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Anomalous Nernst effect in Mn;NiN thin films
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The observation of a sizable anomalous Hall effect in magnetic materials with vanishing magnetization has
renewed interest in understanding and engineering this phenomenon. Antiferromagnetic antiperovskites are one
of the emerging material classes that exhibit a variety of interesting properties owing to a complex electronic
band structure and magnetic ordering. Reports on the anomalous Nernst effect and its magnitude in this class of
materials are, however, very limited. This scarcity may be partly due to the experimental difficulty of reliably
quantifying the anomalous Nernst coefficient. Here, we report experiments on the anomalous Nernst effect
in antiferromagnetic antiperovskite Mn3NiN thin films. Measurement of both the anomalous Hall and Nernst
effects using the same sample and measurement geometry makes it possible to directly compare these two
effects and quantify the anomalous Nernst coefficient and conductivity in Mn;NiN. We carefully evaluate the
spatial distribution of the thermal gradient in the sample and use finite-element modeling to corroborate our

experimental results.

DOI: 10.1103/PhysRevB.108.024420

I. INTRODUCTION

In magnetically ordered materials, a thermal gradient can
induce a voltage perpendicular to both the thermal gradient
direction and the magnetic order vector. This thermally gener-
ated transverse voltage is referred to as the anomalous Nernst
effect (ANE) and can be understood as a thermal counter-
part of the anomalous Hall effect (AHE). In recent years,
the ANE has attracted increasing attention because, similar
to the AHE, the various underlying mechanisms have been
disentangled [1]. A key step was the development of the Berry
phase concept, which links the intrinsic AHE and ANE to
the integration of the Berry curvature over the first Brillouin
zone [2]. When the combined time reversal and inversion
symmetry and combined time reversal and translation sym-
metry operations are broken and the corresponding integral
is nonzero, intrinsic contributions to the ANE and AHE can
exist. However, the breaking of these combined symmetries
does not imply that the spins are ferromagnetically ordered.
As a consequence, the ANE was observed in materials that
were previously thought not to allow this phenomenon be-
cause of a vanishing net magnetization [3]. Recent progress
also showed a path to increase the ANE response, leading to
the observation of very large ANE coefficients in emerging
materials such as Fe;Sn, UCoq gRug,Al, and YbMnBi, [4-6]
by engineering the electronic band structure and the position
of the Fermi level.
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Despite the major advances that have been made in re-
cent years, the ANE is not yet fully understood. The field
dependence of the ANE in comparison to that of the AHE
and the expected anisotropy in nontrivial materials are still
topics under active discussion [7]. The ANE is dominated by
the states in the proximity of the Fermi level. Therefore, in
materials with a complex band structure the ANE can serve as
a more sensitive probe of changes of the Fermi energy Er than
the AHE, which is proportional to the integral of the Berry
curvature over all occupied states [8,9]. Another advantage of
the ANE is related to the versatility of the thermal gradient. In
thin antiferromagnetic films, the crystal and spin orientation
are typically determined by epitaxial constraints and cannot be
easily modified; therefore, measuring the AHE along different
crystal directions can be challenging. In particular, measuring
the AHE response for a current perpendicular to the thin-
film plane requires tedious lithography and three-dimensional
microfabrication [10]. By contrast, applying an out-of-plane
thermal gradient using a focused laser beam is comparatively
simple [11-13]. However, quantifying the thermal gradient
in this measurement geometry is very challenging. Over the
last few years, the ANE has also been discussed in the con-
text of applications such as heat flux sensors [14]. Here,
again, the antiferromagnetic ANE would be beneficial ow-
ing to the absence of magnetic stray fields. Despite these
benefits, the ANE is far less studied than the AHE because
control and quantification of an applied thermal gradient

©2023 American Physical Society
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are especially challenging and not as straightforward as ap-
plying and measuring an electric current, as used to determine
the AHE.

