE 1985

overlap, and therefore difficult to detect.

I. INTRODUCTION

Qn(TCNQ), and (NMP), (Phen);_,(TCNQ) for x~0.5
are quasi-one-dimensional charge transfer salts character-
ized by a close to one-quarter-filled conduction band on
the TCNQ chains, the only ones conducting, and large
Coulomb repulsion (compared to the bandwidth) for a
second electron on the same site (“large U”). Optical ab-
sorption of these materials has recently been found to van-
ish at low frequencies;l this shows that, contrary to the
supposition of many earlier investigators,”>~> they have
gaps at the Fermi energy. The strong appearance in the
absorption of the TCNQ a, modes,! expected to be in-
frared inactive due to their symmetry, shows that at least
a large part of the gaps results from Peierls distortion.®
In the large- U limit the wave vector of the Peierls distor-
tion is 4kr. For a quarter-filled-band material a 4kp
charge-density wave also results from Coulomb effects
when U >0 and V| >2V,, where V| and V, are nearest-
neighbor and next-nearest-neighbor repulsions, respective-
ly.” Thus the gap could originate partly from Coulomb
effects. If Coulomb effects were predominant, the gap
would be due to V,—2V, for the quarter-filled-band,
large- U case.’

The change in the a, modes from resonance to antireso-
nance is consistent with total gaps of ~1200 K. in
Qn(TCNQ), and 1800 K in (NMP), (Phen); _,(TCNQ) for
x~0.5," in good agreement with the values deduced ear-
lier from variation with temperature, 7, of conductivity,
0.%% The variation of the Peierls portion of the gaps with
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T may be obtained from the variation with T of the oscil-
lator strengths of the a; modes.'®!" Some of the data' for
Qn(TCNQ), are reproduced in Fig. 1. As T increases
from 6 K, the Peierls gap is seen to decrease fairly steeply
up to ~100 K. Beyond 100 K it decreases quite gradual-
ly with further increase in 7, about 25% remaining
at 300 K. Similar results were obtained for
(NMP), (Phen); _,(TCNQ), 0.50<x <0.56, but the data
show a great deal more scatter. The slow decrease of the
gap is not what is expected from mean-field theory. If the
gap were entirely of Peierls origin, it might be speculated
that the Peierls transition actually occurs at ~ 150 K and
the slow decrease thereafter is due to fluctuations, as was
found to be the case for tetrathiafulvalene (TTF) in TTF-
TCNQ.!' However, the behavior of o versus T indicates
Qn(TCNQ), is still a semiconductor above 150 K. A

similar slow decrease in the a, mode oscillator strength

above ~150 K is seen for (NMP),(Phen), _,TCNQ with
0.50<x < 0.53,! where it is clear from the rapid decrease
of o with T up to 300 K that a sizable gap persists
throughout the T range.'> Thus we believe the slow gap
decrease is due to the presence of an additional potential
on the chain arising either from Coulomb effects or the
cation chains. As will be discussed in more detail subse-
quently,'® an additional potential A,y supporting the gap
stabilizes the Peierls distortion by keeping electrons from
rising into the conduction band when T increases. Not
surprisingly in view of the relatively small gaps in these
materials, a small A,y has a large stabilizing effect.!
From the observed decrease of the Peierls gap to 300 K,
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FIG. 1. Data points represent oscillator strength (normalized
to the 6-K value) vs T, determined as described in Ref. 1, for
the TCNQ a, modes v; (691 cm™'), vz (600 cm™!), vy (306
cm™!), and vy (124 cm~!) in Qn(TCNQ),. Because these modes
are present only as a result of the Peierls distortion, their oscilla-
tor strength is proportional to the Peierls gap parameter A,.
The solid and dashed lines represent the calculated 7 depen-
dence for Qn(TCNQ), of Ag (normalized to its 0 K value) for a
T =0 gap in the absence of impurities of 1200 K, 1 =1145K, a
4% donor concentration, and A, =25 K and A,=10 K, respec-
tively. The dotted line represents the calculated Peierls gap
dependence for A, =0 and all other parameters the same as for
the other two lines.

A,q must be less than 25% of the 0-K gap. It is our con-
clusion from the calculations to be discussed, the results
of which are shown in Fig. 1, that for a Peierls gap of
1200 K A,4 can be no greater than ~25 K to allow the
amount of decrease found experimentally for the a,
modes. Thus the data of Fig. 1 give essentially the decay
of the total gap with 7.

