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Anomalous Nernst effect in epitaxially grown Llp-ordered FePd,_,Pt, alloy films is systematically
investigated both experimentally and theoretically. It is found that the anomalous Nernst coefficient and
anomalous Hall resistivity both increase monotonically with the increase of Pt composition. By subtracting
the Seebeck contribution, the anomalous Nernst conductivity (ozfy) is obtained. By comparison with first-
principles Berry-phase-theory calculations, it is interesting to find that the anomalous Nernst conductivity
is dominated by the intrinsic contribution from heavy metal Pt-Pd with large spin-orbit coupling strength.
Moreover, the first-principles calculations also predict a large spin Nernst counductivity for both L1,-
ordered FePd and FePt. Thus, the present results may shed light in searching materials with large thermally

driven Hall and spin currents.
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I. INTRODUCTION

Spin caloritronics has opened a unique field in spin-
tronics to study and manipulate the interplay between spin
and heat current in electronic systems [1-3]. The inves-
tigation of thermoelectric effects in magnetic materials
provides a potential way to develop thermal management
technologies for information industry. Among the emerg-
ing thermoelectric effects such as spin Seebeck effect and
spin Peltier effect [4,5], the anomalous Nernst effect (ANE)
has received intensive studies in the past decades [6—18].
It is dated back to 1886, when Walther Nernst and Albert
von Ettingshausen first carried out the experiment by uti-
lizing an entropy flow in a ferromagnetic material along
its longitudinal direction. Therefore, an electric voltage
(anomalous Nernst voltage, Vang) was generated in the
transverse direction, which is perpendicular to both the
thermal gradient (VT) and the out-of-plane magnetization
(M:). The ANE shares the same configuration as anoma-
lous Hall effect (AHE) despite the electric potential in ANE
is replaced by thermal gradient V7. Analogous to anoma-
lous Hall coefficient (Ry), the anomalous Nernst coefficient
(Qy) is defined as

where Eng and M, are the anomalous Nernst electric field
and saturation magnetization, respectively. When temper-
ature gradient is restricted along x direction, VT can be
expressed as 9,7 with a simple boundary condition 9,
T = 0. On the other hand, the longitudinal and transverse
Seebeck coefficients are expressed as

E
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where E, (or Esgk) is the Seebeck electric field along x
direction and E) is the anomalous Nernst electric field
along y direction. In linear response theory of the thermo-
electric dissipation scenario, with the presence of a weak
electric field and a small thermal gradient, the expression
of the charge current j reads as [10]

j=6-E—&- VT, 3)

where the electric conductivity tensor and thermoelectric
conductivity tensor are denoted by ¢ and &, respectively.

0, = Eane (1) In an open-circuit condition, and neglecting the ordinary
4T MV T Hall and ordinary Nernst effect in the ferromagnet, one can
get the following equation:
*shizhong@tongji.edu.cn _ 4 4
fagyguo@phys.ntu.edu.tw AT M Qs = puc(ety, — Swx0yy) 4)
2331-7019/20/13(5)/054044(9) 054044-1 © 2020 American Physical Society


https://orcid.org/0000-0002-6793-0304
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.13.054044&domain=pdf&date_stamp=2020-09-25
http://dx.doi.org/10.1103/PhysRevApplied.13.054044

ZHONG SHI et al.

PHYS. REV. APPLIED 13, 054044 (2020)

and thus
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where the p,, is the longitudinal electric resistivity, a);‘;

and afy are the anomalous Hall conductivity (AHC) and
anomalous Nernst conductivity (ANC), respectively [10].
Furthermore, one can find that E, is equal to Exng in
such a condition, and the conversion between S,, and QO
can be obtained as S,, = —4mwM,Q; thereafter [7]. Thus,
the anomalous Nernst coefficient O; has mixed contribu-
tions of electrical anomalous Hall effect and entropy flow
induced by thermoelectrical anomalous Nernst effect. In
this scenario, the Seebeck effect can provide E, without
electric current source. The first term in Eq. (4) corre-
sponds to the transverse thermoelectric current, and the lat-
ter term is attributed to the anomalous Hall current caused
by the Seebeck effect. In order to disentangle the value
of a;‘y in the ferromagnet, both the AHE and ANE must
be measured on the same sample. The detailed derivations
and results are provided within the Supplemental Material
[19]. The anomalous Nernst conductivity, also known as
the anomalous transverse thermoelectric conductivity, is a
key parameter to quantify the ANE. The afy can be related

