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Large Anomalous Nernst Effects at Room Temperature in

Fe;Pt Thin films
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Yunzhong Chen,* and Baogen Shen

Heat current in ferromagnets can generate a transverse electric voltage
perpendicular to magnetization, known as anomalous Nernst effect (ANE).
ANE originates intrinsically from the combination of large Berry curvature and
density of states near the Fermi energy. It shows technical advantages over
the conventional longitudinal Seebeck effect in converting waste heat to
electricity due to its unique transverse geometry. However, materials showing
giant ANE remain to be explored. Herein, a large ANE thermopower of S, ~
2 uVv K~' at room temperature in ferromagnetic Fe, Pt epitaxial films is
reported, which also show a giant transverse thermoelectric conductivity of
@, ~4AK' m~" and a remarkable coercive field of 1300 Oe. The theoretical
analysis reveals that the strong spin-orbit interaction in addition to the
hybridization between Pt 5d and Fe 3d electrons leads to a series of distinct
energy gaps and large Berry curvature in the Brillouin zone, which is the key
for the large ANE. These results highlight the important roles of both Berry
curvature and spin-orbit coupling in achieving large ANE at zero magnetic
field, providing pathways to explore materials with giant transverse
thermoelectric effect without an external magnetic field.

1. Introduction

Thermoelectric Seebeck effect (SE), the gen-
eration of a longitudinal electric voltage in
materials when a temperature gradient is
applied, can directly convert waste heat en-
ergy to electricity.'-*] Nonetheless, the cur-
rent generated by the SE which is parallel
to the heat flow has limitations in the appli-
cation of thermoelectric devices due to size
constraints. In contrast, the Nernst effect, a
transverse thermoelectric effect in a mag-
netic field that generates current perpen-
dicular to the applied temperature gradi-
ent (Figure 1a), can greatly simplify module
fabrication owing to the transverse geome-
try with good scalability.[*-®) Particularly, the
anomalous Nernst effect (ANE) in hard fer-
romagnets can generate a transverse volt-
age from the applied heat flow without the
need for an external magnetic field and
thus has sparked much interest recently.”]
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Figure 1. a) Schematic diagram of ANE (V,) and Seebeck (V,,) configurations. b) Demonstration of an ANE Micro-thermoelectric conversion device.
c) Crystal structures of FePt L1, ordered phase (top) and Fe; Pt L1, ordered phase (bottom). Fe atoms are blue, Pt atoms are red. Orange arrows represent
magnetic moments. d) and e) Magnetic field (1oH) dependence of the magnetization (M) and the ANE thermopower S, respectively, measured at room

temperature with the field up to 2 T applied perpendicular to the film plane. (The data of a-Fe,[?"] Fe;Al, and Fe;Gal'

with temperature gradient applied in the film plane).

In addition, ANE devices can also be prepared into flexible struc-
tures with good extensibility (Figure 1b). Hence, the pursuit of
materials with larger ANE thermopower has attracted huge in-
terest nowadays.l’~1*]

The ANE thermopower, S, is determined by S,, = p,.a,,
— Py, Where p. and p,. are the longitudinal and Hall re-
sistivities, and «,, and a,, are the diagonal and off-diagonal
components of the thermoelectric conductivity tensor, respec-
tively. The first term is the intrinsic contribution from «,,
and the second term originates extrinsically from the combi-
nation of the Seebeck and Hall effects. Therefore, the anoma-
lous Nernst response can be enhanced by either maximiz-
ing the intrinsic/extrinsic contributions or the combination of
both.[11:12]

According to band theory, the intrinsic contribution of ANE
thermopower, a,,, at low temperatures where the thermal broad-
ening of the Fermi energy is small, can be expressed as
follows.[13:14]

9 _
ayto) =22 LD ()
o, == Y & [0, 16 (e ~c,) @

where ¢, and Q, , (k) are the band energy and Berry curvature
of the n-band, respectively. o, (¢) is the anomalous Hall conduc-
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¢

