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ABSTRACT
Co2FeSi is considered a half-metallic ferromagnet and a Weyl semimetal, however, its predicted 
properties have been shown to be heavily influenced by how the on-site Coulomb interaction 
is incorporated, which remains controversial. In this study, we measure the anomalous Nernst 
conductivity (αxy) and anisotropic magnetoresistance (AMR) effect of a Co2FeSi thin film from 
low temperature to room temperature, and compare the results with those of first-principles 
calculations using different values for on-site Coulomb interaction at the Co site (UCo). Our 
measurements reveal that αxy is less than 0.1 A m−1 K−1 at room temperature and decreases 
slightly with the temperature. The observed values of αxy are more than one order of magni
tude smaller than the predictions unless a small but finite UCo is incorporated. The AMR effect 
exhibits a notable sign change from negative to positive with increasing temperature, which is 
inconsistent with the predicted band structure calculated using a large UCo value. By combin
ing these experimental observations with first-principles calculations, we estimate that the 
appropriate UCo value is approximately 1–2 eV. Our findings provide valuable insight into the 
correlation effect in Co2FeSi, emphasizing the critical role of the on-site Coulomb interaction in 
accurately describing the transport properties of Co-based Heusler alloys.

IMPACT STATEMENT
Experimentally determined anomalous Nernst conductivity of Co2FeSi agrees well with first- 
principles calculations when on-site Coulomb interaction at Co site is incorporated, thus 
provide valuable insights for materials exploration.
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1. Introduction

Co-based Heusler alloys in the L21 structure have 
attracted considerable interest in recent years because 
of their diverse and tunable properties. Many of these 

alloys are predicted to exhibit half-metallicity, i.e., 
a bandgap in one spin channel at the Fermi level (EF), 
resulting in 100% spin polarization [1–5]. This unique 
property significantly enhances magnetoresistance 
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effects [6,7] and improves the efficiency of spin injec
tion into nonmagnetic materials [8,9]. Exploiting this 
property has been a major approach for advancing the 
performance of spintronic devices such as magnetic 
sensors, magnetic random access memory (MRAM), 
nonlocal spin valves, and other related applications 
[10–12].

Meanwhile, it has been shown that some Co-based 
Heusler alloys can be classified as Weyl semimetals, 
possessing Weyl cones or nodal lines near EF [13–17]. 
Such topologically nontrivial band structures induce 
large Berry curvature and are responsible for transport 
phenomena such as the large anomalous Hall effect 
(AHE) in Co2MnAl [18] and large anomalous Nernst 
effect (ANE) in Co2MnGa [17,19–21]. These features 
have inspired novel devices and functionalities lever
aging these effects [10–12,22–24].

Among Heusler alloys, Co2FeSi is a well-known 
and extensively studied material. Experiments on bulk 
Co2FeSi have shown a notably high Curie temperature 
of approximately 1100 K and large magnetic moment 
of 6 μB/f.u. [25], which agrees with the magnetic 
moment for a half-metallic full-Heusler alloy pre
dicted by the Slater-Pauling rule [3]. By contrast, first- 
principles calculations predicted smaller magnetic 
moments of approximately 5 μB/f.u. [25,26]. This dis
crepancy was addressed by incorporating the on-site 
Coulomb interaction (U) in calculations. When 
assuming U values of 2.5–5.0 eV for the Co site and 
2.5–4.5 eV for the Fe site, calculations not only yield 
a magnetic moment that is consistent with the experi
mental value but also exhibit a clear half-metallic 
energy gap in the minority-spin channel; while calcu
lations show that Co2FeSi is an ordinary ferromagnet 
rather than a half-metallic material if U is not taken 
into consideration [26,27]. However, experiments to 
determine the transport properties in relation to the 
half-metallicity of Co2FeSi have produced mixed 
results. Magnetotransport measurements on a single 
crystal showed evidence for half-metallicity, as elec
tron-magnon scattering was exponentially suppressed 
at low temperatures owing to gapped spin-flip scatter
ing [28]. However, the experimentally extracted 
energy separation between EF and the conduction 
band (CB) edge of the minority spin was significantly 
smaller than that predicted theoretically. The aniso
tropic magnetoresistance (AMR) effect was employed 
to study the half-metallicity of Co2FeSi. According to 
the extended two-current model for AMR, which 
accounts for all s-d electron scattering processes 
through different spin channels, a half-metallic mate
rial is expected to consistently exhibit a negative AMR 
ratio [29]. Notably, other half-metallic candidates such 
as Co2MnSi and Co2FeGa0.5Ge0.5, whose half-metallic 
nature has been demonstrated by tunneling magne
toresistance (TMR) [6] or current-perpendicular-to- 

