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Here we report on a comprehensive investigation of transverse magnetothermoelectric properties of the
equiatomic quaternary Heusler alloys CrRuXGe (X = Co and Mn). Magnetic measurements reveal the presence
of a glassy magnetic ground state owing to the energetically competing ferromagnetic and antiferromagnetic
phases in CrRuCoGe at low temperatures, whereas CrRuMnGe exhibits soft ferromagnetic behavior with a weak
martensitic transformation close to room temperature. The temperature-dependent anomalous Nernst coefficient
(SANE ) of CrRuMnGe shows noticeable changes around the martensitic transformation. While CrRuCoGe
exhibits positive SANE, CrRuMnGe exhibits negative SANE throughout the measured temperature range. We
demonstrate that the contribution of the anomalous transverse thermoelectric conduction dominates that of the
anomalous Hall effect acting on the thermally generated carrier flow induced by the longitudinal Seebeck effect,
which gives rise to the opposite polarity of SANE in these two alloys. Our detailed analysis indicates that the
origin of the observed anomalous Nernst effect (ANE) in both of these alloys is dominated by the asymmetric
skew scattering of charge carriers in the measured temperature regime. The sign change and tunability of ANE
presented in this study provide a step forward toward the development of ANE-based efficient thermopile devices
operating at room temperature utilizing the equiatomic quaternary Heusler alloys.
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I. INTRODUCTION

In the last few years, there has been a significant ad-
vancement in the field of spin caloritronics which combines
spintronics and thermoelectricity, and has emerged as a
promising research direction for large area energy harvest-
ing [1]. Spin caloritronics is a vast field that comprises a
wide range of magnetothermoelectric phenomena, including
the spin Seebeck effect (SSE) [2,3], the spin Nernst effect
[4], the spin Peltier effect (SPE) [5], the anomalous Nernst
effect (ANE) [6], the anomalous Ettingshausen effect (AEE)
[7], etc. The ANE refers to a transverse magnetothermo-
electric phenomenon in which a transverse electric voltage
is generated in a conducting/semiconducting material with
a spontaneous magnetization orthogonal to both the applied
thermal gradient and the magnetization of the material. Un-
like the ordinary Nernst effect, which is proportional to the
applied magnetic field, the transverse voltage generated due
to ANE is proportional to the spontaneous magnetization
of the material [8]. Since the electrical voltage generated
due to ANE is too low to use in practical applications,
a wide range of magnetic materials has been investigated
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so far, with the aim of enhancing the anomalous Nernst
conductivity, namely, hole-doped manganites La1–xNaxMnO3

[9], ferromagnetic cobaltites La1–xSrxCoO3 [10–12], spin-
gapless semiconductors Co1–xFe1+xCrGa [13], ferrimagnetic
Fe3O4 [14], Mn-based nitrides [15], Heusler alloy based
ferromagnetic shape memory alloy Ni2MnGa [16], topo-
logical Heusler ferromagnet Co2MnGa [17,18], topological
kagome magnet Fe3Sn2 [19,20], correlated noncentrosym-
metric kagome ferromagnet UCo0.8Ru0.2Al [21], polycrys-
talline topological ferromagnet FexGa4−x [22], ferromagnetic
Weyl semimetal Co3Sn2S2 [23,24], semimetallic polycrys-
talline Heusler ferromagnet CoFeVSb [25], ferrimagnetic
nodal-line semiconductor Mn3Si2Te6 [26], two-dimensional
topological van der Waals ferromagnets [27,28], chiral [29]
and canted [30] topological antiferromagnets, etc. Among
them, topological ferromagnets exhibit the largest anomalous
Nernst conductivities (≈0.5−5 A m−1 K−1), and the origin of
such colossal ANE has been shown to be due to not only
the magnetization scaling of the ANE, but also the intrinsic
contribution due to the existence of nonzero Berry curvature
at the Fermi energy [18,23,31]. In addition to the afore-
mentioned intrinsic mechanism, extrinsic mechanisms—for
example, asymmetric skew scattering of charge carriers—
also give rise to the large anomalous Nernst conductivity in
Fe3O4 [14], hole-doped manganites La1–xNaxMnO3 [9], fer-
romagnetic cobaltites [10–12], spin-gapless semiconductors
Co1–xFe1+xCrGa [13], etc.
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Over the past few decades, magnetic Heusler alloys have
been investigated extensively due to their high Curie tempera-
tures, large spin polarization, and tunable magnetoelectronics,
which has resulted in intense interest in these materials
for potential applications in spintronics [32,33]. Among
the vast family of Heusler alloys, equiatomic quaternary
Heusler alloys exhibit a wide range of exotic magnetoelec-
tronic properties, e.g., half-metallicity [34,35], spin-gapless
semiconducting state [36–38], spin-valve behavior [39], spin
semimetallic and Weyl semimetallic behavior [40,41], etc.,
in combination with extraordinary thermoelectric perfor-
mance [13,25,34]. The ANE has been extensively studied
in full Heusler alloys, such as Co2MnGa [17,18], Co2TiSn
[42], Co2MnSi [43], Ni2MnGa [16], Ni46.5Co2Mn37Sn14.5