I are also shown for comparison,

tivity at zero temperature. f{e) is the Fermi-Dirac distribution, u
is the chemical potential, 7 is the reduced Plank’s constant, and
O(e — ¢,,) is the step function. This shows that the ANE orig-
inates from the Berry curvature near the Fermi surface. There-
fore, designing the electronic band structure to maximize the
Berry curvature near the Fermi surface is crucial to enhance the
ANE, which could be beyond the conventional linear scaling law
with magnetization for ferromagnets.['! Such topologically en-
hanced ANE has been experimentally verified not only in ferro-
magnets such as Co,MnGa,#1%17] Co,Sn, S,I”] Fe, AL1% Fe,Ga,!*"]
MnGa,*®) and Fe;Sn,*! but also in antiferromagnets such as
YbMnBi,,[’) Mn, Sn,[221] Mn, Ge,[?2l and MnGe.[?*] It is notewor-
thy that most of the above ferromagnets are soft ferromagnets
in nature with negligible coercive fields. In other words, the ANE
shrinks at low magnetic field, which also applies to antiferromag-
nets. Although a large Nernst thermopower of S, ~ 3 uvV K" is
achieved at zero magnetic field in magnetic Weyl-semimetal of
Co,Sn,SI”] at 80 K, it remains rare on ferromagnetic candidates
with large zero-field ANE at room temperature or above. One ef-
fective way to enhance the coercive fields in magnets is to achieve
large magneto-crystalline anisotropy resulting from spin-orbit in-
teractions, in which magnetic hysteresis results from a combina-
tion of domain dynamics and anisotropy.l?*] Therefore, we stud-
ied materials based on the L1, ordered FePt, as illustrated in
Figure 1c, a prototype of hard ferromagnet possessing one of
the highest perpendicular magneto-crystalline anisotropy among
transition metal compounds due to a large value for the Pt 5d
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Figure 2. The atomic-resolved high-angle annular bright field (HAABF) image of the Fe; Pt films prepared at a) 700 and b) 900 °C, respectively. c—f) EDX
mappings of Mg, Cr, Pt, and Fe elements, respectively for the film grown at 700 °C. g) The line profiles for Fe; Pt composition elements obtained from
EDX mappings. Curves with different colors represent the intensity of different elements.
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Figure 3. a,b) Magnetic field (uoH) dependence of the ANE thermopower, S, and Hall resistivity, p,,, respectively, measured in Fe;Pt films at typical
temperatures of 200 and 300 K. The data for FePt films are also shown. c) The temperature dependence of S,, between 50 and 300 K under a magnetic
field of 2T applied perpendicular to the film plane.
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Figure 4. Temperature dependence of a) p,,, b) S,,, and c) p,, for the Fe;Pt films. For p,,, a magnetic field of 2 T was applied perpendicular to the film.

d) Temperature dependence of Hall conductivity (o).

spin-orbit interaction and strong covalent hybridization between
Pt 5d and Fe 3d states.[?>2%] Notably, L1, ordered Fe;Pt, another
Fe-Pt alloy which has a similar crystal structure as L1,- FePt, is
predicted to exhibit large |a,,| by a high-throughput screening.!?!
Nevertheless, to date, studies on ANE of Fe-Pt systems have
been exclusively performed on L1,-FePt!'®2728] and Pt/Fe multi-
layer films!*’l with moderate ANE reported (0.5 < S |<0.7 uV
K1 for L1,-FePt). Herein, by epitaxial growth of high-ordered
Fe,Pt films, we achieved a nontrivial quadruple enhancement
in ANE thermopower to about 2 pV K=! of Fe,Pt compared to
that of our FePt at room temperature. Compared to the other
iron-based giant ANE compounds Fe;Ga and Fe;AL['%! Fe,Pt ex-
hibits not only a giant transverse thermoelectric conductivity of
a,, ~4AK" m™ butalso a huge coercivity H_ of about 1300 Oe,
approximately two orders of magnitude larger than that of Fe,Al
(20 Oe) and Fe;Ga (40 Oe) films (Figure le). The combined
electrical/thermoelectric transport measurements and density
functional theory (DFT)-based calculations reveal that the large
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Nernst signal in Fe,Pt originates dominantly from the intrinsic
band structure in the vicinity of the Fermi energy.