to the energy (£) derivative of the AHC (orx/;) at the Fermi
surface via the well-known Mott relations [20,21],

n? k3T ,
o0 = -3 oW, (6)

where w is the chemical potential and kz is the Boltz-
mann constant [7,10,11]. In principle, the afy in ANE can
provide more information on the origin of off-diagonal
transportation behavior, since it reflects the interconverse
of spin, charge, and entropy flow in magnetic materials.
L1y-ordered FePt, has promising applications to high-
performance ultrahigh-density magnetic recording media
because of its large uniaxial magnetic anisotropy, which
is due to the strong spin-orbit coupling (SOC) strength
(&) in the alloy [22,23]. Meanwhile, the layered epitaxial
growth of iron and platinum atoms gives further asymme-
try in structure, which is believed to have larger anomalous
Hall conductivity compared to bulk iron or disordered
FePt. Furthermore, as a model system, isoelectronic L1,-
ordered FePd, _,Pt, ternary alloy films are ideal candidates
to study the off-diagonal conductivity because & could be
smoothly increased several times by gradually replacing
the Pd atoms with the Pt atoms while keeping other phys-
ical parameters such as crystalline structure and lattice
constants almost unchanged. Therefore, extensive studies
of AHE were carried out in L1y FePd,_,Pt, with x ranging
from 0 to 1 in order to establish an overall physical pic-
ture on the SOC dependence of the AHC [24,25]. Recently,
the intrinsic anomalous Hall conductivity [a;; (int)] in L1g
FePd,_,Pt, is well explicated by the language of Berry

curvature [20,26,27], which can be formulated as an inte-
gration of the Berry curvature of all the occupied bands
over the entire Brillouin zone [11,24]. However, unlike its
counterpart, the intrinsic anomalous Nernst conductivity
[a;‘y (int)] relies more on the Berry phase acquired by the
moving particles on the Fermi surface [11,14,28]. Thus,
the magnitude of ozfy is more sensitive to the band struc-
ture close to the Fermi surface. Nevertheless, although
L1j-ordered FePd;_,Pt, has received intensive investiga-
tions on its AHE properties, only one research group has
reported on the anomalous Nernst effect [8,13], of which
only the anomalous Nernst coefficient Q, is obtained.
The experimental data of o} are still lacking for L1,
FePd;_,Pt, with x changing.

In this paper, we present a study of the anomalous Nernst
effect along with the anomalous Hall effect in high-quality
L1j-ordered FePd,_,Pt, epitaxial films with varying Pd-
Pt ratio. S\, is measured simultaneously in order to derive
the magnitude of &, It is found that o, and o], for L1o-
ordered FePd;_,Pt, alloys can be monotonically tuned by
changing the composition of Pt. The spin-orbit coupling
coefficient & and the ANC have the same trend with the
change of Pt atomic composition. The ab initio calcula-
tions show that the trend of oz;’y in L1y-ordered FePd,_,Pt,
alloys can be related to the unique Berry curvature dis-
tribution in their band structures. It is also noted that the
results of anomalous Nernst effect were reported in non-
collinear antiferromagnet Mn3Sn recently [14,15], which
shows the correlation between the large ozfy and the partic-
ular Berry curvature in such a chiral antiferromagnet [29].
Furthermore, the spin Hall effect and anomalous Hall effect
share the similar mechanism, which are simply the sum
and difference of the spin-up and spin-down transverse cur-
rents, respectively [30-32]. Since the spin Nernst effect
and anomalous Nernst effect are connected to each other
in a similar way, it is believed that the present study on the
anomalous Nernst effect will also help to better understand
the property of the intriguing spin Nernst effect, observed
very recently [33,34].

