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Observation of an interfacial magnon-electron drag in a pyrochlore
ferromagnet–heavy metal heterostructure
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We report on how the deposition of a nonmagnetic metal on the surface of a ferromagnetic insulator can
provide a sensitive, albeit indirect, means of measuring the magnon Hall effect. This is inferred from the
thermoelectric potential that develops across the metal layer as a consequence of the transverse thermal Hall
gradient. Moreover, a manifestation of magnon surface states is observed via the drag which the surface spin
currents of the ferromagnet impose on the conduction electrons of the adjacent metallic layer. This electron-
magnon interaction operates across the interface, and the polarity of the resultant drag voltage is determined by
the spin Nernst angle of the metal layer.

DOI: 10.1103/PhysRevB.111.054435

I. INTRODUCTION

The electronic and thermodynamic properties of crystalline
solids are often driven by wavelike collective excitations of
quasiparticles associated with the lattice, spin, and charge
degrees of freedom. A spin wave is one such entity within
a magnet, and corresponds to a wavelike excitation of pre-
cessing spins within an ordered magnetic background. The
quanta of these spin waves, or magnons, are characterized by
a wave vector (�k) and frequency (ν), and provides a bosonic
parallel of the oft-encountered electronic band structure in
solids [1]. These bosonic quasiparticles also exhibit a Hall
effect, and owing to their charge-neutral nature, this magnon
Hall effect (MHE) cannot originate from the Lorentz force
driven traditional Hall effect mechanisms. On the contrary,
it is now widely acknowledged to be related to the Berry
curvature of the magnon bands, suggesting that topology
could play a important role in magnonic systems [2,3]. In
experiments, the MHE is typically quantified by the transverse
thermal Hall conductivity (Kzx), and involves the measure-
ment of the transverse thermal gradient ( ∂T

∂x ) arising due to
the Berry curvature of magnon bands under the application
of a longitudinal temperature gradient ( ∂T

∂z ) and an orthogonal
magnetic field (H) [4–11]. Prior experiments of MHE have
relied on the use of external chip thermometers to estimate
this transverse thermal gradient across the magnetic specimen
[4–9]. Here we report on the use of a device geometry com-
monly used for the measurement of the spin Seebeck [12–14]
or spin Nernst [15,16] effect for this purpose. This involves
depositing a thin nonmagnetic metal (NM) on the specimen
surface, and measuring the thermoelectric voltage driven by
∂T
∂x , which develops across the length of the attached NM
layer. In addition to an improved signal-to-noise ratio, this
also allows us to observe a magnon-electron drag across the
interface, with spin currents on the surface of the magnet
manifesting itself as a measurable voltage across the NM
layer.

II. EXPERIMENTAL DETAILS

We investigate Y2V2O7/NM heterostructure devices made
by depositing a thin (≈10 nm) NM layer (e.g., Pt, W, or
Ta) on the crystal surfaces of the pyrochlore ferromagnet
Y2V2O7, using dc magnetron sputtering. This pyrochlore
ferromagnetic insulator is characterized by the stacking of
alternating kagome and triangular sublattices along the crys-
tallographic [111] direction, and is predicted to possess
a nontrivial magnon-band structure [17]. The absence of
an inversion center in this structure results in a nonzero
Dzyaloshinskii-Moriya interaction, which acts analogously to
a vector potential [4], an essential factor for generating the
nonvanishing Berry curvature of magnon bands [17]. This
interaction deflects thermally driven magnon wave packets,
leading to the emergence of a transverse thermal gradient due
to magnon Hall transport. Thus, the application of a longitu-
dinal temperature gradient ( ∂T

∂z ) across the crystal induces a
transverse temperature gradient ( ∂T

∂x ) as a consequence of the
thermal Hall effect of magnons. The transverse thermal gra-
dient is subsequently detected via the thermoelectric response
of an attached nonmagnetic metal (NM) layer. Measurements
were performed by applying a longitudinal thermal gradient
( ∂T

∂z ) across the crystal thickness (lz), with an orthogonal mag-
netic field (Hy) oriented along the crystallographic [100] or
[111] directions. In addition to detecting the thermal Hall ef-
fect of magnons arising from the magnon Hall effect (MHE),
we also observed an interfacial electron-magnon drag when
the field (Hy) was applied along the crystallographic [111]
direction. Further details about the sample preparation and
measurement protocols can be found in Appendix A.

III. RESULTS AND DISCUSSION

The MHE pertains to the generation of a transverse thermal
gradient ( ∂T

∂x ), due to the Hall transport of magnons in a
direction orthogonal to both the applied magnetic field (H )
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FIG. 1. Compendium of possible magnetothermal effects within
our device architecture: (a) A nonmagnetic metal (NM) subjected to
a temperature gradient (∇T ) generates a thermoelectric voltage as a
consequence of the Seebeck effect. If this nonmagnetic metal (NM)
has large spin-orbit coupling, application of a thermal gradient (∇T )
results in a transverse spin current ( js) arising from the spin Nernst
(-Ettingshuasen) effect, which is described in (b). When an insulating
ferromagnet (FM) is placed adjacent to the NM, a correction to the
thermoelectric voltage results as a function of the relative orientation
of the spin polarization of the NM conduction electrons (at the
interface) and the magnetization (of the FM layer). (c) Depicts the
standard geometry utilized for measurements of the longitudinal spin
Seebeck effect. Here the application of a temperature gradient across
the FM-NM interface could result in a spin current ( js) pumped
into the NM, which can then manifest itself as a voltage via the
inverse spin Hall effect. Our device architecture (d) comprises of a
thin NM layer deposited on single-crystalline specimens of Y2V2O7.
Magnon wave packets traversing under the influence of an applied
temperature gradient ( ∂T

∂z ) are deflected owing to the finite Berry
curvature of the magnon bands, resulting in a transverse temperature
gradient ( ∂T

∂x ). This transverse temperature gradient is measured via
the thermoelectric response of the attached NM layer.

and the applied (longitudinal) thermal gradient ( ∂T
∂z ). In our

measurement geometry, the MHE signal is detected in terms
of the thermoelectric voltage, driven by ∂T

