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Magnetic Field Enhancement of Heat Transport in the 2D Heisenberg Antiferromagnet K2V3O8
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The thermal conductivity and heat capacity of single crystals of the spin 1�2 quasi-2D Heisenberg
antiferromagnet K2V3O8 have been measured from 1.9 to 300 K in magnetic fields from 0 to 8 T. The
zero field thermal conductivity data are consistent with resonant scattering of phonons by magnons near
the zone boundary. Application of a magnetic field greater than 1 T, however, produces a new magnetic
ground state with substantial heat transport by long wavelength magnons.
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The physics of low-dimensional quantum antiferromag-
nets has attracted much attention in recent years among
both theoretical and experimental physicists. In many
quasi-one-dimensional systems rigorous theoretical pre-
dictions can be made [1–4], while in the two-dimensional
cuprate systems there remains the tantalizing proximity of
antiferromagnetism and superconductivity [5]. In the in-
sulating magnetic systems there has been much interest of
late [6–10] in using thermal conductivity measurements to
probe excitations in a fashion analogous to the use of elec-
trical conductance measurements to probe excitations in
metallic systems. In this Letter we report thermal conduc-
tivity and heat capacity studies of the insulating S � 1�2,
2D square lattice antiferromagnet K2V3O8, which reveals a
remarkable variation of the thermal conductivity with both
temperature and magnetic field. The present results sug-
gest a general method for analyzing heat transport in other
quasi-2D antiferromagnetic compounds such as La2CuO4
or MnF2.

K2V3O8 crystallizes in a tetragonal unit cell with space
group P4bm and a � 0.887 nm and c � 0.5215 nm [11].
The magnetic S � 1�2 V14 atoms form a simple 2D
square lattice. Previous magnetic measurements indicated
that the data were best described by a 2D Heisenberg model
with coupling constant J � 12.6 K [12]. Lumsden et al.
[13] used a combination of neutron scattering and mag-
netic susceptibility data from single crystals to show that
K2V3O8 orders magnetically at about 4 K and exhibits
weak ferromagnetism and field induced spin reorienta-
tions. These authors were able to understand the unusual
magnetic field and temperature response of the system by
incorporating both the symmetric and antisymmetric com-
ponents of the Dzyalosinskii-Moriya (DM) interaction in
addition to a Heisenberg Hamiltonian. This analysis in-
dicates that Jc�J � 1023, where Jc is a measure of the
coupling between neighboring V14 spins along the c axis.
The inclusion of DM interactions results in a small and
anisotropic gap, D, in the spin wave excitations (magnons)
of K2V3O8 of the order of 1 K. The gap has been re-
cently verified in measurements of the magnon spectrum
of K2V3O8 using inelastic neutron scattering [14]. In most
respects the magnon excitations in the a-a plane are what
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is expected for a quasi-2D Heisenberg antiferromagnetic;
the energy of the excitations is linear in k for most wave
numbers and flattens to zero slope near the zone boundary
(k � p�2a) at an energy near 27 K (about 2J). The linear
portion of the magnon spectrum gives a magnon velocity of
about 3 3 104 cm�s, a value more than 10 times smaller
than the estimated average sound velocity in K2V3O8.
Very little dispersion was found for magnons along the c
direction.

Single crystals of K2V3O8 (typical dimensions 0.5 3
0.5 3 0.05 cm3) were grown via a flux technique as de-
scribed previously [13]. The crystals were mounted for
thermal conductivity measurements in a physical property
measurement system (PPMS) from Quantum Design. Four
wire thermal conductivity measurements were made using
the thermal transport option from Quantum Design that has
been thoroughly tested in our laboratory for several months
using a variety of thermal conductivity standards. Heat
capacity measurements were also made using the PPMS
system.