II. EXPERIMENTS AND CALCULATION

The L1g-ordered FePd;_,Pt, alloy films with different
Pt atomic composition x are deposited on MgO substrates
by dc magnetron sputtering. The detailed fabrication pro-
cess is described elsewhere [24]. The microstructure is
characterized by XRD by a Bruker DS diffractometer with
five-axis configuration and Cu Ko (A = 0.1542 nm). The
film thickness and the surface roughness are characterized
by x-ray reflectivity (XRR). The thicknesses of the films
investigated in this work are all about 20 nm. The epi-
taxial growth of films is further confirmed by the x-ray
pole figures. The chemical composition is characterized by
energy dispersive x-ray spectroscopy (EDX). During the
AHE and ANE measurements, an external magnetic field
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is set normal to the film plane. The longitudinal resistivity
Pxx and the transverse resistivity p,, are measured at room
temperature by a physical property measurement system
(Quantum Design PPMS-9 T system) with standard Hall-
bar patterns. Magnetic hysteresis loops are measured by
VSM. For the thermoelectric measurement, two edges of
each sample are contacted to two disparate copper plates.
In order to establish a stable thermal gradient V7, one cop-
per plate is heated by a high-precision resistor, and another
one is proximate to and cooled by a large heat sink. The
longitudinal and transverse thermoelectric voltage, which
corresponds to the Seebeck and Nernst voltage are simul-
taneously recorded by Keithley 2182A nanovoltmeters,
respectively (see Supplemental Material [19]).

The intrinsic anomalous Hall conductivity and anoma-
lous Nernst conductivity are calculated based on the ele-
gant Berry-phase formalism [20]. The intrinsic AHC arises
as a result of an additional term in the group velocity of
Bloch electrons:

1 aEn(k)

k x €,(K
h8k+ k).

In the presence of an electric field E and a magnetic field
B, 7’k = —eE — er x B, with

Q) =—)_

n'#n

21 [ (ko o] k') e’ [y | en)]

2
(ékn — €xn/ )

Here, 2,(K) is the Berry curvature for the nth band at k.
Starting from this, the intrinsic AHC can be written as [11,
20,29]

o (1nt)———Z / e, ()

where fy, is the Fermi distribution function. The related
intrinsic ANC is given by [11,20,29]

a (mt)_ ——Z/
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Since both the intrinsic contributions of anomalous Nernst
effect and anomalous Hall effect are caused by the
spin-orbit coupling, first-principles calculations should be
considered based on a relativistic band theory. There-
fore, we perform self-consistent band-structure calcu-
lations by using the fully relativistic linear muffin-tin
orbital method [35,36]. The calculations are based on
the density-functional theory (DFT) with the generalized
gradient approximation (GGA) in the form of Perdew-
Burke-Ernzerhof [37]. To obtain accurate anomalous Hall
conductivities, a dense k-point mesh is needed [11,29].
Therefore, a very fine k-point mesh of about 3 x 10°
k-points in the first Brillouin zone is used. Test calcu-
lations using more k points in the first Brillouin zone
indicate that the calculated intrinsic AHC converges to
within 2%.

ITI. RESULTS AND DISCUSSION

A. Structure and characterization

Figures 1(a) and 1(b) present typical XRR and XRD
spectra of the L1j-ordered FePd,_,Pt, films, respectively.
Kiessig fringes of all FePd;_,Pt, films are observed in
a wide angular region. By fitting the reflected amplitude
of the x ray, the thickness of films is about 20 nm, and