∂x across the length
of the attached NM layer. In addition to this thermoelectric
voltage, we note that the ∂T

∂x could also generate an additional
voltage due to the spin Nernst effect (SNE), as depicted in
Fig. 1(b), if the attached NM layer possesses large spin-orbit
interaction [15,16]. Since both the thermoelectric effect (TE)
and SNE are driven by ∂T

∂x , the total effect (TE+SNE) is con-
sidered as the MHE signal. However, since our measurement
geometry is similar to that of the longitudinal spin Seebeck
effect (LSSE) measurements, the MHE signal could be po-
tentially contaminated by a parasitic voltage driven by LSSE
if a net spin current is pumped through the interface into the
attached NM layer, with the pumped spin current being further
converted to an additional transverse electric voltage by means
of the inverse spin Hall effect [12,14]. The possible contrib-
utory mechanisms are summarized in Figs. 1(a)–1(d). The

voltage measured across the NM overlayer can be written as

V = [
S + �S1 + �S2

(
1 − m2

y

)]∂T

∂x
+ VLSSE(T ), (1)

where the leading term S is the Seebeck coefficient of the
NM layer, and �S1,�S2 are possible corrections to the
Seebeck coefficient due to SNE. In the aforementioned
Eq. (1), �S1 = SθSHθSN

2λ
tN

tanh( tN
2λ

),�S2 = −SθSHθSN
λ
tN

Re
2λG tanh2 tN

2λ

σNM+2λG coth tN
λ

, and my = M · ŷ/|M| [15,16]. Here, θSH

and θSN are the spin Hall and spin Nernst angles of
the attached NM, λ is the spin diffusion length inside the NM
layer, tN is the thickness of the NM layer, σNM is the electrical
conductivity of the NM, G is the spin-mixing conductance
at the interface, and M is the magnetization of the specimen.
With the applied magnetic field oriented along the y direction,
orthogonal to the measurement (x) direction, the contribution
of �S2 diminishes and ultimately vanishes as the magnetiza-
tion reaches saturation. Furthermore, with �S1/2 ∝ θSHθSN,
the contribution of the spin Nernst effect (SNE) is inferred to
be several orders of magnitude lower than the leading Seebeck
effect. The last term represents the effective spin Seebeck
contribution, given by VLSSE ∝ λθSH tanh( t

2λ
)Js, where Js is

the net spin current pumped normal to the interface. Notably,
the LSSE signal (VLSSE) reverses its polarity depending on the
sign of θSH of the NM [13,14,18]. In this study, the observed
voltages across the attached NM layer are normalized to
account for the sample dimensions and the applied thermal
gradient, such that VNM = V

∂T
∂z

× lz
lx

, where lz is the thickness

of the device and lx the distance between voltage probes.
The Y2V2O7 pyrochlore orders ferromagnetically at T C ≈

71 K. The magnetic hysteresis as measured in the H ‖ [100]
direction of single crystalline Y2V2O7 is depicted in Fig. 2(a).
The magnetic field dependence of the measured thermo-
electric voltage across the Pt and W layers in the H ‖ [100]
configuration is depicted in Figs. 2(b) and 2(c), respectively.
The sample temperature during these measurements is kept
at 60 K, which is below the paramagnetic-to-ferromagnetic
transition temperature. The temperature dependence of the
resistivity as measured in Y2V2O7 [Fig. 2(d)] shows its insu-
lating nature in the entire temperature regime of our interest.
The temperature dependence of the magnetization measured
in the H ‖ [100] configuration is depicted in Fig. 2(e). Below
the magnetic transition temperature, the MHE signal, repre-
sented by the thermoelectric voltage, is well resolved and
exhibits clear dependencies on both the magnetic field [see
Figs. 2(b) and 2(c)] and temperature [see Fig. 2(f)]. With the
magnetic subunit being an insulator, the role of the ordinary
and anomalous Nernst effects (ANE) in the measured ther-
moelectric voltage can be ruled out. The measured voltages
having the same sign for both Pt and W layers, despite the
opposite signs of their spin Hall angles (θSH) [19], as shown
in Figs. 2(b) and 2(c), allows us to rule out a contribution of
the LSSE. Hence, at applied fields being larger than the satura-
tion field of Y2V2O7, the measured voltage clearly comprises
of the conventional thermoelectric effect in the NM layer
alone, and is expected to be a direct measure of ∂T

∂x arising
due to the MHE. The measured signal also scales linearly
with the Seebeck coefficient of the attached metal layer (see
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FIG. 2. This transverse gradient is measured via the thermoelec-
tric response of the attached nm layer. The field dependence of this
voltage with Pt and W layers is depicted in (a) and (b), respectively,
with the magnetic field being applied along the [100] direction of
Y2V2O7. The measured voltage scales perfectly with the magnetiza-
tion (c) as is expected for the MHE. The pyrochlore Y2V2O7 is an
insulator (d) with a paraferromagnetic phase transition at 71 K (e).
The temperature dependence of the measured thermoelectric voltage
as measured in the same configuration is depicted in (f).

Appendix B for more details), which attests to the utility of
this measurement methodology.

The temperature (T ) dependence of this MHE signal would
be determined by the T dependence of both the transverse
thermal gradient ∂T

∂x (T ) and the Seebeck coefficient of Pt.
Since the latter is reported to have a smooth and nonvanishing
functional form in the temperature regime of our experiments
[20], the T dependence of the measured voltage is expected
to mimic that of the MHE which determines the functional
form of ∂T

∂x (T ), and consequently that of the transverse ther-
mal conductivity Kzx(T ). As seen in Fig. 2(f), this voltage
rises below the onset of the magnetic transition, exhibits a
peak at about 60 K, and then gradually decreases, in agree-
ment with the thermal Hall conductivity expected to arise
due to magnons. A significantly better signal-to-noise ratio
in comparison to earlier reports [4,7] is observed, attesting
to the utility of this device architecture in measurements of
the MHE. Very recently, measurements utilizing a similar
device geometry for the detection of the MHE have been
reported [21], demonstrating that by employing a suitable
metal overlayer, the MHE can be measured purely through
(thermo)electric means.

