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Abstract

We have studied the longitudinal spin Seebeck effect in a polar antiferromagnet α-Cu2V2O7 in

contact with a Pt film. Below the antiferromagnetic transition temperature of α-Cu2V2O7, spin

Seebeck voltages whose magnetic field dependence is similar to that reported in antiferromagnetic

MnF2|Pt bilayers are observed. Though a small weak-ferromagnetic moment appears owing to the

Dzyaloshinskii-Moriya interaction in α-Cu2V2O7, the magnetic field dependence of spin Seebeck

voltages is found to be irrelevant to the weak ferromagnetic moments. The dependences of the spin

Seebeck voltages on magnetic fields and temperature are analyzed by a magnon spin current the-

ory. The numerical calculation of spin Seebeck voltages using magnetic parameters of α-Cu2V2O7

determined by previous neutron scattering studies reveals that the magnetic-field and temperature

dependences of the spin Seebeck voltages for α-Cu2V2O7|Pt are governed by the changes in magnon

lifetimes with magnetic fields and temperature.
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Spin currents in antiferromagnetic materials have attracted much attention in the spin-

tronics field recently [1, 2]. Among various spintronic phenomena, a thermal generation

effect of spin currents, the longitudinal spin Seebeck effect (SSE) [3], is powerful for the

study of spin currents in antiferromagnets. The SSE was discovered at first in ferromagnets

[4–6], and recently expanded to antiferromagnets [7, 8] and non-magnets [9, 10]. The SSE

in antiferromagnets has been experimentally studied only for Cr2O3 [7] and MnF2 [8] in

contact with a Pt film. The temperature and magnetic-field dependences of the SSE voltage

in Pt|MnF2 are well explained by a magnon spin current theory [11], but partly inconsis-

tent with those observed in Pt|Cr2O3 [7]; SSE voltage is very small at low magnetic fields

below the spin-flop transition and its temperature dependence is complicated in Pt|Cr2O3

[7]. Hence, further investigation of the antiferromagnetic SSE for other antiferromagnetic

materials are required.

Among various antiferromagnetic insulators, a copper divanadates α-Cu2V2O7 is a low-

dimensional antiferromagnetic spin-1/2 system, which possesses a noncentrosymmetric crys-

tal structure with a polar point group (mm2) [12, 13]. The space group of α-Cu2V2O7 is

Fdd2 with lattice constants of a = 20.645 Å, b = 8.383 Å, and c = 6.442 Å[14]. Magnetic

properties of α-Cu2V2O7 are governed by Cu2+ S = 1/2 spins, since V5+ ions are nonmag-

netic. As illustrated in Fig. 1(a), all Cu2+ ions form two sets of almost perpendicular zigzag

chains [12–15]. Since the magnetic interactions between nearest (J1), second-nearest (J2),

and third-nearest (J3) neighbors are all antiferromagnetic [12–16], α-Cu2V2O7 exhibits anti-

ferromagnetism. Because of the absence of the inversion center between the nearest-neighbor

spins [16], the Dzyaloshinskii-Moriya (DM) interaction is active, and “Rashba-type” splitting

of lowest magnon bands is realized [16–19], as shown in Fig. 1(b).

In this manuscript, we study the longitudinal SSE [3] in antiferromagnetic α-Cu2V2O7.

The generated spin current in α-Cu2V2O7 is detected by an electric voltage in an attached

Pt film, which results from the conversion from the spin current into charge current by

means of the inverse spin Hall effect. The clear observation of the SSE in antiferromagnetic

α-Cu2V2O7 allows us to test the theoretical models proposed for the antiferromagnetic SSE

[11, 20]. Using the magnon spin current theory [11] combined with magnetic parameters

determined by previous neutron experiments for α-Cu2V2O7 [14–16], we show that tempera-

ture and magnetic-field dependences of the antiferromagnetic SSE in α-Cu2V2O7|Pt systems

are consistent with the magnon dispersions reported for α-Cu2V2O7 [Fig. 1(b)] [16].
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FIG. 1: (a) Cu ions form a pair of almost perpendicular zigzag chains. Spin exchange interactions

(J1, J2, and J3) are also shown. (b) Magnon dispersions of 16 branches calculated using magnetic

parameters determined by the neutron scattering study [16]. (c) Two magnetic transitions observed

in H||a. The first transition occurring at 6.5 T at 1.4 K is a spin-flop transition, and the second

transition at 18 T at 1.4 K is a spin-flip transition of canted moments. (d) Experimental setup

of the longitudinal SSE. The sample, α-Cu2V2O7|Pt, is sandwiched by two sapphire plates. The

temperature difference (∆T ) is applied using a chip-resistor heater, and measured using a couple

of thermocouples.

