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Direct Electrical Probing of Anomalous Nernst Conductivity
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Despite the usefulness of the anomalous Nernst conductivity (ef,) for studying electronic band
structures and exploring magnetic materials with large transverse thermopower, there has not been a
straightforward way to obtain afy in experiments. Here we propose a simple and versatile method enabling
direct electrical probing of ozfy, which is realized by creating a closed circuit consisting of a target magnetic
material and a nonmagnetic conductor. This method is experimentally demonstrated on a thin film of the
magnetic Weyl semimetal Co,MnGa, where the closed circuit is formed simply by our connecting both
ends of the Co,MnGa film with a Au wire. A good approximation of a;fv is obtained in a wide temperature

range, validating the proposed method and showing its potential for aiding the further development of

topological-materials science and transverse thermoelectrics.
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L. INTRODUCTION

The anomalous Nernst conductivity, i.e., the off-
diagonal component of the thermoelectric conductivity
tensor (oz;ly) stemming from magnetic moments, is an
intrinsic material property that directly converts a longitu-
dinal temperature gradient into a transverse electric field in
a magnetic material. It has been shown that ozfy is closely
linked to the Berry curvature of the electronic bands; in
comparison with the anomalous Hall conductivity, which
is determined by all occupied bands, o, can be more sen-
sitive to the electronic band structures close to the Fermi
level, rendering it a valuable tool to study the topological
features of magnetic materials through transport measure-
ments [1—18]. In addition to this rapidly increasing interest
from the viewpoint of fundamental physics, o/, is regarded
as a crucial parameter to explain unconventionally large
transverse thermoelectric output in some magnetic mate-
rials where the intrinsic contribution plays a dominant
role. Therefore, exploring magnetic materials with large
values of afy has become a major strategy for thermo-
electric applications [19—23]. Because of the orthogonal
relationship between the applied temperature gradient and
the generated electric field, the transverse-thermoelectric-
generation module can be a simple slab or sheet, where
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no complicated three-dimensional structures are necessary,
unlike conventional Seebeck-effect- (SE) based modules.
Thus, transverse-thermoelectric-generation modules could
potentially circumvent the problems of durability, flexibil-
ity, and cost that the SE-based modules encounter [22—26],
and could be exploited for additional functionalities, such
as heat-flux sensing [23,25,27,28]. Despite the significant
role of & in topological-materials science and trans-
verse thermoelectrics, there has not been a straightforward
way to experimentally obtain ocjé,, and establishing such a
method is of great importance.

The conventional experimental method for estimating
ol consists of measurements of the anomalous Nernst
effect (ANE), anomalous Hall effect (AHE), SE, and elec-
trical resistivity of a magnetic material. The anomalous
Nernst coefficient (Sang), i.€., the transverse thermopower
due to the ANE, is expressed as

SANE = Pxxafy — PAHExx, (1)

where 0., paug, and oy, are the longitudinal resistivity,
anomalous Hall resistivity, and diagonal component of the
thermoelectric conductivity tensor, respectively. The first
term on the right-hand side of Eq. (1) (S = pxxafy) is
regarded as an intrinsic component of the ANE, while the
second term appears as a consequence of the AHE acting
on the longitudinal electric field induced by the SE, which
can be rewritten as S;; = —S), tan O4g [Fig. 1(a)], with Sy,
being the Seebeck coefficient of the magnetic material and
tan Oayg = pane/ P being the anomalous Hall angle. As
a result, afy is obtained by experimentally measuring p..,

© 2023 American Physical Society


https://orcid.org/0000-0003-2946-9913
https://orcid.org/0000-0002-6183-8240
https://orcid.org/0000-0003-4618-9550
https://orcid.org/0000-0001-7680-3051
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.064079&domain=pdf&date_stamp=2023-06-28
http://dx.doi.org/10.1103/PhysRevApplied.19.064079

ZHOU, MIURA, SAKURABA, and UCHIDA

PHYS. REV. APPLIED 19, 064079 (2023)

(a) Sy = =Sy tan6ye (b)

<y

S\ = pxxa;\y
V4
y'\b’x

FIG. 1. (a) The ANE in a magnetic material. The orange and
green arrows represent the contribution from the S} and Sy
terms of Sang, while the black arrow represents the direction
of magnetization (M). The plus and minus symbols indicate the
accumulated electric charges due to the SE and the ANE. (b) The
closed circuit in which a magnetic material (cyan) is electrically
connected to a nonmagnetic conductor (gray) at both ends along
the direction of the applied temperature gradient (V7).