The field dependence of the measured voltages in the H ‖
[111] configuration as measured across a Pt and W layer is
depicted in Figs. 3(a) and 3(b), respectively. The contrast with
the field-dependent data obtained with H ‖ [100] is signifi-
cant since the antisymmetric voltage arising due to MHE is
now seen to be superimposed with an additional symmetric

FIG. 3. A compendium of measurements on Y2V2O7 in the H ‖
[111] configuration. (a) Shows the magnetic field dependence of the
thermoelectric voltage measured across a Pt layer at 60 K under an
applied temperature gradient ( ∂T

∂z ) of 10 K. Unlike the H ‖ [100]
configuration, the voltage in this configuration is not purely antisym-
metric with respect to the applied field but includes an additional
symmetric component. (b) Depicts the same measurement across
a W overlayer, where the (albeit smaller) symmetric contribution
is seen to reverse its sign. This symmetric component is notably
absent (c) when a 10-nm SiO2 buffer layer is inserted between the
Y2V2O7 crystal and the Pt layer. The magnetization as measured in
the H ‖ [111] direction is shown in (d). [(e),(f)] Present the magnetic
field dependence of the antisymmetric and symmetric components
of the transverse voltages measured across the Pt and W layers,
respectively. The antisymmetric component arises from the MHE and
is in consonance with the sample magnetization.

component. This is evident in Figs. 3(e) and 3(f), where
the field dependencies of the antisymmetric and symmet-
ric components are individually depicted. The antisymmetric
component of the measured voltage [shown in Fig. 3(e)]
varies with the applied field and saturates in consonance with
the magnetization [Fig. 3(d)]. Since the transverse heat flow
due to the MHE reverses its direction upon reversing the
magnetization of the magnetic subunit, ∂T

∂x is expected to
be antisymmetric with respect to the applied magnetic field,
implying that this component is consistent with the MHE.
The symmetric component is also found to exhibit a signif-
icant field dependence, varying linearly with the magnitude
of the applied field beyond the saturation magnetization, as
shown in Fig. 3(f). In the low magnetic field regime, this
could potentially arise due to magnetoresistive (MR) effects
such as anisotropic magnetothermal resistance [22], spin-orbit
magnetoresistance [23], and the spin Hall magnetoresistance
[24,25]. However, all these MR effects necessarily saturate
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with the magnetization of Y2V2O7, implying that they cannot
drive this symmetric component above the saturation mag-
netization fields. This advective symmetric contribution to
the (otherwise diffusive) thermopower can potentially arise
due to the magnon drag effect (MDE) [26–30]. In prior re-
ports, the microscopic picture of MDE is described using
the hydrodynamic [26,29] and relativistic spin motive force
[27,28,30] approaches. The former models a magnetic metal
as a two-component mixture of interacting magnons and elec-
trons, whereas the latter relies on a spin-orbit interaction
driven conversion of a magnon heat flux to an electric current
[27,28,30]. Until now, MDE has been observed in magne-
tothermopower measurements of magnetic metals [28], and in
magnon drag thermopile systems [29]. However, in principle,
this effect could also be realized at the interface between a
magnetic insulator and a normal metal. Here, Y2V2O7 is a
ferromagnetic insulator (FI), and the electrically conducting
layer is the NM layer deposited over this FI crystal. Thus, the
electron-magnon interaction necessarily has to occur across
the interface, with the in-plane magnon current at the surface
of Y2V2O7 dragging the conduction electrons in the adja-
cent NM layer. We note that the phenomenon of interfacial
phonon drag has been reported earlier in a Bi2Te3/Al2O3

device [31], where the electronic transport in the Bi2Te3 film
is influenced by phonon transport in the substrate, with this
interaction being operative at the interface. Similarly, an en-
hancement of the phonon drag at the interface was reported
in a LaAlO3/SrTiO3 heterostructure [32], presumably owing
to the confinement of the two-dimensional (2D) electron gas
in this system. Our observations clearly point towards the
magnon equivalent of such an interfacial effect. More recently,
a theoretical investigation of a bilayer structure consisting of
an antiferromagnetic insulator and a normal metal suggested
that interfacial scattering processes facilitate the generation
of a magnon current in an antiferromagnet, when an in-plane
charge current is driven in the NM layer [33]. The interfa-
cial origin of the observed symmetric component is further
verified by inserting a (10-nm) SiO2 buffer layer between
the Y2V2O7 crystal and the NM Pt layer. This is expected
to decouple the surface magnons from the electrons in the
metallic layer, while still retaining the (albeit diminished)
transverse thermal gradient arising due to the thermal Hall.
The magnetic field dependence of measurements performed
in this configuration is depicted in Fig. 3(c) where the voltage
is seen to be antisymmetric [shown in Fig. 3(e)] as is expected
for the MHE, with the additional symmetric component being
absent [as shown in Fig. 3(f)].

The electric current ( jd ) due to the MDE can be expressed
as [27,28,30]

�jd = σ↑ − σ↓
e2

〈 �Fi〉 = βσPs
h̄

2e

�jq
m

sD
. (2)

Here, σ is the electronic conductivity at the interface (σ =
σ↑ + σ↓), with σ↓ and σ↑ being the conductivities with down-
and up-spin polarizations, respectively, and Ps = σ↑−σ↓

σ
is the

effective spin polarization. β is a dissipative spin-transfer
torque parameter, e is the charge of an electron, s is the
magnon density at the interface, and D is the spin stiffness.
�jq
m = km

∂T
∂x (H ) is the magnon heat current, with km being

FIG. 4. The additional symmetric component in the thermoelec-
tric voltage appears to arise from an interfacial magnon drag effect
(a) where a surface spin current in the FM induces a charge current
in the adjacent NM layer. The associated symmetric components, as
measured in the Pt and W layers, above the saturation magnetization
of Y2V2O7 are shown in (b). The functional form of this symmetric
voltage is derived from the linear magnetic field dependence of the
quenching function L(y), and the sign of its slope is determined by
the θSN of the NM layer (see Appendix C for details). The tempera-
ture dependence of the magnetization as measured in the H ‖ [111]
configuration is shown in (c). The temperature dependence of both
the asymmetric and symmetric components of the thermoelectric
voltage as measured across a Pt layer in the H ‖ [111] configuration
is depicted in (d).

