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The thermal conductivity k of [CsH~~NH3)CuBr3 (CHAB) has been measured in the region

1.5 K & T & 10.K and 8 &7 T with the heat Row parallel to the chain direction. The data on

this soliton-bearing system, as well as earlier data on [CH3]4NMnC13 (TMMC), are compared

with the results of a model describing the heat conduction by magnons and solitons that was pro-

posed recently by Wysin and Kumar. The observed qualitative behavior of ke/Q in both systems

systematically deviates from the corresponding prediction, which is most likely due to the fact

that in the model the heat transport by the photon system is neglected.

The suggestion that the dominant nonlinear excitations
in certain classes of oneMimensional magnetic systems
can be associated with sine-Gordon solitons has prompted
a large theoretical and experimental eff'ort. ' Up till
now, however, hardly any attention has been given to the
effect of solitons on the thermomagnetic transport proper-
ties of such systems. Recently, Wysin and Kumar' (here-
after referred to as WK) proposed a model in which these
effects were taken into account. In this Rapid Communi-
cation their results will be confronted with the experi-
mentally determined thermal conductivity of two well-
known soliton-bearing systems, the S 2 ferromagnetic
chain system [CsHiiNH3)CuBr3 (CHAS) and the

antiferromagnetic chain system [CH3]4NMnC[3
(TMMC) "

The thermal conductivity A, of CHAS was measured
by a steady-state longitudinal heat-flow method. Using a
two-step measuring technique, temperature differences
as small as 0.1 mK could be determined with an inaccura-
cy less than 2%. The performance of the setup was tested
by means of a reference sample consisting of stainless
steel (SRM 735). The difference between the measured
conductivity and the reference values given by the Na-
tional Bureau of Standards was less than 2%, which
agrees with the reported inaccuracy. The experiments
were performed in the range 1.5 K & T & 10 K with the
heat flow chosen parallel to the chain direction and a mag-
netic field (8 & 7 T) applied along the a, b, or c axis. A
typical set of data collected with the inagnetic field ap-
plied parallel to the c axis (which is located in the easy
plane, allowing the presence of solitonlike excitations) is
shown in Fig. 1. This figure reveals that the normalized
thermal conductivity Xtt/ko systematically increases with
increasing field. In the course of the experiments we ob-
served that the absolute magnitude of A, decreased upon
thermal cycling between 4.2 K and room temperature,
probably due to an increase of lattice imperfections. Al-
though the qualitative behavior of A, tt/Xp was not aff'ected,
we have included in Fig. 1 only data obtained from experi-
ments on a fresh single crystal after the first cool down.

The zero-field thermal conductivity of this crystal is

shown in Fig. 2(a).
Now we will turn to a comparison of our data with the

results of the model proposed in Ref. 4. We will briefly
summarize the most relevant characteristics of this model,
which describes the thermal conductivity associated with

the magnetic degrees of freedom in a one-dimensional sys-

tem. In the model, the concept of a local equilibrium dis-
tribution' is used together with the linearized Boltzmann

equation in the relaxation-time approximation. It is as-

sumed that all interactions between the magnetic excita-
tions can be ignored, except for a weak soliton-magnon in-

teraction, which is taken into account by a modification of
the soliton equilibrium distribution. The relaxation to-
wards equilibrium is attributed to an extrinsic mechanism,
e.g., magnetoelastic coupling. It is assumed that this cou-

pling does not affect the dispersion relation and the distri-
bution function of magnons and solitons itself. The ex-
trinsic relaxation rate is assumed to be dominant in the
sense that relaxation due to the sohton-magnon scattering
can be neglected. Within this framework the contribution
of solitons and magnons to the thermal conductivity,
denoted by A, 1 and k~,s, respectively, can be added linear-

ly, and are given by

~,- "' '4e, (pE.) "e "'[(pEo)-'+pEo+
pox

', '(Peo) '[S,(Peo)l,

(x' —x') '"
S2(xo)-

4tt " sinh'(-, ' x)

Here s,~~~ represents the relaxation time of the rnag-
nons (solitons) and P 1/ktt T. Eo is the soliton rest ener-

gy, eo is the magnon gap, and eo is the magnon velocity.
Formally these equations are valid for both ferromagnetic
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FIG. 1 . Isothermal field dependence of the thermal conduc-
tivity X in CHAB with the magnetic field (8) applied along the c
axis. The data are normalized with respect to the zero-field
value A.o. The dashed lines are calculations based on the theory
of %'K with i~) ~ i~,i.

and antiferromagnetic systems.
If we insert the values appropriate to CHAB, i.e.,

Eo/kg (34.3 K T '~ )vV and eo (2.64 KT '~2) JB,
in Eqs. (1) and (2), and assume the relaxation time of the
solitons and magnons to be equal (r ~ r,s), we obtain a
theoretical prediction that is reflected by the dashed
curves in Fig. 1. Inspection of this Ggure reveals that, in
contrast to the data, the predicted thermal conductivity
Xz/Xo monotonically decreases with increasing magnetic
field. If we, intuitively, assume the relaxation of the soli-
tons to be much slower than that of the magnons, and cor-
respondingly take r„~ 1Qi,z, the high-Geld behavior of
A,g/)i, o remains unaltered, but a maximum is predicted at

0.2
0
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FIG. 2 (a) Zero-field thermal conductivity Ap for CHAB as
function of the temperature for a fresh single crystal. (b) Cal-
culated field dependence of the normalized thermal conductivity
Ag/Ap ln CHAB based on the theory of WK with r '-10'-,s
(dashed curves) and the resonant soliton-phonon interaction
model (solid curves). In the last case the calculations were per-
formed for the same ratio of magnetic and nonmagnetic scatter-
ing as in the case of TMMC (Figs. 3 and 4). The black circles
represent the data.

fields below 0.5 T. This maximum, which in the model is
associated with a soliton contribution, is not reflected by
our data, as illustrated in more detail in Fig. 2(b). One
should note, however, that in this Geld region classical sol-
iton theory is formally no longer valid (t'Eo & 5)," and
therefore any prediction involving a large soliton contribu-
tion in this region should be considered with some reserva-
tions.

