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ABSTRACT

Anomalous Nernst effect of epitaxial Fe,N films on MgO(001), MgAl,O4(MAO)(001), and SrTiO5(STO)(001) substrates grown by
molecular beam epitaxy was investigated. Moderately large anomalous Nernst coefficients (Sang) of 1.4 and 1.7 uV/K were obtained
in the FeyN films on the MgO(001) and MAO(001) substrates, respectively, and large anomalous Hall angles (~0.06) and transverse
thermoelectric conductivities [~1.3 A/(m K)] were derived from the experimental results. On the other hand, a large effective Sang of
2.8 uV/K was obtained in the Fe,N film on the STO(001) substrate. The origin of the enhanced effective Syng is the negatively large
Seebeck coefficient (Ssg) in an oxygen deficient STO layer near the surface of the STO substrate. This indicates that it is possible
to enhance the effective Syng of ferromagnetic materials by utilizing adjacent materials with large |Ssg| such as the oxygen deficient
STO layer.
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I. INTRODUCTION compared with the conventional Seebeck effect (SE)-based TEG.'™
ANE is a thermoelectric phenomenon, where an electromotive

Green energy harvesting technologies, which convert micro
force is generated in the direction orthogonal to both a temperature

energy from waste heat, solar light, and environmental sound

into electric power, play an important role in a global sustainable gradienlt (VT) applied to a ferromagnetic material and its magneti-
energy solution. Recently, the development of thermoelectric power zation.  Semiconductor thermoelectric conversion devices that
generation (TEG) devices utilizing the anomalous Nernst effect utilize the SE require p-n junction arrays with a complicated struc-
(ANE) is attracting increasing interest with its unique merits ture.” On the other hand, thermoelectric conversion devices using
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ANE can be realized with a simple single-layer ferromagnetic film
and have advantages such as a large area coverage, low cost, and
voltage output in the direction orthogonal to VT.” Thereby, it is an
energy harvesting technology that has a high degree of freedom in
non-flat heat source surface and installation locations and has a very
high affinity with independent power sources for light, temperature,
humidity, current, magnetic field (H), and pressure sensors. However,
a current critical technical issue for practical applications of
ANE-based TEG is the much small value of the thermoelectric power
of ANE compared with that of the conventional SE-based TEG.”

Generally, the dimensionless figure of merit (ZT) is used as a
parameter indicating the performance of the thermoelectric devices,
and it is expressed as ZT = 6S,ng/k in the ANE-based TEG devices."
Here, 0, Sanp and x are the electrical conductivity, the anomalous
Nernst coefficient, and the thermal conductivity of a ferromagnetic
material, respectively. According to the Wiedemann-Franz law,’
since o/k is constant in an isotropic substance, it is generally difficult
to achieve both a large o and a small x in metals to achieve a high
ZT. Therefore, to realize high-performance ANE-based TEG devices,
exploring a material with a large Syng is essential. Syng is repre-
sented by SANE = PyxOxy + PxyOxxs Where Pyy, Pyys Oy and oy are the
longitudinal resistivity, the transverse resistivity, the longitudinal
thermoelectric conductivity, and the transverse thermoelectric con-
ductivity, respectively.”* From the definitions of the anomalous Hall
angle, tanOape = Pyx/Prx (= —Pxy/Pxx)> and the Seebeck coefficient,
SsE = PxxOxx> We obtain the following equation:’

SANE = St + St = PxyOxy — Ssetanfane. (1)

Therefore, to realize a large Sang value, pxyy (=57 and
— Ssptan@pg (= Sp) with the same sign and large absolute values is
required. Here, S; is the term indicating the intrinsic ANE generated
by converting VT into a transverse electrical field by a,y, and Sy is
the term due to the transverse carrier flow generated by the combina-
tion of SE and the anomalous Hall effect (AHE) in a sample.’