Single crystals of α-Cu2V2O7 were grown by a vertical Bridgman method following the

previous reports [14–16]. A crushed crystal was cut into a cuboid with the size of 4×2×0.6

mm3. The widest plane is a crystallographic ac plane; the longest side (4 mm long) is

parallel to the c axis. On the ac plane, a 5-nm-thick Pt film was sputtered in an Ar

atmosphere at ambient temperature. For the measurement of the SSE, the α-Cu2V2O7|Pt

sample was sandwiched by two sapphire plates [21, 22], as illustrated in Fig. 1(d); on one

plate, a 1-kΩ chip resistor was fixed with GE varnish to apply temperature gradient along

the b axis of α-Cu2V2O7. The temperature difference, ∆T , arising between two sapphire
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plates was measured using a couple of type-E thermocouples. The thermoelectric voltage

was measured along the c axis under external magnetic fields (H) applied along the a

axis. The measurement was performed in a cryogen-free superconducting magnet at each

H between −9 T and 9 T; H was first decreased from 9 T to −9 T, then increased backed

to 9 T. The antisymmetric contribution of the thermoelectric voltage spectra, {Vraw(H) −

Vraw(−H)}/2, is defined as the spin Seebeck voltage V . To compare the spin Seebeck voltages

with magnetization data of α-Cu2V2O7, the magnetization for the same α-Cu2V2O7 sample

was measured under H||a with a vibrating sample magnetometer in a superconducting

magnet.

Figure 2(a) shows the H dependence of the magnetization, M , for α-Cu2V2O7 at 2 K.

Here, the magnetization was measured in the H range from −9 T to 9 T. It has been

reported [14–16] that in the low H regime below 6.5 T, the Cu2+ spins align antiparallel

with their nearest and next-nearest neighbors, and the majority of the spin component

points along the a axis. As shown in Fig. 2(a), M increases almost in proportion to H ,

which is consistent with the antiferromagnetic alignment of Cu2+ spins. However, in the

low-H regime below 3 T, a weak ferromagnetic moment with a hysteresis loop was observed

in the magnetization curve. The weak ferromagnetic moment whose magnitude is almost

0.01 µB/Cu
2+ at H ≈ 0 is ascribed to small field-induced canting due to the DM interaction

[12–16, 23]. When H increases up to 6.5 T, M abruptly increases from 0.07 to 0.11 µB/Cu
2+.

This transition is a spin-flop transition of the Cu2+ spins [15] [Fig. 1(c)]. The competition

between the exchange energy and Zeeman energy forces the spins to minimize the total

energy by flopping altogether into the bc plane making the direction of the majority of the

spin component perpendicular to H [15]. Above 6.5 T, owing to the presence of the a

component of the DM vector, the spin components in the bc plane form a helical structure

with the helical axis along the a axis [15].

In Fig. 2(b), the spin Seebeck voltage divided by the temperature difference, V/∆T ,

measured at 2 K is presented. When the heater is turned on so that the temperature dif-

ference ∆T is set to be 1 K, the clear spin Seebeck voltage is observed. With increasing

H , the spin Seebeck voltage increases monotonically up to 6 T. Importantly, the H depen-

dence of V/∆T is totally different from that of M in Fig. 2(a), whereas it was reported

that the magnitude of the antiferromagnetic spin Seebeck voltage is always proportional to

magnetization in Cr2O3|Pt [7]. The weak ferromagnetic moment and the hysteresis loop
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FIG. 2: (a) Magnetization, M , as a function of magnetic field (H) with H||a at 2 K. (b) H

dependence of the spin Seebeck voltage divided by the temperature difference, V/∆T , at 2 K.

Here, H is applied along the a axis, and ∆T along the b axis. The background voltage measured

in the heater-off condition is also shown. (c) V/∆T as a function of H with H||a at different

temperatures from 4 K to 40 K. The magnitude of the applied ∆T is fixed at 2 K.

were not observed in the spin Seebeck voltage in α-Cu2V2O7|Pt. By contrast, the nonlinear

H dependence of V/∆T for α-Cu2V2O7|Pt is found to be similar to that reported for the

antiferromagnetic SSE in MnF2|Pt below the spin-flop transition field [8]. Above 6 T, V/∆T

tends to decrease, which seemingly contradicts with the sharp increase in the spin Seebeck

voltage above the spin flop transitions in Cr2O3|Pt [7] and MnF2|Pt [8]. A difference in the

magnetic state in the spin-flopped phase for α-Cu2V2O7 from MnF2 and Cr2O3 is that the

helical spin structure is realized owing to the DM interaction in α-Cu2V2O7 in contrast to

typical spin-flop transitions in MnF2 and Cr2O3. The helical spin structure stabilized by

the DM interaction might have a low efficiency for spin current generation, as reported for
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FIG. 3: (a) Temperature (T ) dependences of the magnetization (M) [(a) and (c)] and the spin

Seebeck signal [(b) and (d)] in the low-field [(a) and (b)] and high-field regimes [(c) and (d)]. In

(b), the slopes of the linear fits to V/∆T in the H range between −3 T and 3 T are shown. In (d),

T dependences of V/∆T measured at different ∆T values (1 K, 1.5 K, and 2 K) are shown.

a skyrmion insulator Cu2OSeO3 [24]. It is noted that we confirmed that V/∆T is almost

zero in the entire H regime when the heater is turned off (∆T ≈ 0), as shown in Fig. 2(b).