plane giant magnetoresistance (CPP-GMR) effect [7], 
have shown negative AMR ratios from low to room 
temperature, with minimal temperature dependence 
[30,31]. By contrast, Co2FeSi exhibits a negative AMR 
ratio at low temperature and a positive ratio at room 
temperature, suggesting the collapse of its half- 
metallic nature as a result of thermal excitation [30]. 
Point-contact Andreev reflection spectroscopy mea
surements have indicated significantly lower spin 
polarization for Co2FeSi than expected [32–35]. 
Furthermore, TMR and nonlocal spin valve devices 
using Co2FeSi have shown results due to low spin 
polarization as well [36,37]. Consequently, the signifi
cance and necessity of incorporating U in describing 
Co2FeSi remain controversial. Previously, Sumida 
et al. carried out resonant photoelectron spectroscopy 
measurements on a Co2FeSi thin film and found that 
Fe 3d states existed approximately 2 and 4 eV below 
EF, which was consistent with the calculated results 
without considering U at the Fe site [38]. Nevertheless, 
the impact of introducing U at the Co site appeared to 
be too subtle to produce observable changes when the 
experimental and calculated results were compared.

In this study, we investigated the impact of incor
porating U at the Co site by measuring the anomalous 
Nernst conductivity (αxy) of a Co2FeSi thin film. αxy is 
closely linked to the Berry curvature of the electronic 
band structure and is particularly sensitive to the 
bands near EF, in contrast to the anomalous Hall 
conductivity (σxy), which accounts for contributions 
from all occupied bands [15,39]. Therefore, αxy has 
been used to study magnetic Weyl semimetals such as 
Co2MnGa [17,19–21] and Co3Sn2S2 [40–42], along 
with other magnetic materials with topologically non
trivial band structures [43–47]. For Co2FeSi, Noky 
et al. theoretically predicted large magnitude of σxy 
and αxy slightly above EF without considering U, and 
identified the source of Berry curvature to be Weyl 
point [48]. The band structure of Co2FeSi can be 
found in an earlier study by Huang et al. where the 
negative peak of σxy slightly above EF can be attributable 
to multiple band crossings in the minority spin, mostly 
along the X – W direction [35]. The value of αxy for Co2 
FeSi at EF has been predicted to be 2.57 A m−1 K−1 [48]. 
This is comparable to that for Co2MnGa, which cur
rently holds the record for the anomalous Nernst coef
ficient (SANE) at room temperature [17,19–21]. 
However, no large SANE value for Co2FeSi has yet 
been reported. Our experimental measurements 
revealed a significantly smaller αxy value of less than 
0.1 A m−1 K−1, with small temperature dependence. By 
comparing these experimental findings with first- 
principles calculations employing various values for 
U at the Co site (UCo), we found good agreement 
between the experimental and theoretical results when 
a finite UCo value larger than 1 eV was assumed. 

Sci. Technol. Adv. Mater. 26 (2025) 2                                                                                                                                                      W. ZHOU et al.



Additionally, we measured the temperature depen
dence of the AMR effect using the same Co2FeSi thin 
film and observed a sign change from negative to posi
tive with increasing temperature. This behavior contra
dicted the calculated band structures when assuming 
a UCo value larger than 2 eV, thus providing an upper 
boundary. Collectively, these experimental results indi
cate that a small but finite value of UCo is most appro
priate for accurately describing Co2FeSi.

