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Measurements of the specific heat of quinolinium(TCNQ), (quinolinium di-tetracyanoquinodimethanide) are
reported for the temperature range 0.07< T < 5 K and magnetic field range 0 < H < 20 kOe. The results do
not fit a model in which the magnetic contribution to the specific heat Cp is that of a regular
antiferromagnetic chain, a quarter-filled band, or isolated magnetic impurities. A good fit to the data is
obtained using the Bulaevskii model for a random-exchange Heisenberg chain with a density of states having
the form p(e€) = Ak ®~'|e| =%, where € is the quasiparticle energy and A4 and a are parameters chosen to
fit the data. For the sample used, a good fit is obtained using 4 = (1.03+0.11) X 10~ K*~' and

a = 0.82 =0.01.

I. INTRODUCTION

In this paper we report measurements of the
specific heat of the charge-transfer compound
quinolinium(TCNQ), (quinolinium di-tetracyan-
oquinodimethanide), over the temperature range
0.07-5 K in magnetic fields up to 20 kOe. The
motivation for this work has been to understand
and characterize the low-temperature magnetic
properties of quinolinium(TCNQ),.

At temperatures on the order of 300 K, quino-
linium(TCNQ), has been described as a one-dimen-
sional (1D) organic metal on the basis of its elec-
trical conductivity,' crystal structure,? and nu-
clear spin-lattice relaxation rate?

In the low-temperature regime, the electrical
conductivity associated with the electrons trans-
ferred from the quinolinium to the TCNQ chains
becomes very small. This indicates that either
the electrons become localized, that they remain
delocalized in a band which is filled at low tem-
perature, or that they are partially localized on
interrupted metallic chains. The latter possibility
can be ruled out as inconsistent with low-temper-
ature nuclear spin-lattice relaxation measure-
ments® which display characteristics that are far
removed from those expected of nuclear relax-
ation by conduction electrons, even when account
is taken of the exotic embellishments which can
occur in one-dimensional systems.® As indicated
later in this paper, the magnetic properties point
rather strongly to electron localization at low
temperatures, at least for those electrons in-
volved in magnetic effects. The magnetic prop-
erties can originate in the transferred electrons,
electrons left on the quinolinium chains because
of incomplete charge transfer,® or magnetic im-
purities.

There has been some controversy in the inter-
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pretation of the magnetic properties at low tem-
peratures. One point of view has been to treat the
transferred electrons as a regular one-dimension-
al Heisenberg antiferromagnet or a narrow quar-
ter-filled electronic band.”® In this interpre-
tation, the low-temperature magnetic suscep-
tibility x is divided into a slowly varying part due
to the 1D states plus a rising Curie tail attributed
to paramagmetic impurities.” The low-tempera-
ture specific heat is then expected to be the sum
of a term linear in temperature (7') from 1D states,
a term cubic in T from the lattice, and a magne-
tic-field-dependent Schottky anomaly from the
magnetic impurities.”

Another. viewpoint has been to treat the low-
temperature magnetic properties as intrinsic,? *°
due to disorder in the orientation of the asym-
metric quinolinium molecule,'' and resulting in
the physical properties of a random-exchange
Heisenberg antiferromagnetic chain!® (REHAC).
This point of view has been supported most clear-
ly in the static x and high field magnetization
(M) measurements down to 100 mK by Bulaevskii
et al.,* and the resonant y measurements of
Tippie and Clark'? down to 30 mK. Furthermore,
the phenomenological model of Bulaevskii et al.'®
used to explain the measurements exhibits a re-
markable consistency in interpreting all the
thermodynamic properties.

More recently, it has been shown by Theodorou
and Cohen'?® that the temperature and field depen-
dence of the thermodynamics of the Bulaevskii
model can be arrived at for the low-temperature
limit on a microscopic basis via the Hubbard
model and electron localization by a random elec-
trostatic potential.

However, there is one property, the magnetic
part of the specific heat at constant field (C,),
for which interpretation of the experimental sit-
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uation has been less clear than for y and M. The
problem has been that the measurements have not
been carried low enough in temperature to clear-
ly indicate one interpretation over the other.”®
This question is resolved by the measurements
presented in this paper, which go much lower in
T and strongly support the REHAC models.