[44], Co2Fe0.4Mn0.6Si [45], Cu2CoSn [46], Co2MnAl1−xSix
[47], etc. In contrast to the full Heusler alloys, the ANE
in equiatomic quaternary Heusler alloys has been rarely
explored. We have recently explored transverse magnetother-
moelectric properties of quaternary Heusler alloy based
spin-gapless semiconductors Co1–xFe1+xCrGa [13,48] and
semimetallic CoFeVSb [25], both of which exhibit the large
anomalous Nernst thermopowers arising from both extrinsic
and intrinsic origins. Moving forward, we have continued our
search for multifunctional quaternary Heusler alloys with ex-
otic magnetic properties and more efficient thermospin effects
by exploiting spin degrees of freedom of this novel class of
materials.

Like the thermoelectric generators based on the Seebeck
thermopiles composed of conventional p-type and n-type
semiconductors with opposite polarities of the longitudinal
Seebeck coefficients, a recent study demonstrates the possi-
bility of constructing ANE-based efficient thermopile devices
by exploiting the bipolar nature of the ANE coefficient [49].
Note that ANE-based thermopile devices are more advanta-
geous than the conventional Seebeck effect based thermopile
devices because of the following reasons. While the Seebeck
effect based thermopile devices are composed of coupled n-
and p-type legs and assembled pairs [50], ANE-based ther-
mopiles can be constructed using a simple module assembly
without any complex electrical connections [30,49]. Unlike
the Seebeck-based thermopiles, the electrodes used as the
voltage probes in the ANE-based thermopiles can be con-
structed at one of the isothermal planes (typically the cold
end of the thermopile assembly) [30]. Furthermore, unlike
the Seebeck-based thermopiles, the output voltage of the
ANE-based thermopile device scales with the dimensions of
the device [30]. Therefore, combining materials with large
positive and negative ANE coefficients would lead to the
development of large scale ANE-based thermopile devices
with highly efficient thermoelectric conversion [30]. How-
ever, despite the large number of reports on positive ANE,
there are only limited reports of negative ANE [49,51–56].
Recently, the large negative ANE coefficient originating from
the intrinsic Berry curvature has been observed in the topo-
logical Weyl ferromagnet Co3Sn2S2-based alloy films where
the bipolarity of ANE was achieved by tuning the Fermi level
through nickel/indium substitution while retaining the topo-
logical band feature of this Weyl ferromagnet [49]. However,
the Curie temperatures of most of these materials showing
negative ANE are far below 300 K and hence they cannot

be used for room temperature ANE-based thermopile device
applications. In this regard, magnetic Heusler alloys with high
Curie temperatures and large spin polarizations [32,33] would
be promising candidates for room temperature ANE-based
thermopile device applications.

Here, we perform a comprehensive investigation of ANE
in the equiatomic quaternary Heusler alloys CrRuXGe (X =
Co or Mn). We find that the sign of the anomalous Nernst
coefficient for CrRuMnGe is opposite to that of CrRuCoGe;
i.e., CrRuCoGe shows a positive anomalous Nernst coefficient
(SANE) whereas CrRuMnGe exhibits a negative SANE, which
has been attributed to the dominating contribution of the
anomalous transverse thermoelectric conduction. Our detailed
analysis indicates that the origin of the observed ANE in both
these samples is dominated by the asymmetric skew scattering
of charge carriers in the measured temperature regime.