2. Methods

The Co2FeSi thin film was epitaxially grown on an MgO 
(100) single-crystal substrate via magnetron sputtering. 
The base pressure of the sputtering chamber was< 3 ×  
10−6 Pa. Prior to deposition, the surface of the MgO 
substrate was cleaned by heating at 600°C for 30 min. 
Then, the Co2FeSi thin film was formed by the co- 
deposition of a Co50Fe25Si25 alloy target and pure Si 
target. During the deposition, 120 W of DC power was 
supplied to the Co50Fe25Si25 target, and 90 W of RF 
power was supplied to the Si target, under an Ar pres
sure of 0.9 Pa. The distance between the targets and 
substrate was ~25 cm. The deposition was carried out 
for 27 min while maintaining the substrate temperature 
at 600°C. After the co-deposition, the sample was 
cooled to room temperature, followed by the deposition 
of a 2-nm-thick Al capping layer to prevent oxidation. 
To determine the composition, we used a quantitative 
application of an X-ray fluorescence (XRF; ZSX Primus 
II, Rigaku, Japan) analysis system, which was created by 
measuring multiple reference samples prepared in the 
laboratory. The compositions of these reference sam
ples were determined using inductively coupled plasma 
mass spectroscopy. The composition and thickness of 
the Co2FeSi were Co47.5Fe27.7Si24.8 and 41.7 nm, respec
tively. The deposition rate was estimated to be 0.26 Å 
s−1. The thin film structure was studied using X-ray 
diffraction (XRD; SmartLab, Rigaku, Japan) with Cu 
Kα radiation. The magnetic properties were studied 
using a superconducting quantum interference device. 
To characterize the transport properties, the Co2FeSi 
thin film was patterned into a 2-mm-wide and 8-mm- 
long Hall bar using photolithography and Ar-ion 
milling. Subsequently, a lift-off process was used to 
form Au electrodes to improve the electrical connection 
with the Co2FeSi. We also microfabricated on-chip 
thermometers consisting of 50-nm-thick Pt wires on 
the same substrate adjacent to the Co2FeSi thin film. 
(See the Supplemental Material for a photograph of the 
patterned sample and schematic representation of the 
experimental configuration.) A homemade holder was 
used to measure the Seebeck coefficient (SSE) and SANE. 
The sample was bridged between a Cu heat sink and Cu 
block, which was thermally connected to a heater to 
generate a temperature gradient (∇T) along the thin- 
film plane. The holder was placed in a Physical Property 

Measurement System (PPMS VersaLab; Quantum 
Design) to control the temperature (T) and magnetic 
field (H). To accurately measure ∇T, the resistance of 
the on-chip thermometers was measured using a four- 
terminal method. A source meter applied 10 μA 
through two thermometers, while two nanovoltmeters 
measured the voltages to determine their resistance. 
Before applying power to the heater and creating 
∇T along the thin-film plane, we calibrated the on- 
chip thermometers by measuring their resistance as 
a function of T under zero H. Then, during the mea
surements of the H dependence of the thermoelectric 
signals, we also measured the thermometers when 
H was zero. These resistance values were then converted 
to T values. The difference in the T values of the two 
thermometers was divided by their separation (4 mm) 
to obtain the value of ∇T, while their average was used 
as the temperature for the obtained SANE and SSE. This 
measurement configuration was used in a previous 
study [49]. The longitudinal and transverse resistivities 
of Co2FeSi were measured using four-terminal sensing 
with a standard resistivity puck while varying the value 
of H applied along the out-of-plane direction. The AMR 
of Co2FeSi was measured using four-terminal sensing 
with a rotator, where a μ0H value of 0.3 T was applied in 
the thin-film plane.

For first-principles calculations, we first obtained 
the electronic structure of L21-ordered Co2FeSi on the 
basis of the density-functional theory, including the 
spin-orbit interaction, which was implemented in the 
Vienna ab initio simulation program (VASP) [50]. We 
adopted the generalized gradient approximation 
(GGA) [51] for the exchange-correlation energy and 
used the projected augmented wave (PAW) pseudo
potential [52,53] to properly treat the effect of core 
electrons. The lattice constant of the cubic unit cell 
was fixed at 5.64 Å, as determined from the diffraction 
peak position observed in the XRD measurement. 
Because the previous experimental results agreed 
with the calculations without considering U at the Fe 
site [38], U was considered only for the Co site and 
was varied from 0 to 3 eV. Using the obtained electro
nic structure, we calculated σxy as follows [54]:  

where Ωz kð Þ is the Berry curvature. Here, px (py) is the 
x (y) component of the momentum operator, n and n0
are the band indices, ψn;k is the eigenstate with eigen
energy En;k, and f En;k; �

� �
is the Fermi distribution 

function for band n and wave vector k at energy ε 
relative to EF. In the calculation of σxy, the direction of 
the magnetization was set to be along the [001] 

Sci. Technol. Adv. Mater. 26 (2025) 3                                                                                                                                                      W. ZHOU et al.



direction and 91 × 91 × 91 k points were used for the 
Brillouin zone integration to ensure good convergence 
for σxy. On the basis of the Boltzmann transport the
ory, we calculated the transverse thermoelectric con
ductivity, αxy, for a given temperature T by using the 
obtained σxy in the following expression: 

where f ¼ 1= exp � � μð Þ=kBTð Þ þ 1½ � is the Fermi dis
tribution function, with μ being the chemical poten
tial. Here, μ ¼ 0 corresponds to EF. All of these 
calculations were also conducted for (Co0.95Fe0.05)2 
FeSi with the L21 order to theoretically consider the 
effect of the off-stoichiometry of the prepared Co2FeSi 
thin film on σxy and αxy. This treatment is supported 
by a previous study on Co2FeGa0.5Ge0.5, which 
showed that the potential energy barrier for Fe atoms 
to occupy Co sites and form Co-Fe disorder is lower 
than that for Ga or Ge [55]. Here, we used the virtual 
crystal approximation [56] to treat the mixing between 
Co and Fe in atomic sites, which was exploited in 
a previous study to calculate the σxy and αxy values of 
Co3InxSn2−xS2 [57].

3. Results and discussion

The out-of-plane XRD pattern of the Co2FeSi thin film 
is shown in Figure 1(a). Other than the diffraction 
peaks from the MgO substrate, which are labeled 
with *, only the 002 and 004 peaks of Co2FeSi are 

visible. The clear 002 superlattice peak suggested the 
formation of a B2 structure. To confirm the L21 struc
ture, we obtained the XRD pattern with the film nor
mal tilted out of the X-ray plane by 54.7°, as shown in 
Figure 1(b). The clear 111 superlattice peak confirmed 
the existence of the L21 structure, whereas the appear
ance of diffraction peaks from only the {111} planes 
indicated the epitaxial growth of Co2FeSi. The lattice 
constant of the Co2FeSi thin film was determined to be 
5.64 Å based on XRD measurements, which resulted 
in a lattice mismatch of approximately 5% with the 
MgO substrate. Such a lattice mismatch typically 
induces strain at the Co2FeSi/MgO interface, leading 
to defect formation in the interfacial layer of Co2FeSi, 
which would relax the strain. However, because the 
Co2FeSi had a thickness of 41.7 nm, which was much 
thicker than the strained interfacial layer of Co2FeSi, 
we expected the overall impact of the strain on the 
thin-film properties to be small. To evaluate the order
ing parameters of the B2 and L21 structures, the inte
grated intensity ratios between the 002 and 004 peaks 
(Iexp

002=Iexp
004), and between the 111 and 444 peaks 

(Iexp
111=Iexp

444), were extracted. These values were com
pared with the simulated intensity ratios (Isim

002=Isim
004 

and Isim
111=Isim

444 ) of L21-ordered Co2FeSi, which were 
calculated using the Visualization for Electronic 
and STructural Analysis (VESTA) software [58], with 
the actual composition of the thin film taken 
into consideration. The degree of B2 order 