Sakai et al.” predicted the oy, values of more than 250 types of
Fe-based binary ferromagnetic materials, which are abundant in
resources and highly practical, by a high-throughput calculation
method based on the first-principles calculations. Among them,
there are five promising materials with large oy, which are
FesPt [6.2 A/(mK)], FesGa [3.0 A/(mK)], Fe;Al [2.7 A/(mK)],
FesSi [2.5 A/(mK)], and Fe,N [2.4 A/(m K)]. In Ref. 9, Sang> Sse»
and tan @55 were measured by experiments on bulk and film samples
of Fe;Ga and Fe;Al and oy, was obtained from Eq. (1). However, for
other promising materials, i.e., FesPt, Fe;Si, and Fe,N, Oy has not been
evaluated experimentally, and only Sxng of Fe,N films was reported.”"’
Isogami et al’’ grew epitaxial Fe,N films on MgO(001) substrates
by a sputtering method and performed ANE measurements. A rela-
tively large Sang of 2.2 uV/K was demonstrated when H was applied
in the direction perpendicular to the film surface and VT was
applied to the in-plane Fe,N[110] direction.

In this study, large effective Syng of 2.84V/K has been
achieved in epitaxially grown Fe,N films on SrTiO5(STO)(001)
substrates, which have a conductive oxygen deficient layer with a
negatively large Ssi value'' near its surface. This suggests that the
effective Sang of ferromagnets can be enhanced by stacking with a
material showing a large |Ssg|, as can be explained with Eq. (1). In
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this paper, Sang modulated by adjacent materials with large |Ssg| is
referred to as “effective Sang.” On the other hand, since it was diffi-
cult to evaluate the amount of shunt current to the oxygen deficient
layer, thus it was further difficult to accurately evaluate py, Py and
Qyy of these samples using Eq. (1). Therefore, epitaxial Fe,N films
were also prepared on insulating MgO(001) and MgAl,0,(MAO)
(001) substrates, with which a,, of Fe,N were evaluated.

Il. EXPERIMENTAL METHOD

The FeyN films were grown on MgO(001) (sample A), MAO
(001) (sample B), and STO(001) (samples C-E) substrates by the
plasma-assisted molecular beam epitaxy (MBE) technique. The
substrates, the thicknesses, and the growth temperatures of the
Fe,N films are summarized in Table I. Fe and N were simultane-
ously supplied by an electron beam gun and radio-frequency
plasma gun, respectively.'”'® Subsequently, a 2-nm-thick Al
capping layer was formed on the Fe,N layers in a sputtering
chamber connected to the MBE chamber. The Al layer was oxi-
dized by natural oxidation after air exposure. The crystallographic
structures of the samples were confirmed by x-ray diffraction
(XRD) measurements using a Cu-Ko radiation source (SmartLab:
Rigaku Corp.) and cross-sectional high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM)
observation (JEM-ARM200F: JEOL Ltd.), and the film thicknesses
were confirmed by the x-ray reflectivity method. After the XRD
measurements, the samples were microfabricated into a Hall bar
shape using photolithography and ion milling for the measurement
of ANE, SE, and AHE. A schematic illustration of the measurement
setup is shown in Fig. 1, which is the same as reported in Refs. 14
and 15. The distance between the Seebeck voltage (Vgg) electrodes

was 5.0 mm and that between the Nernst voltage (Vang) electrodes :

14-17

was 2.2 mm. Next, on-chip thermometers were fabricated by

ion beam sputtering and a lift-off technique. The structure of the

on-chip thermometers was a meandering shape Cr(10nm)/
Pt(150 nm) wire with the width of 20 um. Finally, electrode pads of
Cr(10 nm)/Au(200 nm) were formed by ion beam sputtering and
the lift-off technique. The prepared samples were pasted by
thermal grease on Cu blocks of a homemade holder, and thermo-
electric measurements were performed using the external control
option of a physical property measurement system (PPMS:
Quantum Design Inc.) while VT was applied along to the longitu-
dinal direction of the Hall bar (in-plane Fe,N[110] direction) with

a heater bonded to the Cu block. The ambient temperature was <

about 310K and the temperature difference (AT) was varied by

TABLE |. The substrates, the thicknesses, and the growth temperatures of the
FeyN films in the samples A-E.