Figure 1 shows the measured thermal conductivity of
K2V3O8 along the a axis for temperatures from 1.9 to
300 K in magnetic fields up to 8 T. For these data the mag-
netic field was applied in the a-a plane but perpendicular

FIG. 1. Thermal conductivity of a K2V3O8 crystal measured
with the heat current along the a axis and a magnetic field also
in the a-a plane but perpendicular to the direction of heat flow.
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to the direction of heat flow. There are several unusual
features to the data. From 150 to 300 K the thermal
conductivity is weakly temperature dependent rather than
decreasing as T21 which is typical of dielectric crystals.
The flat temperature dependence appears to be partially
due to the increase of the heat capacity in this temperature
region that compensates for any decrease in the phonon (or
magnon) mean free path. At about 110 K there is a notice-
able drop in the thermal conductivity which is associated
with a local structural distortion of the apical oxygen of
the V14 square pyramids [15]. A reduction in the local
symmetry is similar to the introduction of additional point
defects into the crystal. More point defects will lower the
thermal conductivity, as is observed in the temperature
range from 110 to 70 K. This distortion was recently
characterized using infrared spectroscopy, heat capacity,
and dielectric constant measurements [15]. Magnetic
susceptibility measurements in this temperature range,
however, showed no evidence of an anomaly, and low
temperature structural data from powder neutron diffrac-
tion experiments indicated no obvious change in the
crystal structure space group due to the distortion [16].
The most interesting aspects of the thermal conductivity
data, however, occur at temperatures below 70 K.

In an insulating magnetic system heat is carried primar-
ily by acoustic phonons and magnons (ktotal � kphonon 1

kmagnon ). Additionally, magnons can scatter phonons or
phonons can scatter magnons. One of the major prob-
lems in using a heat current to probe the magnetic exci-
tations of a material is determining what part of the heat
current is carried by each quasiparticle. The simplest ex-
pression that describes the thermal conductivity of a solid
is similar for both magnons and phonons and is given by
k � 1�3Cyyd, where Cy is the heat capacity per unit vol-
ume of the phonons (magnons), y is the average sound
(magnon) velocity, and d is the average mean free path for
the acoustic phonons (magnons). An estimate of the tem-
perature variation of d was determined using the measured
thermal conductivity and heat capacity data (H � 0 data)
and the appropriate sound (5 3 105 cm�s) or magnon ve-
locity (3 3 104 cm�s). Phonon mean free paths can be
extremely large in crystals at low temperature and in some
cases are limited by the macroscopic dimensions of the
crystal. Is there any constraint on the magnon mean free
path? With a gap, D, in the magnon spectrum, the dis-
persion is linear in k only for large wave vectors, with
a corresponding nonzero magnon velocity ymagnon . For
small k the magnon velocity is nearly zero (dv�dk � 0).
A natural crossover is given by D � ymagnonkch̄. Modes
with k ø kc do not contribute to heat transport, while for
k ¿ kc modes carry heat in the usual way. This suggests
[17] that dc � hymagnon�D is a natural distance playing
the role of an effective cutoff length that can be used em-
pirically as an upper limit for the magnon mean free path
in the simplest model for k. Applying this to K2V3O8,
with a gap of 1 K and ymagnon � 3 3 104 cm�s, this im-
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plies an upper limit for dc of 14 nm. For temperatures
less than 30 K this value is at least an order of magnitude
too small to account for the measured thermal conductiv-
ity values even assuming that all of the heat capacity be-
low 30 K is of magnetic origin. Hence in zero magnetic
field it is likely that virtually all of the heat conduction is
phononic in origin even when kBT ¿ D. This conclusion
is also consistent with a minimum in ka at 6.5 K that oc-
curs near a maximum in Cm�T , where Cm is the magnetic
portion of the heat capacity (Fig. 2). A low temperature
minimum in k is typically observed in materials where the
phonons are resonantly scattered by a localized defect that
has only appreciable cross section within a narrow energy
range [18]. The zero field thermal conductivity data can
be modeled using the formalism developed by Calloway
[19] and Klemens [20] along with expressions for various
phonon scattering processes [18,21],

klattice � 1�3
Z vD

0
y2t�v,T�

dC

dv
dv , (1)

t21�v, T� �
X

i

t21
i �v, T � , (2)

where vD is the Debye frequency, y is the velocity of
sound, ti is the relaxation time for the ith phonon scat-
tering mechanism, T is the temperature, and dC�dv is
the specific heat per angular frequency within the Debye
model. Standard expressions from the literature [18,21] are
used for boundary scattering: y�D, point defect scattering:
Cv4, both normal and umklapp scattering: Bv2Te2b�T ,
and resonant scattering: AT3v2��v2 2 v