(SB2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Iexp
002=Iexp

004
� �

= Isim
002=Isim

004ð Þ

q

) was estimated to be 
1.17, whereas the degree of L21 order 

(SL21 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Iexp
111=Iexp

444
� �

= Isim
111=Isim

444ð Þ

q

) was estimated to be 
0.61. These values are comparable to the ordering 
parameters reported for Co2FeSi thin films in previous 
studies [37,38], indicating that the thin film primarily 
possessed the L21 structure. Meanwhile, some disorder 
existed in the thin film, which could have influenced 
the transport properties of Co2FeSi. We also measured 
the in-plane and out-of-plane M-H curves of Co2FeSi 
at 10, 100, 200, and 300 K (see the Supplemental 
Material). The saturation magnetization (Ms) of Co2 
FeSi increased slightly with decreasing T. At 10 K, μ0 
Ms = 1.1 T, which corresponded to a magnetic 
moment of ~ 4.2 μB/f.u. This value was smaller than 
the value of 6 μB/f.u. expected for half-metallic Co2 
FeSi at 0 K. As will be shown later, the Co2FeSi thin 
film did not exhibit strong half-metallicity; instead, its 
EF was close to the CB edge. Hence, we expect some 
deviation in the magnetic moment. In addition, the 
Co2FeSi thin film was deposited directly on an MgO 
substrate without a buffer layer, and the lattice mis
match between them could lead to the formation of 
defects and a magnetic dead layer at the Co2FeSi/MgO 
interface. However, the cause of this reduction in 
magnetic moment is unclear. Notably, the value of 

Figure 1. (a) Out-of-plane XRD pattern of the Co2FeSi thin film, 
showing the 002 and 004 diffraction peaks of Co2FeSi. The 
diffraction peaks labeled by * are from the MgO substrate. (b) 
XRD pattern measured with the film normal tilted out of the 
X-ray plane by 54.7°. The 111, 222, and 444 diffraction peaks of 
Co2FeSi can be observed. The inset of (b) shows the structure 
of L21-ordered Co2FeSi.
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Ms was comparable to some previously reported 
values obtained using thin films [8,59,60].

Figure 2(a,b) shows the H dependence of Ey divided 
by ∇T measured at T = 303.7 and 242.4 K, respectively, 
exhibiting the ANE of the Co2FeSi thin film. These 
curves are the average of three measurement loops, 
each obtained with μ0H applied along the out-of-plane 
direction and swept from + 3 T to − 3 T and then back 
to + 3 T. Here, T is the estimated temperature of Co2 
FeSi corresponding to that of the electrodes used to 
measure Ey, which was calculated using the results of 
two on-chip thermometers while assuming a linear 
change in T along the thin-film plane. The curves 
show H-odd dependence and saturation at μ0H

�
�

�
� ~1 

T. Meanwhile, a similar behavior was observed in the 
H dependence of ρyx (Figure 2(c,d)), exhibiting the 
AHE of Co2FeSi. It is worth mentioning that the 
H dependence of the ANE and AHE was consistent 
with the out-of-plane M-H curve of the Co2FeSi thin 
film (see the Supplemental Material). We evaluated 
SANE and ρAHE of Co2FeSi by extrapolating the curves 
at high H values after saturation down to zero H. The 
T dependences of SANE and ρAHE are shown in 

Figure 2(f,h), respectively. The value of SANE was posi
tive but small (less than 0.1 μV K−1) and decreased 
with T within the range of our thermoelectric mea
surements (110.9–303.7 K). We were able to separate 
the different components of ANE and evaluate αxy 
using the following expression:

along with the measured SSE (Figure 2(e)) and long
itudinal resistivity (ρxx) (Figure 2(g)) under zero H. 
Notably, we calculated ρxx and ρAHE at the corre
sponding T to match the data for SSE and SANE by 
assuming a linear interpolation between adjacent data 
points with a spacing of 10 K. As shown in Figure 2(i), 
the SI term, in which αxy played a crucial role, followed 
the trend of the T dependence of SANE and decreased 
as T decreased towards zero. By contrast, the SII term, 
which was due to the AHE acting on the longitudinal 
charge current induced by the SE, showed minimal 
T dependence. Overall, the SI and SII terms were 
comparable in magnitude. Figure 2(j) shows αxy as 
a function of T. The value of αxy was less than 0.1 