We note that the gap in Qn(TCNQ), at room tempera-
ture is quite small, approximately a few hundred K. Evi-
dence for this, apart from the gap decrease shown in Fig.
1, comes from the behavior of o versus 7. Above 240 K
o actually decreases with increasing T the T dependence
of the mobility being stronger than that due to the varia-
tion of carrier concentration with 7. If the gap were en-
tirely due to Coulomb effects, this in itself would indicate
that ¥V, —2V, is quite small. According to Ref. 7 reason-
able values for V| and V, are 3V/2t and V'2t, respectively.
With ¢~1100 K for these materials,® ¥, —2V, would
then be ~1500 K. The fact that 4kp diffuse x-ray
scattering is seen from 25 K all the way to room tempera-
ture!* does not mean V;—2V, > 0; there could be a small
external mode contribution to the Peierls distortion. The
fact that the Peierls distortion is at 4kr requires only that
U be large. Evidence that U remains large to room tem-
perature comes from thermoelectric power'® and magnetic
susceptibility,'® for example. Small values of near-
neighbor repulsions and large on-site repulsion can be ac-
counted for by screening, which takes some distance to
develop fully. At room temperature due to the small gap
the carrier concentration in Qn(TCNQ), is ~0.1 times
that of metallic TCNQ compounds. Below room tem-

perature, down to ~50 K, Qn(TCNQ), is unusual in hav-
ing a low-frequency dielectric constant parallel to the
chains that is never less than 3 10* and reaches values
greater than 10°.> We conclude that, although the ex-
istence of the additional potential A,y has important ef-
fects, almost the entire gap in Qn(TCNQ), is due to
Peierls distortion. Perhaps the Coulomb contribution to
the gap is more important in (NMP),(Phen); _,(TCNQ)
for x close to 0.5. Unfortunately the optical data on such
samples raised questions about their quality. Neverthe-
less, for 0.53 <x <0.57, although, unlike Qn(TCNQ),, the
decrease in a, mode amplitude with increasing T showed
a great deal of scatter, in no case was it less than what is
shown in Fig. 1. This indicates that for this range of x
the gap in (NMP), (Phen), _,(TCNQ) also was mainly a
Peierls gap.

(NMP),. (Phen); _, TCNQ is unique in that the number
of electrons per site on the TCNQ chain, equal to x, may
be varied in a controlled way by changing the phenazine
concentration.” It was observed that kp stays constant
while x is increased from 0.50 to 0.56.!7 The suggestion
has been made that this could be accounted for by the oc-
currence of configurations with electron pairs bound on
adjacent sites due to Coulomb correlation.” Because the
Coulomb effects that would create such pairs are ap-
parently weak, as discussed above, it was concluded that
in this doping range the defect states that accommodate
any electrons beyond 0.50 per site are soliton states in the
gap. The particular solitons we suggested'?> were kinks,
domain walls interpolating between two degenerate ar-
rangements. of the Peierls-distorted TCNQ chain. The
properties of these solitons for quarter-filled-band large-
U-limit materials have been derived by Rice and Mele, 8
treating them as half-filled-band materials with U =0 and
neglecting V,V,, etc. Investigations of the effect of
Coulomb correlations on solitons in the half-filled-band
case, in particular polyacetylene, have shown that they
survive the relatively large Coulomb correlations—U ~ 2,
V', ~t—appropriate to polyacetylene.'®?® From the small
effect, if any, of V| and V, on the gap discussed earlier, it
is expected that solitons would survive the effects of
Coulomb correlations in these materials also. However,
kink solitons will not survive even a small interchain po-
tential with the periodicity of the Peierls distortion, as
will now be discussed.

The combination of quarter-filled band, large U, and
the Peierls distortion being a site distortion for these ma-
terials,® results in the Peierls-distorted chain consisting of
molecules of two different shapes alternating.?! Because
the two shapes result from different amounts of frozen-in
internal modes, to which the electrons are well coupled,
along with shape alternation there is an alternation of the
probability of finding a conduction electron on a site.
Given one arrangement of the Peierls-distorted chain, a
second, degenerate, arrangement may be generated by
shifting the first arrangement by one molecule. The de-
generacy is lifted, however, if there is an appropriate po-
tential on the TCNQ chains due to the cation chains. In

. the case of (NMP), s(Phen), s(TCNQ) the NMP’s, which

are positively charged, and phenazines, which are neutral,
alternate. The resulting potential on the TCNQ chains
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has the periodicity of the Peierls distortion. It is clear,
that the arrangement with the conduction electrons

preferentially opposite the NMP*’s has lower energy. If a
pair of kinks were formed with the higher-energy lattice
arrangement between them they would tend to come close
together to minimize the energy of the system.?! In this
situation, as pointed out by Campbell and Bishop,?? even
in the limit of small external potential the stable excita-
tion is another type of soliton, a bound-kink pair or pola-
ron.