Substrate  Thickness (nm) Growth temperature (°C)
Sample A MgO(001) 27 450
Sample B MAO(001) 27 450
Sample C  STO(001) 27 450
Sample D STO(001) 27 400
Sample E STO(001) 17 450
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FIG. 1. A schematic illustration of the sample setup for the thermoelectric
measurements in this study.

tuning the heater voltages. An external H (uoH=—-3~+3T) was
applied with the direction perpendicular to the film surface, and
Vsg and Vyng were measured using nanovoltmeters (Keithley
Nanovoltmeter Model 2182A: Keithley Instruments Inc.). AT was
estimated by simultaneously measuring the voltage of the on-chip
thermometers on the heater side (V1) and the heat sink side (V,)
by the four-probe method with two lock-in amplifiers (LI5650: NF
Corp.) during the thermoelectric measurements. For the calibration
of AT, the temperature dependence of the electrical resistance (R)
for each on-chip thermometers both on hot and cold sides were
measured in the range of 300-360 K using PPMS, separately from
the thermoelectric measurement. In the R-T curves of the on-chip
thermometers, good linearities were confirmed and their slopes
were used for real-time calculation of AT. The AHE of the samples
were measured by PPMS applying external H (uoH=—-3~+3T) in
the direction perpendicular to the films at 310 K.

lll. RESULTS AND DISCUSSIONS
A. Structural characterizations of the Fe,N films

Figures 2(a)-2(c) present the out-of-plane and in-plane XRD
patterns of the samples A-C, respectively. In the in-plane XRD
measurements, the direction of the scattering vector was along
[100] of the substrates. The diffractions of Fe,N 001 and 002 were
obtained in the out-of-plane XRD patterns (red lines), and the
peaks of Fe,N 100 and 200 were observed in the in-plane XRD pat-
terns (blue lines) in Figs. 2(a)-2(c), which indicated that the Fe,N
films were epitaxially grown on MgO(001), MAO(001), and STO(001)
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FIG. 2. The out-of-plane (red lines) and the in-plane (blue lines) XRD patterns
of the samples (a) A, (b) B, and (c) C.

with a cube-on-cube epitaxial relationship (Fe,N(001)[100]//
sub.(001)[100]). The in-plane and out-of-plane lattice constants
(a and c) of the Fe,N layers were near the bulk value. The lattice
mismatches of MgO(001)/FeyN, MAO(OOl)/Fe4N and STO(001)/ |~ !
Fe,N are —9.9, —6.0, and —2.8%, respectively.”” However, there 3
was almost no lattice distortion in the samples A-C, and similar
results were obtained for the samples D and E.

Figures 3(a)-3(c) indicate the cross-sectional HAADF-STEM
images of the samples A-C viewed along the [100] zone axis of
the substrates. High-resolution lattice images of the Fe,N layers
with good epitaxial interface were observed for all the samples.
Figures 3(d)-3(f) are the fast Fourier transform (FFT) images,
which corresponding to the electron diffraction patterns of the
Fe,N layers and the substrates. From these FFT images, the
cube-on-cube epitaxial relationship of Fe,N(001)[100]//sub.(001)
[100] was also confirmed. Figures 3(g)-3(i) show the inverse FFT
images of Figs. 3(d)-3(f), respectively. The yellow markers in the
inverse FFT images indicate the misfit dislocations, which is
directly above the substrates, so that lattice relaxation occurs at
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the interface with Fe,N for all the samples. Therefore, the degree
of lattice distortion is negligibly small, and it is consistent with
the result of ¢/a=1 obtained from the XRD measurements. The
density of the misfit dislocations decreased with the lattice mis-
match between Fe N and the substrate.