the thermal conductivity of magnons at the interface. This
electric current ( �jd ) would be symmetric with respect to the
applied field since both Ps and ∂T

∂x (H ) reverse their polarities
with �H . Furthermore, since the MDE depends on the spin
polarization Ps of the itinerant electrons at the interface, this
effect could potentially be tuned by the SNE of the attached
nonmagnetic metal (NM) layer. This suggests that the polarity
of the MDE signal, if present, would reverse its sign with
the spin Nernst angle (θSN) of the NM layer. In addition, the
magnetic field dependence of this drag is determined by that
of the magnon heat flux jq

m(H ), which can be expressed in
terms of the quenching function [L(y)] [29]. This function
varies approximately linearly with the strength of the effective
magnetic field |Beff|, in the low magnetic field limit. Since
Beff is determined by both the external magnetic field (H) and
the sample magnetization (M), L(y) is thus expected to vary
linearly with |H | above the saturation field of Y2V2O7 (see
Appendix C for more details). Figure 4(b) shows the magnetic
field dependence of the symmetric magnon drag contribution
as measured in the H ‖ [111] configuration, where this lin-
earity is clearly seen. Moreover, with the sign of θSN in Pt
being opposite to that in W [16], the polarity of the symmetric
component is also observed to reverse its sign when the Pt
layer is replaced by W [see Figs. 3(f) and 4(b)], an obser-
vation that confirms MDE at the interface in the H ‖ [111]
configuration. This observation also suggest that a spin motive
force at the interface plays a crucial role in the dragging
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mechanism. Notably, this symmetric magnon drag contribu-
tion increases with a reduction in the thickness of the W layer
due to the fact that θSN increases by lowering thicknesses
of the W layer (see Appendix C). Figure 4(d) depicts the
temperature dependence of both the antisymmetric (V A

Pt ) and
the symmetric (V S

Pt) components measured in this H ‖ [111]
configuration. It is observed that the symmetric component
vanishes along with the antisymmetric component across the
paramagnetic-to-ferromagnetic transition (Tc), which clearly
suggests that the symmetric component is magnonic in origin.
Since the magnon current at the interface vanishes along with
the magnetization of the specimen at the transition temper-
ature, it also reconfirms that the MDE is free from other
spurious contributions like the phonon drag which is clearly
absent in this case.

We speculate that the microscopic reason for the existence
of a magnon drag contribution to the measured thermopower
in the H ‖ [111] configuration could be the nontrivial magnon
topology in this class of materials. Prior theoretical cal-
culations suggest that the magnon band structure of these
pyrochlore ferromagnets comprises of four distinct bulk
bands, with all of them possessing a nonvanishing Berry
curvature [17]. This magnon band structure is also sensitive
to the direction of the applied field, where a band gap be-
tween the first (lowest-energy) band and the second band
exists as long as the magnetic field is not within the {100}
plane of the crystal [17]. More importantly, a topologically
protected surface magnon state is predicted to exist between
the first and second bulk bands as long as this gap opening
condition is satisfied. Since the magnon drag is linked to the
momentum-transfer and spin-transfer processes [the β factor
in Eq. (2)], an enhanced electron-magnon interaction at the
interface [27,28,30] could be responsible for this additional
voltage observed in the H ‖ [111] configuration. Additional
high field measurements which would open up a Zeeman gap
in the magnon band structure could shed more light on both
the observed magnon drag and the thermal Hall signals.

IV. CONCLUSIONS

In conclusion, we demonstrate an approach to measur-
ing the MHE by depositing a thin layer of nonmagnetic
metal on the surface of a pyrochlore ferromagnetic insu-
lator Y2V2O7. We utilize thermoelectric measurements to
indirectly observe the MHE, and this method significantly
enhances the signal-to-noise ratio. Our findings confirm that
the thermoelectric voltage measured across the NM layer
corresponds to the transverse thermal gradient induced by
the MHE. Moreover, our data reveal a pronounced magnon-
electron drag at the interface, observed as an additional
voltage component in the thermoelectric voltage. The discov-
ery of this interfacial magnon drag underscores the robust
interaction between surface spin currents and conduction
electrons across an interface, suggesting new avenues for
advanced spintronic applications. Further examination of this
interfacial phenomenon to optimize the magnon drag for prac-
tical applications will be essential. This not only advances
the fundamental understanding of magnonic and spintronic
phenomena, but also paves the way for the development of

future magnonic devices utilizing magnon surface states for
long-distance magnon transport and interfacial effects.

ACKNOWLEDGMENTS

A.D. acknowledges University Grants Commission (UGC)
for a Senior Research Fellowship, and support from the
DST Nanomission Thematic Unit Program (Grant No.
SR/NM/TP13/2016). S.N. acknowledges support from a
Science and Engineering Research Board grant (Grant
No. SPR/2020/389) and the I-HUB Quantum Technology
Foundation. D.P. acknowledges support from the Oxford-
ShanghaiTech collaboration project and the UK Engineer-
ing and Physical Sciences Research Council (Grant No.
EP/T028637/1).