2
0 �2, where D

is the smallest dimension of the crystal (0.05 cm), and C,
B, b, A, and v0 are adjustable parameters. A reasonable
description of the thermal conductivity data is generated
using a Debye temperature of 700 K, a value consistent

FIG. 2. Estimated magnetic contribution to the heat capacity
divided by T [Cm�T ��T ] and measured thermal conductivity
versus temperature. The magnetic heat capacity was estimated
by subtracting a Debye lattice contribution from the total heat
capacity. For temperatures below 10 K over 80% of the total
heat capacity is of magnetic origin for any reasonable value for
the Debye temperature (200–800 K). The small heat capacity
anomaly associated with the onset of 3D magnetic order is noted
in the figure.
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with the heat capacity data, and the values for C, B, b,
A, and Tres � h̄v0�kB shown in Fig. 3. The value of
Tres obtained from the model (23 K) is not sensitive to
variations in the other parameters and is not sensitive to
the exact functional form used to describe the resonant
scattering. It is generally found that a low temperature
minimum in k at a temperature Tres corresponds to reso-
nant scattering at an energy 3 to 4 times kBTres [18].
The only energy scale in the problem that corresponds to
23 6 5 K is the top of the magnon band, which corre-
sponds to magnons near the zone boundary. At the zone
boundary, the magnons have a large density of states and
the excitations roughly correspond to localized spin flips
with zero velocity (dvmagnons�dk � 0). This is exactly the
type of excitation that could give rise to resonant scattering
and hence we suggest that resonant scattering by magnons
near the zone boundary is responsible for the minimum in
k at 6.5 K.

The application of a magnetic field results in a large
increase in the thermal conductivity for temperatures be-
low 6 K (see Fig. 1). We considered the magnetic field
dependence of the resonant scattering rate as a possible
explanation for this effect as was successfully done for
SrCu2�BO3�2 [6]. This assumption produced either a small
decrease or no change in k with increasing magnetic field
and hence was ruled out as the origin of the magnetic
field dependence of k. Isothermal measurements of k

in a magnetic field are presented in Fig. 4 for two ori-
entations of the field with respect to the direction of heat
flow. Below a critical magnetic field the thermal conduc-
tivity does not change within the precision of our mea-
surements: H � 0.55 T for a magnetic field applied along
the a axis and H � 0.95 T for a magnetic field applied
along the c axis. These fields are close to the spin re-
orientation values found at 2 K using magnetization and
neutron scattering data [13] (0.65 T for H k a and 0.85 T

FIG. 3. Thermal conductivity data (solid line) compared to
model calculation (dashed line) described in text with the follow-
ing choice of parameters: Tres � 23 K, b � 60 K, C � 1.75 3
10243 s3, B � 3 3 10217 s�K, and A � 5 3 108 s23 K23. The
values for b, C, and B are typical for dielectric crystals.
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for H k c). At both fields the V41 spins rotate from
along the c axis into the a-a plane always remaining per-
pendicular to the applied magnetic field. To understand
these data we recall a very general result from the the-
ory of antiferromagnetic magnons in the long wavelength
limit [22]. In a magnetic field the magnon spectrum is
split into two branches with magnon energies (or frequen-
cies) h̄vk �

p
�ymh̄k�2 1 D2 6 gmH. When gmH�kB

exceeds a value of the order of 1 K, there will no longer
be a gap in the magnon spectra at k � 0 for the lower
magnon branch. With no gap, the correlation length for
the magnons in this branch can become much larger than
the 14 nm value suggested above and the magnon veloc-
ity becomes finite at k � 0 (dv�dk fi 0). A significantly
larger mean free path and finite velocity for magnons in this
branch should enable these magnons to carry measurable
amounts of heat. This simple picture cannot be quantita-
tively correct since for H $ Hc a new magnetic ground
state is formed. The experimental data, however, suggest
that the thermal and field dependence of the occupation of
this new ground state, nm�H, T� should be defined as 0 for
H # Hc and given by Eq. (3) for H $ Hc.