Before we discuss a possible origin of the systematic
qualitative discrepancy between theory and experiment
we will consider the measurements of the thermal conduc-
tivity of TMMC reported before. ' The reason for this is
twofold. First, to our knowledge these are the only avail-
able data on the thermal conductivity of a soliton-bearing
system, apart from those presented above. Second, it
seems interesting to compare the Geld dependence of X, of
a ferromagnetic and an antiferromagnetic chain, since it is
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not a priori clear that the behavior should be similar in

both cases.
For convenience, part of the experimental results for

TMMC (Ref. 12) are reproduced in Fig. 3. It is obvious
that the data on A,a/Xo show a rather pronounced
minimum, which shifts to higher fields when the tempera-
ture increases. This behavior is in marked contrast with
the results for CHAS and was originally interpreted'2 us-

ing a model based on resonant soiiton-phonon scattering
(analogous to resonant magnon-phonon scattering). The
basic idea behind this model is that the heat is transported
by the phonon system, whereas the magnetic excitations
effectively act as a scattering mechanism. If the dominant
excitations in the spin system are magnons, this model
predicted a gradual increase of A, at higher fields, which is
directly related to the decrease of the magnon density. On
the other hand, if the excitation spectrum is dominated by
solitons, as is assumed for TMMC, the maximum in the
soliton density occurring at finite values of 8 will give rise
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FIG. 3. Isothermal 6eld dependence of the thermal conduc-

tivity A, in TMMC ~ith the magnetic field 8 applied perpendicu-
lar to the e axis. The thermal conductivity is normalized ~ith
respect to the zero-6eld value Q. The solid and dashed curves

represent calculations based on the resonant soliton-phonon in-

teraction model and the theory of %'K ~ith r~l i ~, respec-
tively. The shaded areas indicate (the transition to) the 3D or-

dered state.
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FIG. 4. Calculated field dependence of the normalized
thermal conductivity Aa/ko in TMMC based on the resonant
soliton-phonon coupling model (solid curve) and the theory of
WK with rlo~ 10r,s (dashed curve). The shaded area indi-
cates (the transition to) the 3D ordered state. The black circles
represent the data.
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to a minimum in A,a/A, o. Although the exact mechanism
for soliton phonon scattering is not quite clear, the pre-
dicted behavior of Xtt/ko, reflected by the full curves in
Fig. 3, is in very good agreement with the data, at least in
the field and temperature range outside the three-
dimensional (3D) ordered region. It is clear from the
figure that within the ordered region systematic deviations
occur. To some extent, these deviations support the inter-
pretation of the field dependence of X in terms of solitons,
since the tr solitons in an antiferroma~netic chain are
strongly damped in the 3D ordered state. '3

Alternatively, we have tried to describe the data on
TMMC using the model proposed by Wysin and Kumar. 4

For this antiferromagnetic chain system the parameters
Eo and eo in Eqs. (1) and (2) depend linearly on the ap-
plied magnetic field. Using the generally accepted param-
eter values for TMMC, i.e., Eo/ktt (2.6 KT ')8 and
eo/ktt =(1.04 KT ')8, and assuming that rloi =rm, s, we
obtain a result that is reflected by the dashed curves in
Fig. 3. Although this prediction agrees fairly well with
the data collected at low fields, the experimentally ob-
served minimum in A,tt/Xo is not reproduced. An increase
of the relaxation time of the solitons up to r~1 10rm,s
gives rise to large deviations from the experimental re-
sults, as is illustrated in Fig. 4 for two representative sets
of data.

Now we return to the experiments on CHAB. Follow-

ing the arguments given above, the gradual increase of the
experimental data on A, tt/A, o with field indicates that in this
compound the magnetic excitations also effectively act as
a scattering mechanism. Since no clear minimum in Xtt/Xo
is observed, the contribution of solitons seems to be rather
small. Inspection of Fig. 1 already showed that the calcu-
lations based on the model proposed by Wysin and Kumar
yield a decrease of hatt/ko at high fields, instead of the ex-
perimentally observed increase. Since the same qualita-
tive tendency is observed in TMMC, we conclude that this
discrepancy is most likely a consequence of the fact that in
their model the transport of thermal energy by the phonon
system itself is not taken into account.

Finally we would like to comment on the observation
that the experimental data on CHAB and TMMC show a
completely different behavior. Whereas in TMMC a sa-
tisfactory description of the data requires a significant
contribution of solitons, such a large soliton contribution
does not seem to be present in CHAB. It is not clear
whether this difference is merely accidental or that it is re-
lated to the mechanism of the soliton-phonon scattering,
which may be more effective for an antiferromagnetic
chain system (TMMC) than for a ferromagnetic system
(CHAS). Measurements on other soliton-bearing sys-
tems, e.g., CsNiF3, an S 1 ferromagnetic chain com-
pound, may be necessary to obtain more information on
this question.
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