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Spin transport in a Berezinskii-Kosterlitz-Thouless magnet candidate BaNi2V2O8
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In two-dimensional (2D) spin systems, the augmentation of spin fluctuations gives rise to quasi-long-range
order; however, how they manifest in spin transport remains unclear. Here, we investigate the spin Seebeck
effect (SSE) in a quasi-2D antiferromagnet, BaNi2V2O8, which has been reported to exhibit the Berezinskii-
Kosterlitz-Thouless (BKT) transition owing to its very weak interlayer interaction. We found that the SSE in
Pt/BaNi2V2O8 persists well above the Néel temperature, significantly different from the behavior of 3D-ordered
magnets. Our numerical analysis for a 2D microscopic spin model confirms that the observed SSE is linked to
the gapless magnon excitations and strong magnetic correlations characteristic of BKT magnets.
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Introduction. Spin current generation [1] is a crucial
technique finding its applications in spintronics and next-
generation information processing. Not only does it have
engineering significance, but it is also fundamentally impor-
tant as an effective method for elucidating the spin excitation
and transport of magnetic states. One of the most versatile
methods for driving spin current is the spin Seebeck effect
(SSE) [2–5]. The SSE refers to the generation of a spin current
in a magnetic material in response to a temperature gradient
across the junction between a magnetic material and a metal.
Thanks to its simple bilayer structure and straightforward
nature, the SSE serves as a valuable tool for investigating
the spin dynamics in diverse magnetic insulators [3,6–21].
Recently, it has also been applied to exotic magnetic sys-
tems that lack long-range magnetic order but exhibit strong
spin correlations, such as a 1D quantum spin liquid [22], a
spin-nematic liquid [23], a spin-Peierls magnet [24], and a
magnon-BEC magnet [25]. In such exotic magnetic systems,
spin excitations are not described by the standard magnons
in ordered magnets, and unique spin transport phenomena
appear. The spin transport beyond the standard magnon pic-
ture has expanded material systems for spin current studies.
The robust spin transport against external magnetic fields and
the absence of stray magnetic fields may offer fundamental
scientific insights as well as practical technological potential.

In the realm of exotic magnetic dynamics, two-dimensional
(2D) spin systems, where magnetic interactions are domi-
nant within a two-dimensional plane due to the very weak
interlayer interactions, are particularly intriguing because
of their enhanced spin fluctuations. In the case of a 2D
Heisenberg magnet, long-range magnetic order is forbid-
den at finite temperatures [26,27]; instead, it exhibits a
quasi-long-range order in a magnetic field, accompanied by
the Berezinskii-Kosterlitz-Thouless (BKT) transition [28–32].
The BKT transition is a phase transition involving a change
from bound vortex-antivortex pairs state (referred to as a
BKT phase) at low temperatures to unpaired vortices and
antivortices state at high temperatures within two-dimensional

planes. It requires strong two-dimensionality, coexisting with
enhanced spin fluctuations. This transition is known to display
extremely subtle singularities that are considered undetectable
by usual spin probes. While BKT transitions and their re-
lated topics in 2D or quasi-2D spin systems have long been
explored mainly focusing on thermodynamic quantities, the
effect of spin fluctuations in such systems on transport and
nonequilibrium properties remains elusive. Moreover, a BKT
transition has been reported in a monolayer van der Waals
magnet due to its enhanced perpendicular magnetic anisotropy
[33]. Understanding spin dynamics in BKT magnets can con-
tribute to the emerging spintronic research field in van der
Waals devices.

Although SSE in a layered ferromagnetic insulator with
weak anisotropy in exchange coupling has been reported
[34], highly 2D spin systems exhibiting BKT-like behavior
have not yet been experimentally explored. Furthermore,
since very recent theoretical works have revealed a novel
contribution of the BKT spin texture to the spin current
[35,36], the experimental study of spin current transport in
BKT magnets is timely.