APPENDIX A: MATERIALS AND METHODS

Polycrystalline Y2V2O7 was synthesized using high-purity
Y2O3, V2O3, and V2O5 starting chemicals. Powders were
prepared using the solid-state reaction technique by two dif-
ferent routes: the precursor method and the vacuum sintering
process. Precursors of YVO4 and YVO3 were mixed in a
1 : 1 molar ratio and feed rods were sintered under an argon
atmosphere. In the second method, stoichiometric amounts of
the starting chemicals were mixed and sintered under high
vacuum at 1200 ◦C for 48 h with two intermediate grindings.
Single crystals were grown using an optical floating zone
furnace under argon atmosphere. Growth was carried out at
a rate of 7–10 mm/h with feed and seed rods counter rotated
at 25 rpm. These Y2V2O7 crystals were then cut and polished
into pieces, typically of dimensions of 3 mm × 2.5 mm ×
1 mm, oriented along the [100] and [111] directions. The
surface of the crystals used in our measurements were pol-
ished for extended periods at slow rotation speeds (≈6 h and
15 rpm) with 0.5-µm diamond paste using a precision pol-
ishing machine (EQ-Unipol-810). These specimens were then
inspected using polarized light microscopy (Zeiss Lab A1,
AXIO) to rule out cracks or other deformities on the crystal
surface.

1. Measurement setup

Our measurement setup is housed in a closed-cycle refrig-
erator mated with an electromagnet. The sample is mounted
in a custom-made sample holder by sandwiching it between
two copper blocks. In addition to a strip heater mounted at
the cold head of the refrigerator, two cartridge heaters are
also attached to the sample holder to control both the thermal
gradient ( ∂T

∂z ) across the sample thickness (lz ≈ 1 mm) and the
average temperature of the sample. The temperatures at the
opposite ends of the sample are measured by two calibrated
Cernox sensors attached near the sample edges The sample
temperature is maintained by two-stage heating, with the strip
heater maintaining the base temperature, and the cartridge
heaters being operated to fine tune the temperature gradient.
The geometry of the holder (Fig. 5) is such that the applied
thermal gradient is always orthogonal to the rotation plane of
the magnetic field. For electrical isolation between the sample
and the holder, the sample ends of both the copper blocks are
covered by using sapphire plates. Temperature is controlled
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FIG. 5. A schematic of the sample holder used in our measure-
ments (not to scale). This holder is attached to the cold head of a
closed-cycle refrigerator, and placed between the poles of a labora-
tory electromagnet.

and monitored using a Lakeshore 336 cryogenic temperature
controller, and the signal voltages are measured using a Keith-
ley 2182A nanovoltmeter. The whole setup (including the
nanovoltmeter) is housed in a dual (nested) Faraday cage to
reduce the effective noise floor.

2. Measurement methodology

The MHE is directly linked to the generation of a trans-
verse thermal gradient ( ∂T

∂x ) under the application of an
external longitudinal thermal gradient ( ∂T

∂z ), a phenomenon
also known as thermal Hall effect of magnon (THEM). To
detect this MHE signal, we deposited a nonmagnetic metal
(NM), such as Pt, W, or Ta, on the polished crystal surface,
enabling the measurement of thermoelectric voltages driven
by ( ∂T

∂x ). This was done using dc magnetron sputtering, and the
thickness of the NM layer was approximately kept at 10 nm.
The MHE signal was quantified by measuring the voltage (V )
along the length of the NM layer in the x direction, which
is transverse to both the applied thermal gradient ( ∂T

∂z ) and
the magnetic field. The sample was mounted at the sample
holder (attached at the cold head of the CCR), where it was
sandwiched between two rectangular copper blocks. The ap-
plied thermal gradient ( ∂T

∂z ), as well as the average sample
temperature T , was controlled by two programmable instru-
ment devices (PID) controlled heaters, and the temperatures
were measured by two calibrated Cernox temperature sensors.
Apiezon N grease and sapphire substrates were also used
in-between the sample and the copper blocks for better ther-
mal connection and electrical isolation. In our case, δTapp =
T2 − T1 is the applied temperature difference across the thick-
ness of the crystal (lz), where T1 and T2 are the measured
temperatures at the opposite surfaces of the crystal. Thus, the
applied thermal gradient is approximated as ∂T

∂z = δTapp/lz.
Similarly, the average sample temperature is determined as
T = 1

2 (T1 + T2). The sample holder was designed such that
the applied magnetic field (H) always remains orthogonal to
the applied thermal gradient ( ∂T

∂z ), and the MHE signal was
measured along the x direction, which is orthogonal to both
the external H (the y direction) and the applied ∂T

∂z (the z
direction).

H-dependent measurements are conducted by varying the
applied magnetic field (H) while maintaining constant values

for both the applied thermal gradient ( ∂T
∂z ) and the average

temperature (T ). Similarly, T -dependent measurements are
performed by varying T from 18 to 100 K, keeping both
∂T
∂z and H fixed. To isolate the MHE and MDE signals,
the transverse voltage measured at H = 0, referred to as the
background voltage [V (0)], is subtracted from the measured
transverse voltages.

We note that the MHE is purely antisymmetric in nature,
meaning it reverses its polarity with the applied magnetic
field. In contrast, the MDE is symmetric, whose polarity re-
mains invariant with the direction of the applied magnetic
field. Here, the symmetric (V S

NM) and antisymmetric (V A
NM)

components of the measured transverse voltages are deter-
mined as

V S
NM(H ) = 1

2 [VNM(+H ) + VNM(−H )],

V A
NM(H ) = 1

2 [VNM(+H ) − VNM(−H )]. (A1)

APPENDIX B: ADDITIONAL INFORMATION
ON THE MHE SIGNALS

The structural, magnetic, and electronic properties of
Y2V2O7 are reported to be similar to the more extensively
investigated Lu2V2O7 system [34–36]. Since Lu2V2O7 is re-
ported to exhibit significant MHE [4,7,37], a similar effect is
also expected in Y2V2O7. The absence of an inversion center
in the unit-cell structure of these pyrochlore ferromagnets
leads to a nonzero Dzyaloshinskii-Moriya interaction, which
mimics the role of a vector potential [4]. This interaction
is an essential ingredient for the nonvanishing Berry cur-
vature of the magnon bands [17]. Consequently, it deflects
thermally driven magnon wave packets, resulting in a trans-
verse thermal gradient ( ∂T

∂x ) due to magnon Hall transport.
Theoretically, the associated transverse thermal conductivity
(Kzx) of such a pyrochlore ferromagnet can be expressed as
Kzx = 2T