Qn(TCNQ), cannot be doped in a controlled way but,

because it has a Peierls gap, must have thermally generat-
ed solitons of some kind and most likely also has solitons
due to accidentally incorporated impurities. The similari-
ty of T wvariation of o and thermopower'® of
typical Qn(TCNQ), samples to samples of
(NMP)g s4(Phen)g 4(TCNQ),2>?*  suggest that  the
Qn(TCNQ), samples have ~4% donors. This donor con-
centration is consistent with x-ray measurements of the
low-temperature correlation length along the chains of
~ 10 lattice sites,'# as will be seen later. Of course there is
no alternation of charge on the Qn chains as on the
NMP, sPheng s chains, but it is well known that there is a
random arrangement of the dipoles on the Qn molecules.”
This will result in a Fourier component of the potential on
the TCNQ chains with the periodicity of the Peierls dis-
tortion, making the stable solitons polarons. As has al-
ready been noted, the potential required to account for the
observed slow-gap variation with temperature is quite
small. The remaining Fourier components contribute to
disorder on the TCNQ chains, but the existence of the
Peierls distortion and 4kp x-ray scattering indicate that
the disorder effect is not significant.

In what follows we will first extend the present theory
for polaron properties?? to the quarter-filled-band large- U
case. It will be found that the only stable polarons consist
of pairs of charged kinks, thus bipolarons in the current
terminology.22 To avoid cumbersome notation, however,
we will frequently refer to them as polarons. The theory
leads to expressions for the creation energy of the bipola-
rons and their energy levels in the gap in terms of the in-
terchain potential, to be denoted A,. Because the effects
of ¥V, and V, are small, as has been seen, and difficult to
treat, to obtain an approximate value for A, we will as-
sume that the non-Peierls part of the gap is entirely due to
A,. We can then obtain a value for A, by calculating the
variation of the Peierls gap with temperature, with A, as a
parameter, and comparing with the experimental results
shown in Fig. 1. To calculate the gap we need expressions
for the free energy and variation with temperature of posi-
tive and negative bipolarons, which will be obtained in
Sec. ITI. Comparison of theory with experiment will be
carried out mainly for Qn(TCNQ), because, as indicated
earlier, the optical data for (NMP),(Phen);_,(TCNQ)
showed considerable scatter. Agreement of experiment
with theory is good in many respects; we discuss reasons
for the discrepancies.

II. PROPERTIES OF BIPOLARONS

Campbell and Bishop?? found that the polaron excita-
tion is a solution of the equations derived from the contin-
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uum Hamiltonian?® for a Peierls dimerized chain. The
polaron solution has gap parameter??

Ap(y)=A¢—kovr{ tanh[ko(y +yo)]
—tanh[ko(y —yo)1} » (2.1)

where, in the absence of an external potential, A, is the
ground-state gap parameter, i.e., the Peierls gap parame-
ter, and vr the Fermi velocity. The quantity k, is given
by

kovp =(A—wd)'? 2.2)

where tw, represents the distance from midgap of the
two bound states in the gap corresponding to the polaron.
The distance 2y, between the centers of the two kinks
bound in the polaron is given by the condition?

tanh(2kqyo) =k /Ag - 2.3)

In the spirit of the approximation that takes the length of
a kink as 2£=4ta /Ay,>° where t is the overlap integral
and a the lattice constant, the length / of a polaron sug-
gested by Eq. (2.1) is

1=2p0+2/Ko=2p+4ta /(AF—w))'? . (2.4)

Equations (2.1)—(2.4) are written for the case of no exter-
nal potential. When there is an external potential A,, Ao
in these equations must be replaced by??

Ao=Ao+A, . .5)

The creation energy of a polaron Ep is a sum of two
terms: EP!, the change in lattice energy due to the pres-
ence of a polaron, and Ef, the change in the total elec-

tronic energy due to the polaron. The former term is?>?°

1

1 A —AZle (2.6)
ﬂkvpf—L[Py~0]y’ .

E}])anz
where A is the electron-phonon coupling constant. When
the length L of the chain is allowed to go to «, for the
case A,=40 it is found

KoV ~ Kol
Elaﬂz_% ‘;LF +%yA0tanh”1 .Z, £, 2.7)
0
where
y=A4A,/AA, . (2.8)

This result is, as expected, the same for a quarter-filled-
band, 2lilrge-U case as for a half-filled-band case with
U =0.

One contribution to E§ comes from the valence elec-
trons, whose wave vectors are changed due to a phase
shift 8(k) of their wave functions in the presence of the
polaron. A second contribution comes from the removal
of an electron from the valence band in the formation of a
pair of kinks in the U— « case.!® Finally, there is the
contribution due to the electrons in the bound states. In

‘the U— o0 limit we obtain from these terms

E9— L %%k gk 1
27 Y-k dk 0

+[n(+wg)—n(—wylwg . (2.9)
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The first term in (2.9) is formally the same as that in Ref.
25 [Eq. (A12)] for the case of the kink except that a factor
2 has been omitted here because there are half as many
electrons in the valence band (spinless fermions). K is the
cutoff wave vector, which will be allowed to go to «, and
E, is the ground-state energy for an electron with wave
vector k,

Ey=—(e2+A2, (2.10)

The term A, represents the energy lost when an electron is
removed from the valence band to form the kink pair and
the last term represents the energy of the electrons in the
bound states, n ( +wg) and n (wg) being the numbers in the
upper and lower states, respectively.