As a promising candidate for realizing 2D spin systems
with BKT transitions, BaNi2V2O8 stands out as a rare exam-
ple in which a BKT-like transition has been experimentally
confirmed. Its trigonal crystal structure houses spin-1 Ni2+
magnetic ions, forming honeycomb layers stacked parallel
to the c axis [Fig. 1(a)]. As illustrated in Fig. 1(b), spins
of Ni2+ ions lie within the honeycomb plane in the ground
state, displaying a dominant antiferromagnetic exchange in-
teraction between the nearest-neighbor Ni2+ ions. BaNi2V2O8

is a quasi-2D Heisenberg antiferromagnet (TN = 47.75
± 0.25 K) with weak XY anisotropy [37,38]. Magnetic
susceptibility and specific heat do not show any sharp tran-
sitions associated with long-range magnetic ordering [37,38].
This pronounced 2D magnetic characteristic is mainly due
to its outstandingly weak interlayer interaction (|Jout| <

10−4 J1, where Jout and J1 are interlayer and nearest-neighbor
intralayer exchange interaction, respectively) [38]. The
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FIG. 1. (a) Crystal structure of BaNi2V2O8. (b) Magnetic struc-
ture of a Ni2+ honeycomb plane. Each magnetic moment lies
approximately in the honeycomb plane. (c) Temperature dependence
of magnetic susceptibility χ at 1 T. The inset shows the temperature
dependence of dχ

dT and the definition of TN.

BKT-like transition has been experimentally confirmed by
the critical scaling of the correlation length extracted from
the linewidth of the electron spin resonance [39], spin-lattice
relaxation rate of the nuclear magnetic resonance [40], and
the inverse full-width half maximum of the neutron scatter-
ing measurements [41], reporting that the BKT-like transition
temperature (TBKT) lies between 40 and 45 K, just below
TN. It is known that layered magnets with weak interlayer
interactions can undergo a magnetic transition above the BKT
transition temperature [42,43]. In the presence of interlayer
interactions, the BKT transition becomes a crossover [44], but
strong 2D spin fluctuations associated with vortex excitations
still persist over a broad temperature range.

In this study, we have investigated SSE in BaNi2V2O8:
a quasi-2D antiferromagnet with a BKT-like transition.
The SSE of Pt/BaNi2V2O8−(100) significantly persists
even above the Néel temperature, without any anomalies
at the transition temperature, in contrast to the behavior of
three-dimensional (3D) ordered magnets. Interestingly, these
results are consistent with the calculation results for a weakly
anisotropic 2D Heisenberg antiferromagnet with the BKT
transition, which does not show long-range order. Therefore,
the SSE in this system plausibly originates from strong
magnetic correlations characteristic to the BKT spin systems
over a very broad temperature range, despite BaNi2V2O8 ex-
hibiting magnetic order at low temperatures in a static sense.

Methods. Synthesis of single crystals of BaNi2V2O8 and
the SSE device fabrication are described in the Supplemental
Material (SM) [45]. Magnetization was measured using a

superconducting magnet Quantum Design MPMS3. The SSE
devices used in the present study consist of a 5 nm thick
Pt film sputtered on top of a BaNi2V2O8 single crystal. The
samples have a surface size of 0.9 × 0.25−0.4 mm2 with a
thickness of 0.23 to 0.29 mm. In this study, the SSE was
measured using a self-heating method [46] in a Quantum De-
sign PPMS9. The Pt layer was utilized not only as a detection
layer for spin currents but also as a heater to generate thermal
gradients. An ac current Ic ∝ sin ωt was applied to the Pt film,
generating a temperature gradient across Pt/BaNi2V2O8 bi-
layer due to the Joule heating. Thermally induced spin current
with 2 ω frequency produces inverse spin Hall effect signal in
the Pt layer as a second harmonic voltage. By measuring the
second-harmonic voltage V2ω using a lock-in amplifier (NF
LI5650) under magnetic fields applied perpendicular to both
ac current and temperature gradient, we selectively detected
the SSE signal. The typical parameters of the ac current were
the amplitude of 4.5 to 6 mA and the frequency of 83 Hz
(see also SM [45]). We normalized the detected voltage by
the power of the applied current owing to its accuracy and
reproducibility [47,48].