The promising family of antiperovskite manganese nitrides
Mn3; XN, where X represents Ni, Sn, or Ga, is actively stud-
ied [15-17]. These materials have been reported to exhibit
the AHE [18-22] as a consequence of the symmetries broken
by the noncollinear magnetic order and the resulting Berry
curvature [7]. As described in more detail by Zhou et al. for
Mn;NiN [7], Chen et al. for Mn3Ir (which has a noncollinear
antiferromagnetic structure similar to that of Mns;NiN) [2],
and Gurung et al. for Mn3GaN [16], the magnetic structure
of the I'*¢ phase in combination with the spin-orbit coupling
breaks the necessary symmetries (e.g., combined time rever-
sal symmetry and translation symmetry as well as combined
time reversal symmetry and inversion symmetry), which al-
lows a nonvanishing anomalous Hall conductivity (AHC) and
anomalous Nernst conductivity (ANC) in Mn3NiN [2,7,23].
In contrast, in the I'°2 phase a mirror symmetry is preserved,
which results in a vanishing AHC and ANC [7]. Theoretical
calculations show that the spin-orbit coupling is necessary for
a nonvanishing AHC and ANC [18]. The AHE in Mn3NiN
was discussed in the context of Weyl crossings in the band
structure [24]. We note that the existence of Berry curva-
ture and the AHE or ANE is determined by symmetry and
does not require the existence of Weyl points or any special
topology. From our measurements we cannot make any clear
conclusion about whether the Weyl points contribute to the
AHE and ANE. It was shown by neutron diffraction that in
epitaxial Mn3NiN thin films the "¢ phase can be stable to
lower temperatures than in the bulk material [25]. Interest-
ingly, strain control of the AHE was demonstrated [25-28],
which is an important step toward strain-controlled switching
of the AHE response, as recently reported for Mn;Sn [29].
At the same time, very limited reports on the ANE in man-
ganese nitrides are available: the ANE was very recently
reported in Mn3SnN [30] while an out-of-plane thermal gra-
dient was applied. A laser-induced thermal gradient was also
used to visualize the magnetic structure of Mn3;NiN without
quantifying the ANE [13]. Consequently, a systematic eval-
uation and quantification of the ANE and AHE in a single
sample with a well-defined thermal gradient has yet to be
performed.

In this paper, we report a systematic study of the anomalous
Nernst effect in antiferromagnetic thin-film Mn3;NiN. In this
study, the ANE is generated by an in-plane thermal gradient,
with special attention paid to the spatial distribution of the
thermal gradient, which we compare to numerical simulations
based on the finite-element method (FEM) as implemented
in COMSOL MULTIPHYSICS [31]. We measure an anomalous
Nernst coefficient of 0.0382 wV/k at temperatures between 150
and 190 K, which is comparable to the reported Nernst coef-
ficient of the closely related Mn3;SnN [30]. We propose that
Mn;NiN is not only a fundamentally interesting compound
but also an ideal model system because its noncollinear mag-
netic structure in the (111) plane enables the generation of
an ANE by both in- and out-of-plane thermal gradients in
(001)-oriented thin films [13,22]. Moreover, the position of
the Fermi energy can be tuned by strain induced from various
substrates [25].

II. SAMPLE FABRICATION

The Mn;NiN film with a thickness of 50 nm used in this
study was grown by pulsed laser deposition on a single-crystal
(001)-oriented SrTiO; (STO) substrate at a temperature of
400 °C. The growth and structural properties of Mn3NiN films
grown on STO substrates are described in detail in [26].
The film has a [001] film normal and a Néel temperature of
Tx = 230K [13]. Magnetization loops measured at several
temperatures are depicted in Fig. 1(a). After the removal of the
diamagnetic background from the substrate, the magnetiza-
tion loops are still dominated by an S-shaped magnetization,
which we attribute to soft ferromagnetic impurities in the
substrate. This soft magnetization is removed as described in
Sec. S3 of the Supplemental Material [32] and reveals the
intrinsic magnetization which we attribute to the thin film,
which is consistent with other Mn3NiN films on a STO sub-
strate [25,26].

