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Intrinsic Berry curvature driven anomalous Nernst thermopower
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Understanding of spin-heat coupling mechanisms and magnetothermoelectric phenomena, including the
anomalous Nernst effect (ANE), in emergent quaternary Heusler alloys is of practical importance for applications
in thermal management and energy harvesting. Here, we demonstrate an intrinsic Berry curvature mediated
anomalous Nernst thermopower in CoFeVSb, which orders magnetically at high temperature (7 =~ 850 K)
with a large saturation magnetization of ~ 2.2 p,/f.u. at room temperature. We show that the electron-electron
elastic and electron-magnon inelastic scattering dominate longitudinal electrical transport at low temperatures
(T <50 K), whereas the electron-phonon and electron-magnon scatterings govern it at higher 7. The longi-
tudinal thermopower is resulted mainly from the diffusive contribution with a very large longitudinal Seebeck
coefficient (42 wV K~! at 395 K). The value of the anomalous Nernst coefficient (Sang) for CoFeVSb at room
temperature is 0.039 wV K~! which is higher than the compressively strained SrRuOs film (0.03 uV K~') as
well as the spin gapless semiconductor CoFeCrGa (0.018 uV K~!). On lowering T, both the ordinary Nernst
coefficient and carrier mobility increase but an opposite trend is found for Sang. Our ab initio simulations reveal
the topological semimetallic nature of CoFeVSb with a pair of Weyl points. These Weyl crossings result in a
significant contribution to the Berry curvature, leading to an intrinsic anomalous Hall conductivity (U;}HE) of
~ 85 S/cm, which matches well with experiment (77 S/cm at 2 K). Our experimental findings and ab initio
calculations support the dominance of the intrinsic Berry curvature in the observed ANE. The ratio of o/3HE
to the transverse anomalous thermoelectric conductivity (anyE) shows an increasing trend with T attaining a

sizable fraction of %B (%0.351‘7‘?) at room temperature.

DOI: 10.1103/PhysRevB.107.1.220403

Introduction. Current advancement in the field of spin-
heat coupling [1-4] and transport of thermally generated
charge carriers have revived the interest in transverse mag-
netothermoelectric phenomena, e.g., the anomalous Nernst
effect (ANE) [5], the anomalous Ettingshausen effect, [6],
etc. The ANE is the thermal analog of the anomalous Hall
effect (AHE), and described as a magnetothermoelectric phe-
nomenon wherein an electric field is generated by applying
a thermal gradient and a transverse magnetic field to a mag-
netic conductor/semiconductor [5,7]. Because of the large
Berry curvature near the Fermi level, topological ferromag-
nets Co,MnGa [8,9], CozSn,S, [10,11], FesGa [12], FesSn
[13], etc., exhibit very large anomalous Nernst conductivity
within the range of 0.5—5 A m~! K~!. Very recently, the non-
centrosymmetric kagome ferromagnet UCoggRug,Al [14]
and the noncollinear topological antiferromagnet YbMnBi,
[15] have been reported to show colossal anomalous Nernst
conductivities of 15A m—' K~!and 10 A m~! K!, respec-
tively, at low temperatures. Although the intrinsic Berry
curvature-driven large ANEs have been reported in some
Heusler alloy-based topological ferromagnets [8,9,16], other
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Heusler ferromagnets exhibit an extrinsic skew scattering
dominated ANE [17-19].

Among the Heusler systems of current interest, CoFeVSb
possesses a very high-ordering temperature (7¢ =~ 850 K)
and a large saturation magnetization of ~ 2.2p,/f.u. at
room temperature [20]. This quaternary Heusler alloy shows
asymmetric magnetoresistance (MR) at room temperature,
indicative of the spin-valve-like nature of the material in its
bulk form [20]. Ab initio calculations have shown that this
system is composed of energetically competing ferromag-
netic (FM)/antiferromagnetic interface structures embedded
in a FM matrix, which gives rise to the spin-valve-like
MR feature [20]. The AHE has also been observed in this
system over a broad temperature range (4 K < 7 < 395 K)
and attributed to the dominating intrinsic Berry phase con-
tribution. Furthermore, this sample possesses a very high
value of thermoelectric power factor ~0.62 mW m~! K2
at room temperature, making it a promising thermoelectric
material. The coexistence of these striking physical properties
in a single phase of CoFeVSb prompted us to investi-
gate its spin-caloritronic properties. Here, we report on a
comprehensive investigation of electrical, thermal, and mag-
netothermoelectric properties with an emphasis on the ANE in
CoFeVSb.

Experimental details. Polycrystalline samples of CoFeVSb
were synthesized by the arc melting technique. The

©2023 American Physical Society
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FIG. 1. (a) Main panel: T dependence of p,, of CoFeVSb, fitted with p..(T) = po +A'(91>) fo + C.T?e in the high-T

(e —1)?

region, and the inset: ﬁtting with 0. (T) = po + PetasiicT /> + C.T?e~ /T in the low-T region. (b) T dependence of S,,. (c) Main panel: T

dependence of k™

and k%, the inset: T dependence of thermoelectric figure of merit ZT . (d) T dependence of «” fitted with Callaway’s model.

