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Experimental Study of the Thermal Transport in CsNiF
 An S = 1 Quantum Chain
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The heat transport in a single-crystal of CsNiF3 has been performed in the temperature range from 2 K to
7 K in a zero magnetic eld, B = 0, as well as in suciently large magnetic elds, B = 6 T and 9 T, inducing
the ferromagnetic ground state along the hard c-axis. CsNiF3 represents an S = 1 quasi-one-dimensional XY
ferromagnet with the intra-chain exchange coupling J/kB ≈ 24 K, single-ion anisotropy D/kB ≈ 8 K, and ordering
temperature TN = 2.7 K. Comparison of the phonon and magnon velocities suggests that phonons are the main
heat carriers in this magnetic insulator. The thermal conductivity in B = 0 was analysed in the frame of a
standard Debye model. The temperature dependence of the eective phonon mean free path was calculated from
the experimental data, and the enhancement of the phonon mean free path in B ̸= 0 was obtained, indicating that
magnons act as scattering centers for phonons.
PACS: 75.30.Et, 75.40.Cx, 66.70.Lm, 75.30.Ds

1. Introduction

In recent years, the theoretical and experimental investigation of heat transport in low-dimensional spin systems experienced a renaissance because of the progress
in the theory of anomalous heat transport in low-dimensional magnets [1]. One interesting example is
CsNiF3 , a quasi-one-dimensional S = 1 planar ferromagnet with intra-chain exchange interaction J/kB ≈ 24 K,
single-ion anisotropy D/kB ≈ 8 K, and long-range antiferromagnetic ordering temperature TN = 2.7 K. With
an extensive history [14] that continues to evolve [57],
CsNiF3 was originally considered as a model soliton-bearing system [4], but subsequent theoretical studies
showed that the magnetism is well-described by spin-wave theory [6, 8]. Previous investigations of the thermal transport, performed in magnetic elds applied in
the easy plane and thus supporting the formation of magnetic solitons, indicated the presence of phononmagnon
scattering and the absence of an eect from the solitons [9]. The present work involves the analysis of the

heat transport in CsNiF3 studied in zero magnetic eld
as well as in nite magnetic elds applied perpendicular
to the easy plane.
2. Experimental details

CsNiF3 crystallizes in the hexagonal space group
P 63 /mmc with two formula units per unit cell where
a = 6.255 Å and c = 5.242 Å [10]. Between 2 K and 7 K
and in magnetic elds of B = 0.6 T, and 9 T, the temperature dependence of the thermal conductivity was measured using a standard steady-state heat-ow method
with two heaters coupled to a special sample holder [11].
The magnetic elds and the heat ow were both applied
along the magnetic chains running parallel to the c-axis,
which is perpendicular to the easy plane. The thermometers were corrected for magnetoresistance eects. The experimental sample was a single crystal of irregular shape,
with approximate dimensions 1.2 × 0.75 × 12 mm3 , that
was light green and transparent with some internal cleavage planes visible. Prior to mounting, the sample was
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continuously kept in paran oil because of its highly hygroscopic nature.
3. Results and discussion

The temperature dependence of the thermal conductivity of CsNiF3 is shown in Fig. 1, and monotonic behavior was observed in all elds. The eect of magnetic
eld on the heat transport is evident, as the thermal conductivity increases with increasing magnetic eld over the
entire temperature range.

Fig. 1. Temperature dependence of the thermal conductivity of CsNiF3 in magnetic elds B = 0, 6, and 9 T.
The solid lines represent the theoretical predictions from
kinetic theory of gases when l = L = 7.5 × 10−4 m, the
shortest dimension of the sample, and l = L/30 (see
text).

Since CsNiF3 is a magnetic insulator, phonons and
magnetic excitations can be considered as heat carriers. To identify the contribution of the lattice and magnetic subsystems to the heat transport, the velocities, v ,
of the phonons and the magnons in zero magnetic eld
have been estimated. The former has been calculated
using the values of elastic constants determined from
the ultrasonic experiments at 300 K [12] and a Voigt
ReussHill averaging procedure [13], yielding estimates
for the bulk and shear modulus for an isotropic (polycrystalline) system of B = 30 GPa and G = 10.9 GPa.
The density of CsNiF3 is 4.648 g/cm3 [10], so the velocities parallel and
√ perpendicular to the chains are, respectively, v∥ = (B + 4G/3)/ρ = 3.3 × 103 m/s and
√
v⊥ = G/ρ = 1.5 × 103 m/s. Following the approach
described in Ref. [14], the average value of the phonon
velocity, weighted in favor of the transverse modes as
the dominant heat carriers at low temperatures, is vph =
2
+1
1.6 × 103 m/s, as calculated according to v = v∥ 2s
2s3 +1 ,
v∥
where s = v⊥ represents a ratio of the longitudinal and
transverse phonon velocities. The corresponding Debye
∥
⊥
temperatures ΘD = 355 K and ΘD
=√ 175 K were cal3
culated using the equation ΘD = v~ 6π 2 n/kB , where
n represents the number density of atoms. These values are comparable to those obtained from the lattice