The H dependence of V/∆T at various temperatures is shown in Fig. 2(c). Below 12 K,

the clear spin Seebeck voltage which increases with increasing H strength is observed. The

suppression of the spin Seebeck voltage in the high-H spin-flopped phase is observed also at

4 K. As temperature (T ) increases from 4 K, |V/∆T | decreases monotonically, and is hardly

discerned above 20 K. Above 20 K, small H-linear voltages were only observed, which can

be ascribed to the normal Nernst effect in Pt films [25]. The sign of the spin Seebeck voltage

in α-Cu2V2O7|Pt is the same as that of the normal Nernst effect in Pt, which is consistent

with the SSE reported for various magnets [26].

In Fig. 3, T dependences of M and V/∆T are compared in the low-H regime [(a) and

(b)] and high-H regime [(c) and (d)]. Figure 3(a) shows T dependence of M measured in a

field-cooling scan at 1 T. The magnetization exhibits a cusp at ≈33 K, which corresponds to

the antiferromagnetic transition of α-Cu2V2O7. The reported Néel temperature TN is 33.4
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K [14], very close to the present transition temperature. The decrease in M below TN is

consistent with the antiparallel alignment of the majority of Cu2+ spins along the a axis.

In Fig. 3(b), the T dependence of the spin Seebeck signal in the low-H regime is presented.

Here, the H dependence of V/∆T in the range of −3 T ≤µ0H≤ +3 T is fitted with a linear

function of H , and the slope d(V/∆T )/d(µ0H) is plotted. The spin Seebeck signal is almost

zero above 20 K, but sharply increases with decreasing T below 20 K. The strong suppression

of the spin Seebeck signal at 20 K well below TN suggests that the T dependence of the

SSE depends not only on magnetic parameters but on transport parameters. The monotonic

increase in the spin Seebeck voltage with decreasing T down to 2 K is similar to that reported

in MnF2|Pt bilayers; the spin Seebeck voltage at 1 T for MnF2|Pt monotonically increases

with decreasing T down to 3 K [8].

In the high-H regime above 6.5 T, the magnetization shows a complex T dependence

below TN , as shown in Fig. 3(c). Below TN , M first decreases with decreasing T consistent

with the antiparallel spin alignment along the a axis, but becomes almost independent of T

below ≈23 K. In the low-T range below ≈23 K, the Cu2+ spins flop into the bc plane, and

the helical spin structure is realized. In the spin-flopped phase, the spin Seebeck voltage

tends to be suppressed, as shown at 2 K [Fig. 2(b)] and 4 K [Fig. 2(c)]. Nevertheless,

V/∆T measured at 9 T increases monotonically with decreasing T below TN , as shown in

Fig. 3(d). The T dependence of V/∆T is less sensitive to the spin flop transition than that

of M .

The T and H dependences of the spin Seebeck voltage in α-Cu2V2O7|Pt are similar to

those reported in MnF2|Pt below the spin-flop transition field [8]. The H dependence of

V/∆T which is irrelevant to the weak ferromagnetic moments [Figs. 2(b) and 2(c)] indicates

that antiferromagnetic magnons are responsible for the SSE. The monotonic increase in

V/∆T with decreasing T down to the lowest T [Figs. 3(b) and 3(c)] is unlikely to be

correlated with the T dependence of thermal conductivity, since the thermal conductivity

for bulk single crystals usually shows a maximum at 10-30 K [27]. Though longitudinal

spin Seebeck systems e.g. Y3Fe5O12|Pt have a correlation between the size of the spin

Seebeck signal and the thermal conductivity [28–32], the phonon thermal transport seems

not important for the longitudinal SSE in α-Cu2V2O7|Pt. Recently, Rezende et al explained

the antiferromagnetic SSE by magnon spin currents driven by temperature gradient [11].

Following the magnon spin current theory [11], we will analyze the SSE observed in α-
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the magnon lifetime (τ) at 1 T. (b) A log-log plot of the low-field spin Seebeck signal already shown

in Fig. 3(b). The experimental data is fitted using a theoretical curve obtained from the calculation

shown in (a) and assuming τ ∝ T−3. (c) Magnetic field (H) dependence of the calculated S/τ at 2

K, 10 K, 20 K, and 30 K. (d) H dependence of the spin Seebeck voltage divided by the temperature

difference, V/∆T , at 2 K, which was already shown in Fig. 2(b). The experimental data in the

low-H range below the spin flop transition field (≈ 6.5 T) is fitted using the calculated curve in

(c) with the assumption that τ ∝ 1/(1 + 0.18(µ0H)2).