FIG. 1. (a) Typical XRR curves
and (b) XRD diffractogram of L1,-
ordered FePd;_,Pt, films with dif-
ferent Pt composition x, and (e)
magnetic hysteresis loops for the
corresponding films as well as (c)
x-ray pole figures of MgO sub-
strates and (d) 20-nm-thick L1,-
ordered FePt film along the [111]
direction with 26 = 41.05° and
36.94°, respectively. For clarity,
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the film surface roughness, as the standard deviation of
the Fresnel coefficient, is found to be in the region of
0.3 ~ 0.5 nm, mainly following the surface roughness of
the commercial MgO substrates. For FePd;_,Pt, films on
MgO(001), two diffraction peaks near 26 = 24° and 49°
correspond to the FePd,_,Pt, (001) superlattice and (002)
peaks, respectively, as shown in Fig. 1(b). The diffrac-
tion peak of (001) superlattice indicates the establishment
of the long-range chemical ordering. The intensity of the
(001) diffraction peak increases with the Pt composition
x. This is because the atomic scattering factor of Pt is
larger than that of Pd. Therefore, the more the alloy con-
tains Pt, the larger the geometrical factor and scattering
intensity are. The ordering parameter of all samples is
around 0.9 +0.10 by comparing the intensity of (001)
and (002) peaks [38]. Typical pole figures for the (111)
plane of MgO(001) substrate and L1y-ordered FePt (x =
1) are shown in Figs. 1(c) and 1(d). The poles at 20 =
45°, 135°, 225°, and 315° represent the fourfold symme-
try of film, further proving the high quality of epitaxial
growth for Llg-ordered FePd;_,Pt, films on MgO(001)
substrates. The perpendicular magnetic anisotropy of the
L1y-ordered FePd,_,Pt, films could be tuned by varying x
continuously. As shown in Fig. 1(e), the film has greater
coercivity as x increases. As the saturation magnetization
(M;) is dominated by the iron part, M; for all the sam-
ples does not change much and is about 1100 emu/cm?,
which is consistent with previous reports [24,25]. Typ-
ically, the measured M, for L1y FePd (x = 0) and L1,
FePt (x = 1) are 1012 and 1025 emu/cm?, correspond-
ing to 2.99 and 3.02 wp per formula unit, approximately
[39,40].

B. Anomalous Nernst conductivity versus Pt
concentration

The thermoelectric measurement setup with L1y-ordered
FePd,_.Pt, films on MgO is shown in Fig. 2(a). A
schematic illustration is also provided to display the spa-
tial relationship between entropy flow, magnetic field, and
electric field, as shown in Fig. S1 within the Supplemen-
tal Material [19]. In this work, entropy flow is applied
in x direction and the external magnetic field H is along
z direction, normal to the film plane. For the ANE measure-
ment, varying magnitude of thermal gradient is realized
by applying different power to the resistor heater next to
the right side of the sample, while the left side is kept at
room temperature by a large air-cooled copper plate as a
heat sink, as shown in Fig. 2(a). The temperature gradi-
ent is read by thermometers, and further determined by
the change of resistance of two pairs on Hall bar (for
details about the ANE measurement, see the Supplemen-
tal Material [19]). Figure 2(b) displays two representative
sets of the transverse thermoelectric voltage loop measured
at different heating currents for the L1y FePt film. All the
curves show a hysteresis looplike shape. In ferromagnetic
materials, Vang 1S usually obtained after subtracting the
linear ordinary Nernst voltage. The value of Vang is taken
as half of the difference between Vangs and Vang-, i.e.,
Vane = (Vane+ — Vane-)/2, where the Vangy and Vane-—
are extrapolated from positive and negative high magnetic
fields to zero magnetic field. A linear 9,7 dependence of
Eang 1s found for all samples investigated in this work
as shown in Fig. 2(c), which can be understood by Eq.
(1). The slope of Eang over 9,7 is proportional to Q,

FIG. 2. (a) Sketch of the thermoelec-

tric measurement geometry. The pat-
terned FePd;_.Pt, film is grown on
the MgO substrate. Two copper plates
are attached to the MgO substrate. The
dimensions are indicated in the figure.
(b) Typical curves of transverse ther-
moelectric voltage (V) versus magnetic
field (H) for the FePt film. The black and
red curves denote the results with 0,7 =
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FIG. 3. (a) px and (b) ,oxAy as a function of the Pt concentra-
tion x. (¢) Sy, (d) Oy, and (e) a_fv /T and &pq-p; dependence on
the Pt concentration x. The solid line in (c) shows the linear fit-
ting result. Solid lines in (a), (b), (d), and (e) are guides to the
eye only. The two diamond symbols in (d) are the experimental
results by Hasegawa et al. [13].

and keeps ascending monotonically with increasing Pt con-
centration. Furthermore, the longitudinal Seebeck electric
field of L1y FePd;_,Pt, films is also recorded simultane-
ously, as shown in Fig. 2(d), of which the slope represents
longitudinal Seebeck coefficient S,. The Esgk of all sam-
ples have negative values in the whole x range, leading
to a negative slope S,,. The fact of negative S\, indicates
that longitudinal thermoelectric conversion in FePd;_,Pt,
is generally dominated by electronic charge carrier diffu-
sion, which tends to push electrons towards the cold side
of the material until a compensating voltage has been built
up. Thus, the following discussions of AHC and ANC are
both in the frame of electronic transport in L1j-ordered
FePd,_,Pt, films.