(e) Schematic 0f Nernst measurement. (f) Left y scale: H dependence of the Nernst voltage V,,(H) for AT = 415 K and right y scale: M (H)
at 295 K. (g) Main panel: V,,(H) for different values of AT at 295 K, the inset: background corrected anomalous Nernst voltage Sang X AT

as a function of AT.;.

synthesis method and the crystal-phase characterization
of the sample have been reported elsewhere [20]. The static
magnetic properties of the sample were characterized us-
ing a vibrating sample magnetometer attachment with a
physical property measurement system (PPMS), Quantum
Design. The longitudinal electrical resistivity (o), longitu-
dinal thermopower (S,,), and thermal conductivity (x,,) were
simultaneously measured with the thermal transport option of
the PPMS. A sample with dimensions of 5 x 4 x 1 mm? was
used for Hall/Nernst measurements. A standard four-probe
technique was employed for the Hall measurements. A DC
current, Ipc = 8 mA was sourced through the current leads
using a Keithley 2400 source meter and the average Hall
voltage was recorded as Vy M using a Keithley
2182A nanovoltmeter. The background -corrected Hall voltage
was estimated as VIl = VirCtna) Vi Hnadl ' \where Hipg, is

2
the maximum value of the applied magnetic field. The Hall

yHallp,
xy 7
resistivity was estimated as py, = “—

- , where L; = sample
thickness. The Nernst measurements on the CoFeVSb sample
were performed by employing a home-built spin-caloritronic
measurement setup integrated with the PPMS. A detailed de-
scription of our experimental setup is reported elsewhere [17]

and in the Supplemental Material (SM) [21].

Results and discussion.The main panel of Fig. 1(a)
demonstrates the temperature (7) dependence of p,,
for CoFeVSb in the range of 4K <7 <395K.
Evidently, p,(T) exhibits metalliclike resistivity (3”” > 0)
throughout the 7 range along with a slope change below
50 K [see the inset of Fig. 1(a)]. The p,(T) data for
CoFeVSb were found to fit well with the expression:

p
peT) = po + ALY [i7 E555 +CT2%" D in  the
high-T' region (above 50 K), where py represents the
T-independent residual resistivity, the second-term represents
the electron-phonon scattering contribution according to
the Bloch-Griineisen model (A = constant prefactor and
6p = Debye temperature) [22-24], and the third term
signifies the contribution from electron-magnon scattering
(C = constant prefactor, kgA is the spin-wave energy gap,
which represents the difference between the Fermi level
and the nearest band edge of unoccupied minority spins
[24], and kg is the Boltzmann constant). In the case of
half-metals, the T2-dependent electron-magnon scattering
contribution is exponentially suppressed due to the gapped
spin-flip scattering [24-26]. We fitted the p,,(T) curve with
the expression P, (T) = po + petasicT /> + C.T?e~ /1) in
the low-T region (below 50-K) region [26] where the second
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term accounts for the electron-electron elastic-scattering
contribution with a T2 dependence at low T [27].
From the high-T fit, we obtained py = (1.3 £0.01) x
1074 Q cm, A=(2.044£0.06)x 104 Q cm K, C=
(5.07+£02) x 107" Q em K2, 6p =(313+2)K and
A = (40 £ 5) K. The fitting parameters extracted from the
low-T fit are po = (1.2£0.02) x 107* Q cm, Pejastic =
(=3.344+0.1) x 1077 Qcm K/, C=27+0.1)x
107°Q cm K2?and A = (40+3) K.

The values of A obtained from the fits for CoFeVSb are
close to that reported for the well-known half-metallic CrO,
(A =~ 80 K), [25] Fe,Si (A =~ 85 K) [26], and Co,FeSi (A =
100 K) [24], which strongly indicates the half-metallic nature
of this sample. Figure 1(b) represents the 7 dependence of
S, for CoFeVSb. The sign of S,,(7T") is negative throughout
the measured T range, indicating electrons as the dominant
carrier for the thermally driven charge transport. Moreover,
|S,c| decreases linearly from ~42 uV K~! at 395 K and ap-
proaches zero at low 7 indicating the dominant contribution
of the diffusive component of thermopower [28].

As shown in the main panel of Fig. 1(c), the total longitudi-
nal thermal conductivity, k°(T') remains almost unchanged
in the T range: 200 K < 7 < 395 K but decreases slowly
below 200 K and rapidly below 100 K. The T dependence
of the electronic thermal conductivity «¢.(7') is usually es-
timated from the Wiedemann-Franz law: «¢ = %f

s where
Ly = "32;;’23 =244 x 108 W Q K~! is the Lorenz number
for free electrons (degenerate limit) [29]. However, Ly was
shown to deviate from the degenerate limit for semiconductors
with a large value of S, [30]. To account for this discrepancy,
Ly for such semiconductors was proposed to be accurately
estimated using the expression, Lo = 1.5 + exp(—%“é‘) [30].
Since |S,,| for our sample is very high at high 7, we estimated
61(T) using the expression [30], el(T) = w
as shown in the main panel of Fig. 1(c). The marn panel
of Fig. 1(d) shows the T dependence of the lattice thermal
conductivity, ky (T) obtained from the expression: (T) =
[KXT;"(T) (T)] Evidently, /< - (T) increases consrderably
with decreasmg temperature down to 100 K at which it shows
a broad maximum and then decreases rapidly with further
lowering of the temperature As shown in the main panel
of Fig. 1(d), we fitted « (T') for CoFeVSb with the Debye-
Callaway model [31,32],

Op
2mkT \’ T 4ot
kB <7Tk3 >/( ) T.7°€ dz. (1)
0

2m2vg h (e —1)° ¢

Here, vg is the average phonon velocity (approximately
equals the sound velocity), z = [;—‘; w = phonon frequency,
and 7, = total phonon relaxation time. The values of the
fitting parameters A-C, and 6p are (9.95 £2)x107%*s3,

(745 £3)x107 3 sK~!, 4.5+ 1)x107"¥s,and (310 + 5) K,

respectively. The thermoelectric figure of merit ZT = KTf[” T

[33] for CoFeVSb [inset of Fig. 1(c)] is #0.07 at 395 K, Wthh
decreases gradually with decreasing temperature.