1099

specic heat [15], and in the forthcoming analysis, the
average value, ΘD ≈ 235 K, will be used.
With respect to the magnon velocities, the intra-chain
magnon group velocity was estimated by dierentiating
the magnon dispersion spectrum [8] describing the magnetic excitation spectrum of CsNiF3 in its B = 0 paramagnetic phase. Using the aforementioned J and D values, the magnon velocity was evaluated near the vicinity
3
of the Brillouin zone center, vm = dω
dq |q=0 ≈ 3 × 10 m/s.
Obviously the intra-chain magnon velocity is comparable
with the phonon velocity, so both channels might contribute to the heat transport in CsNiF3 . However, most
of the experimental data are taken at temperatures above
the phase transition, where only short-range magnetic order is formed. Nevertheless, the temperature dependence
of the density of correlated spins in the paramagnetic
phase can be estimated [16], and a non-negligible number of correlated spins exist at temperatures up to about
20 K. On the other hand, the nite extent of these short-range correlated regions at these temperatures prevents
the undamped propagation of the long wavelength spin
waves. Thus, despite their large velocity, magnons cannot represent an eective channel for the heat transport
and will only act as scattering centers for phonons that
can be treated as the main heat carriers in CsNiF3 .
The contribution of phonons to the thermal conductivity, k , can be evaluated from the kinetic theory of gases,
which gives k = 31 Cvl, where C represents the lattice
specic heat, v is average phonon velocity, and l is the
phonon mean free path. Using the lattice specic heat
from Ref. [14], the aforementioned average phonon velocity, vph , and l = L = 7.5×10−4 m, the shortest dimension
of the sample, the phonon thermal conductivity was calculated and is shown in Fig. 1. In addition, a signicantly
shorter mean free path, l = L/30, which may arise from
the microscopic defects in the crystal, was also used to
demonstrate the dramatic dierences between the simple
expectation and the data.
Another way to see this result is to consider the temperature dependence of the phonon mean free path,
3k
l = Cv
, shown in Fig. 2, which indicates the presence
of other phonon scattering mechanisms even at the lowest temperatures. Indeed, the magnetic subsystem represents another source of scattering that is manifested by
the enhancement of the mean free path in applied magnetic eld over the entire temperature range. To include
other scattering mechanisms, a standard Debye model
with the relaxation time approximation [14] was applied
to describe the behavior of the thermal conductivity in
zero magnetic eld, yielding
( )3 ∫ ΘD
T
x 4 ex
kB kB
3
T
τ
(x)
dx,
(1)
k=
2π 2 v ~
(ex − 1)2
0
where x = k~ω
and τ represents a total relaxation time.
BT
The form of Eq. (1) assumes the same phonon velocity
for all three polarizations, so the aforementioned average value of the phonon velocity and the Debye temper-
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Fig. 2. The temperature dependence of the phonon
mean free path, l, in B = 0 (full squares), B = 6 T
(triangles), and B = 9 T (circles). The limits of l = L
and l = L/30 are also shown. All values are normalized
by the lattice constant c, and the temperature scale is
logarithmic.

ature were used in the analysis. As can be seen from
Fig. 2, the application of a magnetic eld does not remove the discrepancy between the data and the limiting value of the phonon mean free path at the lowest
temperatures, so structural defects and other scattering
processes are clearly reducing the phonon path length.
Consequently, as a rst step, a simplied model was
used and included phonon boundary scattering reprev
−1
sented by the relaxation time, τbd
= Lph , the scattering
−1
on point defects, τpt
= P ω 4 , and um-klapp processes,
ΘD

−1
τum
= U T ω 3 e− uT [17], where U , u, and P are phenomenological parameters and where the total relaxation
−1
−1
−1
time was calculated as τ −1 = τbd
+ τum
+ τpt
.
However, this simplied model does not adequately describe the behavior of the thermal conductivity (Fig. 3),
so other structural defects were taken into account. The
−1
scattering by dislocations, τdis
= Dω 3 , and the strain
−1
elds of dislocations, τstr = N ω , were added to the
model, where N and D are parameters given by the concentration of dislocation lines [14]. With the total re−1
−1
−1
−1
−1
+ τpt
+ τdis
+ τstr
, the
laxation time τ −1 = τbd
+ τum
tting procedure yielded reasonable values for the parameters [17]. Finally, it is noteworthy that the inclusion of
the scattering on dislocations signicantly improved the
agreement between the model and the experimental data
(Fig. 3).
4. Conclusion

Although the magnon and phonon velocities in CsNiF3
have been estimated to have similar values, the analysis
of the thermal conductivity indicates that magnons act
as phonon scattering centers due to the damping in the
paramagnetic phase. These results, together with the
calculated phonon mean free path, suggest that phonons
are the main heat carriers in CsNiF3 . The applica-

Fig. 3. Temperature dependence of the thermal conductivity of CsNiF3 in zero magnetic eld (squares)
and theoretical predictions obtained from standard Debye model. The dashed line represents the model,
where boundary scattering, umklapp scattering, with
u = 1.5 and U = 2.3 × 10−28 s2 K−1 , and point
defect scattering, with P = 7.7 × 10−41 s3 , were included. The solid line represents the model, where
boundary scattering, umklapp scattering, with u = 1.5
and U = 5.1 × 10−29 s2 K−1 , point defect scattering,
with P = 1.1 × 10−41 s3 , scattering on core of dislocations, with D = 1.1 × 10−31 s3 , and scattering on
strain elds of dislocations, with N = 3.8 × 10−5 s,
were included. All calculations were performed for
L = 7.5×10−4 m, vph = 1.6×103 m/s, and ΘD ≈ 235 K.

tion of a magnetic eld did not signicantly enhance
the phonon mean free path, indicating the dominance
of phonon scattering from structural defects and other
mechanisms within the phonon subsystem. The analysis
of the thermal conductivity within a Debye model using
a relaxation-time approximation yielded a good description of the experimental data. Detailed analysis of the
thermal conductivity in nonzero magnetic eld will be a
subject of future studies.
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