There are two other substances for which the
same type of model appears to be appropriate,
acridinium(TCNQ), and N-methylphenazinium-
TCNQ (NMP-TCNQ). In the case of acri-
dinium(TCNQ), , measurements of x,° M, and
Cy,"** all point to an explanation in terms of a
REHAC model. Low temperature measurements'®
in NMP-TCNQ of ¥ and M also show such behav-
ior. Results on C, are less clearcut, as there is
disagreement in experimental values,”1!1516 pro_
bably due to sample degradation or different
phases of the material.” In the very-low-temp-
erature regime there is evidence'® for an im-
portant contribution due to interacting electron
spins, but the observed values of C, deviate sig-
nificantly from the prediction of the REHAC mod-
el described above. Because of the problems
commonly encountered with multiple-phase NMP-
TCNQ samples, we have chosen to concentrate on
quinolinium(TCNQ),.

Il. EXPERIMENTAL DETAILS AND RESULTS

The sample used in these measurements was
obtained from K. Holczer, G. Griiner, and A.
Janossy of the Central Research Institute of the
Hungarian Academy of Sciences. It was prepared
according to the method of Melby e? al.,'® using
carefully purified starting materials. Conduc-
tivity measurements similar to those described
in the review by Shchegolev!® were observed. The
sample was stored either in air or vacuum. No
major effects on electrical conductivity of the
sort attributed to acetonitrile solvent®® were ob-
served. Static magnetic susceptibility measure-
ments made by Holczer?! also show the same type
of behavior as that reported by Shchegolev.!® The
mass used in the specific-heat measurements was
20.0 £0.2 mg. The polycrystalline sample was
mixed with 10.0 + 0.2 mg of Apiezon N grease for
thermal contact and the resulting mixture mounted
to the calorimeter. Details of the calorimeter and
its use will be published elsewhere.??

The addenda specific heat was measured in a
separate run in which 10.0 + 0.2mg of N grease
was added to the calorimeter. The addenda con-
tribution was as follows: 10% at 75 mK, 15% at
250 mK, 34% at 1 K, and 45% at 4 K. Typical
temperature errors are 1% above 1 K, 2% down
to 100 mK, and 4% below 100 mK. The variation

in our spurious heat leak (~1 nW) is the main
cause of errors in specific heat at the lowest tem-
peratures. Typical error bars are 10% for spec-
ific-heat measurements. A thermal relaxation
method was used. The heating waveform in all
measurements was adjusted so that the temper-
ature change of the calorimeter during the thermal
relaxation was less than 1% of the temperature.
Magnetic field accuracies are 1% or better.

Now we turn to a presentation of the data. The
sample specific heat (addenda subtracted) as a
function of temperature at zero magnetic field
(H) is shown in Fig. 1 by the circles (and dotted
line above 500 mK). It is separated into a lattice
term (solid line) proportional to 7° and a term
which we attribute to magnetic degrees of freedom
(dashed line) represented as 708, Above 500 mK
subtraction of the 7° term leaves the crosses as
the magnetic part. Below 500 mK the 7° term is
negligible, and the entire magnetic contribution is
given by the circles. The T° term obtained in this
work is the same as that observed for quinolinium
(TCNQ), by Delhaes et al.” and about 15% smaller
than that of Etemad et al.® The behavior of the
magnetic part C, as a function of H is shown for
several values of T in Fig. 2. The solid curve is
our fit of the Bulaevskii model,!° which is dis-
cussed in more detail in Section III.

IIl. INTERPRETATION AND DISCUSSION

First let us consider the separation we have
made of C, into lattice and magnetic parts. Our
justification for subtracting a 7° term and attrib-
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FIG. 1. Total specific heat C as a function of tem-
perature for quinolinium(TCNQ), at H=0. The ex-
perimental values (circles, dotted line) are separated
into a lattice term cubic in temperature (solid line) and
a magnetic part (crosses, circles below 0.5 K, dashed
line). The power law for the magnetic part C,=23.67018
mJ/mole K is interpreted as due to random exchange
Heisenberg chains.
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FIG. 2. Magnetic specific heat Cj of quinolini-
um(TCNQ), as a function of magnetic field for several
values of the temperature. The solid curves are cal-
culated using the Bulaevskii model.