To investigate the relationship between the ANC and
AHC, we compare the electric resistivity and thermoelec-
tric conductivity in Fig. 3. Firstly, p,, and anomalous Hall
resistivity p;’y from the anomalous Hall effect measure-
ment, are shown in Figs. 3(a) and 3(b). The p,, changes
nonmonotonically with alloy composition and approaches
a maximum close to x = 0.5, which has also been observed
previously [24]. This can be attributed mainly to the

TABLE L

nonmonotonic variation of defect concentration due to
introducing Pt atoms into Pd sites, or may arise from
the artifact that the Pd-Pt site disorder, and the scattering
reaches the maximum at intermediate x. Secondly, the ,o;fv
rises quickly with increasing x and approaches a plateau
after x > 0.75. The results are consistent with previous
studies [24,25]. It implies that in the ordered alloys stud-
ied here, the intrinsic contribution from spin-orbit coupling
may play a major role in the anomalous Hall resistivity,
as the spin-orbit coupling strength keeps increasing when
Pt atoms substitute Pd atoms in FePd;_,Pt,, compared to
the extrinsic contributions from the impurity scattering.
In particular, the intrinsic contribution may overwhelm
the extrinsic contribution with high Pt concentration. The
anomalous Hall conductivity is derived by the relation
of o) = pj, /2. The composition dependence of lon-
gitudinal Seebeck coefficient S,, and anomalous Nernst
coefficient O, are shown in Figs. 3(c) and 3(d), respec-
tively. As mentioned above, all the S,, represent negative
values, and show a linear decay as a function of x. In the
semiclassical model, the Seebeck coefficient for metals can
be simply expressed as Sy, &~ (kg/e)(kgT/EF), where Ef is
the Fermi energy. The monotonic reduction of S, indicates
a smooth variation of the band structure from FePd to FePt.
As for comparison, Sy, of bulk Pd and Pt is about —10.7
and —5.3 wVK™! at room temperature [41], respectively.
On the other hand, the value of O, increases monotonically
from 0.32 (at the FePd site) to 0.65 £ VT~ 'K~! (at the FePt
site), when x changes from 0 to 1, which is close to the
value of Q; reported by Hasegawa et al., e.g., O, = 0.40
for L1y FePd and 0.55 for L1 FePt at room temperature,
respectively [13], as shown in Table .

Based on the AHE and ANE results of electric resis-
tivity and thermoelectric coefficient, the anomalous Nernst
conductivity afy can be derived from Eq. (5), while the
anomalous Hall angle 6y is small. The x dependence of
aj,/Tis shown in Fig. 3(e) at T = 300 K. Firstly, the o} /T
of L1y FePd,_,Pt, increases almost monotonically with
the Pt concentration, from 1.07 x 103 for FePd (x = 0)
t0 2.61 x 107> Am~! K2 for FePt (x = 1), which demon-
strates that the ANC in the FePd,_,Pt, ternary alloys can
be engineered by chemical composition tuning. Secondly,
the sign of S,,01 is negative, opposite to the sign of the

Experimental Seebeck coefficient [S,. (+£VK™!)], anomalous Nernst coefficient [Q, (VT 'K~!)], anomalous term

of transverse Seebeck coefficient [Sfy (wVK™1)], anomalous Nernst angle [|6an|], and anomalous Nernst conductivity [ozfy /T

(x1073 Am~' K~?)] of L1, FePd and L1, FePt films. The data in parentheses are taken from Ref [13]. In order to obtain the o

Xy

the (Ban) values of 0.0056 and 0.030 are taken for FePd and FePt, respectively. The obtained 6ay of FePd and FePt is consistent
with previous works. [24,25,43]. For comparison, theoretical aﬁ, (int) /T values (calc.) are also listed. All the data here are taken at

T =300 K.
Sy 0, s, Oy ah /T af, (int) /T (calc.)