Figure 2. (a) Magnetic field H dependence of transverse thermal power (Ey/∇T) of the Co2FeSi thin film measured at T = 303.7 and 
(b) 242.4 K, exhibiting the ANE of Co2FeSi. (c) H dependence of ρyx value of Co2FeSi measured at 300.0 K and (d) 240.0 K, exhibiting 
the AHE of Co2FeSi. (e) The measured SSE, (f) SANE, (g) ρxx, and (h) ρAHE values of Co2FeSi as functions of T, summarizing the 
T dependences of its transport properties. (i) T dependence of the SI and SII terms, which together constitute the ANE of Co2FeSi. (j) 
αxy and (k) σxy values of Co2FeSi as functions of T measured in the experiment, in comparison with the calculated results for 
stoichiometric (Stoich.) and off-stoichiometric (off-stoich.) compositions with various values for the on-site Coulomb interaction at 
the Co site (UCo). The results for the off-stoichiometric composition were calculated using a unit cell of (Co0.95Fe0.05)2FeSi, which 
corresponded to the actual composition of the Co2FeSi thin film. The inset of (j) shows the calculated results over a wider range of  
− 0.5 to + 2.5 A m−1 K−1 for the y-axis. The legends in (k) for the calculated results also apply to (j).
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A m−1 K−1 at room temperature, and decreased 
slightly with T. Comparing to the predicted value of 
2.57 A m−1 K−1 for αxy at 300 K without considering 
U [48], there was a clear discrepancy, as the values 
obtained in the experiment were more than one 
order of magnitude smaller. We also obtained the σxy 
values of Co2FeSi using the equation 
σxy ¼ ρAHE= ρ2

xx þ ρ2
AHE

� �
, as shown in Figure 2(k). 

The obtained values of ρxx and ρAHE were consistent 
with those found in previous studies [61,62].

To gain insight into this discrepancy, we evaluated 
the σxy and αxy values of Co2FeSi using first-principles 
calculations. Because the Co2FeSi thin film used in the 
experiment contained approximately 10% more Fe 
than the stoichiometric composition, we first studied 
the effect of this extra Fe using a unit cell of (Co0.95 
Fe0.05)2FeSi. Here, the calculated results for (Co0.95 
Fe0.05)2FeSi are referred to as off-stoichiometric in 
this study. The spin-resolved density of states (DOS) 
values of the stoichiometric and off-stoichiometric 
compositions with UCo = 0 eV are shown in 
Figure 3(a) for comparison. The CB edge of the min
ority spin shifted slightly to higher energy for the off- 
stoichiometric composition. Figure 3(b) (Figure 3(d)) 
shows the σxy values of the stoichiometric (off- 
stoichiometric) composition around EF at T values ran
ging from 50 to 300 K in 50 K steps, while the corre
sponding αxy values are shown in Figure 3(c) 
(Figure 3(e)). EF crossed the lower energy side of 
a peak in αxy, resulting in large values and substantial 
T dependences for both cases, as shown in Figure 3(c, 
e). The T dependences of αxy and σxy at EF are plotted in 
Figure 2(j, k), respectively, in comparison to the experi
mental results. For the stoichiometric composition, αxy  
= 2.3 A m−1 K−1 at 300 K (inset of Figure 2(j)), which 
was similar to the value predicted in a previous study 
[48]. After taking the composition into consideration, 
αxy exhibited a clear decrease to 0.7 A m−1 K−1 at 300 
K for the off-stoichiometric composition, although it 
was still one order of magnitude larger than the αxy 
value obtained in the experiment. We then considered 
the effect of UCo, and performed first-principles calcu
lations for Co2FeSi with UCo = 1, 2, and 3 eV. The spin- 
resolved DOS values of the off-stoichiometric composi
tion with various UCo values are summarized in 
Figure 3(a) as well. The CB edge of the minority spin 
exhibited a substantial shift toward higher energy with 
increasing UCo. EF lay in the middle of the bandgap in 
the minority-spin channel when UCo = 3 eV, exhibiting 
strong half-metallicity, which agreed with previously 
calculated results [26]. Figure 3(f–k) shows σxy and αxy 
values around EF at different T values for the off- 
stoichiometric composition with finite UCo. 
Compared to the case with zero UCo, the peak respon
sible for large αxy also shifted to higher energy with 
increasing UCo. Consequently, the αxy values at EF 