2. Results and Discussion

Ordered Fe,Pt is a cubic magnetic alloy with an L1, phase where
the Pt atoms at the top and bottom of the L1,-FePt unit cell are
replaced by Fe atoms, as demonstrated in Figure lc. Our epi-
taxial growth of the Fe,Pt film is achieved on a Cr/Pt buffered
MgO substrate. High-resolution, cross-sectional scanning trans-
mission electron microscopy (STEM) and energy dispersive X-
ray spectroscopy (EDX) were performed to determine the mi-
crostructure and interface chemistry across the heterostructure.
The atomic-resolved high-angle annular bright field (HAABF)
image in Figure 2a demonstrated the high quality of epitaxial
Fe,Pt /Pt /Cr films which were prepared at 700 °C with the
single-crystalline structure of the selected area. From the analy-
sis of the lattice parameters (Figure S2, Supporting Information),
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Figure 5. a) Band structure of Fe;Pt without SOC, red/blue solid lines are the spin-majority/minority bands, respectively. The green circles/arrows
denote the degenerated states on the high symmetry lines/points, respectively. b) Band structure with SOC colored by the Berry curvature &, (k).
c) Berry curvature Q,, (k) on Fermi surfaces in the BZ. d) Calculated transverse thermoelectric conductivity, a,,, as a function of the chemical potential
with respect to the Fermi level at 20 K (red solid lines), 100 K (orange solid lines), and 300 K (green solid lines). The black, blue, and orange dash lines
represent energy positions with respect to the Fermi energy atu = E — E =0, —113, and 563 meV, respectively. e) The temperature dependence for both

experimental and calculated a,, with good consistency was obtained.

the brightest region represents the Pt layer. While the upper
part is mostly L1,-Fe,Pt, an L1,-FePt intermixing layer where
Fe layers and Pt layers stacked alternately of bright and dark re-
gions could be detected between the L1,-Fe,Pt and the Pt buffer.
Subsequently, line-profile composition analysis of the sample
grown at 700 °C was conducted. The resulting spatial distribu-
tions of Mg, Cr, Pt, and Fe, elements are shown by EDX mappings
in Figure 2cf, respectively, and Figure 2g summarized the evolv-
ing composition along the film thickness direction. Remarkably,
sharp interfaces are observed both at the bottom Cr/MgO and the
top Fe,Pt/MgO heterostructures (Figure 2g). Within the metal
layers, although a composition gradient emerges in proximity to
every interface, each of the Cr, Pt, and Fe, Pt layers exhibit spatial
variations and can be well-defined. Notably, the atomic ratio of
Fe:Pt for the selected Fe, Pt and the buffered regions gives rise to
2.24 and 0.63, respectively (see in Supporting Information), indi-
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cating the intermixing L1,-FePt phase is formed due to the iron
downward diffusion into the Pt/Cr buffer layer. The spatial struc-
tural gradient within the metal layers arises from probably the
atomic diffusion process at high temperatures and strain relax-
ation. For comparison, films grown at 900 °C are also shown in
Figure 2b, the buffer layer is hardly detectable, which indicates
significant diffusion, and the film is dominated by an L1, phase.

The epitaxial growth of Fe,Pt thin films on MgO substrates
was also confirmed by X-ray diffraction measurements (Figure
S1, Supporting Information), which show a highly textured struc-
ture with both (001) and (111) diffractions at lower deposition
temperatures (700 °C) with the lattice parameter calculated to be
a=b=3.765A and ¢ = 3.717 A. Notably, the diffraction peak
of (001) superlattice indicates the establishment of long-range
chemical ordering with the ordering parameter of S approach-
ing 0.8,13% further indicating the growth of highly-ordered Fe,Pt.
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Figure 6. a) The typical coercivity, H,, of hitherto-investigated ferromagnets with large ANE of |S,,| > 1V K~'at room temperature. The red dotted line
represents the lower limit of coercivity used in magnetic stripe cards. b) Magnetization (M) scaling plot for the absolute value (S,,) of ANE thermopower
in both ferromagnetic and antiferromagnetic materials. The recent ANE results for conventional ferromagnetic materials and topologically-enhanced
materials lie in the yellow and blue-shaded regions, respectively.
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Figure 1d shows the out-of-plane magnetic hysteresis loops for
Fe,Pt at 300 K, in comparison with the data for a-Fe,[?!! Fe,Ga,
and Fe; ALY Our Fe;Pt sample exhibits a saturation magnetiza-
tion of Mg ~ 6 uy/f.u. at magnetic fields u,H > 1T, comparable to
that of Fe;Al and Fe;Ga. However, the Fe, Pt films exhibit distinct
hysteresis loops in the M-H curves with a considerable coercivity
(H, = 1000 Oe), which is substantially larger than that of Fe;Al
(H, =~ 20 Oe) and Fe,Ga (H, ~ 40 Oe).l"%l Figure 1e shows the cor-
responding Nernst coefficient S, as a function of magnetic field
at 300 K. The clear hysteresis loop with a large coercivity of H,
~ 1300 Oe in Fe;Pt is further confirmed. Remarkably, the Fe;Pt
exhibits a |S,,|~ 2 uV K™', a large ANE comparable to those of
Fe;Al (|S,,| #1.8 uV K™') and Fe;Ga (|S,,| ~ 4 uV K™'),l"%) which
is one order of magnitude larger than a-Fe (|S | ~ 0.2 uV K™')I!]
and approximately four times larger than that of FePt prepared
in our work (|S,,| ~ 0.5uV K™").