PAHE, Ssg, and Sang, followed by use of Eq. (1). Many
studies have used this conventional method to obtain ol
of a variety of magnetic materials [2—5,7—19,22,23,25,28].
However, such a task could be cumbersome, and some-
times challenging to complete, since it requires various
experimental techniques and measurement systems.

In this study, we propose a method to directly measure
the intrinsic component of the ANE of a magnetic mate-
rial and probe its afy with ease. This method is realized
simply by creating a closed circuit consisting of the tar-
get magnetic material and a nonmagnetic conductor, and
then measuring the transverse thermopower, as shown in
Fig. 1(b). The formation of the closed circuit tunes the
boundary conditions for electron transport, resulting in
the direct emergence of a;’y reflecting the Berry curva-
ture in the transverse thermopower. We experimentally
demonstrate this method by measuring the temperature
dependence of a? of a Co,MnGa thin film, and com-
pare the result with that obtained with the conventional
method. The proposed method grants easy access to afy,
and could be a useful tool in studying topological fea-
tures and transverse-thermoelectric-conversion properties

of magnetic materials.

II. FORMULATION

When a magnetic material is electrically connected to a
nonmagnetic conductor at both ends along the direction of
the applied temperature gradient (VT), a closed circuit is
formed, and its total transverse thermopower measured at
the magnetic material (S},,) is given by [29,30]

PAHE

——(Sc — Su), 2
PC/V+,0M(C u) @)

g
Stot = SANE —

where pc (pur) and S¢ (Sys) are the longitudinal resistiv-
ity and Seebeck coefficient of the nonmagnetic conductor
(magnetic material), respectively. The size ratio r is deter-
mined by the geometry of the closed circuit, and in this
case can be expressed as ¥ = (Lys/L¢) x (Ac/Ap), where
L¢ (Lyy) is the length of the nonmagnetic conductor (mag-
netic material) along the closed circuit [x axis in Fig. 1(b)]
and Ac¢ (A4y) is the cross-section area of the nonmag-
netic conductor (magnetic material) perpendicular to the
Le (Lyy) direction [y-z plane in Fig. 1(b)]. Thermoelec-
tric materials have been connected to magnetic materials
to create closed circuits so as to generate large transverse
thermopower [29,31,32], which is referred to as “Seebeck-
driven transverse thermoelectric generation.” However,
Eq. (2) is still valid when a nonmagnetic conductor with a
small SE is used instead of thermoelectric materials. If we
make pc/r < py through small pc, large 7, or both, the
second term on the right-hand side of Eq. (2) is reduced
to —Sctan Oapg + Sy tan Oapgge. Here Sy, tan Oayp cancels
out the Sy term in Syng. If [Sctan Oapg| < |Si], Sk, can be
used to approximate Sy. In other words, the magnetic mate-
rial shunted by connection to the nonmagnetic conductor
leads to the disappearance of Sy [Fig. 1(b)]. Then oz;ly can
be easily obtained as

Sy
A .~ Ptot
Oy ,O_M, 3)

meaning that the simple shunting process transforms afy

into a direct experimental observable. In comparison with
the conventional method based on Eq. (1), the method pro-
posed here reduces the number of parameters required to
obtain afy from four to two. If pj is known, a simple

measurement of S, in the closed circuit enables the direct
probing of a},.

III. RESULTS AND DISCUSSION

We experimentally demonstrate the proposed method
using a Co,MnQGa thin film. We choose Co,MnGa because
it is a magnetic Weyl semimetal having substantial Sy and
Sy terms contributing to its large Sang [7,11,14,15]. The
26-nm-thick Co,MnGa thin film is epitaxially deposited
on a single-crystal MgO(100) substrate at room tempera-
ture by magnetron sputtering, followed by postannealing
at 500°C. After the sample is cooled to room tempera-
ture, a 2-nm-thick Al capping layer is deposited to pre-
vent oxidization. To study the structure of the Co,MnGa
thin film, we measure its X-ray-diffraction (XRD) pat-
terns with Cu Ko radiation, which indicates an epitax-
ial growth of Co,MnGa (see Supplemental Material [33]
for XRD patterns of the thin film). From these results,
we obtain the integrated-intensity ratio between the 111
and 444 peaks (I},}/1,,;) and between the 002 and 004
peaks (Igoy/Ip0s)- These values are compared with the
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simulated integrated-intensity ratio (/ 1311‘{1 /L jﬁ and Iggg / Ig(i)’f)
for a perfectly L2 -ordered structure. The details of the
simulation are described in Ref. [15]. The degree of
L2, order (\/ U510/ U /IR)) is estimated to be
0.70 for the Co,MnGa thin film, while its degree of
B2 order (\/ (Iggg /Iggf) / (Igio‘;1 /Iggf)) is estimated to be
0.74. The composition of Co,MnGa is determined to
be Coss7Mnys 4Gasg 9 by X-ray-fluorescence spectroscopy.
We then pattern the Co,MnGa film into a 2-mm-wide
and 8-mm-long Hall-bar structure using photolithogra-
phy and Ar-ion milling, followed by the formation of
Ta(2 nm)/Au(50 nm) electrodes and on-chip thermome-
ters through a lift-off process. The on-chip thermome-
ters are placed at the positions corresponding to the
electrodes of the Hall bar along the x axis, as shown
in Fig. 2(a).