B. Anomalous Hall effect in the Fe,N films

The py values of the samples A-E were 102, 115, 82, 96, and
93 uQ cm, respectively. The py, values of the samples on STO
(samples C-E) were smaller than those of the samples on MgO
and MAO (samples A and B). Here, it is suggested that the
surface of the STO is conductive, and the current is shunting to
the STO substrate. It has long been known that the STO becomes

0-22 002

002 022
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FIG. 3. The cross-sectional HAADF-STEM images of the samples (a) A, (b) B, and (c) C viewed along the [100] zone axis of the substrates. (d)—(f) are the FFT images,
and (g)-(i) are the inverse FFT images of (d)—(f), respectively. The yellow markers indicate the positions of misfit dislocations.

conductive and exhibits a negatively large Sgg value when oxygen
vacancies are introduced.'’ Oxygen deficiencies might be intro-
duced during the film growth process of the Fe,N layers at 400
and/or 450 °C. Therefore, the obtained p,, and pyy values of the
samples C-E are underestimated and inaccurate. Since the thick-
ness and electron concentration of the oxygen deficient STO layer
cannot be estimated, it is extremely difficult to evaluate the accu-
rate py, and py, of the FesN layer by estimating the specific resis-
tance of the oxygen deficient STO layer. One might concern that
this current shunting also affects the evaluations of Sgg and Sang
values of the samples C-E. However, it was difficult to estimate
the shunting effect in thermoelectric measurements. Therefore,
the Fe,N and the oxygen deficient STO layers were regarded as
one material when the Ssg and Sang values of the samples C-E
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VT ~05Kmm. (c) VT vs Eane and (d) VT vs Esg plots of the samples A-E. The solid lines are results of linear fits.

were evaluated (described later). According to the comparison
among the samples C-E, the decrease of p,, is the largest in the
sample C, which has a relatively higher film growth temperature
and a longer growth duration time (large thickness). It means that
the magnitude of the shunt current increases with the growth
temperature and duration time. It was reported that oxygen
vacancies in STO substrates were formed during the film growth
process on them,'® and it is reasonable that the amount of oxygen
deficiency in the STO substrate changes depending on the growth
conditions of the Fe,N layers. The oxygen deficiency in the STO
substrate was also suggested by the results of thermoelectric mea-
surements described later.

Figure 4(a) shows the external H dependence of py(=—pyy)
for the samples A and B. The py, values of the samples A and B
are 6.1 and 7.2 #Q cm, respectively, and the tan O,yg values of the
samples A and B were calculated to be 0.060 and 0.063, respec-
tively. The materials showing large AHE are useful for applications
in spintronics devices. It should be noted that these tan @xpg
values are in good agreement with the reported values'>*’ and

several times larger than those of conventional ferromagnetic mate-
rials such as Fe (0.009) and Co (0.005).”"

C. Anomalous Nernst effect in the Fe,N films

Figure 4(b) displays the external H dependences of the electric
field due to ANE (Esng = Vang/Hall bar width) of the samples A-
E when VT is around 0.5 K/mm. The curve shape corresponding to
Fig. 4(a) was observed for all the samples. Figures 4(c) and 4(d)
indicate the plots of VT vs Exng and VT vs Esg (Esg = Vsg/Hall bar
length), respectively, for the samples A-E. Sang and Ssg of the
samples A-E were obtained from the slopes of the linear fitting
curves and summarized in Table II. The Syng values of the Fe,N
films grown on STO(001) (samples C-E) were larger than those of
the Fe,N films on MgO(001) and MAO(001) (samples A and B).
The Sang value of 2.8 uV/K was obtained in the sample C, which
was almost twice of the Syng values in the samples A and B fabri-
cated under the same growth conditions. The Ssg value of sample
C was —27.3 uV/K, which was about 10 times larger in magnitude
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TABLE II. The experimentally obtained Sane, Sse, Si (= pxx0xy), Sii (= —Ssetanbane), axy values of the samples. x means values which cannot be evaluated due to inaccu-

racy of pyy and py, values of the Fe,N layers on the oxygen deficient STO layers.