The film was patterned into Hall bars with a width of
45um and transversal contacts with a length of 1800 um
using electron beam lithography and a wet etching pro-
cess with diluted ferric chloride. After the film was etched,
50 nm thick platinum heaters and thermometers were fab-
ricated by Pt sputtering using a lift-off process. The same
sample geometry was previously used to measure the ANE
in ferromagnetic Co,MnGa thin films [33]. A false-color
microscopy image of the resulting device is shown in
Fig. 1(b).

The sample layout with on-chip heaters and thermometers
enables direct measurement and comparison of the AHE and
ANE for the same device. Owing to the sample geometry, the
in-plane temperature gradient generated by Joule heating of
the platinum heater is considerably smaller than the out-of-
plane thermal gradient generated by a platinum heater on top
of the thin film, as measured by You et al. for Mn3;SnN [30].
Thus, we measured smaller Nernst voltages in this study.
However, this geometry has the advantage of allowing the
temperature to be directly measured at different positions
in our sample for use in evaluating the local temperature
gradients, Nernst conductivities, and Nernst coefficients with
higher accuracy.

III. HALL MEASUREMENTS

Figure 1(c) shows the temperature-dependent longitudinal
conductivity oy,, which suggests a semimetallic character of
the material that is consistent with the results of previous
studies. The anomalous Hall effect was measured by applying
a magnetic field perpendicular to the sample plane [see the
coordinate system depicted in Fig. 1(b)]. The Hall resistivity
Oyx Was calculated as

Pyx = I, >
where the transversal voltage is denoted V,, the source current
is denoted I, and the film thickness is denoted . We used the
Hall resistivity to calculate the Hall conductivity as

IOVX

PE + PE

Oyx =
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FIG. 1. Characterization of the Mn;NiN films. (a) Magnetization loops measured with a magnetic field out of the sample plane at 190, 170,
and 150 K after removing the ferromagnetic background. (b) False-color microscopy image of the Mn;NiN Hall bar (yellow) with platinum
heaters (red) and thermometers (white). (¢c) Temperature dependence of the longitudinal conductivity. (d) Magnetic-field dependence of the
Hall conductivity at different temperatures. () Temperature dependence of the anomalous Hall conductivity.

where the longitudinal resistivity is denoted by p., [34].
The ordinary Hall contribution was subtracted via linear
fitting to the Hall voltage at high fields to extract the
anomalous contribution. The total Hall conductivity o, =
Oyx,OHE 1 Oyx AHE Measured at various temperatures is shown
in Fig. 1(d), and the temperature dependence of the anoma-
lous Hall conductivity at saturated magnetization is shown
in Fig. 1(e). Upon cooling, the anomalous Hall conductiv-
ity decreases, and the coercive field increases, in agreement
with previous observations of Mns;NiN films prepared on
STO substrates and the magnetometry [18,35]. Assuming
that the Mott relation is valid [34,36], the AHE provides an
indication of the field dependence of the ANE signal. The
data do not allow a clear separation of the extrinsic and in-
trinsic contributions. For further details we refer to Sec. S1
in the Supplemental Material [32] (see also Refs. [37-41]
therein).

IV. NERNST MEASUREMENTS AND ANALYSIS
OF TEMPERATURE GRADIENT

We measured the ANE by applying a current through the
lithographically defined platinum heater stripe to generate a
thermal gradient in the substrate via dissipation of the Joule
heating, as schematized in Fig. 2(a). This scheme enabled us
to heat one end of the sample with respect to the other end,
resulting in the thermal gradient. We then used the lithograph-
ically defined thermometers to measure the temperature drop
between the “cold” and “hot” ends of the device or, more
generally, as a function of position on the surface (the spatial
variation in the temperature gradient will be discussed later).
We define the temperature gradient as V, T = %, where d is
the distance between the two thermometers. We also measured
the temperature as a function of position on the sample using
two transversal arms of the Hall bar as resistive tempera-
ture sensors [see Fig. 2(a)], which resulted in a more local
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FIG. 2. Calibration of the local temperature gradients. (a) Schematic of the temperature gradient applied to the sample, with an example of
the measurement geometry used to evaluate the global temperature gradient with the sample arms as resistive thermometers. The sections of
the Hall bar arm highlighted in orange and blue denote the temperatures on the hot and cold sides of the bar, respectively. (b) Measured values
of the thermal gradient (points) and the corresponding linear interpolation (colored area) as a function of the heater power and the sample