Results. We first examined the magnetic properties of
BaNi2V2O8. Magnetization shows a linear magnetic field
dependence over the entire temperature range (see SM
[45]). Temperature dependence of magnetic susceptibility
χ , shown in Fig. 1(c), takes a characteristic behavior with
a very broad peak around Tmax ∼ 143 K. At temperatures
below the broad maximum, the susceptibility gradually de-
creases, and the anisotropy becomes more pronounced as
temperature decreases. A small tail observed at very low
temperatures is attributed to paramagnetic impurities, which
have been frequently observed in this material [37,38] and
other low-dimensional materials [49,50]. The Néel tempera-
ture is determined to be TN = 47 K from the local minimum
point of dχH‖c

dT , following previous studies [38,41]. It is notable
that the large Tmax/TN ratio highlights low-dimensional mag-
netism, and strong short-range correlations remain far above
the transition temperature. The value of TN, as well as the
overall temperature dependence of magnetic susceptibility,
are consistent with those of previous studies [37,38,41]. This
indicates that the sample used in this study possesses a similar
high degree of two-dimensionality as reported in earlier stud-
ies, although the BKT transition cannot generally be detected
in magnetic susceptibility.

The SSE for BaNi2V2O8 was then measured for two dif-
ferent configurations, as illustrated in Figs. 2(a) and 2(b):
5-nm-thick Pt films were sputtered on the (100)- or (001)-
crystalline plane of BaNi2V2O8, which corresponds to the
configuration where the 2D honeycomb plane is perpendic-
ular or parallel to the Pt plane, respectively. In Fig. 2(c), the
magnetic field dependence of V2ω at 20 K (< TN) is shown.
We first notice that the V2ω of Pt/SiO2 control sample is
almost independent of the magnetic field. Here, SiO2 means
a thermally oxidized Si substrate that is diamagnetic, and
thus Pt/SiO2 is expected to exhibit a voltage solely from the
normal Nernst effect of Pt [51]. From this result, we con-
firmed that the Nernst effect in Pt is too small to be detected
in our devices. In contrast to Pt/SiO2, both Pt/BaNi2V2O8

devices show positive monotonic magnetic-field dependences,
which can be attributed to the SSE signal. The positive sign
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FIG. 2. (a),(b) Schematics of the SSE measurement setup for
(a) Pt/BaNi2V2O8−(100) and (b) Pt/BaNi2V2O8−(001) shown
with the 2D honeycomb planes. (c),(d) Magnetic-field dependence
of V2ω/P in Pt/BaNi2V2O8−(100), Pt/BaNi2V2O8−(001), and
Pt/SiO2 at (c) 20 K and (d) 100 K. Straight lines represent the linear
fits; fitting errors were assessed with the confidence range of 99.73%.
The diamond symbols in (c) show the representative points averaged
over every 2 T.

of the SSE signals is the same as that of Pt/YIG, a typical
ferrimagnetic SSE material (see SM [45]). We further veri-
fied that W (10 nm)/BaNi2V2O8−(100) shows the opposite
sign of voltage response at 10 K, consistent with the op-
posite sign of the spin Hall angle in W [45] (see also Ref.
[52] therein). Notably, the signal of Pt/BaNi2V2O8−(100)
is larger than that of Pt/BaNi2V2O8−(001). This fact is
in line with the 2D magnetic character of BaNi2V2O8: For
the Pt/BaNi2V2O8−(100) configuration, the spin current
generated within the 2D plane can directly flow into the
Pt, while for the Pt/BaNi2V2O8−(001) configuration, the
spin current hardly flows due to the very weak interplane
interaction.