The ANE thermopower is determined by S, =
(V,/w)/(=V,T), where V, is the ANE voltage, w is the sam-
ple width, and V,T is the applied temperature gradient (as
demonstrated in Figure 1a). Figure 3a,b show the typical mag-
netic field dependence of S, and p,,, respectively, for Fe;Pt
films with a magnetic field up to 2 T. For comparison, the
corresponding data of FePt film is also presented. Remarkably, at
300 K, besides the quadruple enhancement in S, the measured
values of p,,, in Fe, Pt (2.8 pQ cm) are about five times larger than
that of FePt (0.6 uQ cm). The ANE and anomalous Hall effect
(AHE) signals have different field and temperature dependence
because the ANE is determined by the Berry curvature near
the Fermi surface, whereas the AHE is determined by the total
integral of the Berry curvature for all occupied states in the Fermi
sea.>””1I Figure 3c summarized the temperature dependence
of maximum S, for Fe;Pt at 50-300 K. A moderate S, of
0.5 pv K! was observed in the Fe;Pt film at 50 K.
It exhibits a T-linear increase at low temperatures and reaches
saturation at about 2 pV K~! near room temperature, similar
to the trend for Fe;Al and Fe;Ga.l'! Note that, at temperatures
below 50 K, the low-energy phonon spectrum is dominated by
quantum fluctuations, and accurate measurements are difficult
to obtain because of the locked lattice structure.

In order to determine whether the large ANE is due to the in-
trinsic contribution from «,, or extrinsic contribution from the
Seebeck/Hall effects, we studied in detail the longitudinal resis-
tivity (p,,), longitudinal thermoelectric power, that is, the Seebeck
coefficient (S,,), and the p,. The temperature dependence of p,,
(Figure 4a) exhibits typical metallic behavior as it gradually in-
creases from 37 uQ cm at 50 K to 66 uQ cm at 300 K. With re-
spect to S, as shown in Figure 4b, it decreases roughly linearly
from 2.7 pV K! at 50 K to —10.5 uV K~ at 200 K and becomes
approximately constant in the range of 200-275 K before going
up slightly to —=9.6 pvV K=! as temperatures increase to 300 K.
Moreover, the Hall resistivity p,, at high magnetic fields where
the anomalous Hall signal reaches saturation was extracted to ex-
plore the ordinary Hall effect. The negative slope indicates the
dominant n-type charge carriers in Fe;Pt, which is consistent
with the negative sign of the Seebeck coefficient S, as shown in
Figure 4b. It is notable that FePt exhibits similar temperature de-
pendence of Seebeck coefficient as Fe, Pt (see in Figure S8, Sup-
porting Information) with a room temperature S, ~ —9.2 uV K~!
as reported previously.l?”] Therefore, the Fe-Pt alloys show sim-
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ilar longitudinal thermoelectric power although the ANE is
much enhanced in Fe;Pt. The experimental value of Hall con-
ductivity, o, (T) (0., = p,./p’,), is plotted in Figure 4d. With
the increase of temperature, o, decreases monotonically from
875 to 625 Q7' cm™! in the investigated temperature range
50-300 K. Notably, the room temperature Hall conductivity
(6, & 625 Q' cm™) is fairly large, comparable to the value of
a 3D quantum Hall conductivity with a Chern number of unity,