base temperature Ty, (¢) FEM simulated temperature profile over the sample for Ty,

temperature gradients along the Hall bar for Tj,se = 170 K.

evaluation of the temperature gradient because we evaluated
the temperature at the Hall bar and not at the position of
the thermometers. We observed good agreement between the
results for the two thermometry methods. The thermal gradi-
ent was experimentally measured at various base (cryostat)
temperatures using various heater powers [Fig. 2(b)]. Note
that we also performed the experiments using two different
cryostats with various chip carriers, sample mountings, and
helium pressures in the variable-temperature insert of the
cryostats. Comparing the results obtained using the two se-
tups, as well as the two thermometry methods, showed that
the different experimental conditions result in differences in
the thermal gradient on the order of only 20%. Therefore,
the two experimental setups could be modeled by one set of
parameters in our simulations. We present the results obtained
using the various measurement setups and the corresponding
thermometry below. The spatial variation in the thermal gra-
dient depends strongly on the sample material parameters.
We modeled the heat transfer in the device, including the
substrate, glue, and chip carrier, using a realistic geometry
and material-specific thermal conductivities. We employed
the finite-element method to solve the model and determine

170 K. (d) FEM simulated temperature profile and

the spatial dependence of the thermal gradient. The model
includes the charge current through the heater, which pro-
vides Joule heating as an input to the thermal component.
The conductivity of the thin platinum wire was obtained by
fitting to the measured heater power of 0.26 W at a fixed base
temperature of 170 K. The conductivity of 1 040 500 S/m is,
as expected, lower than for bulk Pt. We used a thermal conduc-
tivity of 12 W/(Km) for the STO substrate [42]. As the STO
substrate is glued to a ceramic chip carrier, which is clamped
to a copper heat sink, a 0.2 mm thick layer with a thermal
conductivity of 0.3 W/(Km) was added between the substrate
and the chip carrier as thermal resistance of the glue in our
simulations. A thermal conductivity of 0.37 W/(Km) was
obtained for the 0.635 mm thick chip carrier by using this ther-
mal conductivity as a fitting parameter. The temperature of the
hottest transversal bar defined the fitting criterion. The simu-
lation results show that the in-plane thermal gradient depends
strongly on the thermal conductivity of the substrate, as well
as on the thermal contact of the substrate with the heat sink.
The values of the thermal conductivities and heat capacities
used in the simulation are given in Table I. Figure 2(c) shows
the simulated temperature profile for the sample surface.
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TABLE I. Overview of the parameters used in the FEM
simulations.

Thermal Heat

conductivity capacity

Material W/(K m) J/(K kg)
Mn3NiN (film) 17 600
SrTiO; (substrate) 12 500
GE varnish (glue) 0.3 500
Al,Oj; (chip carrier, fit parameter) 0.37 730
Pt (heater and thermometers) 71.6 133

In Fig. 2(d) we show the resulting temperature profile and
gradient along the x direction at y = O mm as blue and green
curves, respectively. The resulting simulated difference in the
temperatures averaged along the hottest and coldest transver-
sal bars at a base temperature of 170 K and a heater power of
0.26 W is 5.88 K, whereas the measured global temperature
difference is 4.16 K under the same conditions. As we use
only the shape of the decay of the temperature gradient along
y to rescale our measured temperature difference; this level of
agreement is sufficient.