II. EXPERIMENTAL SECTION

Polycrystalline samples of CrRuXGe (X = Co and Mn)
were synthesized by the arc melting technique. The synthe-
sis methods used for these samples are reported elsewhere
[36,57,58]. The crystal structure of these samples was
characterized by x-ray diffraction (XRD) pattern at room
temperature using an X’Pert Pro diffractometer with Cu Kα

radiation (λ = 1.541 84 Å). Temperature-dependent atomic
force microscopy (AFM) scans were performed on a Hi-
tachi 5300E environmental control system. After each scan
a polynomial background and horizontal line arrangement
was performed to remove any scan artifacts. From each scan,
the two-dimensional (2D) autocorrelation spectra were com-
puted. The static magnetic measurements of the samples were
performed using a vibrating sample magnetometer (VSM)
attached to a physical property measurement system (PPMS)
from Quantum Design, USA. The longitudinal dc electrical
resistivity (ρxx) and Hall resistivity (ρxy) of these samples
were measured by employing the standard four-probe tech-
nique using the dc resistivity option of the PPMS. A constant
dc current, Idc = 8 mA, was sourced through the current
leads while measuring ρxx of these samples. The longitudinal
thermopower (Sxx) and thermal conductivity (κxx) of these
samples were simultaneously measured using the thermal
transport option (TTO) of the PPMS. Samples with dimen-
sions 5 × 4 × 2 mm3 (for CrRuCoGe) and 5 × 4 × 1.75 mm3

(for CrRuMnGe) were used for dc resistivity, Hall, TTO, and
Nernst measurements.

The Nernst measurements on the CrRuXGe (X = Co and
Mn) samples were performed as a function of temperature
and magnetic field by using a home-built spin-caloritronic
measurement setup integrated with the PPMS. The spin-
caloritronic measurement setup is based on a universal sample
puck for the PPMS. The samples under consideration were
sandwiched between two copper blocks in such a way that
the temperature gradient (along the thickness of the sample)
generated by the two copper blocks is transverse to the direc-
tion of the applied dc magnetic field. While the bottom copper
block (hot) was thermally separated from the PPMS puck base
by a Teflon block, the top copper block (cold) was thermally
linked to the PPMS puck base by a pair of molybdenum
screws. A layer of Kapton tape was thermally anchored to the
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FIG. 1. X-ray diffraction (XRD) patterns for (a) CrRuCoGe, and (b) CrRuMnGe, respectively, along with the Rietveld analysis. Schematic
representations of the crystal structures of CrRuCoGe and CrRuMnGe are shown in (c), (d), respectively.

bare surfaces of both copper blocks to ensure that the top and
bottom surfaces of the sample was electrically insulated from
the copper blocks. Each of these copper blocks was equipped
with a Pt100 RTD sensor (serving as a resistive heater) and a
calibrated Si-diode thermometer. Note that the thermometers
were attached to the closest proximity of the sample surface
to ensure accurate temperature readings of the hot and cold
surfaces of the sample. Furthermore, a thin layer of Apiezon
N grease was applied to the Kapton tape anchored to the bare
surfaces of the copper blocks for better thermal connectivity
between the sample surfaces and the hot/cold copper blocks.
The temperatures of both copper blocks were controlled and
monitored using two distinct temperature controllers (Scien-
tific Instruments 9700). The drop in temperature gradient in
the N grease layers on both sides of the sample and the roles of
the interfacial thermal resistances between the hot/cold copper
blocks and the N grease layers—as well as the interfacial
thermal resistances between the sample surfaces and the N
grease layers on the effective temperature gradient across the
sample—have been briefly described in the Results and Dis-
cussion section of this paper. The Nernst voltage generated in
the presence of the applied temperature gradient and external
magnetic field produced by the superconducting magnet of the
PPMS was recorded using a Keithley 2182A nanovoltmeter.
A more detailed description of our spin-caloritronic measure-
ment setup is reported elsewhere [13,25].

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the room temperature XRD
patterns for the CrRuCoGe and CrRuMnGe samples, re-
spectively, along with the Rietveld analysis performed using
FULLPROF SUITE software. Both samples adopt a cubic crys-
tal structure with space group F 4̄3m associated with the
structural prototype of LiMgPdSn. The lattice parameters of

CrRuCoGe and CrRuMnGe are 5.9048(8) and 5.8976(2) Å,
respectively. The superlattice peaks (111) and (200) are vis-
ible for both CrRuCoGe and CrRuMnGe, indicating the
presence of the ordered phases. In the case of equiatomic qua-
ternary Heusler alloys with the composition XX′YZ, there exist
three different nondegenerate (types I, II, and III) structural
configurations depending on the four constituent atoms oc-
cupying the four different Wyckoff positions at 4a (0, 0, 0),
4b ( 1