uting it to the phonon contribution is as follows.
Although the electronic properties of the system
may be highly anisotropic because of the directed
nature of some of the electron wave functions,?
there is little reason to believe that the structure
is anisotropic enough with regard to binding and
lattice vibrations to have a phonon specific heat
below 2 K which deviates substantially from a 73
behavior. This is shown, for example, in the
compound TTF-TCNQ, (tetrathiafulvalenium-tet-
racyanoquinodimethanide), where the phonon con-
tribution to the specific heat** is not masked at
low T by a large magnetic contribution. In this
case, there is a small deviation from 73 behavior
around 14 K, presumably due to a peak in the den-
sity of acoustic-phonon states caused by a rela-
tively soft phonon. But at lower temperatures
(down to 1.7 K) the specific heat rather accu-
rately follows a 73 behavior. In addition to the ar-
guments just given, we can extract a rather crude
upper limit to the phonon contribution at the low-
est temperatures from the low-temperature parts
of Fig. 2, where it is seen that a magnetic field

of 20 kOe reduces C, by about a factor of 10 at
100 mK and a factor of 4 at 213 mK. Since the
phonon contribution should be independent of H,
the value of C, remaining above 20 kOe is an upper
limit on the phonon contribution at these temper-
atures. In fact, from the behavior of C in the
high-field regime, one can infer that the upper

limit to the phonon contribution is substantially
less. Hence, our measurements show quite di-
rectly that for the lowest temperatures, the pho-
non contribution is at most a small fraction of C,.
For the purpose of further discussion it will be
assumed that the phonon contribution to C, behaves
as T°.

There are also some arguments which support
our attribution of the nonphonon part of C, to mag-
netic degrees of freedom. First, from Fig. 2 it
is clear by the behavior in a magnetic field that
most of Cj, at the lower temperatures is magnetic
in origin. The second point is that, as discussed
below, there is very good agreement between the
experimental results and the Bulaevskii model,
which treats magnetic degrees of freedom. Final-
ly, one might ask what reasonable nonmagnetic
alternatives exist for the nonphonon part of C,.
We have examined several possibilities, such as
an unfilled band of electrons (C,> T) and tunnel-
ing states associated with disorder in the orien-
tation of the quinolinium molecule, but are unable
to find any such alternative that is consistent with
what is known about quinolinium(TCNQ),. In our
further discussion it will be assumed that the non-
phonon part of C is of magnetic origin.

Let us begin our discussion of the magnetic part
of C, by briefly pointing out that its major fea-
tures are neither due to regular Heisenberg anti-
ferromagnetic chains, a quarter filled band, nor
to noninteracting magnetic impurities. If its ori-
gin were regular chains or a quarter filled band,
we should see™? C, T and independent of H for
reasonable values of bandwidth or exchange inter-
action, which strongly disagrees with the exper-
imental result. Also, if C, were due to noninter-
acting paramagnetic impurities, it would be zero
for H=0 and show a Schottky anomaly’ as a func-
tion of H. Figure 1 shows instead a large contri-
bution for H= 0. In Fig. 2 there is a peak in Cy
reminiscent of a Schottky anomaly. This point is
examined in more detail in Fig. 3, which shows
C, at T=213 mK as a function of gu H/kT, where
g is the electron g value (=2), ppthe Bohr mag-
neton, and £ Boltzmann’s constant. The behavior
of a Schottky anomaly corresponding to N=8.35
x 102! spins/mole would give the contribution shown
by the dashed line. Although the observed exper-
imental peak in C, corresponds roughly to that of
a Schottky anomaly for electrons, the behavior
away from the peak is quite different, with this
difference exceeding a factor of 10 in the high and
low-field regions.

In contrast to the above, the Bulaevskii model
does give a good account of the observed low-tem-
perature thermodynamic properties of quinolinium
(TCNQ), over a wide range of temperature and
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FIG. 3. Magnetic specific heat Cy of quinolini-
um(TCNQ), as a function of gugH/kT at 213 mK. The
solid curve is calculated using the Bulaevskii model.
The high-field limit is seen to occur only for gu g H/KT
Z18. Comparison with Cj for the Schottky anomaly of
noninteracting impurities (dashed line) shows that Cy
is not caused by such impurities.

field. For this reason, all of our further discus-
sion will be in terms of this model.