Next, we show in Fig. 2(d) the results of the same measure-
ment conducted at 100 K, well above the Néel temperature.
At this temperature, Pt/SiO2 and Pt/BaNi2V2O8−(001) show
almost no magnetic-field dependence within the confidence
range. Nevertheless, Pt/BaNi2V2O8−(100) still shows a fi-
nite SSE signal with a linear positive dependence on the
magnetic field.

FIG. 3. (a) Magnetic-field dependence of V2ω/P in
Pt/BaNi2V2O8−(100) at various temperatures. (b) Temperature
dependence of (dV2ω/dH )/P in Pt/BaNi2V2O8−(100),
Pt/BaNi2V2O8−(001), and Pt/SiO2. The error bars indicate
the confidence range of 99.73%. For comparison with the
magnetic properties, the temperature dependence of the magnetic
susceptibility at 1 T [already shown in Fig. 1(d)] is redisplayed in
the bottom panel.

We systematically measured the temperature dependence
of the SSE for Pt/BaNi2V2O8−(100), as shown in Fig. 3(a).
In Fig. 3(b), the slope of the linear fit to the magnetic-
field dependence of V2ω/P is plotted. Although the SSE
for Pt/BaNi2V2O8−(100) deviates slightly from the lin-
ear magnetic-field dependence at very low temperatures, as
shown in Figs. 2(c) and 3(a), we employed a linear ap-
proximation in |μ0H | � 9 T for all temperatures to ensure
a consistent evaluation over the entire temperature range.
In Pt/BaNi2V2O8−(100), large positive SSE signals are
observed at low temperatures and continue to increase di-
vergently down to a very low temperature of 5 K. The spin
current should thermodynamically go down to zero at zero
temperature, so the peak structure is expected to appear at
temperatures lower than those reached in the experiment. As
the temperature increases, the SSE monotonically decreases,
and interestingly, it exhibits no significant changes at TN,
reminiscent of previous studies of magnetic susceptibility
and specific heat in which no anomaly was detected at TN

[37,38]. Upon further increasing the temperature, the SSE
signal disappears at approximately 150 K. A significant point
is that this temperature is close to Tmax, at which the magnetic
susceptibility reaches its maximum. If Tmax corresponds to
the onset temperature of the 2D magnetic character (J1 �
12.3 meV � 143 K), the SSE signals can be attributed to
strong short-range correlations in BaNi2V2O8. In contrast, the
SSE signals in Pt/BaNi2V2O8−(001) and Pt/SiO2 above TN

are negligibly small; the SSE signals above TN are unique to
Pt/BaNi2V2O8−(100). When comparing the SSE magnitudes
for Pt/BaNi2V2O8 at around TN with those for Pt/YIG at 250
K obtained using a similar self-heating method, both are of
the same order of magnitude [46].

The long-tailed temperature dependence of the SSE signals
even above the transition temperature is considerably different
from the SSE reported for typical 3D magnets. In most cases,
the SSE due to short-range correlations above the transition
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temperature of 3D magnets is much smaller than that in the
ordered phase and sometimes too small to be observed. For
example, for a 3D ferrimagnet YIG, the SSE signals gradually
decrease toward the Curie temperature, and there is almost no
signal detected above that temperature [53]. Also, for a 3D
antiferromagnet Cr2O3, the SSE signals gradually decrease
with increasing temperature, and even before reaching the
transition temperature, their magnitude decreases by more
than two orders compared to the low-temperature signal [16].
This is because the spin current in the 3D-ordered phase
is carried by spin-wave excitations (magnons) and magnon
SSE rapidly decreases toward the ordering temperature owing
to the suppression of magnon excitations. Although a finite
SSE signal above the Néel temperature was reported for a
3D antiferromagnet FeF2 thin film [54], there is a clear kink
structure at the Néel temperature, representing a change in
the origin of the SSE between below and above the ordering
temperature. The temperature dependence of the SSE in these
3D magnets completely differs from what is observed here for
BaNi2V2O8.