We determined the anomalous Nernst voltage at various
pairs of transverse contacts to experimentally explore the
spatial dependence of the applied temperature gradient V,T.
The magnetic field was applied out of the sample plane
[Fig. 3(d)]. The ANE signal was measured at base temper-
atures of T 150, 170, and 190 K. Subtracting the linear
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background corresponding to the ordinary Nernst contribution
reveals a saturation of the Nernst signal. Figures 3(a)-3(c)
show the measured anomalous Nernst voltages at different
base temperatures Tpage in comparison to the anomalous Hall
conductivities discussed above. The coercive field of the ANE
for each base temperature Ty, is in agreement with the values
measured based on the AHE. Note that the anomalous Nernst
voltage plotted in Fig. 3 depends on the applied thermal gradi-
ent; therefore, one cannot directly compare the magnitude of
the ANE. Thus, to perform such a comparison, we calculate
the anomalous Nernst coefficient using the local temperature
gradients at our transversal bars. This procedure is presented
below.

To properly evaluate the ANE coefficient, it is essential to
assess the spatial homogeneity of the signals. For this purpose,
we recorded the ANE signal for different pairs of contacts, i.e.,
at different distances x from the heater. The data compiled
in Figs. 4(a) and 4(b) show the field-dependent anomalous
Nernst voltage for the transversal contact pair closest to
and farthest from the heater, respectively. The ANE voltages
measured on the two contact pairs differ by a factor of approx-
imately 2.8, confirming the inhomogeneity of the temperature
gradient expected from our FEM simulation, which predicts
a factor of 2.5 between the local temperature gradients at
these two contact pairs. We determined the anomalous Nernst
coefficient Sy, using the following formula:

£
9
VJchoc,meas X Wpond

Syx = (3)
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FIG. 3. Comparison of the field dependence of the AHE (dotted curves) and ANE (solid curves) curves. Base temperatures of (a) 190 K,
(b) 170K, and (c) 150 K. (d) Schematic of the sample setup used to measure the anomalous Nernst effect. The upper heater is at x = 0.963 mm,
the upper transversal bar is at x = 0.5 mm, and the lower transversal bar is at x = —0.5 mm.
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FIG. 4. Measurements of the anomalous Nernst effect. (a) Magnetic-field dependence of the anomalous Nernst voltage on the upper
transversal bar (x = 0.5mm) for different temperatures. (b) Magnetic-field dependence of the anomalous Nernst voltage on the lower
transversal bar (x = —0.5 mm) for different temperatures. (c) Magnetic-field dependence of the ANE on the upper transversal bar for different
temperatures, normalized to the mean ANE for each temperature. (d) Comparison of the temperature dependences of the AHE and the ANE.

where V, is the transversal voltage between the contacts,
Whond 1S the distance between the contacts, and V,Tjoc meas
is the thermal gradient along x, which was corrected for the
spatial variation by using the FEM simulation results. The
correction was calculated in the following way. We used
the simulated local temperature gradients V,Tjoc simy(x) and
global temperature difference ATyiop simu, as Well as the mea-
sured global temperature difference ATjgiob,meas» 10 calculate
the local temperature gradients V ,Tjoc meas fOr €ach base tem-
perature, heater power, and distance from the heater as
A]:glob,meas

“

Vleoc,meas Vleoc,mmu X ATglob,simu .

The inhomogeneity of the temperature along the y direction
can also be estimated from the FEM simulation results. We
considered this inhomogeneity in calculating the simulated
temperature difference ATgyiobsimu and temperature gradient
V. Tioc.simu by averaging the temperature and temperature gra-
dient for each transversal bar over the length of the bar (the y
direction).