To create the closed circuit, we simply connect both
ends of the Co,MnGa film along the x axis with a 30-pwm-
diameter Au bonding wire. Here Co,MnGa is the magnetic
material under study, while the Au wire serves as the non-
magnetic conductor. Besides the convenience of using the
Au wire, its small p¢c (2.3 B2 cm at room temperature)
and small S¢ (between 0.7 and 2.0 WV K~! for the tem-
perature range measured in this study [35]) make it a good
nonmagnetic conductor for the proposed method. To mea-
sure the transverse thermopower, we set the sample on a
homemade holder having a structure similar to the one
used in the work reported in Ref. [36], which can generate
a temperature gradient (VT) along the x axis in the sample.
During the measurement, the holder is placed in a Physi-
cal Property Measurement System (PPMS), which is used
to control the temperature (7)) and magnetic field (H) (see
the Appendix for details of the thermoelectric measure-
ment setup). pps and papg of Co,MnGa as a function of 7'
are also obtained by our measuring the reference sample,
where the Au wire connecting both ends of the Co,MnGa
film is removed.

Figures 2(b) and 2(c) show the magnetic field depen-
dence of the transverse electric field (£7) divided by VT
for the closed-circuit and reference samples, respectively,
measured with the temperature of the PPMS set at 300 K.
The observed signal of the reference sample shows the H-
odd dependence and saturation at |uoH| ~ 1 T, which is
attributed to the ANE of Co,MnGa in the open-circuit con-
dition. By contrast, the signal of the closed-circuit sample
is smaller than that of the reference sample, although the
shapes are similar to each other. The curve in Fig. 2(b)
also saturates at |ioH| ~ 1 T along the z axis, suggesting
the transverse thermopower of the closed-circuit sample
is determined by the magnetization (M) of Co,MnGa as
well. Figure 2(d) shows the magnetic field dependence of
Py of CooMnGa measured at 300 K, where the signal is
mostly due to the AHE. The Styot, Sang, and pagg values are
evaluated by our extrapolating the curves in Figs. 2(b)-2(d)
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FIG. 2. (a) The sample structure and measurement setup for
the experimental demonstration of the proposed method to
directly probe afy. Vi, Vo, V3, and V4 represent four nano-
voltmeters measuring the longitudinal thermoelectric signal,
transverse thermoelectric signal, and resistance of two on-chip
thermometers, respectively. (b),(c) Magnetic field (H) depen-
dence of the transverse electric field (£”) divided by VT for the
closed-circuit sample (b) and the reference sample (c), measured
with the temperature of the PPMS set at 300 K. (d) Magnetic
field dependence of the transverse resistivity (p,,) of the ref-
erence sample at 300 K, showing the AHE of Co,MnGa. (e)
Magnetic field dependence of the voltage from V; of the closed-
circuit (blue diamonds) and reference (red squares) samples,
measured during the acquisition of the results in (b),(c), respec-
tively. The magneto-Seebeck effect [34] in Co,MnGa is found to
be negligibly small.

at high magnetic field after the saturation of
magnetization down to zero magnetic field. Figure 2(e)
shows the longitudinal thermopower from V; mea-
sured at the same time when the results in Figs. 2(b)
and 2(c) are obtained. In the case of the refer-
ence sample, this voltage is due to the SE of
the Co,MnGa-Au thermocouple (note that similar Au
bonding wires are used to connect the electrodes of
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the sample to the homemade holder), and S, can be
calculated by dividing the voltage at zero magnetic field by
the corresponding temperature difference and then adding
Sc of Au. On the other hand, the magnitude of the longitu-
dinal thermopower of the closed-circuit sample is dramati-
cally reduced, indicating that the SE of Co,MnGa is indeed
shunted by the connection to the Au wire at both ends. The
results measured with the temperature of the PPMS set at
different values are given in Supplemental Material [33].
By applying Eq. (3) to the experimental results for
the closed-circuit sample, we are able to probe ozfy of
Co,MnGa with ease. The values obtained with the pro-
posed method and the conventional method are compared
in Fig. 3, where the data points are plotted at 7' obtained
during the measurement of the transverse thermopower.
The corresponding oy, and papg of CooMnGa at T are
calculated with use of data points just above and below
T with the assumption of a linear change with temper-
ature. Figure 4 summarizes the temperature dependence
of various parameters of Co,MnGa obtained by our mea-
suring the reference sample. These results are necessary
to obtain oc;‘y by the conventional method. As one can