∑
n

∫
BZ

d3k
(2π )3 c2[ρn(k)]�n,z(k), with c2(ρ) = (1 +

ρ)(log 1+ρ

ρ
)2 − (log ρ) − 2Li(−ρ), and the local Berry cur-

vature of the nth magnon band �n,z(k) = Im〈 ∂ψn(k)
∂kx

| ∂ψn(k)
∂ky

〉
[7,11,38,39]. Here, n is the index that describes the discrete
energy level of the magnon bands, ρ is the Bose-Einstein
distribution function of magnons, and ψn(k) is the wave func-
tion of magnons at the nth energy band having momentum k.
Thus, the MHE signal arises as a consequence of the additive
contribution of individual magnon bands having nonvanishing
Berry curvatures. The c2 function, determined by the magnon
population at a band, plays an important role in determin-
ing the effective contribution of each band, and it has been
suggested that the contributions of magnons from higher-
energy bands are significantly suppressed at low temperatures
due to this function [40]. As the temperature is increased,
bands of higher energies become occupied and start contribut-
ing more significantly to the MHE. It has been predicted
that the magnon-band structure of a pyrochlore ferromag-
net comprises of four distinct bulk bands of magnons, with
all of them possessing nonvanishing Berry curvature [17].
The temperature dependence of the MHE signals V A

Pt/W(T ),
shown in Fig. 6, shows that it becomes negligibly small
at temperatures below T ∗(≈30 K). It suggests that the role
of occupied magnons bands at these low temperatures is
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FIG. 6. Temperature dependence of the MHE signals, measured
by the attached (a) Pt layer, (b) W layer. Here, both the applied H
and δTapp are kept fixed at 0.2 T and 10 K, respectively. All the MHE
signals are measured under the H ‖ [111] configuration.

insignificant in comparison to that of the higher-energy bands.
With increasing temperature, magnon at higher-energy bands
starts contributing to MHE. We observe that the MHE signal
monotonically increases with the sample temperature, and
achieves its maximum value as the temperature reaches close
to the ferromagnetic-to-paramagnetic transition temperature
(Tc ≈ 70 K). We speculate that this is a consequence of the
disruption of the ferromagnetic order within the crystal, when
the high-temperature end of the crystal reaches Tc. Since the
ferromagnetic state of the crystal is destabilized, the signal
starts decreasing with further increasing the temperature, and
it vanishes when the sample completely enters into the para-
magnetic phase. In prior experimental reports, the MHE has
been analyzed under the assumption that the lowest magnon
band predominantly determines the MHE signal [4,7]. How-
ever, such an assumption also leads to an overwhelming value
of the D

J ratio [40], where D and J are the strengths of the
Dzyaloshinskii-Moriya interaction and the nearest-neighbor
exchange interaction of the pyrochlore ferromagnet, respec-
tively. Moreover, the functional form of Kzx (T ), derived from
the lowest magnon band, shows a monotonically increasing
function of temperature [7].

In our measurements, the MHE signal ( ∂T
∂x ) is detected

in terms of the thermoelectric effect (TE) of the attached
NM layer (Pt or W). In addition to this TE, SNE could also
contribute by an additional voltage, if the attached NM layer
possesses large spin-orbit interaction [15,16]. In the case of Pt,
θSH ≈ 0.1 [19], and θSN ≈ −0.2 [15]. Thus, the contribution
of SNE [through the �S1 and �S2 terms in Eq. (2)] to MHE is
expected to be a couple of orders smaller than the contribution
of TE [first term in Eq. (2)]. Furthermore, the contribution
of �S2 vanishes when the magnetization is saturated in the
y direction. Thus, the VPt signal is primarily driven by the
conventional TE of the Pt layer alone, with the functional form
of VPt(T ) being determined by the temperature dependence
of both the ∂T

∂x and the Seebeck coefficient of Pt (SPt). With
the SPt(T ) being reported to show a smooth and nonvanishing
functional form in the whole temperature regime of our ex-
periments [20], the temperature dependence of the measured
voltage is expected to mimic that of the MHE characterized
by the transverse thermal conductivity (Kzx ). In the case of
W, θSH ≈ −0.14 [19] and θSN takes a value between 0.22
to 0.42 [16], implying that the VW(T ) signal is also mostly
driven by the TE effect of the attached W layer. For any NM
layer having lower spin-orbit interaction, the effect of SNE

FIG. 7. (a) Shows that magnetic field dependence of the total
voltages, as measured in the H ‖ [111] configuration at an average
sample temperature of 60 K. The antisymmetric component [shown
in (b)] of the measured signal scales linearly with the Seebeck coef-
ficients of the attached NM layers.

would be further reduced. Thus, the observed antisymmetric
component of the measured voltage predominantly arises
from thermoelectric effects that scale with the Seebeck co-
efficient of the attached layer. In order to verify that our
measurement protocol, we check whether the antisymmetric
component scale linearly with the Seebeck coefficient of the
attached NM. We performed measurements by depositing
different NM layers (NM ≡ Pt, Au, Ta, and Cu), with the
thickness of the NM layer being kept constant at ≈10 nm.
Since the attracted NM layer also introduces a shunting path
for heat current, it might reduce the effective ∂T

∂x . However,
we have estimated that such reduction is negligible as the
thickness of the NM layer are kept very small (≈10 nm).
In order to check the scaling of the measured signals, we
have relied on the reported values of Seebeck coefficients of
Pt, Ta, Au, and Cu at 60 K. Prior reports suggest that the
Seebeck coefficient of Pt (SPt), Ta (STa), Au (SAu), and Cu
(SCu) are approximately 4.5 µV/K [41–43], 2.7 µV/K [44],
0.5 µV/K [45], and 0.25 µV/K [45], respectively. Figure 7(a)
shows the magnetic field dependence of the total voltages
measured in the H ‖ [111] configuration at 60 K. Figure 7(b)
shows that the antisymmetric component (V A

NM) of the mea-
sured signals in the saturation magnetization regime scales
with the Seebeck coefficient (SNM) of the attached NM, con-
firming that the measured signals primarily stem from the
thermoelectric effect, and that other parasitic voltages can be
safely ignored. Consequently, the observed scaling behavior
of the antisymmetric component validates our measurement
methodology. The (V A

NM) is also observed to vary linearly
with the applied thermal gradient (as shown in Fig. 8). This
observation suggests that ( ∂T

∂x ) varies linearly with the applied
thermal gradient ( ∂T

∂z ). Consequently, any heat loss through
the thin Pt layer, which might reduce the transverse thermal
gradient ( ∂T

∂x ), is inferred to be negligibly small.