Oy = e—zc ~ 1048 Q7' cm™', where h is the Planck’s constant and
c is the lattice constant. Since a,, = S,./p,,, the experimental
ANE conductivity, @, (a,, = —a,,) is determined by the following

equation as plotted in Figure 5e.

yx
Xy = — — O-xysxx (3)
Prx

A maximum |a,,| of 4 A K™ m™" is obtained at 230 K, which ap-
proaches almost saturation upon warming to 300 K. The high
|a,,| of the Fe;Pt film (|| » 4 A K™' m™) is around five
times large than that of the FePt film (|a];™| ~ 0.8 A K1 m~1).[28]
Among the ferromagnets with large ANE, this is equal to that
of Co,MnGa (la™| ~ 4 AK™! m™1)18 and larger than the Fe,Al
film (|ay**| ~ 3.8 A K™' m™)"% and Co;8n,S, (la)™|| ~ 2 A
K=! m™1),l”] although slightly smaller than the Fe,Ga film (la™]
~5.2A K m).10

Based on the Mott relation, a, = %%kéT%t:”, which
predicts that at low temperatures, «,, is proportional to the tem-
perature and the energy derivative of o, at the Fermi energy. The
fluctuation trend of @, is closely related to Fermi energy level po-
sitions and the gapped band structure around nodal points and
nodal lines introduced by SOC.}¥3] To gain a deeper insight
into the large ANE and high |a,,| in Fe;Pt, we performed the
first-principles calculations of electronic structures and the trans-
verse thermoelectric conductivity @, using the Kubo formula for
both FePt and Fe,Pt. The band structure of spin majority and
minority without spin-orbit coupling (SOC) included for Fe, Pt is
represented in Figure 5a with red and blue solid lines, respec-
tively. It is found that the two nearest and next-nearest energy
states to the Fermi energy on R high-symmetry point are triple-
degenerated states denoted by the green arrows. Besides, three
energy bands crossing the Fermi energy on I'-R high-symmetry
direction are doubly degenerated, as shown by the green circles in
Figure 5a. In the Supporting Information, we show that those de-
generacies are not accidental but protected by symmetry. The in-
troduction of SOC lifts the degeneracies mentioned above, lead-
ing to a series of small energy gaps and large Berry curvature as
shown in Figure 5b. Because a,, is determined by Berry curva-
ture Q near the Fermi energy!"'* we calculate the Q_ (k) on
the Fermi surface. As seen from Figure 5c¢ and Figure S10, Sup-
porting Information, Q. (k) is distributed throughout the BZ, es-
pecially around R, which results in the large intrinsic ANE of L1,-
Fe,Pt.

The calculated «,(u) as a function of chemical potential (u =
E — Ep) at different temperatures is illustrated in Figure 5d. As
shown by the red lines in Figure 5d and o, (1) in Figure S11a,
Supporting Information, the sign of «,, at 20 K is nearly deter-
mined by the slope of o, (1) at the chemical potential in accor-
dance with the Mott relation. For instance, o, () at u = 0 meV
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has a negative slope thus the corresponding a,, is positive, while
the slope of o, (1) at u = 563 meV is positive thus the corre-
sponding a,, is negative. Moreover, the o, (1) in FePt (Figure
S12b, Supporting Information) has a smaller variation (=849
S (cm-eV)™!) at the charge neutral point compared to Fe,Pt
(~9147 S (cm-eV) "), which leads to the suppression of a,, in FePt
(Figure S12¢, Supporting Information) as predicted by the Mott
relation. Besides, a,, in Fe;Pt at different chemical potentials
show distinctive dependence on temperature. As represented in
Figure 5d and Figure S11b, Supporting Information, the magni-
tude of &, with chemical potential at y = 0 meV and = 563 meV
increases as the temperature increases from 2 to 300 K. However,
|, (1)| at = —113 meV grows firstly as temperature increases
and then decreases. The calculated temperature-dependent a,,, at
the charge neutral point (E = Ej) is well consistent with the ex-
periment data as shown in Figure 5e. The dependence of «, on
the temperature could be understood from the shape of &, (1)
near the chemical potential, which is discussed in detail in the
Supporting Information.