For 2D spin systems, the SSE was studied for layered
ferromagnetic insulators CrSiTe3 and CrGeTe3, and the ther-
mal spin current flowing perpendicular to the 2D layers was
measured [34]. The SSE signals were still observed above the
Curie temperature and attributed to short-range ferromagnetic
correlations reinforced by the Zeeman interaction. However,
we point out that the anisotropy in the exchange coupling
strength (∼ 5 [55]) for these layered magnets is much weaker
than that of the present system (> 104 [38]) and the magnetic
transition is rather 3D in CrGeTe3 [56]. Moreover, the SSE
signals due to the short-range in-plane ferromagnetic correla-
tions for these materials were suppressed by the out-of-plane
correlations rapidly diminishing above the Curie temperature,
which is in stark contrast to the present case where the SSE
disappears almost at the onset temperature of 2D magnetism.

In addition to the long tail, we again note a low-temperature
feature of BaNi2V2O8. The SSE signal in 3D-ordered magnets
usually exhibits a peak as a function of temperature because
the magnon gap and the magnon-magnon interaction suppress
the signal as temperature decreases and increases, respectively
[57]. The continuous growth of the SSE even until 5 K is
unique to BaNi2V2O8 and consistent with the gapless nature
of spin-wave excitations, as discussed below.

Discussion. To understand the observed SSE more deeply,
we performed numerical calculations (see also SM [45]) based
on the formalism of the tunnel spin current [5,18,19,22–
24,58,59]. The terminology “tunnel” means that we consider
a spin current injected from BaNi2V2O8 to the attached metal
Pt through a “quantum tunneling effect,” owing to the effect
of a weak but finite exchange interaction between localized
spins of the magnet and conduction-electron spins of Pt. As
the microscopic model for BaNi2V2O8 [41], we adopted a 2D
Heisenberg antiferromagnet with a small XY anisotropy on a
honeycomb lattice. The existence of a field H or anisotropy
D reduces the symmetry from SU(2) to U(1) type, and such
2D U(1)-symmetric models exhibit a BKT transition like
the 2D XY model, regardless of ferro- or antiferromagnetic
nature [31,32,45]. We computed the spin dynamics by solv-
ing the stochastic Landau-Lifshitz-Gilbert (LLG) equation [1]
at finite temperatures to adequately incorporate significant

FIG. 4. (a) Magnetic-field and (b) temperature dependences of
numerically calculated tunnel spin currents in the bilayer model of
a 2D antiferromagnet (10 × 10 size) and a metal. Results of larger
size systems also exhibit the same H and T dependences as the
above panels (a) and (b) (see SM [45]). The temperature difference
�T is defined as �T = Tmetal − Tmagnet, where Tmetal and Tmagnet are,
respectively, the temperatures of the metal and the antiferromagnet.
Here, gμBH = eh̄

m μ0H . If we set J1 � 12.3 meV � 143 K follow-
ing Ref. [41], kBT/J1 = 0.15, 0.3, and 0.5, respectively, correspond
to kBT � 21, 43, and 72 K. In addition, a magnetic field regime
|gμBH |/J1 < 0.1 corresponds to |H | < 10.5 T. The BKT transi-
tion point has been evaluated as kBTBKT ∼ 0.3 J1 at gμBH/J1 → 0
[41]. From previous studies of Refs. [31,32], kBTBKT is expected
to be around 0.2 J1 < kBTBKT < 0.4 J1 in a weak-field regime
|gμBH |/J1 < 0.1. The error bars indicate the confidence range
of 99.73%.

thermal fluctuations in BKT magnets. The tunnel spin current
in the metal partially changes into an electric current via
the inverse spin Hall effect and the resulting SSE voltage is
proportional to the tunnel spin current. The detail of the tunnel
spin current analysis is in SM [45] (see also Refs. [60–64]
therein).