further decreased to close to zero and exhibited mini
mal T dependence, as shown in Figure 2(j). The calcu
lated αxy values agreed well with the experimental 
results especially when UCo > 1 eV. Meanwhile, the 
values of σxy obtained in the experiment were closer 
to the calculated results when a finite UCo was consid
ered, as shown in Figure 2(k). However, the trend of 
a slight decrease in σxy with increasing T observed in the 
experiment was not reproduced in the calculation. 
Notably, the calculated αxy only accounted for the 
intrinsic contribution originating from the Berry cur
vature. Extrinsic mechanisms, such as skew scattering 
and side-jump, may have contributed to the αxy value of 
the Co2FeSi thin film in the experiment, although they 
were not theoretically considered in this study. The 
temperature dependence of αxy obtained in the experi
ment agreed well with the calculated results, suggesting 
that the ANE of the Co2FeSi thin film can be explained 
by the intrinsic contribution of αxy originated from the 
Berry curvature. A mostly identical behavior in spin- 
resolved DOS, σxy, and αxy values were observed for the 
stoichiometric composition with finite UCo (see the 
Supplemental Material). These results suggest that 
UCo should be taken into consideration when describ
ing the σxy and αxy values of Co2FeSi.

As UCo increased, the spin-resolved DOS of Co2FeSi 
showed an increase in energy for the CB edge, exhibit
ing a clear bandgap in the minority-spin channel at EF 
(Figure 3(a)). However, this was not supported by 
experimental observations. We measured the AMR 
effect using the same sample to study the electronic 
band structure around EF of Co2FeSi. We applied an 
electrical current I = 1 mA along the [100] direction of 
the MgO substrate (|| [110] direction of Co2FeSi) and 
measured the longitudinal resistivity using four- 
terminal sensing. A μ0H value of 0.3 T was applied 
within the thin film plane during the measurement, 
and Φ was used to define the direction of H, where Φ  
= 0 indicated that H || I (inset of Figure 4(a)). In addi
tion to the conventional method of determining the 
AMR ratio by sweeping Φ from 0° to 360° 
(Figure 4(c)), we also used a different method, i.e., 
only measuring the longitudinal resistivity at Φ = 0° 
(ρk) and Φ = 90° (ρ?) at different T values, to obtain 
the T dependence of AMR with better detail. The AMR 

ratio ¼ ðρk � ρ?Þ=ρ? � 100%
� �

as a function of 

T from 10 to 400 K is shown in Figure 4(a). The results 
obtained using the conventional method are shown in 
Figure 4(a) for comparison, where a quantitative agree
ment can be seen, demonstrating the validity of this 
method. The AMR ratio was negative at low T, 
increased monotonically with increasing T, and even
tually changed sign to positive at ~ 377 K. To further 
gain insight into the electronic structure of the Co2FeSi 
thin film, we calculated the T dependence of 
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Δρ ¼ ρk � ρ? normalized by the value at 10 K, as 
shown in Figure 4(b). As seen, Δρ showed minimal 
T dependence from 10 to ~ 200 K, after which it exhib
ited a clear trend of decreasing in magnitude with 
increasing T. Following the modeling of the AMR effect 
proposed by Kokado et al. [29] and its application to the 

AMR effect of the half-metallic Heusler alloy Co2 

FeGa0.5Ge0.5 [31], Δρ can be approximately propor
tional to ρs;" ! d;# � ρs;" ! d;" , where ρs;" ! d;#
(ρs;" ! d;") is the resistivity for the s-d scattering from 
the s electron of ↑ spin to the localized d states of ↓ 

spin (↑ spin). If we ignore the parameters that are 

Figure 3. (a) Spin-resolved DOS values for Co2FeSi with stoichiometric (Stoich.) and off-stoichiometric (off-stoich.) compositions 
around the Fermi level (EF), with various values for the on-site Coulomb interaction at the Co site (UCo). The results for the off- 
stoichiometric composition were calculated using a unit cell of (Co0.95Fe0.05)2FeSi, which corresponded to the actual composition 
of the Co2FeSi thin film. (b) Calculated σxy values of the stoichiometric Co2FeSi in the energy window of ±1 eV relative to EF with 
UCo = 0 eV, and values of off-stoichiometric Co2FeSi with (d) UCo = 0 eV, (f) UCo = 1 eV, (h) UCo = 2 eV, and (j) UCo = 3 eV. (c) 
Corresponding αxy values of stoichiometric Co2FeSi with UCo = 0 eV, and off-stoichiometric Co2FeSi with (e) UCo = 0 eV, (g) UCo = 1  
eV, (i) UCo = 2 eV, and (k) UCo = 3 eV. The saturation of colors of the lines indicates the T values of the results, which ranged from 50 
to 300 K in 50 K steps. The values of αxy and σxy at EF in (b)–(k) as functions of T are shown in Figure 2(j, k), respectively.
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negligibly affected by T, ρs;" ! d;# (ρs;" ! d;") can be 