The Bulaevskii model has two adjustable para-
meters, A and a, which are used to specify a
phenomenological density of states (p)

ple)=Ak«-1|e|", (1)

where € is the energy of a state. The states are
filled using Fermi statistics for the quasiparti-
cles, which are used in a fermion representation
of the localized electron spins. It is the spirit of
the model to fit A and o to a wide range of thermo-
dynamic properties. The form of p(€) given by
Eq.(1) is assumed to hold only for small €. Clear-
ly, it cannot continue for all €, as p(¢) would be
nonintegrable. On physical grounds there must
be an upper limit on the magnetic interactions
which corresponds roughly to the maximum, or
nearest-neighbor exchange interaction between
spins. It is therefore expected that there will be
an upper cutoff on € with perhaps some structure
in p(e) near the cutoff. However, as long as ex-
periments are restricted to 2T or gugH much
less than the range of € for which p(€) changes
from Eq.(1), these deviations are not expected to
appear in the measurements. These same argu-
ments can also be made for changes associated
with finite lifetimes of the quasiparticles.

It should be pointed out here that Theodorou and
Cohen'? have arrived at results very close to the
Bulaevskii model. By using a disordered Hubbard
model they have calculated a random, antiferro-
magnetic exchange interaction J between spins
with a distribution function p(J) having the form?®

plJ)xJ "%, O<a<l. (2)

They speculate that the € of the Bulaevskii model
can be associated with J, thereby suggesting a
microscopic model for the phenomenological p(€)
of the Bulaevskii model. Furthermore, this model
permits them to calculate p(J) for all J and, in the
case of NMP-TCNQ, shows a large peak in p(J)
corresponding to the nearest-neighbor exchange
interaction. At higher J, p(J) rapidly drops to
zero. They can apply a cluster model, which
gives the same behavior for y, C,, and M in the
high- and low-field limits as the Bulaevskii model
(discussed below). Their model has not yet been
developed enough to provide a fully quantitative
description of the intermediate field regime, nor
a fully quantitative connection among y, M, and
Cy-

The results of the Bulaevskii model needed for
our discussion are?’

C(T,H)=ANk(gu H/R)"*Y (t), (3)
e [T (1+x)?
Y (0=t fo X (cothz[(1+x§7t]
(1-x)
A= ) dx, (4)
t=2kT/gugH, (5)
and

_ 1 hd Alel™@de
M=gusN (5 -/ . Trex (<+guBH7/kT]>’ ©)

where N is the number of spins and «x is the di-
mensionless variable ¢/gu H. In the low-field
limit, guzH<<kT, Eqgs.(3)-(6) reduce to'

Cy(T,00=2(1-2°") (3 - a)g(2- @)ANET '™ (1)
and
XT,H=0)=2(1-2"%¢(-a)

XT(1 - a)(Ag?up/kINT >, (8)

where T'(z) and ¢(z) are the gamma function and
Riemann function, respectively. In the high-field
limit, gupH > kT, Egs. (3)-(6) give'®

C(T,H)=57°ANET (gp ,H/k) ™ (9)
and
M(O,H)=(1 - a) gu NA(guH/k)" =, (10)

Our fitting of the data to the parameters of the
Bulaevskii model has been done as follows: Mea-
surements'? of y were analyzed using Eq. (8) to
obtain the exponent a on the same sample used
for specific-heat measurements. Our reason for
doing so is that the uncertainty in the determi-
nation of @ from x is much less than with the spe-
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cific-heat experiments. An independent value of
A is also obtained from the y measurement. It is
important to make the y measurement used to ob-
tain o on the same sample as the specific heat,
as there is some difference in the value of o ob-
tained from y as measured on samples of differ-
ent origin.!?

The value of o obtained for our sample as de-
scribed above is «=0.82+0.01. We then use Eq.
(7) applied to Fig. 1 to obtain A=(1.81+0.1)

X 107 K*™!, The corresponding curve C,(T,0)
=(23.6£1.0)T°-'#+°-%* mJ/mole K is indicated as
the dashed line on Fig. 1, where it is seen to give
a good fit to the data over the range 0.07-2 K.
The interplay between the choice of @ and A is
such that a 5% decrease in a would force an in-
crease of 2% in A to fit the data.