2 , 1
2 , 1

2 ), 4c ( 1
4 , 1

4 , 1
4 ), and 4d ( 3

4 , 3
4 , 3

4 ) [35]. From
the first-principles electronic-structure calculations, it was
previously shown by different groups that the type I config-
uration is the most energetically favorable one for most of the
equiatomic quaternary Heusler alloys [36,57,59]. Schematic
representations of the crystal structures of CrRuCoGe and
CrRuMnGe are shown in Figs. 1(c) and 1(d), where Cr, Ru,
Co(Mn), and Ge atoms occupy the Wyckoff positions of 4a,
4b, 4c, and 4d considering type I structure [57,60]. Inter-
estingly, two additional peaks at ≈40° and 50° are visible
in the XRD spectra for CrRuMnGe, which are not primary
F 4̄3m cubic peaks, rather originating from a weak sec-
ondary cubic and nonmagnetic Cr3Ge phase (∼5%) [61]. The
average crystal grain size (D) was estimated using the Scher-
rer equation [62], D = Kλ

m cos θ
, where λ = wavelength of the

x ray, θ = diffraction angle, m = full width at half maximum
of the diffraction peak, and K refers to the Scherrer constant.
Considering λ = 1.5418 Å, K = 0.89 [62], and the diffrac-
tion peak at 2θ = 43.3◦ for both samples, we obtained D =
(23 ± 1) and (41 ± 3) nm for CrRuCoGe and CrRuMnGe,
respectively.

Figures 2(a) and 2(b) show the temperature dependence
of magnetization, M(T ) of CrRuCoGe and CrRuMnGe, re-
spectively, measured in the presence of an external magnetic
field of μ0H = 0.01 T under the zero field cooled warm-
ing (ZFCW), field cooled cooling (FCC), and field cooled
warming (FCW) protocols in the temperature range 10 K �
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FIG. 2. Temperature dependence of magnetization M(T ) of (a) CrRuCoGe, and (b) CrRuMnGe, respectively, measured in the presence
of an external magnetic field of μ0H = 0.01 T under the zero field cooled warming (ZFCW), field cooled cooling (FCC), and field cooled
warming (FCW) protocols in the temperature range 10 K � T � 300 K. For CrRuMnGe, the maximum and diplike features in the FCW M(T )
curve are associated with the austenite finish (TAF) and start (TAS) temperatures (on warming), and those in the FCC M(T ) are referred to as
martensitic start (TMS) and finish (TMF) temperatures (on cooling). Magnetic field dependence of magnetization M(H ) for (c) CrRuCoGe, and
(d) CrRuMnGe at 300 and 10 K, insets show the low field M(H ) behavior at 10 K. The virgin curve for CrRuMnGe at T = 10 K is represented
by open red symbols in (d).

T � 300 K. A clear distinction has been observed among
the ZFCW, FCC, and FCW M(T ) curves for the CrRuCoGe
sample. Both the FCC and FCW M(T ) curves bifurcate from
the ZFCW M(T ) below 300 K, and a noticeable thermal
hysteresis is present between the FCC and FCW M(T ) curves.
Additionally, the ZFCW M(T ) shows a broad maximum
around 140 K followed by the appearance of a clear drop
below 20 K. Such large bifurcation between the FCW and
ZFCW M(T ) curves is indicative of the presence of the glassy
magnetic phase (spin glass or cluster glass) at low temper-
atures [63,64]. The appearance of the drop in ZFCW M(T )
below 20 K signifies the presence of energetically competing
ferromagnetic (FM) and antiferromagnetic (AFM) phases in
the system. The coexistence of the competing FM and AFM
states gives rise to magnetic frustration which eventually leads
to the appearance of the glassy magnetic ground state at low
temperatures, as observed in the quaternary Heusler alloy
FeRuMnGa [63]. We noticed that the bifurcation between the
FC and ZFC curves gets suppressed significantly and the ther-
mal hysteresis gradually disappears with increasing magnetic
field strength [see Figs. 3(a) and 3(b)], both of which support
the presence of the glassy magnetic phase at low tempera-
tures [65]. The glassy magnetic ground state (spin-glass or
cluster-glass states) can be confirmed from the dc magnetom-
etry measurements [66,67]. For a canonical spin-glass system,
the temperature corresponding to the maximum in the ZFC
M(T) curve (Tmax) obeys the de Almeida–Thouless (AT) line
[66]; i.e., Tmax shifts to the lower temperature with increas-
ing magnetic field strength and, for low fields, the magnetic
field dependence of the freezing temperature Tmax follows
the expression H2/3 ∝ [1− Tmax(H )

Tmax(H=0) ], where Tmax(H = 0) is

the zero field freezing temperature [68]. As shown in the
inset of Fig. 3(b), Tmax for our CrRuCoGe sample shows
H2/3 dependence for low fields (μ0H � 0.1 T) indicating the
presence of spin-glass-like freezing at low temperatures. The
disappearance of the drop in ZFCW M(T ) below 20 K with
increasing magnetic field strength signifies the occurrence of
field induced transformations of the AFM and glassy magnetic
phases to the FM phase at low temperatures.