Sample A 1.4+0.1 -29+02 1.2 0.2 1.2
Sample B 1.7+0.1 -2.6+0.1 1.5 0.2 1.3
Sample C 2.8+0.1 —273+0.2 X X X
Sample D 23+0.1 -154+0.5 X X X
Sample E 22+0.1 -152+04 X X X

than those of the samples A and B. This is because the negatively
large Sgp in the oxygen deficient STO layer enhances Sgp of the
whole sample. In the samples D (the low growth temperature
sample) and E (the short growth duration time sample), the |Ssg|
values were smaller than that of the sample C. These results also
imply that the negatively large Ssg is caused by the formation of the
oxygen deficient layer of the STO substrate, depending on the
growth conditions of the Fe N layers. The formation of oxygen
vacancies in STO substrates was reported in different previous
papers.'' 27> One of the papers reported”” that oxygen vacan-
cies were formed even at the temperature of 350 °C by ultraviolet
irradiation. When the Fe,N layers were grown, N plasma was sup-
plied by a radio-frequency plasma gun. Meanwhile, STO was irradi-
ated by ultraviolet rays. Therefore, it is possible that this ultraviolet
irradiation introduces oxygen vacancies on the surface of the STO
substrate. The observation of concentration distribution for oxygen
atoms near the STO surface was attempted by energy dispersive
x-ray spectroscopy with the STEM measurement (STEM-EDS).
However, no change of the oxygen concentration was detected
within the present limited sensitivity of STEM-EDS. As another
mechanism for increasing Ssg, the effect of lattice strain was also
reported.'*® However, no effect of the lattice strain is detected
from the results of the XRD and HAADF-STEM measurements.
Considering Eq. (1), we may conclude that this enhancement of the
negative Sgg is a dominant reason why the larger Sang was
obtained in the STO(001)/Fe,N samples. In other words, the sce-
nario is that the longitudinal current generated by large SE in the
oxygen deficient STO layers flows into the Fe,N layer and is con-
verted into a lateral current by the AHE in the Fe,N layer. Here,
Sane modulated by adjacent materials with large |Ssg| is referred to
as “effective Sang.” Uchida et al’ summarize Syng values of
various materials, and the value of 2.8uV/K of the sample C
exceeds the Synp value of FePt (2.44V/K)> and comparable with
that of FegAlyo (3.44V/K).”® This result suggests that STO(001)/
Fe,N is promising as a film material showing a large ANE.
Utilizing the oxygen deficient STO layer showing a negatively large
Ssg is an effective method to enhance the effective Syng of ferro-
magnetic films. However, it should be noted that effective Syng
might be compensated depending on the combination of the signs
of §; and Sy in ferromagnetic materials.

Finally, using the experimental results of the samples A and B,
where the accurate p,, and py, values were evaluated, a,, of Fe,N was
derived. In Table I, S;, Sy, and Qyy values of the samples A and B are
summarized. By substituting Sang, Ssg» Pxx and tan B4 obtained in
the measurements into Eq. (1), oy, of the samples A and B were

estimated to be 1.2 and 1.3 A/(m K), respectively. These values are of
the same order as the theoretically predicted 2.4 A/(m K).” The
experimentally obtained a,, values here are as large as those of
promising materials showing large ANE such as Fe;_,Ga, and
Co,MnAl,_,Si,.>*" §; is larger than Sy, and it is considered that
large ay, contributes to large Sang in FeyN. Further enhancement
of ay, and Sang is a future problem and might be realized by fab-
rication of multilayer nanostructures with non-magnetic
materials. '~ In addition, a large a,, is also expected in
Mn,N,”” suggesting that the magnetic nitrides are promising can-
didates as large ANE materials.

IV. SUMMARY

In summary, epitaxial Fe,N films were prepared on MgO
(001), MAO(001), and STO(001) substrates by MBE, and the corre-
sponding ANE, SE, and AHE were studied. The results reveal that
Fe,N is a promising material showing a large AHE and ANE and
its effective Syng can be enhanced using the oxygen deficient STO
layer showing a negatively large Sqg. This is a convenient way to
enhance the effective Syng of ferromagnetic films.
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