The schematic of our transverse thermoelectric transport
measurement is shown in Fig. 1(e). The DC magnetic-field
(H) is applied along the x axis, and the T gradient is along
the sample thickness (z axis). The Nernst voltage generated

kh(T) =

along the y axis was measured using a Keithley 2182A nano-
voltmeter whereas, sweeping H. The left y scale of Fig. 1(f)
exhibits the H dependence of the Nernst voltage V., (H) for a
fixed value of the T difference between the top plate (7;,) and
the bottom plate (Teod; Thot > Teod), AT = (Thot — Teold) =
+15 K for the CoFeVSb sample at T = futlos — 295 K.
The right y scale of Fig. 1(f) shows the isothermal magnetiza-
tion M (H) at 295 K. Clearly, the V., (H ) loop shows negligible
hysteresis and replicates the corresponding M (H) behavior.
Since the thermally generated electric field induced by ANE is

proportional to the magnetization, i.e., m o (oM x V_)T)
[8,34], the observed feature of the V., (H ) loop originates from
the ANE.

Note that the bulk thermal resistances of the sample and
the N-grease layers as well as the interfacial thermal resis-
tances cause a drop in the actual 7 gradient across the sample
[35]. Ignoring the interfacial thermal resistances between
the N grease and the hot/cold plates as well as between the
sample and N-grease layers [17], the total T difference be-
tween the hot and cold plates (AT) = effective T difference
across the sample (AT.s) + drop in AT in the N-grease
layers on both sides of the sample. Therefore, considering the
three-slab model, AT can be expressed as [17,36], ATy =

AT , where dn_gGrease(dcorevsp) 1S the thick-

2dy grease +
1 g CoFeVSb
[+ KN grease )((’CoFeVSb )]

ness of the grease-layer (CoFeVSb), KN—Grease (KCoFevsb) 1S the
thermal conductivity of the grease-layer (CoFeVSb), and A =
cross-sectional area. Using the reported values of «y grease (1)
of the N grease [37], dy grease & 10 pum, dcopevsy ~ 1 mm, we
estimated the T dependence of AT (see the SM [21]).

In addition to the ANE contribution, the ordinary Nernst
effect (ONE) also contributes to the total Nernst signal.
The ONE contribution can be estimated from the slope
of the slowly varying segment (Hgy < H < Hpax) of the
H-dependent transverse Seebeck coefficient, S,,(H) de-
fined as Sy (H)= 02 (%) [34,38]. Here, Ly(=3 mm)
is the distance between the voltage leads, and L,(= 1 mm)
is the sample thickness. The ordinary Nernst coefficient
(Song) at 295 K for CoFeVSb was estimated as Song =
(—=0.176 £0.05) nV K~!. T~!, which is smaller compared
to other materials e.g., Fe;O4 single crystal (Song = 10 nV
K~=' T~! at room temperature) [34]. The main panel of
Fig. 1(g) demonstrates V,,(H) for different values of AT
at 295 K. Evidently, V,,(H) increases with AT. The in-
set of Fig. 1(g) shows the normalized anomalous Nernst
voltage, SANEA T = Vang( uonax)(é—i) as a function of
AT at 295 K, where, Sang is the background-corrected
anomalous Nernst coefficient, Vang(oHmax) represents the
background-corrected anomalous Nernst voltage defined
a5 VaNE(1oHimay) = [Pt SRl and puoHig, =
maximum applied magnetic field (,uondx > oHgy). Clearly,
(SaNg ATy ) varies linearly with ATy.

Figure 2(a) demonstrates the V., (H) hysteresis loops for
CoFeVSb at selected temperatures for AT = 415 K. No-
tably, |Vy,(H)| decreases with lowering temperature. Most
importantly, V,,(H) shows a prominent negative slope in
the high-field region at low 7, and the absolute value
of the slope increases drastically below 200 K, indicating
the enhanced ONE contribution at low 7. Figure 2(b)
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FIG. 2. (a) V,,(H) for CoFeVSb at selected temperatures for AT = +15 K. (b) SXAyNE(H ) and (c) py(H) for CoFeVSb at selected
temperatures. (d) Left y scale: T dependence of Sang fitted with Eq. (2), and right y scale: T dependence of py, AHE () Lefty scale: T dependence
of oANE fitted with Eq. (3), and right y scale: T dependence of (@pF /o J1F). () Left y scale: T dependence of (|Songl/T) and right y scale: T

dependence of uy.

shows the magnetic-field dependence of the anomalous
Nernst coefficient (ANC), SAN*(H) at different temperatures,
which was obtained by subtracting the ONE contribu-
tion from the total transverse Seebeck coefficient, S,,(H)
as SANF(H) = [Sey(H) — SONE(H)] = [Sey(H) — |Sone|H].
Clearly, [SAY"(H)| gradually decreases with decreasing T.
The left y axis of Fig. 2(d) demonstrates the 7 dependence
of the background-corrected ANC, Sang(ttoHmax, T)- At 295
K, |Sanel = 0.039 uVK~' for CoFeVSb, which is higher
than the compressively strained SrRuOj; film (0.03 pVK™")
[39] as well as the spin-gapless semiconductor CoFeCrGa
(0.018 uV K1 [17].