Apart from the factor 2 the first term in (2.9) leads to
the same result as obtained by Campbell and Bishop.?
Combining (2.8) and (2.9) we obtain the total creation en-
ergy for the quarter-filled-band U— « case with A,=40:

Ep=[n(+wo)—n(—awg)+ 1lwo+(2/m)kqvr

—Qwq/m)tan ™ Nkovp /og)

+%Zoy[tanh‘I(Kovp/zo)—~(:covp/lo)]. (2.11)
The quantities kqur and @, must be chosen to minimize
Ep. The relation (2.2) suggests that we choose

KovF=Zosin9, a)o=zocos9 R (2.12)

and, introducing these relations into (2.11), minimize Ep
with respect to 6. This leads to the equation for 6:

=%sin0{ (/21 (+wp)—n (—wp)+1]

—6—2y tan6} . (2.13)
Due to the spinlessness no more than one electron may
populate a level. Restricting 6 to the range O to 7/2, we
find that the case n(4w)=0, n(—wo)=1 leads to =0,
for which wy=A,, i.e., the electron settles back into the
ground state. For the case n(+wg)=1, n(—wy)=0 Eq.
(2.13) can be satisfied for 640. However, this still does
not lead to a stable polaron because the electron in the
upper level can fall into the empty lower level, reducing
this case to the previous one. The only stable polarons are
found to be a negative bipolaron with n(+wg)=1,
n(—wg)=1, and a positive bipolaron  with
n(+wg)=0,n(—wy)=0. In making a bipolaron in this
U— « case one electron is removed from the valence
band. The second electron in the negative bipolaron
comes from a donor impurity; the bipolaron charge is
only — e nevertheless because of the screening charge of
+ e from the missing electron in the valence band. To
make a positive bipolaron the electron taken from the
valence band must go into an acceptor impurity, leaving
only the screening charge of + e for the bipolaron. Alter-
natively, one may consider that the negative bipolaron is
made up of two kinks each with — 3¢, while the positive
bipolaron is made up of two + +e kinks. For both of
these bipolarons the equation for € obtained from (2.12)
and (2.13) is

042y tanf=w/2 . (2.14)

To determine k, and wy it is necessary to find the value of
v, which requires in turn the value of A,.

III. BIPOLARON STATISTICS

For the calculation of the Peierls gap, and through it
the determination of v, it is necessary to know the num-
bers of positively and negatively charged bipolarons as
functions of temperature. These numbers may be ob-
tained from the free energy of the bipolarons, Fp. The
form of Fp depends on whether or not the polarons are
free to move among the lattice sités. In polyacetylene the
solitons or polarons are free to do so even when bound be-
cause the impurities are interstitial and a bound pair of
charged impurity and soliton or polaron can diffuse.
Conceivably this model could hold for Qn(TCNQ), be-
cause we do not know where the impurities are, but it is
not valid for (NMP),(Phen);_,TCNQ; there only un-
bound polarons would be free to move among the lattice
sites. This would include polarons of the same sign as the
dominant impurities, and thermally generated polarons of
either sign. Thus in a sample with background charged
impurity concentration substantially smaller than the
number of thermally generated polarons the polarons can
move freely. The required maximum impurity concentra-
tion would be < 1% at room temperature, as will be seen,
and smaller at lower temperatures.

When the number of polarons is comparable to or
greater than the donor concentration and the donor im-
purities cannot diffuse, the dielectric constant determines
whether or not the polarons are bound. For Qn(TCNQ),
the large value of €, the dielectric constant parallel to the
chains, and its temperature variation, make it difficult to
decide this question. Starting from a value ~ 3000 at very
low temperature, €, for Qn(TCNQ), increases with T to a
peak value greater than 10° at ~90 K and then decreases,
more or less linearly with T, to ~3Xx10* at 300 K.> If
the impurity could be considered a point charge and ¢, at-
tained its full value within a lattice constant, the polarons
would be bound only at quite low temperatures, < 30 K.2¢
We have made an estimate of the spatial variation of ¢
based on the model of Ref. 5, in which the large value of
€ is due to the partial trapping of conduction electrons
between barriers. With this we find that the negatively
charged polarons would indeed be bound to donors at 90
K, for example, if the length of the polaron retained its
low-temperature value. With decreasing gap, however,
the polaron length increases, according to Egs. (2.2)—(2.4);
this causes the fraction of the polaron seeing an incom-
pletely screened donor charge to grow progressively small-
er. Because A, is determined mainly by the gap variation
in the region where the gap has decreased substantially,
we have taken the polarons to be free for the calculation
of Fp. The gap is in any case insensitive at low tempera-
tures to the entropy term in Fp.?’