The resulting anomalous Nernst coefficients are shown in
Fig. 4(c). In Fig. 4(d), the temperature dependence of the ANE
(blue) is compared to that of the AHE (green). The uncertain-
ties of the Nernst coefficients are estimated by considering the
variation of the measured values for the different transversal
contact pairs as well as the above-mentioned uncertainties
of the measured thermal gradient, leading to the error bars
depicted in Fig. 4(d) and Table II. The AHE is decreasing
within that temperature range, as expected for Mn3NiN films
grown on STO, as shown by Boldrin et al. [25]. The change
in the anomalous Nernst coefficient in the investigated tem-
perature range is smaller than its uncertainties. Therefore, we
can say only that the change in the ANE is smaller than 20%

within the temperature range. The temperature dependences
of AHE and ANE can be different and are connected via
the Mott relation [33,34,43], but a closer investigation of this
temperature dependence in the context of the Mott relation is
beyond the scope of this study.

In addition to determining the ANE, we evaluated the
Seebeck coefficient S, by measuring the voltage V. at the
longitudinal bar at the investigated temperatures and the ap-
plied temperature gradient. The Seebeck coefficient is defined
as [33]

Vi
AT’

As the temperature profile of the sample was also in-
homogeneous, we used the FEM simulation results and the
measured global temperature difference to calculate the local
temperature difference AT between the two contacts of the
longitudinal bar.

Having determined the anomalous Hall conductivity
Oyx,AHE, the longitudinal conductivity oy, the Seebeck coef-
ficient Sy,, and the anomalous Nernst coefficient Sy, ang, We

finally calculated the anomalous Nernst conductivity oy, aNg
as [34]

Sxx = - (5)

Qyx, ANE = Oxxsyx,ANE + ny,AHESxx~ (6)

Note that the longitudinal conductivity o,,, the Seebeck co-
efficient Sy, and the Nernst coefficient Sy, ang are positive,
whereas the anomalous Hall conductivity oy, sxg is negative.
The anomalous Nernst conductivity oy, ang is then positive
because |0ySyx| > |0y,Sx|. The transport coefficients used to
calculate the anomalous Nernst conductivity oy, are shown
in Table II. As described by Boldrin et al., Mn3NiN films
grown on STO show a ferrimagnetic phase above their Néel
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TABLE II. Transport coefficients used to calculate the Nernst conductivity oy, ang-

T (K) o (27 'em™) Oyx, AHE (@ 'em™) S (WV/K) Syx.ane (WV/K) Ay ANE A/(K m)
190 974.93 —1.272 1.70 0.0404(84) 0.00372(82)
170 964.76 —0.933 2.39 0.0365(77) 0.00330(74)
150 956.91 —0.634 2.94 0.0376(85) 0.00341(81)

temperature. The values of the measured transport coefficients
in the ferrimagnetic phase can be found in Sec. S2 of the
Supplemental Material [32] (see also Ref. [44] therein).

The measured ANE conductivity of oy, = 0.00348
A/(Km) (the average of the measurements in the temperature
range from 150 to 190 K) is significantly smaller than the
theoretically predicted |oy| =1.80 A/(Km) [7]. There are
multiple possible reasons for this difference that are discussed
below. Note that only the projection of the Hall vector onto
the out-of-plane (e.g., [001]) direction was experimentally
measured, whereas the theoretical value corresponds to the
[111] direction. However, projecting the [111] direction on the
[001] direction in a cubic crystal would lead to only a factor
of \%, which would not explain the observed discrepancy of

two orders of magnitude.

Another possible reason for the discrepancy between the
experimental and theoretical results could be the multidomain
character of the sample. Both I'*¢ and I'¢ phases can coex-
ist [7] in Mn3NiN. The ['*8 phase alone can break into eight
equivalent domains. The Hall vectors and net moments corre-
sponding to the eight domains were summarized by Johnson
et al. [13]. The overall Nernst effect could thus be reduced
due to the multidomain character of the sample. However, the
domain population in an antiferromagnet can be controlled
by cooling the material under a magnetic field from above
the Néel temperature [11,13]. To investigate the effect of the
domain structure on our ANE signal, we cooled the sample
in various magnetic field orientations and in zero field from
above the Néel temperature (e.g., 300 K ) down to 190 K.
We did not observe any variation of the measured ANE sig-
nal, as demonstrated by Fig. 5. This result suggests that the
multidomain character of the sample cannot account for the
small ANE coefficient. Another possible reason for the dis-
crepancy between the theoretical and experimental results is
the strong sensitivity of the anomalous Nernst effect to the
position of the Fermi level. The ANE is dominated by the
Berry curvature at the Fermi level, unlike the AHE, which