In the intermediate-field regime it is necessary
to compare the data with numerical calculations
using Egs. (3)-(5). This has been done using the
same values of A and a given above. The results
at several temperatures are shown as the solid
curves on Fig. 2, where it is seen that a fairly
good agreement with the experimental results is
obtained. These curves are moderately sensi-
tive to the choice of a, in that a 5% decrease in
a results in a 12% decrease in the height of the
peak in C,. It is tempting to try the high-field
limit of C,, given in Eq.(9) as a means of deter-
mining a. Unfortunately, it is necessary to go
to rather large values of H before this limiting
behavior occurs. This point is illustrated in
Fig. 3, where it is seen that the high-field lim-
iting behavior is delayed until H is increased to
nearly eight times that value which corresponds
to the peak in C,.

At this point it is appropriate to discuss the ex-
tent to which our results truly represent the prop-
erties of quinolinium(TCNQ), as opposed to being
an uncontrolled impurity effect. The question will
be considered from the point of view of crystal
phases, measurements of electrical conductivity,
magnetic susceptibility, electron spin resonance,
and specific heat. To the best of our knowledge,
there is but a single phase of quinolinium(TCNQ),,
which suggest that all measurements have been
made on the same phase of the material. This is
in contrast to the case of NMP-TCNQ, where the
appearance of multiple phases has plagued the
interpretation and comparability of many experi-
mental measurements.?®

The property showing the greatest variability
in quinolinium(TCNQ), is the electrical conduc-
tivity. Although measurements on different sam-
ples give about the same conductivity above 150 K,
there are substantial variations on the behavior of
o at low temperatures. Some of these differences

have been attributed to small amounts of acetoni-
trile solvent in the sample.*® They could also be
caused by other impurities or different degrees
of disorder in the sample. However, these dif-
ferent values of ¢ are large only in the low-tem-
perature regime, where ¢ is very small and
strongly dependent on imperfections. Since our
sample was prepared using standard techniques,
was stored under conditions to eliminate acetoni-
trile, and had an electrical conductivity showing
the classical form,!*'2° we believe it to be nearly
intrinsic, with only a very low level of nonintrinsic
imperfections.

The variations in x among different samples of
quinolinium(TCNQ), is much less than for ¢.!%1%2!
This is as expected, for the observed values of
x are such that a large fraction of the transferred
spins are involved. Hence measurements of x
should more clearlv represent the intrinsic prop-
erties of the material than do the values of o at
low temperatures. For example, at room temper-
ature, measurements of }2:1%:2! y show that nearly
all of the transferred electrons contribute to x.2°
Over the temperature range 10-0.1 K,*° and low-
er,'? samples from different origins have all
shown the behavior of Eq.(8). There are small
sample-dependent differences in the exponent «,
for which values in the range 0.73-0.86 have been
observed.'?

It is instructive to augment the consideration of
x with results obtained from low- and high-field
electron-spin-resonance (ESR) measurements.
First, we note that the low-field ESR linewidth
undergoes smooth, modest changes over the en-
tire temperature range from 30 mk to 300 K.*? At
all temperatures it is strongly narrowed by ex-
change or motion. In addition the g tensor of the
10-GHz ESR is nearly constant over the temper-
ature range 1.5-300 K.* These observations in-
dicate that the susceptibility over the whole tem-
perature range is due to the same type of elec-
trons. Since they are almost all of the transferred
electrons at room temperatures, it is very likely
that the observed x is mainly intrinsic to quinol-
inium(TCNQ),. This is important with regard to
our interpretation of C ,, as we attribute it to the
same spin degrees of freedom which are respon-
sible for y.

Finally, we consider the evidence from C, it-
self. The agreement in the region of overlap be-
tween our measurements and those published for
other samples™? tends to support the idea that
our results are intrinsic to the material. Also,
the agreement between x and C, within the frame-
work of the Bulaevskii model (discussed below)
taken with our earlier remarks about x is evidence
that our C, measurements reflect mainly intrinsic
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properties of quinolinium(TCNQ),, with room for
a small amount of nonintrinsic behavior attributed
to varying disorder and small amounts of impu-
rities, such as may be responsible for the small
sample variations observed in the exponent «
measurements of x.!'2