On the assumption that the bipolarons are able to move
freely the number of possible ways of arranging np of
them on a chain with N molecules or sites is

(N /!

W(np)=m . (3.1)
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The total number of configurations is the product of
W(np) and W, _,, the number of ways of designating
np of the bipolarons to be negative and n7 to be posi-
tive.?® We find

nP!

Wiy ,=@)"7 | —2
(+- =& (np Wng )

(3.2)

The factor (4)"" results from there being two electrons on
a negative bipolaron each of which may have two possible
spin directions; thus there are four ways of creating a neg-
ative bipolaron. With this, the free energy of the bipola-
rons may be written

Fp=(n;§*+n}§")Ep—kBTan(nP)W(+_) . (3.3)

Here we have neglected the kinetic energy contribution,
which should be small compared to the other terms. Dif-
ferentiating Fp with respect to np and nj we obtain the
chemical potentials up for negative bipolarons and u# for
positive bipolarons, respectively:

_ 4(N —npl)
up =Ep—kgTln |———FF |, (3.4a)
Rp l
(N —npl)
pit=Ep—kzTlh |———— (3.4b)
np l

The apparent asymmetry between negative and positive
bipolarons, i.e., the difference of a factor 4 in the argu-
ments of the logarithms, will be shown in Sec. IV to result
from the condition U— .

Because a positive and a negative bipolaron may recom-
bine,2 producing phonons whose chemical potential is
zero,

up +up=0. (3.5)
With (3.4) this leads to

n
n;=7pi%{n,§—[4uv/1—np)

xexp(—Ep/kgT)*}V2,  (3.6)

and a similar expression for ng with + replaced by F.
The upper signs hold for the case of donor doping, the
lower for acceptor doping. To determine np at any given
temperature it is still necessary to know pp because n, is
a function of up. It is clear that up must be related to
Un, the Fermi energy, because electrons and holes interact
with polarons. An electron may drop from the conduc-
tion band into a level of a positive bipolaron, resulting in
an unstable neutral polaron that breaks up into phonons.
Similarly, an electron may be thermally excited from a
negative bipolaron into the conduction band and the un-
stable polaron left behind breaks up into phonons. From
these “chemical reactions” we obtain the relation

“;:_”;-=‘u,n . (3.7)

Thus Egs. (3.4), (3.6), (3.7), and the corresponding equa-

tion for n7 enable a determination of np and nj once

U, is known.

To determine u, we make use of the electrical neutrali-
ty condition

p+Ng+np/N=n+2np /N, (3.8)

where p, n, and N, are hole, electron, and donor concen-
trations, respectively. If Eq. (3.8) is multiplied by N, the
right-hand side gives the number of electrons actually
found in the conduction band or on bipolarons, while the
left-hand side gives the number available to go into the
conduction band or bipolarons. It is assumed that each
donor contributes one electron. The number of bipolarons
appears on the left-hand side because one electron is with-
drawn from the valence band for each bipolaron formed.

It is instructive to consider Eq. (3.8) in the low-
temperature limit. In that limit p may be neglected and
np=np . We then obtain from (3.8)

ng /N—Ng—n, T—0, (3.9)

i.e., for every electron that goes into the conduction band
a negative polaron is destroyed. The other electron in the
bipolaron goes back into the valence band. Equation (3.9)
does not hold, of course, at higher temperatures.

Use of Eq. (3.8) to determine u, requires knowledge of
the relations between the various quantities and u,. The
relations between n, p, and u,, are?’

ka=1
n=0/m [ fitd(ka), (3.102)
p=0/m [77" frdka) (3.100)

where f;t and fi are the distributions in the upper (con-
duction) band and lower (valence) band, respectively, and
a is the lattice constant. The relations between np, np,
and u, are given by (3.4), (3.6), and (3.7). N, is deter-
mined by the doping of the sample. The only other quan-
tity needed for Eq. (3.8) is the gap, whose determination
we consider-in the next section.

IV. GAP CALCULATION

The gap is found by minimizing the total free energy
with respect to A,. The lattice portion of the free energy
for a chain with N lattice sites is?’

Fian=N(Ag—A,)?/2mtA . ' 4.1)
For the case of site distortion*®

A=(1/m1) 3 (g} /fw;) 4.2)

i

where g; and w; are the coupling constant and frequency
of the ith internal mode and the sum is over the sym-
metric modes. The electronic contribution is?’

Fq=pnnN—kpT X In{1+2exp[(, —Ex)/kpT1} ,
%
(4.3)

where E; is given by Eq. (2.10). Differentiating the total
free energy, which is the sum of (4.1), (4.3), and (3.3), with
respect to Ag, we obtain the gap equation
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1 |[Ao—A, +nPf(9)
S X,
w2 fr T fi
= T ia — f I ke, @a)
0 |EZ | 2 B
where
f(0)=1cosO+2(sinf—0O cosb) , (4.5)

6 being the solution of Eq. (2.14) and thus a function of y.