1.0
ST
0.5 LA ~
— VN" Y S~
S |
2 |
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S /
> /
=
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has contributions from all the occupied energy bands. As
shown by Zhou et al. [7] in Fig. 3(c), the anomalous Nernst
conductivity can be reduced, can be eliminated, or can even
change sign if the Fermi level is shifted by only 30 meV. The
position of the Fermi level is experimentally very sensitive
to the stoichiometry and purity of a particular sample. The
calculations also do not include scattering, which can play
a significant role in a real sample and to which the ANE
may be particularly sensitive. Assuming a single-band model,
one could calculate the charge carrier densities to be between
3.25 x 10%! and 4.73 x 10?! /ew? for temperatures between
150 and 190 K from the linear contributions to the Hall effect.
This values would be consistent with the charge carrier density
of 2.4 x 102! 1/ew? calculated by Boldrin et al. [25] using
DFT calculations at zero temperature. However, in the case
of Mn3NiN a single-band model cannot be used due to the
complex band structure. Furthermore, it cannot be guaranteed
that there are no other linear contributions to the Hall effect at
high fields, so we hesitate to deduce any information from the
ordinary Hall coefficient with regard to charge carrier density.

Similarly, the strain induced by the substrate can strongly
influence the position of the Fermi level; consequently, the
ANE becomes a sensitive probe of the strain-induced changes,
as You et al. [30] illustrated. The calculation results presented
in Fig. 2(b) of a study by Boldrin ef al. [18] show that strain
can influence the energy dependence of the anomalous Hall
conductivity and therefore also the ANE.

Clearly, there are several possible explanations for the dis-
crepancy between the experimental and theoretical values of
the anomalous Nernst conductivity, warranting further study.
Nevertheless, Mn3;NiN offers an ideal platform to explore the
spin-caloritronic phenomena because the ANE can be mea-
sured both by the in- and out-of-plane thermal gradients in one
device simultaneously [45]. This is because the noncollinear
magnetic structure causes all the off-diagonal elements of the
Hall conductivity to be nonzero; that is, as the Hall vector
is close to the body diagonal, both thermal gradients can

positive oop
field cooling
zero

field cooling
negative oop
field cooling

FIG. 5. Anomalous Nernst voltages at Tp,se = 190K for different field-cooling orientations and without field cooling. Field cooling was
performed by cooling the sample from 300 to 190 K in a field of 5 T with different orientations (blue, yellow, and green curves) and with no

field (red curve).
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generate transverse voltage. Moreover, the out-of-plane
thermal gradient can be applied either locally [13] or
globally [30].

V. SUMMARY AND OUTLOOK

In conclusion, we measured the anomalous Hall and Nernst
effects in Mn3;NiN in the same sample. We used our exper-
imental data and finite-element simulation results to obtain
the anomalous Nernst coefficient in the MnsNiN thin film
as 0.0382 w/k. The anomalous Nernst conductivity was mea-
sured as o, = 0.00348 A/(Km) (by averaging the respective
values over the temperature range from 150 to 190 K),
which is significantly smaller than the theoretical prediction
of |ay| = 1.8 A/(Km). To accurately determine the ANE
coefficient, we paid special attention to characterizing the
spatial distribution of the thermal gradient in our sample,
and we supported our measurements by FEM simulations. A
likely reason for the discrepancy between the experimental
and theoretical ANE values is the particular position of the
Fermi level in our samples. We propose Mn3NiN films with
a [001] film normal as a fundamentally interesting model
system to explore the rich physics of noncollinear antiferro-
magnets. In addition, a Mn3NiN film is a good model system

for simultaneous in-plane and out-of-plane thermal gradient
measurements to explore the anisotropy of the ANE in this
class of materials.
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