Cu2V2O7|Pt.

From the Boltzmann equation with the relaxation time approximation, the magnon spin

current due to the temperature gradient ~J∇T is given by [11]

~J∇T = −~

∫
d3k

(2π)3

∑
σ,n

σ~vσnk(~vσnk · ~∇T ) τ
∂n0

σnk

∂T
, (1)

to the lowest order of the temperature gradient. Here, ~vσnk is the group velocity of magnons

with spin σ (σ = ±1) and momentum ~k for the band n [Fig. 1(b)], and it is defined by ~vσnk =
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∂εσnk/(~∂~k) with εσnk being the energy for the magnon mode. n0
σnk = 1/(eεσnk/kBT − 1) is

the Bose-Einstein distribution function. τ = τ(T,H) is the relaxation time (lifetime) of

magnons that depends on the temperature and the magnetic field, where we have neglected

its spin, momentum and energy band dependence. The response function (spin Seebeck

coefficient) S that is proportional to the experimental V/∆T thereby reads

V

∆T
∝ S = −~τ

∫
d3k

(2π)3

∑
σ,n

σ
∂n0

σnk

∂T
vy 2

σnk . (2)

Temperature dependence of S originates from the magnon relaxation time τ and the

distribution function ∂n0
σnk/∂T ; the latter part is important especially at lower temperatures

than the T scale of the magnon band gap (∼ 10 K). In Fig. 4(a), T dependence of S/τ for

µ0H = 1 T is calculated from eq.(2) using the magnon dispersions in Fig. 1(b) [16]. The T

dependence of S/τ is relatively small above 20 K, and exponentially decreases to zero below

≈15 K. Since the experimental V/∆T increases with decreasing T [Fig. 3] in contrast to the

monotonic decrease in S/τ [Fig. 4(a)], τ is responsible for the experimental T dependence

of the SSE. In Fig. 4(b), the low-H data of the SSE shown in Fig. 3(b) is fitted using

the calculated response function S in Fig. 4(a). Here, τ is a control parameter for the

fit. As shown in Fig. 4(b), the response function S assuming τ ∝ T−3 well explains the

experimental T dependence below 30 K. The T dependence of τ is attributable to 4-magnon

relaxation processes [33], and it was reported that τ ∝ T−3 for antiferromagnetic MnF2

[11, 34], the same as the present case. The calculated peak T is 2.5 K, consistent with the

monotonic increase in V/∆T down to 3 K [Fig. 3(b)].

In the presence of external magnetic fields, the up-spin (down-spin) magnon modes shift

downwards (upwards) owing to the Zeeman effect [16]. The energy shift due to the Zeeman

effect gives rise to the H dependence of the SSE [35]. In Fig. 4(c), the H dependence of S/τ

is calculated at 2 K, 10 K, 20 K, and 30 K. The H dependence of S/τ is almost linear above

10 K because the energy scale of H is smaller than that of T , and super-linear at 2 K. In

the experimental H dependence of V/∆T in Fig. 2, the H dependence is almost linear at

the high-T range, but clearly convex upward at 2 K [Fig. 2(b)]. The linear H dependence

at high temperatures is consistent with the calculated S/τ . In contrast, the nonlinear H

dependence of V/∆T observed at 2 K is not explained by the calculated H dependence of

S/τ in Fig. 4(c), which indicates that the magnon scattering rate (1/τ) increases with H
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because of larger magnon numbers. In the case of MnF2|Pt, Rezende et al. pointed that the

H dependence of τ is more significant at lower temperatures, and that the scattering rate

increases with H in proportion to power series of H [11]. For α-Cu2V2O7|Pt, if we assume

that 1/τ ∝ 1 + 0.18(µ0H)2, the H dependence of the response function S calculated in Fig.

4(c) well explains the experimental H dependence of V/∆T below the spin flop transtion,

as shown in Fig. 4(d).

In summary, the longitudinal SSE was studied in α-Cu2V2O7|Pt. The observed inverse

spin Hall voltage induced by the SSE is not proportional to the magnetization, but similar

to the antiferromagnetic SSE reported recently for MnF2|Pt systems. Using the magnon

spin-current theory combined with magnetic parameters determined by previous neutron

scattering studies, we discussed the temperature and magnetic-field dependences of the

spin Seebeck voltage, and clarified that the change in the magnon scattering rate with

temperature and magnetic fields plays an important role for the antiferromagnetic SSE in

α-Cu2V2O7|Pt systems.
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