Now we turn to the implications of our experi-
mental results. The first point to be made is that
the Bulaevskii model gives a good account of both
the susceptibility!? and specific heat over a wide
range of T and H. The same value of « gives a
good fit to both measurements. There is, how-
ever, a difference of about 50% in the value of A
(the x value'? for A is A=(1.03+0.11) X 1073 K«™),
Although measurements of M have not been made
on this sample, in the basis of the other work!®
we expect that such measurements would show
agreement with x and C, within the framework of
the Bulaevskii or similar models.}®3! At this
point it is not clear whether the 50% discrepancy
in A is an artifact of the Bulaevskii model, the
sample, or the measurements. We do not feel
that this is an important challenge to the main
point of this work, namely, that one is observing
the properties of a random exchange Heisenberg
antiferromagnetic chain. (Alternatively, it might
be called a one-dimensional antiferromagnetic
spin glass.) We do not know of any other type of
model which comes close to describing the data.

It is worth pointing out that Eq. (1) of the
Bulaevskii model appears to hold over a remark-
ably large range of energy. This can be seen by
noting that measurements at large H or T probe
that part of the density of states for which e Sgu H
or € <kT, whichever is larger. Measurements®
of M to about 70 kOe and'®*? y to ~10 K indicate
that Eq. (1) is appropriate for energies up to
€/k=~10 K. Our experiments on specific heat bear
this out up to €/2~3 K. At the low endof the scale,
measurements of x agree with Eq. (1) down to
30 mK,'? and perhaps even as low as 8 mK.* Our
specific-heat measurements support the same
conclusion down to ~70 mK. Taken together, the
evidence indicates that Eq. (1) is valid over the
range 10%<¢/k<10K, a factor of 10° in energy!

An important question is whether the observed
low-temperature magnetic properties of quinol-
inium(TCNQ), are one dimensional. If one follows
the model of Theodorou and Cohen,'? or accepts
their speculation that € and p(¢) of the Bulaevskii
model are to be associated with J and p(J), a
clearcut consequence is that the low-temperature
magnetic properties of quinolinium(TCNQ), are
strongly one dimensional. The reason for this is
that the form of p(J) in Eq.(2), with a singularity
at J=0, happens only for the one-dimensional
case.®® Their analysis indicates that in two or

three dimensions, p(J) -0 as J~0, which then
leads to a completely different low-temperature
behavior.

Finally, we comment on the number of spins re-
sponsible for the low-temperature magnetic prop-
erties of quinolinium(TCNQ),. From our values
of A=1.81xX107*K* 'and =0.82, Eq. (1) can be
integrated up to €/£=10 K, with the result that the
number of quasiparticle states with |e|/k<10 K
is 1.83 x 102/mole, a molar concentration of 3.0%.
Following the speculation of Theodorou and Cohen
indicated above, this corresponds to a molar con-
centration of about 3.0% for spins with an exchange
interaction J/k <10 K. One might ask what is the
situation for the other 97% of the spins. If we
follow the model of Theodorou and Cohen, the
other spins are involved in exchange interactions
for which J/k>10 K. In their application of the
model to NMP-TCNQ, Theodorou and Cohen*?
found that the asymptotic form for p(J) [Eq. (2)]
was followed to fairly large values of J, and then
had a large peak near the nearest-neighbor value
for J. Presumably the behavior is similar for
quinolinium(TCNQ),.

It is instructive to see what this means for x
and C,. We will restrict the comments to the
limit H-0. They are easily extended to finite H.
Roughly speaking,**'*! only those spin pairs cou-
pled by J/k <T will participate in x and C,. Spins
with J/k > T will have settled into a well-separa-
ted nonmagnetic singlet state, as with an antiferro-
magnetic exchange coupled pair. The spins for
which J> kT are effectively removed from the sys-
tem. At room temperature, most of the spins can
participate in x.** As T is decreased, the number
of participating spins decreases, until at 10 K, it
is only about 3%. As one goes still lower in T,
even fewer spins take part. The detailed behavior
of C, and x then follows from the form of p(J).

In summary, we have measured the specific
heat of quinolinium(TCNQ), over the temperature
range of 0.07<7 <5 K and magnetic field range
0<H<20kOe. Below 1.5 K it is dominated by
magnetic degrees of freedom, which are inter-
preted as being a random-exchange Heisenberg
antiferromagnetic chain. The model of Bulaevskii
et al.'® gives a good quantitative fit to the data.
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