Now, let us understand the origin of the nonlinear T
dependence of Sang(7) in CoFeVSb. The transverse ther-
moelectric coefficient (S,y) is defined as Sy, = [M]
where o,, and o,, are the transverse and longltudlnal elec-
trical conductivities, which are expressed as [5,9,40], oy, =

— Pxy — Pxx : !
Lo+ (| 8nd 0ne = [55750 7 ], respectively, and a,

is the transverse thermoelectric conductivity [5,34]. Accord-
2
ing to the Mott’s relations, S, ”3!;3 (58 ))E=E,» and oy =
z kBT( )E=E, Where e is the electronic charge, and Ef is
the Ferm1 energy [5,41]. It is known that the ANE and AHE
share the common physical origin [5] Therefore, considering
the power law for the AHE, pA"'* = AM p [5], where p" is
the anomalous Hall res1st1v1ty, Pxx 18 the longitudinal res1st1v-

00,

30,y

ity, A is the spin-orbit coupling constant, and # is an exponent,
the ANC can be expressed as [5,34]

[” ) —(n—l)xsxx}. 2)
E=Er

For n = 1, the extrinsic skew scattering is the leading
mechanism for the anomalous Nernst/Hall transport, whereas,
for n = 2, the intrinsic Berry curvature becomes the domi-
nating mechanism [42]. We fitted the Sang(7) for CoFeVSb
using Eq. (2) and the best fit was obtained for n = 2.24 +
0.2, which indicates that the origin of ANE in CoFeVSb is
dominated by the intrinsic Berry curvature or, the side jump
mechanism [42]. To confirm the origin of the observed ANE,
we need to understand the temperature dependence of the
anomalous off-diagonal thermoelectric conductivity e (T'),

oA

<_

oE

2ET

GANE _
' 3e

n—1
XX

which can be expressed as [10,11,43] otf;,NE = S)’?VNEUXX +
S o AHE — [M] Using Mott’s relations, aANE
Xy (pux ) + (pAHEY ° [

can be written as [5,34]

|

w2k T
3e
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FIG. 3. For CoFeVSb, (a) Electronic band structure showing the topological nontrivial feature involving a pair of Weyl points at ~0.3eV
above Er. (b) Widths of various semimetallic bands (27-29). (c) Calculated Berry curvature along the high-symmetry path. (d) and (e) Two-
dimensional (2D) projection of Berry curvature on the k, = 0 and k, = 0.5 planes (f)—(h) Fermi surfaces originating from the semimetallic
bands (27-29) indicating the location of electron/hole pockets and Weyl points.

The main panel of Fig. 2(c) illustrates the magnetic-field
dependence of Hall resistivity p,,(H) for CoFeVSb at few
selected temperatures in the 7 range: 120 K < 7T < 295 K.
Similar to the Nernst voltage, ox,(H) also shows the contribu-
tions from both ordinary Hall effect (OHE) and AHE along
with the negative slope in the high-field region throughout
the temperature range, indicating electrons as the majority
carriers. However, unlike the Nernst voltage, the absolute
value of the slope in p,(H) increases slowly with decreasing
temperature. Especially, at low T (e.g., 120 K), the negative
slope in the Nernst voltage is more robust compared to that
in the Hall resistivity. Such a striking difference in the Nernst
and Hall signals has also been observed in the half-metallic
semimetal Co3Sn,S; [11]. From the slope of the slowly vary-
ing segment of p,,(H), we obtained the OHE contribution
and estimated the T dependence of the carrier-concentration
ny(T) as shown in the inset of Fig. 2(c). Clearly, |ngy| de-
creases with decreasing temperature. By subtracting the OHE
contribution from p,,(H ), we evaluated the temperature de-
pendence of anomalous Hall resistivity (py, AHE) a5 shown on
the right-y scale of Fig. 2(d). [42] Similar to the ANC, pAHE
also decreases with decreasing temperature. Incorporating the

T dependences of Sy, SANE, 0xr, and pAHE we evaluated the T

variation of aAyNE as shown on the left-y scale of Fig. 2(e). We

fitted a\""(T) for CoFeVSb using Eq. (3), and the best fit was
obtained for n = 2.02 & 0.1, which is close to that obtained
from the Sang(7) fit. This further confirms that both the ANE
and the AHE in CoFeVSb is governed by the intrinsic Berry
curvature or the side jump mechanism [42]. Notably, the ratio
[(& )E _g,/*] obtained from Sang(T) and apN(T) fits are