The reason for the persistence of the gap when A,540 is
readily seen from Eq. (4.4). The first term on the left may
be thought of as representing a changed coupling to the

acoustic modes, A being replaced by A.=1/(1—A,/A,).

As A, approaches A,, which is now the limiting value of
the gap rather than zero, A s increases rapidly; this in-
creases the Peierls portion of the gap. In physical terms
the presence of the interchain potential helps sustain the
Peierls gap, without requiring a payment of lattice defor-
mation, by keeping down the number of electrons that get
to the conduction band and thus destabilize the gap. This
allows the Peierls gap to decay more slowly as tempera-
ture increases. It is apparent from Eq. (4.4) that any A,,
no matter how small, will have this effect.

To determine the gap with A, unknown we have used
A, as a parameter in solving Eq. (4.4) numerically, simul-
taneously with Eq. (2.14), which relates 6 to A,, and the
electrical neutrality equation (3.8). There is only one pa-
rameter, ¢, to be chosen apart from A,. This was taken as
1125 K, corresponding to a TCNQ bandwidth of 4500 K,
somewhat smaller than that for TCNQ in (TTF)(TCNQ)
because the intermolecular spacing is somewhat larger in
Qn(TCNQ),. A, for T=0 and N;=0 was taken as 600
K, from optical' and o-versus- T~data.8 The value of A re-
quired to obtain this value of Ay for 7=0 and N,;=0
from Eq. (4.4) with ¢t =1125 K is 0.7, about 30% higher
than the value expected from internal mode coupling.!!
This discrepancy may arise because other lattice modes
also contribute to A. It must be remembered, however,
that there are many approximations made in the theory
leading to the gap equation.?’

The resulting values of the Peierls gap A, normalized
to its low-temperature value, are shown as a function of T
in Fig. 1 for A, values of 25 and 10 K. The best fit to the
data in the temperature range where the gap has decreased
substantially is for A, between these two values, although
closer to 25 K. Some reasons why the fit at lower tem-
peratures is poorer will be considered in the next section.
Only the results for N;=0.04 per lattice site are plotted
because N; values from O to 0.04 gave very similar re-
sults.

In Figs. 2 and 3 we show some by-products of the gap
calculation, the concentrations of electrons, holes, and bi-
polarons as functions of temperature for A, =25 K. The
results are quite similar for A, =10 K, the only significant
difference being that the polaron concentrations fall off
somewhat more rapidly above 200 K. Figure 2 is for the
intrinsic case, Ny =0. In the large- U limit the Fermi en-
ergy is not at midgap in this case, but at —kz7T In2.3!
Then by Eq. (3.7)

o™ T T T T T T

S,
n
T

~~ELECTRONS
OR HOLES

NUMBER/LATTICE SITE
s}
o
T

104+ .
__-POLARONS
(+or =)
6% .
1 1 | | 1 1
o 50 100 150 200 250 300
T(K)

FIG. 2. Carrier and polaron concentrations calculated as
functions of temperature for a quarter-filled-band, large- U crys-
tal with a 7'=0 gap of 1200 K, r =1125 K, A, =25 K, and no
donors.

‘ M;:—u;:—k3T1n2 for Nd=o. (4.6)

It is readily seen by using (4.6) in Egs. (3.4a) and (3.4b)
that this results in n7" =n;", as expected for the intrinsic
case. Thus, as noted earlier, the factor 4 in Eq. (3.4a),
which does not appear in Eq. (3.4b), is needed to assure
equal numbers of positive and negative bipolarons in the
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FIG. 3. Carrier and polaron concentrations calculated as
functions of temperature for a crystal with 4% donors
(N4=0.04) and the other properties as described in the caption
for Fig. 2. )
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N;=0 case. It is seen in Fig. 2 that the numbers of elec-
trons and holes, and of bipolarons, grow rapidly at low
temperatures, the bipolarons more rapidly because the
creation energy of a pair of bipolarons is less than 2A,.
However, the bipolaron concentration is seen to saturate
at ~200 K and then decrease. This occurs because the
length of a polaron increases as the gap decreases and
fewer can fit on a chain. The decrease in np is more rapid
for A,=10 K because the polaron length is larger for
smaller A,, as will be discussed in the next section. Fig-
ure 3 shows the concentration variation for N;=0.04 per
lattice site. In this case n>p and n; >nj throughout.
Electron concentration grows rapidly at much lower tem-
peratures than in the intrinsic case because the large np
population results in p, being much closer to the conduc-
tion band. The np- population decreases at low tempera-
tures, before the gap has decreased materially, because the
electrons are coming from polaron levels, as described by
Eq. (3.9). This effect continues to decrease the np popu-
lation at higher temperatures, although in that T region
electrons also reach the conduction band from the valence
band. At higher temperatures the np decrease is also
partially due to the increasing length of the bipolarons as
the gap decreases.