APPENDIX C: NOTES ON THE MAGNON DRAG EFFECT

Magnon drag effect (MDE) pertains to the flow of elec-
trons dragged by the magnon current in a material system
[27–30,46,47]. In earlier reports, MDE was understood in
terms of an additional contribution to the thermopower in
a ferromagnetic metal, where the electrons and magnons
flow not only independently but also by dragging each other
under the application of an external temperature gradient
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FIG. 8. The applied thermal gradient [( ∂T
∂x )] dependence of the

raw antisymmetric component of the tranverse voltage measured Pt
layer in the H ‖ [111] configuration at 60 K.

[26,28,30,48]. More recently, Costache and coworkers have
experimentally verified the existence of MDE by eliminating
the possible contribution of phonon drag effect, and confirmed
that such MDE could vary linearly with the applied H beyond
the saturation magnetization of the specimen [29].

In the Y2V2O7/NM bilayers, we invoke MDE in order to
explain the linearly varying symmetric component [V S

NM(H )]
of the total transverse voltage [VNM(H )] measured in the
H ‖ [111] configuration. Since the observed V S

NM(H ) arises
additively along with V A

NM(H ), the invoked MDE is thought to
exist alongside the aforementioned TE and SNE. The micro-
scopic mechanism of MDE has been theoretically described in
terms of the spin motive force, where the magnon current ex-
erts a dragging force to the conduction electrons that depends
on the spin polarization of those electrons [28,30,46]. In our
case, an in-plane magnon current at the interface could drag
the conduction electrons along the length of the attached NM
layer, with the polarization of these dragged electrons being
determined by the SNE of that NM layer. This interfacial
magnon drag, akin to the previously discovered interfacial
phonon drag effect [49,50], is the key to inferring on the pres-
ence of magnon-driven surface spin currents in the Y2V2O7

system.

1. Possible magnon currents and the associated
dragging effects at the interface

In our case, two types of magnon currents could possibly
exist at the interface. The first one is j f

m, a small counterpart of
the magnon Hall current flowing at the interface. The second
is jr

m, originating from the ∂T
∂x at the interface via the spin

Seebeck effect. Thus, jr
m = Sm

∂T
∂x , where Sm is spin Seebeck

coefficient. Since ∂T
∂x is generated by MHE, the direction of

jr
m would have the opposite in direction to that of j f

m. The
effective magnon current at the interface would be

jeff
m = j f

m − jr
m. (C1)

If jd is the dragged electric current due to jeff
m , its functional

form could be written as [27,28,30,46,47]

jd = −βσPs
h̄

2e

jq
m

sD
, (C2)

FIG. 9. Normalized quenching function L(y)
L(o) , calculated by nu-

merical integration. L(y) determines the role of magnetic field on the
MDE beyond the saturation magnetization.

where β is the dissipative spin-transfer torque parameter; σ

is the electronic conductivity at the interface (σ = σ↑ + σ↑,
where σ↓ and σ↑ are the conductivities with up- and down-spin
polarizations, respectively); Ps = σ↑−σ↓

σ
is the spin polariza-

tion of conduction electrons at the interface (in our case, Ps

is determined by the spin accumulation driven by the SNE at
interface, and thus saturates with the specimen’s magnetiza-
tion); e is the charge of an electron; s is the magnon density at
the interface; D is the spin stiffness; and jq

m is the magnon heat
current carried by jeff

m at the interface. jq
m(H ) can be written as

[26,28,29]

jq
m = jeff

m

ne

(kBT )5/2

6π2D3/2
L(y), (C3)

where n is the density of the conduction electrons at the
interface, T is the temperature, kB is the Boltzmann constant,
and L(y) is called the “quenching function.” By considering a
quadratic magnon dispersion (which is a reasonable estimate
because of the integration in the entire momentum space [29]),
the functional form of L(y) can be written as

L(y) =
∫ ∞

0
x3/2(x + y)

ex+y

(ex+y − 1)2
dx, (C4)

where x = Dq2

kBT and y = gμBB
kBT . Here, q, g, μB, and B are the

magnon’s wave vector, Lande g factor, the Bohr magneton,
and total magnetic field, respectively [26,29]. Thus, Eqs. (7)
and (8) suggest that the magnetic field dependence of the
associated MDE is expected to vary with L(y) in the saturation
magnetization regime.

We numerically integrate L(y) as depicted in Fig. 9, where
the y dependence of L(y)/L(0) [with L(0) = 4.45] is shown.
In agreement with prior papers [29], this numerical integration
suggests that L(y) varies approximately linearly at low values
of y (typically y � 0.1). In our case, since the maximum mag-
netic field is only 0.2 T, the maximum value of y accessed in
our measurements would be less than 0.1. Furthermore, since
y = gμBH

kBT , L(y) could be expressed as L(H ) by keeping the
temperature fixed. Thus, with L(H ) decreasing linearly with
H from its maximum value L(0), the functional form of L(H )
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FIG. 10. (a) Shows the transverse signals measured by Pt, W,
and Ta layers in the in the H ‖ [111] configuration. (b) Illustrates
the symmetric components of the measured signals in the saturation
magnetization regime.

could be formulated as L(H ) = L(0) − αH , where α is the
slope of the linear function.