1.33 x 10" and 2.04 x 10", respectively.
Next, we examine the correlation between the anoma-
lous transverse thermoelectric conductivity (ocAyNE) and

the anomalous Hall conductivity (o;"F). Although afN"

represents the transport of entropy, oAN® determines the

transport of charge carriers, and (@jNF/0A"F) should ap-
proach at high 7 [14,44]. As shown on the left-y scale of
Fig. 2(e) laANF /o SHE| increases with increasing temperature
and attains ~0.35% kB at 295 K, which is much lower than
UCop sRug,Al (|aANE/a$HE| A 2’%3 at 47 K) [14] but closer
to that for CooMnGa, Mn3Sn, Co3Sn,S,, and Lag 7Sry3CoO3
[44]. Since the ordering temperature of CoFeVSb is very high
(Tc ~ 850 K) and, both Sang(7') and |agNE(T)/o§HE(T)| for
CoFeVSb are increasing with increasing temperature even
at room temperature, it would be worth investigating high-
temperature ANE/AHE in this system to realize at what
temperature(s) Sang shows a peak and |ag}‘IE(T)/ofy‘HE(T)|
approaches kf To confirm the origin of ANE in CoFeVSb,
it is imperative to quantify the carrier mobility (). In the
semiclassical picture, |Song/| scales linearly with py through
the expression, [11,4546] |Song| = % ("B)("BT Vitg. How-

ever, |Sang| is known to scale with (M—H) if the origin of the
ANE is dominated by the intrinsic Berry curvature [11]. As
shown in Fig. 2(f), both (|Songl|/7T) and gy increase with
decreasing temperature. Furthermore, Sang decreases with
decreasing temperature, whereas, puy shows the opposite T
dependence, which is in agreement with the intrinsic Berry-
curvature picture of ANE [11].

We have further performed ab initio band structure calcula-
tions to complement our experimental results. Computational
details of these calculations are presented in Ref. [20] and
the SM [21]. Figure 3(a) shows the band structure revealing
a pair of Weyl points above Er (*0.3 eV) arising from the
intersections of semimetallic bands 28 and 29 (highlighted by
red circles). The contribution to the density of states at/near
Er primarily arises from band numbers 27-29 [see Fig. 3(b)].
Figure 3(c) displays the z component of simulated Berry

L.220403-5
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curvature [—€2,(k)] along with its 2D projection in the k, = 0
and k, = 0.5 planes shown in Figs. 3(d) and 3(e). The spike in
the Berry curvature along the L- T" direction [see Fig. 3(c)] is
due to two spin-semi-metallic bands 27 and 28 [see Fig. 3(a)].
This spike arises from the small energy denominator in the
Berry-curvature’s definition along this & path [42].

A reasonably high intrinsic anomalous Hall-conductivity
(AHC) value is obtained, which is solely attributed to the large
spike in €2.(k). The following equation was used to calculate
AHC:

e? 4’k
Oy == Z fB ) mfn(k)szn,z(kx 4)

where f, (k) represents the Fermi-Dirac distribution function,
Q.. (k) is the z component of the Berry curvature for the nth
band, and the integration is over the entire Brillouin zone. The
simulated value of intrinsic AHC is o} = 85 S/cm, which
matches well with the experimental value (77 S/cm at 2 K).
This implies that both intrinsic AHC and ANE mainly stem
from the Berry curvature. We also simulated the Fermi sur-
faces related to the three semimetallic bands (27-29) as shown
in Figs. 3(f)-3(h). Two hole pockets emerged along the L-I"
points due to bands 27 and 28, whereas, an electron pocket
appears from band 29. A pair of Weyl points is clearly visible

in the Fermi surface, originating from band 28 [see Fig. 3(g)]
as observed in the band structure along L-I" and U-T" [see
Fig. 3(a)], corroborating the topological nontrivial features of
this alloy.

Conclusions. To summarize, we present a comprehensive
study of the longitudinal and transverse thermoelectric prop-
erties with a special focus on the ANE in CoFeVSb. We
have found that the anomalous Nernst coefficient (Sang) of
CoFeVSb is ~0.039 uV K~! at room temperature. Both the
ordinary Nernst coefficient (Song) and the carrier mobility
(np) increase upon lowering temperature, but an opposite
trend is found for Sang. Our in-depth analysis confirmed
that the observed ANE in this material is dominated by in-
trinsic Berry curvature, which is also supported by our ab
initio calculations. Our band-structure calculations confirm
the topological nontrivial feature of CoFeVSb with a pair of
Weyl points located slightly above Ef.

Acknowledgments. Financial support by the US Depart-
ment of Energy, Office of Basic Energy Sciences, Division
of Materials Science and Engineering under Award No.
DE-FG02-07ER46438 is acknowledged. H.S. also acknowl-
edges support from IIT Bombay for a short-term visiting
professorship. K.G.S. thanks DST/INT/TUS/RSF/P-47/2021
for support via a sponsored project. A.A. acknowledges DST-
SERB (Grant No. CRG/2019/002050) for funding to support
this research.

[1] K.-I. Uchida, Transport phenomena in spin caloritronics, Proc.
Jpn. Acad. Ser. B 97, 69 (2021).

[2] G. E. W. Bauer, E. Saitoh, and B. J. Van Wees, Spin caloritron-
ics, Nature Mater. 11, 391 (2012).

[3] A. Chanda, C. Holzmann, N. Schulz, J. Seyd, M. Albrecht, M.-
H. Phan, and H. Srikanth, Scaling of the thermally induced sign
inversion of longitudinal spin seebeck effect in a compensated
ferrimagnet: Role of magnetic anisotropy, Adv. Funct. Mater.
32,2109170 (2022).

[4] K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J. Ieda,
T. Ota, Y. Kajiwara, H. Umezawa, and H. Kawai, Spin seebeck
insulator, Nature Mater. 9, 894 (2010).

[5] Y. Pu, D. Chiba, F. Matsukura, H. Ohno, and J. Shi, Mott Re-
lation for Anomalous Hall and Nernst Effects in Ga;_,Mn,As
Ferromagnetic Semiconductors, Phys. Rev. Lett. 101, 117208
(2008).