V. COMPARISON WITH EXPERIMENT

For A, =25 K, y=A,/AA,=0.06. This value inserted
in Eq. (2.14) leads to 6=1.23 rad, with which Eq. (2.12)
gives o, the distance of the bipolaron levels from midgap,
200 K. From Eq. (2.11) we then obtain the creation ener-
gy for either negative or positive bipolarons as 0.735A, or
441 K. For A,=10 K y=0.023, which leads to wy=125
K and a creation energy of 0.687A, or 412 K. The
creation energy for a kink in the large-U case is Ay/m,'8
which is 190 K for the present parameters. Thus the bi-
polaron creation energy for either A, is somewhat more
than that of two isolated kinks, as is also- found for
cis-(CH),.?2 The length of the bipolaron, defined by Eq.
(2.4), for low temperatures is 14.5a for A, =25 K, 16.3a
for A, =10 K. The increased length as well as the smaller
creation energy are expected for the smaller A, because it
provides less confinement for the kinks. Both lengths are
close to twice the length of a kink, the result of y, being
fairly large, i.e., the kinks not well confined, due to the
small value of y. For (NMP),(Phen),_,(TCNQ), if we
arbitrarily take A, =25 K, we obtain quite similar values:
©y=220 K, Ep=0.710A,, and [ =11a.

We are now able to show that, as noted earlier,
N4=0.04 per lattice site is consistent with x-ray. measure-
ments of the low-temperature coherence length along the
chains of 40 A or ~10a.'* For N,;=0.04 per lattice site
the distance between bipolaron centers averages 25a. The
bipolaron length between 14.5a¢ and 16.3a derived above
leaves just an average of ~ 10a between bipolaromns, in
agreement with the x-ray data.

For A, =25 K the calculated energy levels, 200 K above
and below midgap, combined with the low-temperature
gap Ay=600 K, lead to the prediction that at low tem-
peratures and low concentrations there should be optical-
absorption edges due to the polarons at 400 K, or 280

cm™!, and 800 K or 560 cm~!. For somewhat smaller A,
the lower absorption edge moves to higher frequency and
the upper moves closer to it. At concentrations as high as
4% the absorption edges would be lower than calculated
and probably somewhat smeared due to broadening of the
bipolaron levels resulting from overlap. And finally we
note that there should be corrections to the above calcula-
tions, which might be considerable, because the theory of
Campbell and Bishop?? is not complete. It does not take
into account the Coulomb attraction of the charged
donors for the bipolarons and the mutual repulsion of the
two electrons (or holes) on the bipolaron. The latter is to
some extent screened, presumably by —;— hole for each elec-
tron, but there is also an exchange energy involved.
Optical absorption due to bipolarons is seen quite clear-
ly in polypyrrole’? and polythiophene,? to cite a couple of
examples. In lightly doped samples of these polymers
there is sizable background absorption below the gap and
a well-defined absorption edge, close to 3 eV in the former
case, 2 eV in the latter, where the absorption coefficient
rises an order of magnitude, marking the gap. With in-
creasing doping two separate absorptions attributable to
bipolarons, each ~+ eV wide, appear in the gap and
grow. As these absorptions grow the absorption at the
gap energy and beyond decreases.’>** For Qn(TCNQ),,!
and (NMP), (Phen); _,TCNQ for 0.50 <x <0.56,' a weak
absorption starts at ~50 cm™! and grows monotonically,
except for a number of narrow peaks, to frequencies
several times the gap. As noted earlier, optical determina-
tion of the gap is made, only approximately, by determin-
ing the frequency range in which the a;, modes change
from resonance to antiresonance, ~800 cm~! for
Qn(TCNQ),, ~ 1000 cm ™! for (NMP), (Phen); _,(TCNQ),
for x ~0.5. Presumably part of the broad background
underlying the narrow peaks is the polaron absorption,
greatly broadened. One source of such broadening is
overlap. The data suggest other sources of broadening
also. The large absorption starting well below the gap,
and the lack of well-defined absorption edge to mark the
gap (known from other measurements, such as o versus
T) are seen for semiconducting (TTF)(TCNQ),** which is
incommensurate, and many other TCNQ compounds. On
the evidence of x-rays (TTF)(TCNQ), Qn(TCNQ),,
(NMP), (Phen); _,(TCNQ), etc., are far better ordered and
purer materials than the polymers. We suggest that the
broad background absorption and the smearing of the
band edge are due to structural imperfections such as
dislocations, inclusions, microchannels, etc. These have
been studied in (TTFY(TCNQ),* and (TEA)(TCNQ),,
and undoubtedly exist in all the crystals of this type in-
cluding Qn(TCNQ), and (NMP),(Phen); _,TCNQ. As
discussed earlier,’—*° due to the extremely large strain
sensitivity of the gaps in these materials, dislocations are
surrounded by regions in which the gap is spatially vary-
ing and either smaller or larger than the average value
identified by the region of constant slope in Ino versus
1/T, for example. Similar considerations should hold for
the other imperfections cited. Regions of varying gap
provide barriers for electrons. There is strong evidence
for the existence of barriers in the large values of static
dielectric constant® of Qn(TCNQ),, mentioned earlier.
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For the barriers to exert a strong influence at 90 K and
above, as observed in €, some of them must be ~200 or
300 K. The strain field around dislocations could prob-
ably account for such barriers.3’=3° The existence of a
range of gap values in a sample, apart from broadening
the intrinsic absorption, will clearly give rise to a range of
bipolaron levels, thus additional broadening of the bipola-
ron absorption. The existence of barriers could occasion a
further broadening due to transitions across the barriers.
In short, the bipolaron transitions could be quite broad,
independent of doping, and therefore difficult to see in the
presence of a broad background that itself is not particu-
larly dependent on doping according to the absorption
spectra of (NMP),Phen(_,(TCNQ) crystals for
0.5<x <0.59.4