nm�T , H� �
e2�D2guH��kBT

1 1 e2�D2guH��kBT 1 e2�D1guH��kBT

2 n�T , Hc� . (3)

At T � 3.7 K, and for magnetic fields greater than the
critical value, (D�gm), nm�T , H� is linear in field for small
fields [nm�T , H� � gm�H 2 Hc��kBT] and slowly satu-
rates at higher fields. The thermal conductivity data shown

FIG. 4. In-plane thermal conductivity vs magnetic field at T �
3.7 K for fields parallel to the a or c axis (the two data sets
have been offset for clarity). The thermal conductivity does not
change with magnetic field for fields less than the critical values
noted in the figure. These fields are close to the spin reori-
entation values found at 2 K using magnetization and neutron
scattering data [13] (0.65 T for H k a and 0.85 T for H k c).
At both fields the V14 spins rotate from along the c axis into
the a-a plane always remaining perpendicular to the applied
magnetic field. The inset schematically shows the effect of a
magnetic field on the two magnon branches near k � 0. At the
critical field there is no gap at k � 0 in the lower branch of the
magnon spectra.
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FIG. 5. Thermal conductivity of a K2V3O8 crystal at 8 T mi-
nus the thermal conductivity at 0 T (solid line) versus tempera-
ture. Thermal conductivity at 4 T minus thermal conductivity at
0 T versus temperature (dashed line) scaled using Eq. (3). There
are no adjustable parameters.

in Fig. 4, which should be proportional to nm�T , H�, is
qualitatively described by this functional form (including
data taken at higher fields that is not shown in Fig. 4).
The slopes of the data shown in Fig. 4 differ by about a
factor of 2 depending on the direction of the field with re-
spect to the a-a plane. If the field is applied in the a-a
plane the increase of the thermal conductivity with field
is, within experimental error, the same whether the field is
parallel or perpendicular to the direction of the heat cur-
rent. Only when the field is applied along the c axis does
the thermal conductivity increase more slowly with field.
When the field is applied along the c axis the spins tilt
slightly out of the a-a plane, and this tilting increases with
increasing field. The slower increase of the magnon ther-
mal conductivity with H k c may be related to this tilting.
We are not aware of any theoretical treatment dealing with
the effect of spin orientation on magnon heat transport,
but for K2V3O8 this appears to be a significant effect. Fi-
nally, we note that the temperature dependence predicted
by Eq. (3) accounts for the magnon thermal conduction in
a field since our experimental data taken in various mag-
netic fields scale with nm�T , H�, within experimental error,
as shown in Fig. 5. This scaling indicates that the various
magnon scattering mechanisms do not change significantly
for H . Hc and that the only change with field is the num-
ber of magnons in the new ground state.

In summary, the thermal conductivity data from K2V3O8
indicate resonant scattering of phonons by magnons near
the zone boundary and heat transport by long wavelength
magnons. The magnon heat transport occurs only after a
small anisotropic gap is closed at k � 0 by the application
of a magnetic field. The unusual magnetic and thermal
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properties of K2V3O8 suggest a general method for ana-
lyzing the thermal conductivity of other quasi-2D antifer-
romagnetic compounds such as La2CuO4 or MnF2. The es-
sential observation is that if there is a gap, D in the magnon
spectra at k � 0, it is likely that for magnetic fields less
than D�gm phonons will carry most of the heat (even when
kBT ¿ D). The application of a magnetic field greater
than D�gm will result in the closure of the gap and the for-
mation of a new magnetic ground state with magnons that
can carry heat. It is important to realize that the magnon
gap in compounds such as K2V3O8, La2CuO4, or MnF2 is
due to the anisotropy in J rather than the magnitude of J.
For example, in La2CuO4 J is about 2200 K, but the gap
in the magnon spectra is only about 12.5 K. The results
reported in this Letter thus suggest a variety of new experi-
ments and a need for a better theoretical understanding of
heat transport quasi-2D Heisenberg antiferromagnets.
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