[6] R. Nagasawa, K. Oyanagi, T. Hirai, R. Modak, S. Kobayashi,
and K. Uchida, Anomalous ettingshausen effect in iron—carbon
alloys, Appl. Phys. Lett. 121, 062401 (2022).

[7] M. Ikhlas, T. Tomita, T. Koretsune, M.-T. Suzuki, D. Nishio-
Hamane, R. Arita, Y. Otani, and S. Nakatsuji, Large anomalous
nernst effect at room temperature in a chiral antiferromagnet,
Nat. Phys. 13, 1085 (2017).

[8] A. Sakai, Y. P. Mizuta, A. A. Nugroho, R. Sihombing, T.
Koretsune, M.-T. Suzuki, N. Takemori, R. Ishii, D. N. -Hamane,
R. Arita er al., Giant anomalous nernst effect and quantum-
critical scaling in a ferromagnetic semimetal, Nat. Phys. 14,
1119 (2018).

[9] S.N. Guin, K. Manna, J. Noky, S. J. Watzman, C. Fu, N. Kumar,
W. Schnelle, C. Shekhar, Y. Sun, J. Gooth et al., Anomalous

nernst effect beyond the magnetization scaling relation in the
ferromagnetic heusler compound Co,MnGa, npg Asia Mater.
11, 16 (2019).

[10] H. Yang, W. You, J. Wang, J. Huang, C. Xi, X. Xu, C. Cao, M.
Tian, Z.-A. Xu, J. Dai et al., Giant anomalous nernst effect in
the magnetic Weyl semimetal Co3;Sn,S,, Phys. Rev. Mater. 4,
024202 (2020).

[11] L. Ding, J. Koo, L. Xu, X. Li, X. Lu, L. Zhao, Q. Wang, Q.
Yin, H. Lei, B. Yan et al., Intrinsic Anomalous Nernst Effect
Amplified by Disorder in a Half-Metallic Semimetal, Phys. Rev.
X 9,041061 (2019).

[12] A. Sakai, S. Minami, T. Koretsune, T. Chen, T. Higo, Y. Wang,
T. Nomoto, M. Hirayama, S. Miwa, D. N. -Hamane et al.,
Iron-based binary ferromagnets for transverse thermoelectric
conversion, Nature (London) 581, 53 (2020).

[13] T. Chen, S. Minami, A. Sakai, Y. Wang, Z. Feng, T. Nomoto, M.
Hirayama, R. Ishii, T. Koretsune, R. Arita et al., Large anoma-
lous nernst effect and nodal plane in an iron-based Kagome
ferromagnet, Sci. Adv. 8, eabk1480 (2022).

[14] T. Asaba, V. Ivanov, S. M. Thomas, S. Y. Savrasov, J. D.
Thompson, E. D. Bauer, and F. Ronning, Colossal anomalous
nernst effect in a correlated noncentrosymmetric Kagome fer-
romagnet, Sci. Adv. 7, eabf1467 (2021).

[15] Y. Pan, C. Le, B. He, S. J. Watzman, M. Yao, J. Gooth, J. P.
Heremans, Y. Sun, and C. Felser, Giant anomalous nernst signal
in the antiferromagnet YbMnBi,, Nature Mater. 21, 203 (2022).

[16] Y. Sakuraba, K. Hyodo, A. Sakuma, and S. Mitani, giant anoma-
lous nernst effect in the Co,MnAl,_,Si, heusler alloy induced
by Fermi level tuning and atomic ordering, Phys. Rev. B 101,
134407 (2020).

L220403-6


https://doi.org/10.2183/pjab.97.004
https://doi.org/10.1038/nmat3301
https://doi.org/10.1002/adfm.202109170
https://doi.org/10.1038/nmat2856
https://doi.org/10.1103/PhysRevLett.101.117208
https://doi.org/10.1063/5.0103248
https://doi.org/10.1038/nphys4181
https://doi.org/10.1038/s41567-018-0225-6
https://doi.org/10.1038/s41427-019-0116-z
https://doi.org/10.1103/PhysRevMaterials.4.024202
https://doi.org/10.1103/PhysRevX.9.041061
https://doi.org/10.1038/s41586-020-2230-z
https://doi.org/10.1126/sciadv.abk1480
https://doi.org/10.1126/sciadv.abf1467
https://doi.org/10.1038/s41563-021-01149-2
https://doi.org/10.1103/PhysRevB.101.134407

INTRINSIC BERRY CURVATURE DRIVEN ANOMALOUS ...

PHYSICAL REVIEW B 107, L220403 (2023)

[17] A.Chanda, D. Rani, J. Nag, A. Alam, K. G. Suresh, M. H. Phan,
and H. Srikanth, emergence of asymmetric skew-scattering
dominated anomalous nernst effect in the spin gapless semicon-
ductors Co;4,Fe;_,CrGa,, Phys. Rev. B 106, 134416 (2022).

[18] A. Ghosh, A. De, and S. Nair, Large anomalous nernst effect
across the magneto-structural transition in a bulk Ni-Co-Mn-Sn
full heusler alloy, Appl. Phys. Lett. 113, 262405 (2018).

[19] A. De, A. K. Singh, S. Singh, and S. Nair, Temperature de-
pendence of the anomalous nernst effect in Ni,Mn Ga shape
memory alloy, Phys. Rev. B 103, L020404 (2021).

[20] J. Nag, D. Rani, D. Singh, R. Venkatesh, B. Sahni, A. K. Yadav,
S. N. Jha, D. Bhattacharyya, P. D. Babu, K. G. Suresh et al.,
CoFeVSb: A promising candidate for spin valve and thermo-
electric applications, Phys. Rev. B 105, 144409 (2022).