FePd —25.768 (—19.85) 0.32 (0.40) —0.408 (—0.468) 0.016 (0.024) 1.07 (1.84) 0.804

FePt —17.688 (—12.31) 0.65 (0.55) —0.821 (—0.698) 0.046 (0.057) 2.61(2.94) 2.886
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former term in Eq. (5) (47 M;Qs/ px:). That is to say, the
larger the Seebeck coefficient is, the smaller “Qv will be,

which makes the curve of ozfy /T go flatter at small x, com-
pared to the curve of Q;. The key thermoelectric parame-
ters are also derived from the data of Ref. [13], as shown
in the parentheses of Table I. The o shows evident decay
from L1y FePt to L1y FePd in both the previous result
and the current work, which is unlike the calculated ANC
results predicted for the ordered alloys [10]. Nonethe-
less, to better understand the ANC in ordered alloys, we
calculated and plotted the Pd-Pt site d-orbital spin-orbit
coupling strength &pgp; in Fig. 3(e). Interestingly, it shows
that the experimentally derived afy/ T and theoretical &pg-p;
both increase monotonically with Pt concentration x. The
calculated &p; = 0.559 eV, being almost three times larger
than the calculated &pg 0f 0.194 ¢V, which is in good agree-
ment with the ratio of &, (FePt)/a, (FePd). The results
indicate that afy in L1y FePd,_,Pt, is strongly related to the
spin-orbit coupling of Pt-Pd atoms. However, the delivery
from & to ANC is manifested through the change of Berry
curvature. The detailed mechanism is further discussed in
the next section.

C. Berry curvature and anomalous Nernst
conductivity

The thermoelectric and transport measurements show
that both «f}, and o}, in ordered FePd, P, ternary alloys
can be effectively tuned by the Pt-Pd chemical compo-
sition x. On the other hand, the calculated ozfy (int)/T

at T=300 K are 2.886 x107>Am~'K~2 and 0.804
x1073 Am~'K~2 for FePt and FePd, respectively, and
this follows the similar trend of the ANC obtained exper-
imentally. First, the result indicates that thermoelectric
conductivity can be well interpreted in terms of the Berry
curvature, as the relativistic band structures of FePd and
FePt are shown in Figs. 4(a) and 4(d). Figure 4(b) shows
that from up to 0.4 eV above the Er to down to —0.7 eV
below the Er, the a;j‘v (int) is positive and rather flat with
small ripples in FePd. It is noted that at low temperatures,
Eq. (8) can be simplified as the Mott relation [Eq. (6)] [7,
21,29]. Thus, the a;‘y (int) is approximately determined by
the energy derivative (slope) of a;i (int), which is expected
to be small in FePd, leading to an insignificant ANC, as
shown in Fig. 4(c). Meanwhile, the intrinsic AHC of FePt
keeps increasing as the Er changes from 0.4 to —0.7 eV,
resulting in a very pronounced positive ozfy (int) as demon-
strated in Figs. 4(e) and 4(f). The intrinsic AHC and ANC
values for FePt are found to be cr;i (int) = 830 S/cm and
g (int) = 0.8658 Am™" K~! (at 7' = 300 K), respectively.
Examination of the calculated band-resolved Berry curva-
tures (not shown here) suggests that this large AHC arises
predominantly from the large Q2 on the top valence band
at the I" point. Moreover, the difference in the ANC could

Energy (eV)

S\ |

o !
> ' i .

on 1
5 ‘ E
s .
6 E ! —
. i : P
-8 : : LA
r X M r z

o4 (10°S/cm) @, (A/mK)

FIG. 4. Relativistic band structures of (a) FePd and (d) FePt;
anomalous Hall conductivities of (b) FePd and (e) FePt as a func-
tion of energy; anomalous Nernst conductivities of (c) FePd and
(f) FePt at T = 300 K as a function of energy. The Fermi level is
at the zero energy.