Finally, it is noteworthy that, up to date, among the ferromag-
netic materials with large ANE with [S | > 1 uV K™', only the
Fe, Pt exhibits a coercivity (H, ~ 1300 Oe) larger than that of a
magnetic stripe card (H, = 290 Oe), as shown in Figure 6a. Fur-
thermore, to compare the ANE in Fe,Pt with conventional fer-
romagnets, we made the full logarithm plot of |S | versus the
magnetization for various magnetic materials well below their
Curie temperature, as shown in Figure 6b. The topologically
trivial ferromagnets lie inside the blue band in the plot, with a
slope of roughly one, indicating the conventional linear scaling
law of the ANE signal with magnetization. Following this lin-
ear relation, the ANE thermopower for Fe,Pt would have been
0.05-1 pV K! with the observed saturation magnetization,
whereas the actual S, was about 2 uV K™' at room tempera-
ture, positioning Fe, Pt away from the conventional regime. This
supports our conclusion that the large ANE in Fe,;Pt originates
from the enhanced Berry curvature due to the large SOC. The
large ANE thermopower and hard magnetic nature make Fe,Pt
an ideal candidate material for transverse thermoelectric devices.

3. Conclusion

To conclude, we achieved a large ANE thermopower (|S,,| ~
2uV K1) atroom temperature in the L1,-ordered Fe, Pt alloy film,
which also possesses a large coercivity (H, ~ 1300 Oe) around
two orders of magnitude larger than that of Fe; Al and Fe,Ga. The
large ANE in Fe,Pt results from the large Berry curvature of the
electronic energy states near the Fermi surface. The Fe,;Pt pro-
vides the potential for transverse thermoelectric devices without
a magnetic field.

4. Experimental Section

Film Growth and Crystalline Characterization: The Fe;Pt alloy films
were deposited on MgO (001) single-crystalline substrates with by molec-
ular beam epitaxy (MBE) with an atomic composition ratio of 75:25 at var-
ious temperatures ranging from 600 to 900 °C, which is monitored in-situ
reflective high energy electron diffraction (RHEED). Before the deposition
of Fe;Pt, a 5 nm Cr/10 nm Pt buffer layer was deposited to maximize the
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lattice match. After deposition, a 5 nm-thick MgO layer was utilized as a
capping layer to avoid oxidation. The thickness of the films was fixed at
25 nm, which is also confirmed by X-ray reflectivity (XRR). The crystalline
structure was characterized by Bruker D8 X-ray diffraction (XRD) with a Cu
Ka x-ray source.

Scanning Transmission Electron Microscopy (STEM): STEM measure-
ments were conducted by a double Cs-corrected JEOL JEM-ARM200CF
operated at 200 kV with a CEOS Cs corrector (CEOS GmbH, Heidelberg,
Germany). The HAADF images were recorded with collection semi-angles
of 90-370 mrad.

Magnetization and Magneto-Thermal Transport Measurements: The
magnetic properties were measured by Quantum Design superconduct-
ing quantum interference device vibrating sample magnetometer (SQUID
VSM). For magneto-thermal transport measurement, the samples were
patterned into a Hall bar structure with a width of 1.0 mm and a length
of 3.8 mm by using photolithography and Ar-ion milling. The AHE mea-
surement was performed at 5 to 300 K with a perpendicular magnetic
field using the Quantum Design Physics Property Measurement System
(PPMS). Thermal transport properties were measured by using PPMS
Thermal Transport Option (TTO) by applying a temperature gradient in
the plane of samples generated by the heater shoe (Supporting Informa-
tion).

The First Principles Calculation: The first-principles calculation was
performed using the Vienna ab initio simulation package (VASP)[#0]
with the generalized gradient approximation of Perdew—Burke—Ernzerhof
exchange-correlation potential.[*!] The self-consistent calculation was car-
ried out on an 11 x 11 x 11 k-mesh with an energy cutoff of 550 eV. The
maximally-localized Wannier functions[“? were generated using Fe-s/p/d
orbital and Pt-s/d orbital. With the tight-binding Hamiltonian constructed
by the WANNIER90 package,[*3] the anomalous Hall conductivity, ANE,
the Fermi surface, and band structure colored with Berry curvature were
calculated using the WANNIERTOOLS software package.[*4]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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