see in Fig. 3(a), S}, approximates Sy nicely and shows
the same temperature dependence, with the values being
slightly smaller than S;. The same can be said for the
comparison between o), and S /py. A logarithmic tem-

perature dependence of a;'y /T has been considered strong
evidence for the Weyl magnet Co,MnGa [7], which can
be clearly seen in the inset in Fig. 3(b) for both afy /T

and S,/ pa T in the same temperature range above approx-
imately 150 K. The comparisons thus demonstrate the
usefulness of the proposed method in a wide temperature
range.

To understand the small difference in results between
the two methods and gain insight into the conditions to
have a good approximation with use of the proposed
method, we focus on the transverse thermopower and cal-
culate S}, — S| in the parameter space of the size ratio
r and tanfOxpg, as shown in Fig. 5(a), where we use
the measured parameters of Co,MnGa and S¢ of Au at
T = 305 K for the calculation, except papgg (consequently
tan Oape), which is a varying parameter. Thus, S}, — S is
equivalent to (—Sys tanOagg) — pc’}ﬁ‘;M (Sc — Syr) based
on Egs. (1) and (2). The white area in Fig. 5(a) repre-
sents S}, — S; = 0, while the red (blue) area represents
Sy, being larger (smaller) than Sj. The dashed black line
indicates tan O yg of Co,MnGa measured in the experi-
ment, with the curve displayed in Fig. 5(b). Sy, — Sy from
the experimental results at 7 = 305 K is shown as a blue
data point in Fig. 5(b), where good agreement between
experiment and calculation can be seen. When r is small,
S}, approaches Sxng, and S}, — Si approaches Sy (note
that Sy increases as tan O,gg is artificially increased). As
r increases to more than 1 in Fig. 5(a), S}, — S; decreases
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FIG. 3. (a) Sane and S; of the reference sample in compari-
son with S%, of the closed-circuit sample as a function of 7. (b)
ol obtained with the conventional method and Si,/ oy, which
aﬁproximately corresponds to !, through Eq. (3). The inset in
(b) shows o /T and S,/ pp T as a function of logarithmic T.

Xy

and converges to —Sctanfayg. For most magnetic
materials having tanOapg < 0.1 [37], the value of this
difference would be on the scale of —0.1 pV K~!. If
the measured S}, is much larger than this value, such as
in Co,MnGQGa, the proposed method can realize a good
approximation of a;‘y. If S}, is close to this value, the pro-
posed method is not able to properly evaluate ozfy, but it can
still serve as an indication of small S; and ozfy. Meanwhile,
if the target material has an exceptionally large tan Opyg,
the difference would increase proportionally, although this
difference can be further reduced by use of a nonmag-
netic conductor with smaller Sc. In contrast, the change
of S, — Sy along the horizontal axis in Fig. 5(a) is much-
more prominent, suggesting that a proper » is important
for the proposed method. Here » > 1 would be sufficient
for Styot — §1 to reach —S¢ tan Oayg, which corresponds to
(oc/m)/pm < 1/100.

As shown above, the proposed method can be easily
implemented in the experiment to directly access Sy of a
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FIG. 4. (a) pu, (b) pauE, and (c) Sy, of the Co,MnGa thin film

as a function of 7 obtained by our measuring the reference sam-
ple. The inset in (b) shows tan Oayg as a function of 7. (d) The
S1 and Sy terms of the Co,MnGa thin film as a function of T
calculated by the conventional method.

magnetic material through the measurement of S, and to
probe its afy with knowledge of only p,,, in contrast to four
different parameters required by the conventional method.
This could reduce the number of measurements and ease
the requirement on the experimental setup although the
process of measuring S, (applying a temperature gradient
to the sample and varying H) is the same as that of measur-
ing Sang. The accurate evaluation of Sy, is often difficult
due to parasitic thermoelectric signals from electrical wires
connected to the sample, and Sy, no longer being neces-
sary in the proposed method could be especially beneficial
to probe otfy. Fewer parameters would mean fewer errors

propagating to oc;‘y, which could increase the reproductivity
and reliability of the results. These advantages of the pro-
posed method are especially beneficial for high-throughput
materials research to determine if a candidate material has
large afy. In addition, use of the first-principles calcu-