Figure 4(a) shows the numerical result of the magnetic-
field dependence of the tunnel spin current. The spin current
monotonically increases with increasing field, and its sign
is verified to be the same as that of the ferromagnet (see
SM [45]). At H = 0, both spin-up and spin-down magnon
densities are exactly the same and therefore the tunnel spin
currents carried by up and down magnons cancel each other
out. On the other hand, when a finite magnetization occurs by
a positive field H > 0, down-spin magnons are stabilized (i.e.,
their lifetime increases) and their density also increases. Thus,
the cancellation is broken and the tunnel spin current grows
together with H. We also find from Fig. 4(b) that the spin
current shows a divergent behavior in a very low-temperature
regime, and monotonically decreases with the increasing tem-
perature. It persists even in T > TBKT, with no characteristic
change around T = TBKT. This temperature dependence can
be interpreted as follows: In the BKT phase, there are always
gapless magnons (spin waves) [27], which are the main carri-
ers of the tunnel spin current. The gapless magnon should be
distinct from the usual magnon in ordered magnets. When the
temperature grows up, the vortex-pairs increase and disturb
the spin-wave propagation, resulting in a monotonic decrease
in the tunnel spin current with the increasing temperature.
Even if the temperature becomes somewhat larger than TBKT,
the spin correlation length is still long enough for the magnon
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modes to survive at least for a short time and a short dis-
tance, giving rise to the finite tunnel spin current in T >

TBKT. These magnetic field and temperature dependence of
the calculated tunnel spin currents are quite consistent with
the observed SSE signals at a semi-quantitative level, and
considerably different from the case of 3D-ordered magnets.
This indicates that the spin current of the SSE in BaNi2V2O8

is well described by the 2D antiferromagnetic model with
a BKT transition in a broad temperature and magnetic-field
regime.

Conclusion. We showed that the SSE in a BKT magnet
candidate BaNi2V2O8 is remarkably different from those in
3D magnets. In Pt/BaNi2V2O8−(100), the SSE signals are
driven by the spin current flowing within the 2D honey-
comb plane of BaNi2V2O8, and notably persist well above
the Néel temperature, without appreciable change at TN and
TBKT. Reflecting its strong 2D characteristics, the SSE in
BaNi2V2O8 extends to a temperature almost three times
higher than the Néel temperature, surpassing the temperature
range reported in other 2D magnets with less anisotropy. Our
numerical calculations indicate that the SSE observed over
the entire temperature range is consistent with that expected
in a 2D Heisenberg model exhibiting a BKT transition un-
der a magnetic field. Hence, the SSE in the present system
plausibly results from strong spin fluctuations, which are char-
acteristic of 2D spin systems. Although BaNi2V2O8 exhibits
magnetic order at low temperatures in a static sense, our
findings suggest that spin current transport in BaNi2V2O8

captures the spin dynamics of the model calculation in a
BKT system over a very broad temperature range across the
Néel temperature. In addition, the detected SSE signals were
comparable to those in the extensively studied ferrite YIG,
even at and above TN, highlighting the significance in the
potential application of such 2D spin systems to spintronics
devices.

The SSE measurements therefore provide a valuable tool
for probing unique spin transport in BKT systems. More so-
phisticated measurements could offer deeper insights into the
relationship between the observed SSE and BKT physics. For
instance, spatially resolved SSE measurements might uncover
the role of vortices in SSE, as the BKT transition is closely as-
sociated with vortex and antivortex excitations, whose size is
typically nano- or micrometer scale. Moreover, time-resolved
SSE measurements using optical probes may also be useful,
although the temperature dependence is sometimes different
from that observed in electrical measurements [65]. For exam-
ple, they could reveal the scaling behavior of the correlation
length during spin-current transport, considering recent ad-
vancements in ultrafast optical techniques to explore the BKT
transition [66,67].
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