further simplified to be proportional to D dð Þ
# EFð Þ

(D dð Þ
" EFð Þ). Here, D dð Þ

# EFð Þ (D dð Þ
" EFð Þ) represents the 

DOS of the d states of ↓ spin (↑ spin) around EF 

that contributes to the s-d scattering, while also having 
the thermally excited electron occupation following the 
Fermi distribution function (f(E)) taken into considera
tion (inset of Figure 4(b)). As seen in the case of Co2 

FeGa0.5Ge0.5, the DOS of the d states of ↑ spin is nearly 
independent of energy around EF, and the 
T dependence of Δρ is mainly due to D dð Þ

# EFð Þ. As 
a result, Δρ being independent of T suggests that EF is 
located around the center of the bandgap in the minor
ity-spin channel; whereas clear decrease in the normal
ized Δρ with increasing T would indicate that EF lies 
close to a band edge that is adjacent to the bandgap, or 
there are in-gap states formed in the bandgap [31]. In 
line with this argument, Figure 4(b) suggests that the EF 

of Co2FeSi lies in the bandgap in the minority-spin 
channel but is relatively close to the CB edge. For 
comparison, the CB edge of the minority spin of L21- 
ordered Co2FeGa0.5Ge0.5 was estimated to be ~0.3 eV 
above EF using first-principles calculations, while its 
normalized Δρ showed no decrease with increasing 
T up to 300 K [31]. Therefore, the observed 
T dependence of the normalized Δρ of the Co2FeSi 
thin film would contradict the CB edge of the minority 
spin being further away from EF than Co2FeGa0.5Ge0.5. 
The calculated spin-resolved DOS with UCo values 
of 2 and 3 eV showed that the CB edge was at 
approximately 0.3 and 0.6 eV above EF, respectively 
(Figure 3(a)). Thus, the T dependence of the nor
malized Δρ of the AMR effect sets an upper bound
ary for the UCo value of the Co2FeSi thin film to be 
smaller than 2 eV. Meanwhile, in comparison with 
the calculated results, the experimentally measured 
T dependence of αxy sets a lower boundary for the 

UCo value to be larger than 1 eV. Overall, our 
results suggested that a nonzero but small UCo of 
approximately 1–2 eV is appropriate for describing 
the transport properties of Co2FeSi.

4. Conclusions

We systematically studied the transport properties 
of Co2FeSi thin films at various T values. The 
experimentally measured αxy values were positive 
but less than 0.1 A m−1 K−1, and only exhibits 
a slight decrease with decreasing T. This led to 
a small SANE of less than 0.1 μV K−1. This behavior 
agreed with the theoretical prediction if a UCo 
value larger than 1 eV was considered in the first- 
principles calculations. On the other hand, the 
T dependence of Δρ due to the AMR effect sug
gested that EF of Co2FeSi fell in the bandgap in the 
minority-spin channel but was close to the CB 
edge. This contradicted the theoretical prediction 
when a UCo value of 2 eV or higher was incorpo
rated in the calculations. Therefore, a UCo value of 
approximately 1–2 eV was found to be appropriate 
to explain the experimental results. Our findings 
demonstrated that measuring the T dependence of 
the anomalous Nernst conductivity and anisotropic 
magnetoresistance could be a powerful tool for 
studying the electronic band structure close to EF 
and probing the effect of on-site Coulomb interac
tion. In addition, our results suggest that the effect 
of on-site Coulomb interaction should be examined 
when calculating the electronic band structure and 
transport properties of Co-based Heusler alloys.
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T values. The cyan arrows in (a) and (b) mark the sign changes in the AMR ratio and normalized Δρ at T ~377 K. (c) AMR ratio as 
a function of Φ measured at various T. The values obtained from (c) are plotted in (a) and (b) as squares at the corresponding T for 
comparison.
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