lations to obtain the Berry curvature and derive afy has
been popularized in recent years and plays an important
role in exploiting and predicting materials with valuable
properties. The proposed method could make a;ly a direct
observable in the experiment, thereby enabling fast and
straightforward comparison with the theory and promoting
further understanding of the matter. It is worth mentioning
that although the experimental demonstration is done on
a magnetic thin film, the proposed method should also be
applicable to study bulk materials, as long as the required
condition of pc/r < pys is met.
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FIG. 5. (a) Calculated S}, — Sy in the parameter space of the

size ratio r and tanfayg, with other parameters obtained in
the experiment at 7 = 305 K. Dark red means that S, — S; >
2wV KL (b) S}, — Si as a function of 7 with use of tan Oapg of
Co,MnGa measured in the experiment, which corresponds to the
dashed black line in (a). The blue data point represents S5, — Sy
from the experimental results.

IV. CONCLUSION

We propose a method to directly probe o of a mag-

netic material that is realized simply by connecting both
ends of the magnetic material along the direction of the
temperature gradient with a nonmagnetic conductor to cre-
ate a closed circuit. S}, of the closed circuit approximates
the 7 term of the magnetic material, and a;‘y can be eas-

ily obtained from S}, and py,, in contrast to four different
parameters being required in the conventional method. The
proposed method is experimentally demonstrated to probe
the temperature dependence of ozfy of a Co,MnGa thin
film. The closed circuit is easily realized with use of a Au
wire, and a good approximation is obtained for both S; and

ad in the entire temperature range between 70 and 305

Kx, validating this method. Proper conditions to achieve a
good approximation are also discussed, providing guides
for the use of the proposed method. As the use of ozfy is
growing in popularity, our finding could become a power-
ful tool propelling studies of topological-materials science

and application of transverse thermoelectric phenomena.
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APPENDIX: THERMOELECTRIC
MEASUREMENT SETUP

For the thermoelectric measurements, we use a home-
made holder, which is built upon a commercially available
multifunction probe and an empty sample puck. One side
of the sample is thermally connected to a Cu block and
then to the puck, which serves as a heat sink; the other
side is thermally connected to a heater through another
Cu block, while being insulated from the puck by a Bake-
lite plate. This structure to generate a temperature gradient
(VT) in a thin-film sample is similar to the one used in
the work reported in Ref. [36] (see Supplemental Material
[33] for a photograph of the thermoelectric measurement
setup). To measure the electrical signals from the sam-
ple, the same Au bonding wires are used to connect the
electrodes on the samples to the electrodes on the holder.
These electrical connections then go to the other end of
the multifunction probe through Cu wires, and eventually
out of the probe and into a connection box to meet with
the cables from external electronics. The electrodes on the
holder are thermally anchored to the heat sink. During ther-
moelectric measurements, the homemade holder is placed
in a PPMS (VersaLab made by Quantum Design). The
heater is electrically connected to the pins at the bottom of
the PPMS. These connections then go through the cables
inside the PPMS and eventually feed to an external source
meter (Keithley 2401 SourceMeter). Another source meter
of the same type is used to apply 100 WA to the on-
chip thermometers. Together with two nanovoltmeters [ V3
and V4 in Fig. 2(a); Keithley 2182A nanovoltmeter], we
are able to accurately measure the resistance of on-chip
thermometers by the four-terminal method. Meanwhile,
two nanovoltmeters of the same type [V} and V; in Fig.
2(a)] are used to measure the longitudinal and transverse
thermoelectric signals from the sample. All the external
electronics are controlled by a personal computer through
general-purpose-interface-bus cables, while this personal
computer also communicates with a personal computer
that controls the temperature (7) and magnetic field (H) of
the PPMS. Before generation of the temperature gradient
in the sample, the on-chip thermometers are calibrated by
our measuring their resistance as a function of temperature

under zero magnetic field. Then we set the temperature of
the PPMS to a certain value, generate a temperature gra-
dient in the sample, and sweep the magnetic field along
the z axis while monitoring the longitudinal and transverse
thermoelectric signals from the closed circuit with two
nanovoltmeters: V| and V5, respectively. The resistance
of the on-chip thermometers is also measured and subse-
quently converted to temperature; the difference is divided
by the distance between the two thermometers (4 mm) to
work out the value of VT, while the average is used as
the temperature for the obtained Sj,. The temperature of
the PPMS is varied between 60 and 300 K with a 20-K
interval. The same measuring process is conducted on the
reference sample, where the Au wire connecting both ends
of the CooMnGa film is removed; this is the conventional
ANE measurement.
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