2. The magnetic field dependence of the dragged electric current

Above the saturation magnetization, the dragged electric
current can be expressed as [ jd (H ) − jd (Hs)], where Hs is
the external magnetic field at which the magnetization gets
saturated. Thus, by utilizing Eqs. (7)–(9), the magnetic field
dependence of [ jd (H ) − j(Hs)] is determined by the quench-
ing function as [L(H ) − L(Hs)]. Mathematically, this can be
described as

[ jd (H ) − jd (Hs)] = h̄βσPs

2esD

[
jq
m(H ) − jq

m(Hs)
]

= h̄βσPs

2esD

jeff
m

ne

(kBT )5/2

6π2D3/2
[L(H ) − L(Hs)]

= ηPs[L(H ) − L(Hs)]

= −αηPsH + const, (C5)

where η = h̄βσ

2esD
jeff
m
ne

(kBT )5/2

6π2D3/2 . Since both the j f
m and the jr

m are

driven by the MHE, both j f
m and jr

m saturate with magneti-
zation, implying that jeff

m also saturates with magnetization.
Thus, η becomes a constant factor at a fixed temperature in the
saturation magnetization regime. Equation (8) clearly shows
that the magnon drag varies linearly with the applied H above
the saturation magnetization, where the slope is determined by
the sign of Ps. With the Ps being determined by the SNE, its
polarity depends on the θSN of the attached NM layer. The fact
that θSN of Pt is opposite in sign to that of W [15,16,51] also
explains why the slope of V S

NM(H ) in the saturation magneti-
zation regime is observed to change its sign when the Pt layer
is replaced by the W layer [see Fig. 4(b) in the main text, and
Fig. 10(b)]. Aside from such linear functional form of MDE,
its symmetric nature is also expected because of the fact that
both the Ps and Jeff

m reverse their polarities on reversing the di-
rection of H . To reconfirm the interfacial MDE, we conducted
additional measurements by depositing a Ta layer on the
Y2V2O7 crystal. The small spin Nernst angle (θSN) of Ta [51]
results in minimal spin accumulation at the interface, signifi-
cantly suppressing the drag effect. This suppression is evident
in Fig. 10(b), where the symmetric component measured with
the Ta layer is substantially reduced compared to those for Pt
and W layers. Figure 10(a) illustrates the measured transverse

FIG. 11. Magnetic field dependence of symmetric component
in the saturated magnetization regime, as measured by W layer of
thickness of both 6 and 10 nm. Owing to the increased spin Nernst
angle to β phase of the W, an increased dragging effect is observed.

voltages by attaching Pt, W, and Ta layers in the H ‖ [111]
configuration. Despite its small θSN [51], Ta exhibits a no-
table spin Hall angle (θSH ≈ −0.071) [19], with a polarity
opposite to that of Pt. Interestingly, the polarity of VTa aligns
with the antisymmetric component of VPt, reaffirming that the
observed signals are not influenced by contributions from the
longitudinal spin Seebeck effect (LSSE). Below the saturation
magnetization field, the drag effect depends on the H depen-
dence of both jeffm and ∂T

∂x , while the quenching function
L(y) varies linearly with the total magnetic field, which is
the sum of the specimen’s magnetization (M) and the applied
field (H). Although quantifying the individual contributions to
the symmetric component V S

NM(H ) in the low-field regime is
beyond the scope of this work, we emphasize that jeff

m and ∂T
∂x

remain nearly constant in the saturation magnetization regime.
This invariance simplifies the analysis of V S

NM(H ) above the
saturation field, enabling a straightforward observation of the
linear variation in the symmetric component, whose polarity
is determined by the spin Nernst angle (θSN) of the attached
NM layer.

In Table I, we summarize the characteristics of the ob-
served signals above the saturation magnetization of Y2V2O7.
For the MHE, the sign of the measured antisymmetric com-
ponent remains independent of the spin Hall angle (θSH)
and spin Nernst angle (θSN) of the attached NM layer. In
contrast, for the MDE, the magnon drag voltage is governed
by the spin polarization of the conduction electrons at the
interface, thereby involving the SNE of the attached NM layer.
Consequently, the observed MDE signals, inferred from the
symmetric components, are found to vary commensurately
with the θSN of the attached NM layer. This observation pro-
vides direct evidence for MDE in the H ‖ [111] configuration.

We have also performed measurements by using W layers
of different thicknesses (10 and 6 nm). As the relative phase
fractions of the β and α phases of W depend on the film
thickness, it affects the spin Nernst angle of the W layer
significantly. Prior reports show that in W films of lower
thickness, the fraction of β phase is enhanced, which then
commensurately increases the spin Nernst angle [51]. As is
shown in Fig. 11, our measurement with a 6-nm-thick W
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TABLE I. Summary of MHE and MDE signals obtained with different NM layers.

Observation and reports Pt W Ta

Spin Hall angle (θSH) ≈0.1 [19] ≈−0.14 [19] ≈−0.071 [19]
Spin Nernst angle (θSN) −0.2 [15,16] 0.22 � θSN � 0.42 [16,51] Negligible [51]
Antisymmetric component(

V A
NM

) Polarity commensurate with
the magnetization

Polarity commensurate with
the magnetization

Polarity commensurate with the
magnetization

Spin accumulation at the
interface due to SNE

Significant, and negative
spin polarization

Significant, and positive spin
polarization

Insignificant, due to
negligible θSN

Symmetric component
(
V S

NM

)
Significant dragging, with

negative slope
Significant dragging, with

positive slope
Insignificant, due to insignificant

spin accumulation at the interface

layer shows a stronger dragging effect in comparison to that
observed in a 10-nm W layer.

3. On ruling out phonon drag

Since a phonon flow due to the magnon Hall induced heat
gradient ( ∂T

∂x ) cannot be ruled out, it is important to consider
whether the phonon drag effect [31,32,49,50] can result in
the observed symmetric component (V S

NM). It is to be noted

that the slope of the linearly varying symmetric component
[V S

Pt/W(H )] in the saturated magnetization regime is found
to change its polarity when the Pt- is replaced by the W
layer, an observation that can not be explained by phonon
drag effect. In addition, the magnetic field dependence of a
phonon dragged voltage is expected to be commensurate with
the direction of generated thermal gradients, implying that it
would be antisymmetric in nature and would also saturate with
the ∂T (H )

∂x . This indicates that the phonon drag contribution can
be effectively ruled out in our case.
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