The agreement of the theory for Ay(T) with experimen-
tal data shown in Fig. 1 is reasonably good at high tem-
peratures, as noted earlier, but not particularly good below
~200 K. The gap decrease starts well below the tempera-
tures at which it is predicted by the theory. We suggest
that this also could be attributed to the existence of small-
er gap regions; a smaller gap starts to decrease at lower
temperatures. To do an accurate calculation in this T
range one should also take into account the effects of the
barriers. Nevertheless, as noted earlier, the A, value
should be reasonably good because it is determined by
higher-temperature properties.

VI. SUMMARY

If the TCNQ <chains in Qn(TCNQ), or
(NMP), (Phen), _,(TCNQ), x~0.50, were isolated, the
stable soliton defects—those generated thermally or by the
addition of electrons past the quarter-filled-band level—
would be kinks with charge + e or —+e. However, the
presence of even a small potential due to the donor chains
with the spatial period of the Peierls distortion, 2a, will
make the stable defects bound pairs of kinks or polarons.
Such a potential is expected in (NMP), (Phen); _,(TCNQ)
for x~0.5 due to the alternation of NMP™’s and neutral
phenazines. In Qn(TCNQ), the randomness of the dipole
orientation on the Qn chains will result in a Fourier com-
ponent of potential on the TCNQ chains with period 2a.
The observed gradual decrease of the Peierls gap with T is
due to an additional potential which includes the inter-
chain potential and perhaps some potential due to
Coulomb repulsion. The bipolarons have been treated by
adapting the formalism developed by Campbell and

Bishop for cis-polyacetylene to the case of quarter-filled-
band large- U materials. We find that neutral bipolarons,
made up of a +4e kink and a — e kink, are unstable.
The stable polarons have charge +e or —e. They have
two levels in the gap, separated by *w, from midgap, that
are each filled by a single electron in the —e case, empty

.in the +e case. The detailed properties of the bipolarons

depend on the interchain potential A,. This was deter-
mined, within the uncertainty in the size of the Coulomb
potential, by calculating the Peierls gap variation with
temperature for different A,’s and comparing with the ex-
perimental data of McCall and Tanner.! To calculate the
gap it is necessary to know the numbers of positively and
negatively charged bipolarons as functions of temperature.
These numbers were determined from the free energy, cal-
culated on the assumption that the bipolarons can move
freely; this may not be true at low temperatures in doped
samples, but has little effect on the calculation of the gap
and A,. Expressions were developed for the numbers of
positive and negative bipolarons as functions of the length
of the bipolarons, their creation energy and chemical po-
tentials. As a result of the interactions between electrons
and holes and bipolarons, for thermal equilibrium the
chemical potential of the negative bipolarons must equal
the Fermi energy, while that of the positive bipolarons is
its negative.

The gap equation is set up by minimizing the total free
energy—that of the periodic lattice distortion, the elec-
trons, and the bipolarons—with respect to the gap. It is
solved numerically, together with the equation for electri-
cal neutrality, for different A, values. A value between 25
and 10 K, closer to the former, gives the best agreement in
the high-temperature range, where the gap variation is
most sensitive to A,. With 25>A,>10 K, wy lies be-
tween 125 and 200 K, the creation energy is not much
more than the creation energy for two kinks, and the
length, 14.5a to 16.3a, is close to twice the kink length.
Optical-absorption  data = for Qn(TCNQ), and
(NMP), (Phen); _,(TCNQ), 0.5 <x <0.56, show no struc-
ture corresponding to the expected bipolaron absorption.
It is suggested that this is due to the absorption being
broadened as a result of overlap and structural imperfec-
tions.
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