be attributed to the larger SOC strength in the Pt atoms than
in the Pd atoms, since the & dependence of the afy may
reflect a strong difference in the distribution on the Berry
curvature of FePt and FePd [24]. The afy (int) is simply
given as the Brillouin zone integral of the Berry curvature
on the Fermi surface. When the spin-orbit splitting occurs
near the Fermi surface, very steep slope of the Berry cur-
vature and the large afy (int) are induced. Secondly, it is

worthy to note that the afy (int) /T of FePt (FePd) is slightly
larger (smaller) than the experimentally acquired value. It
might be attributed to the extrinsic scattering contributions
due to lattice mismatch, defects, and impurities, which
may change the total oz;’y in experiments. The contribu-

tions to ozfy /T from impurity scattering are estimated to be

0.266x 1073 and —0.276x107> Am~' K2 for FePd and
FePt, respectively. The impurity induced ANC in FePt is of
one order smaller than the intrinsic contributions, which is
quite different from the results calculated previously [10].
The S, Os and o, may change due to the distribution
of impurity sites and the impurity density. In the previ-
ous calculated results, the extrinsic side-jump term of ANC

contributes a large portion in total ANC in FePt and FePd.
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Nonetheless, the magnitude of extrinsic ANC is larger than
that of intrinsic ANC in FePd, leading to a comparable total
ANC for FePd to that of FePt [10]. It is noted, for L1
Fe=Pt film grown on Gd;GasO;, (GGG) substrate, the Sfy
was reported to be much smaller than the current results
[42]. Thus, it also leads to a small Q, if the magnetiza-
tion of FePt does not change much. The difference may be
due to different substrates used to deposit the FePt film or
may change because of the improved crystalline structure
in L1y-ordered alloys due to the annealing procedure.
Furthermore, the (xfy(int) of both FePd and FePt as
a function of temperature (7) is also calculated and the
results are displayed in Fig. S1 within the Supplemen-
tal Material [19]. The magnitude of the ANC of FePt
decreases steadily as T decreases, while it approaches
zero at approximately 50 K. The magnitude for FePd also
decreases monotonically with 7, while it changes its sign
at 125 K. The similar behavior is found in Fe, Mn;Sn,
and Mn3Ge and requires further experimental evidence
[10,29]. Nonetheless, the current result of ANC prompted
us to calculate the spin Nernst conductivity (SNC) ozfy
for FePt and FePd. Within the two-current model approx-

imation, afy and ozfy can be written as afy (E) = agy (E) +

oy (E), and —(2e/h)ers, (E) = oy (E) — ayy (E), where oty

and a)fy are the spin-up and spin-down Nernst conductivi-
ties, respectively [30]. The calculated values of ozfy /T are

0.697x1073 and —0.958x 1073 (h/e) Am~! K~2 for FePt
and FePd at 7 = 300 K, respectively. Thus, our work pro-
vides evidence for a large intrinsic ANC of L1y FePt, and
further suggests L1, FePd to achieve a large SNC, due to
their band structures. Thus, the present results demonstrate
FePd;_,Pt, ordered alloys to be a very promising candi-
date for spin caloritronics applications such as thermo-spin
valves and thermally driven spin-torque nanodevices.

IV. CONCLUSIONS

In summary, we experimentally determine the anoma-
lous Nernst coefficient and anomalous Nernst conductivity
in isoelectronic L1y FePd;_,Pt, alloy films. We find that
aj), can be continuously tuned from 1.07 x 1072 to 2.61 x
1073 Am~'K~2, from L1, FePd to L1, FePt by increas-
ing the Pt composition x. First-principles calculations show
that the intrinsic ANC based on Berry curvature domi-
nates the modification of the a;‘y, when lighter Pd atoms
are replaced by heavier Pt atoms. Our results will be help-
ful to better understand the various mechanisms of ANC in
ferromagnetic alloys. By utilizing its high merit of sensitiv-
ity to the Fermi surface, ANE is expected to be a universal
probe to investigate materials, such as the Weyl semimet-
als and chiral antiferromagnets [18,44]. Furthermore, the
spin Nernst conductivity for FePd;_,Pt, is also calculated,
where a large afy can be achieved due to the large spin

Nernst polarization in L1y FePd, which predicts a potential
spin anomalous Nernst effect in the ordered alloys.
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Correction: The previously published Figure 1 was processed incor-
rectly during production, resulting in the omission of red lines in
parts (c) and (d) that indicate epitaxial growth. The entire figure has
been replaced.
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