[21] See Supplemental Material at https://link.aps.org/supplemental/
10.1103/PhysRevB.107.L.220403 for additonal data, which
includes the experimental details related to the ANE mea-
surements, computational details, magnetic properties of the
CoFeVSb sample, and theoretically estimated thermopower
vs chemical potential at various temperatures. See also
Refs. [47-58] therein.

[22] J. M. Ziman, Principles of the Theory of Solids (Cambridge
University Press, Cambridge, UK, 1972).

[23] S. Chatterjee, S. Chatterjee, S. Giri, and S. Majumdar, Transport
properties of Heusler compounds and alloys, J. Phys. Condens.
Matter. 34, 013001 (2021).

[24] D. Bombor, C. G. F. Blum, O. Volkonskiy, S. Rodan, S.
Wurmehl, C. Hess, and B. Biichner, Half-Metallic Ferromag-
netism with Unexpectedly Small Spin Splitting in the Heusler
Compound Co,FeSi, Phys. Rev. Lett. 110, 066601 (2013).

[25] A. Barry, J. M. D. Coey, L. Ranno, and K. Ounadjela, Evidence
for a gap in the excitation spectrum of CrO,, J. Appl. Phys. 83,
7166 (1998).

[26] A. W. Forbes, R. P. Dulal, N. Bhattarai, I. L. Pegg, and J. Philip,
Experimental realization and magnetotransport properties of
half-metallic Fe,Si, J. Appl. Phys. 125, 243902 (2019).

[27] P. A. Lee and T. V. Ramakrishnan, Disordered electronic sys-
tems, Rev. Mod. Phys. 57, 287 (1985).

[28] J. P. Heremans, V. Jovovic, E. S. Toberer, A. Saramat, K.
Kurosaki, A. Charoenphakdee, S. Yamanaka, and G. J. Snyder,
Enhancement of thermoelectric efficiency in PbTe by distortion
of the electronic density of states, Science 321, 554 (2008).

[29] T. M. Tritt, Thermoelectric phenomena, materials, and applica-
tions, Annu. Rev. Mater. Res. 41, 433 (2011).

[30] H.-S. Kim, Z. M. Gibbs, Y. Tang, H. Wang, and G. J. Snyder,
Characterization of lorenz number with seebeck coefficient
measurement, APL Mater. 3, 041506 (2015).

[31] J. Callaway, Low-temperature lattice thermal conductivity,
Phys. Rev. 122, 787 (1961).

[32] J. Callaway, Model for lattice thermal conductivity at low tem-
peratures, Phys. Rev. 113, 1046 (1959).

[33] F. J. DiSalvo, Thermoelectric cooling and power generation,
Science 285, 703 (1999).

[34] R. Ramos, M. H. Aguirre, A. Anadén, J. Blasco, I. Lucas, K.
Uchida, P. A. Algarabel, L. Morellén, E. Saitoh, and M. R.
Ibarra, Anomalous nernst effect of Fe;O, single crystal, Phys.
Rev. B 90, 054422 (2014).

[35] P. Jiménez-Cavero, I. Lucas, D. Bugallo, C. Lépez-Bueno,
R. Ramos, P. A. Algarabel, M. R. Ibarra, F. Rivadulla,
and L. Morellén, Quantification of the interfacial and bulk

contributions to the longitudinal spin seebeck effect, Appl.
Phys. Lett. 118, 092404 (2021).

[36] A. De, A. Ghosh, R. Mandal, S. Ogale, and S. Nair, Tempera-
ture Dependence of the Spin Seebeck Effect in a Mixed Valent
Manganite, Phys. Rev. Lett. 124, 017203 (2020).

[37] T. Ashworth, J. E. Loomer, and M. M. Kreitman,
Thermal Conductivity of Nylons and Apiezon Greases,
in Advances in Cryogenic Engineering (Springer, Berlin,
1973), pp. 271-279.

[38] A. Ghosh, A. Chanda, and R. Mahendiran, Anomalous nernst
effect in Pr 5SrosCoO3, AIP Adv. 11, 035031 (2021).

[39] D. Kan and Y. Shimakawa, Strain effect on thermoelectric prop-
erties of STRuO3 epitaxial thin films, Appl. Phys. Lett. 115,
022403 (2019).

[40] J. Xu, W. A. Phelan, and C.-L. Chien, Large anomalous nernst
effect in a van Der Waals ferromagnet Fe;GeTe,, Nano Lett. 19,
8250 (2019).

[41] N. F. Mott, H. Jones, H. Jones, and H. Jones, The Theory of the
Properties of Metals and Alloys (Courier, New York, 1958).

[42] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P.
Ong, Anomalous hall effect, Rev. Mod. Phys. 82, 1539 (2010).

[43] X. Li, L. Xu, L. Ding, J. Wang, M. Shen, X. Lu, Z. Zhu,
and K. Behnia, Anomalous Nernst and Righi-Leduc Effects in
Mnj;Sn: Berry Curvature and Entropy Flow, Phys. Rev. Lett.
119, 056601 (2017).

[44] L. Xu, X. Li, L. Ding, T. Chen, A. Sakai, B. Fauqué, S.
Nakatsuji, Z. Zhu, and K. Behnia, Anomalous transverse re-
sponse of Co,MnGa and universality of the room-temperature
otf} /0{} ratio across topological magnets, Phys. Rev. B 101,
180404(R) (2020).

[45] K. Behnia and H. Aubin, Nernst effect in metals and super-
conductors: A review of concepts and experiments, Rep. Prog.
Phys. 79, 046502 (2016).

[46] K. Behnia, The nernst effect and the boundaries of the Fermi
liquid picture, J. Phys. Condens. Matter 21, 113101 (2009).

[47] N. Marzari and D. Vanderbilt, Maximally localized generalized
wannier functions for composite energy bands, Phys. Rev. B 56,
12847 (1997).

[48] I. Souza, N. Marzari, and D. Vanderbilt, Maximally localized
wannier functions for entangled energy bands, Phys. Rev. B 65,
035109 (2001).

[49] N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and D.
Vanderbilt, Maximally localized wannier functions: Theory and
applications, Rev. Mod. Phys. 84, 1419 (2012).

[50] I. Galanakis, P. H. Dederichs, and N. Papanikolaou, Slater-
pauling behavior and origin of the half-metallicity of the
full-heusler alloys, Phys. Rev. B 66, 174429 (2002).

[51] J. L. Cohn, J. J. Neumeier, C. P. Popoviciu, K. J. McClellan,
and T. Leventouri, Local lattice distortions and thermal trans-
port in perovskite manganites, Phys. Rev. B 56, R8495(R)
(1997).

[52] S. Bhattacharya, A. Mehdizadeh Dehkordi, S. Tennakoon, R.
Adebisi, J. R. Gladden, T. Darroudi, H. N. Alshareef, and T. M.
Tritt, Role of phonon scattering by elastic strain field in thermo-
electric Sry_, Y, TiO;_5, J. Appl. Phys. 115, 223712 (2014).

[53] P. G. Klemens, Thermal resistance due to point defects at high
temperatures, Phys. Rev. 119, 507 (1960).

[54] G. A. Slack and S. Galginaitis, Thermal conductivity and
phonon scattering by magnetic impurities in CdTe, Phys. Rev.
133, A253 (1964).

L.220403-7


https://doi.org/10.1103/PhysRevB.106.134416
https://doi.org/10.1063/1.5045262
https://doi.org/10.1103/PhysRevB.103.L020404
https://doi.org/10.1103/PhysRevB.105.144409
https://link.aps.org/supplemental/10.1103/PhysRevB.107.L220403
https://doi.org/10.1088/1361-648X/ac268c
https://doi.org/10.1103/PhysRevLett.110.066601
https://doi.org/10.1063/1.367791
https://doi.org/10.1063/1.5096862
https://doi.org/10.1103/RevModPhys.57.287
https://doi.org/10.1126/science.1159725
https://doi.org/10.1146/annurev-matsci-062910-100453
https://doi.org/10.1063/1.4908244
https://doi.org/10.1103/PhysRev.122.787
https://doi.org/10.1103/PhysRev.113.1046
https://doi.org/10.1126/science.285.5428.703
https://doi.org/10.1103/PhysRevB.90.054422
https://doi.org/10.1063/5.0038192
https://doi.org/10.1103/PhysRevLett.124.017203
https://doi.org/10.1063/5.0039709
https://doi.org/10.1063/1.5097927
https://doi.org/10.1021/acs.nanolett.9b03739
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/PhysRevLett.119.056601
https://doi.org/10.1103/PhysRevB.101.180404
https://doi.org/10.1088/0034-4885/79/4/046502
https://doi.org/10.1088/0953-8984/21/11/113101
https://doi.org/10.1103/PhysRevB.56.12847
https://doi.org/10.1103/PhysRevB.65.035109
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1103/PhysRevB.66.174429
https://doi.org/10.1103/PhysRevB.56.R8495
https://doi.org/10.1063/1.4882377
https://doi.org/10.1103/PhysRev.119.507
https://doi.org/10.1103/PhysRev.133.A253

CHANDA, NAG, ALAM, SURESH, PHAN, AND SRIKANTH

PHYSICAL REVIEW B 107, L220403 (2023)

[55] J. Yang, D. T. Morelli, G. P. Meisner, W. Chen, J. S. Dyck, and
C. Uher, Influence of electron-phonon interaction on the lattice
thermal conductivity of Co;_,Ni,Sbs, Phys. Rev. B 65, 094115
(2002).

[56] C. Fu, H. Xie, T. J. Zhu, J. Xie, and X. B. Zhao, Enhanced
phonon scattering by mass and strain field fluctuations in
Nb substituted FeVSb half-heusler thermoelectric materials,
J. Appl. Phys. 112, 124915 (2012).

[57] T.J. Zhu, C. G. Fu, H. H. Xie, Y. T. Liu, B. Feng, J. Xie, and X.
B. Zhao, Lattice thermal conductivity and spectral phonon scat-
tering in FeVSb-based half-heusler compounds, Europhysics
Lett. 104, 46003 (2013).

[58] G. Pizzi, V. Vitale, R. Arita, S. Bliigel, F. Freimuth, G.
Géranton, M. Gibertini, D. Gresch, C. Johnson, and T.
Koretsune et al., Wannier90 as a community code: New features
and applications, J. Phys. Condens. Matter 32, 165902 (2020).

L220403-8


https://doi.org/10.1103/PhysRevB.65.094115
https://doi.org/10.1063/1.4772605
https://doi.org/10.1209/0295-5075/104/46003
https://doi.org/10.1088/1361-648X/ab51ff