Figure 2(c) displays the magnetic field dependence of
magnetization, M(H ), measured at T = 300 and 10 K for
CrRuCoGe. It is evident that the isothermal M(H ) curve does
not fully saturate even at 10 K, which rules out the presence
of the only ferromagnetic ground state in the sample. It is
apparent that the M(H ) curve at 10 K in the high field region
consists of a linear combination of an AFM-like field-linear
behavior and a FM-like saturation behavior supporting the fact
that the magnetic ground state of this sample is composed
of competing FM and AFM components leading to the for-
mation of a glassy magnetic state [63]. Upon a closer look
[see inset of Fig. 2(c)], it appears that M(H ) loops at both
T = 300 and 10 K exhibit a small hysteresis with coercive
fields: μ0HC = 22.5 and 27.5 mT, respectively. The exper-
imental value of saturation magnetization for CrRuCoGe at
10 K is MS ≈ 1.15 μB/f.u., which is much smaller than the
value of MS (=3 μB/f.u.) theoretically estimated using the
Slater-Pauling rule [69]. A large difference in the theoretical
(=2 μB/f.u.) and experimental (=0.8 μB/f.u.) MS values has
also been observed in the quaternary Heusler alloy FeRuM-
nGa [63]. Such a discrepancy between the theoretical and
experimental MS values can be associated with the presence
of the glassy magnetic phase in our CrRuCoGe sample at low
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FIG. 3. M(T ) of CrRuCoGe in the presence of an external magnetic field of (a) μ0H = 0.05 T, and (b) μ0H = 0.1 T. Inset of (b) shows
H 2/3 dependence of Tmax for our CrRuCoGe sample. M(T ) of the CrRuMnGe sample in the presence of external magnetic field of (c) μ0H =
0.05 T, and (d) μ0H = 0.1 T.

temperatures, which is consistent with the observation of large
bifurcation between the ZFCW and FCW M(T ) curves.

On the contrary, the ZFCW, FCC, and FCW M(T ) curves
for CrRuMnGe [Fig. 2(b)] show very different behavior than
CrRuCoGe. The ZFCW M(T ) curve for CrRuMnGe increases
upon cooling from 300 K and shows a broad maximum around
250 K, which is followed by the appearance of a pronounced
dip around TM = 180 K. Upon further lowering temperature,
the ZFCW M(T ) curve shows an abrupt drop below 35 K.
Such a drop in the ZFCW M(T ) curve may originate due
to the existence of a weak AFM phase in addition to the
dominant FM phase. The FCW M(T ) curve shows behavior
like the ZFCW M(T ) curve, except for the fact that the FCW
M(T ) curve does not show any drop at low temperatures;
instead it increases gradually down to the lowest temperature.
It is also noteworthy that the high temperature maximum
and the sharp dip occur at lower temperatures in the FCW
M(T ) curve as compared to the ZFCW M(T ) curve. A similar
trend of the ZFCW and FCW M(T ) curves has also been ob-
served in the quaternary Heusler alloy Co1.5MnFe0.5Si, which
was attributed to the presence of the martensitic phase [70].
Due to the diffusionless rearrangement of atoms in a mate-
rial, the high temperature cubic austenite phase transforms
into the low temperature tetragonal martensitic phase with
lower crystal symmetry, and this transformation is known
as a martensitic transformation [71]. In the vicinity of the
martensitic transformation, the material undergoes a first-
order magnetostructural transition and, due to the lattice
mismatch between the two structurally distinct phases and the
associated energy barrier, the FCC and FCW M(T ) curves
exhibit a thermal hysteresis [72,73].

Interestingly, the FCC M(T ) curve for the CrRuM-
nGe alloy exhibits a broad maximum around ≈150 K and
then decreases gradually down to the lowest temperature.

Furthermore, a large thermal hysteresis can be seen between
the FCC and FCW M(T ) curves, which possibly originates
due to martensitic transformation [73,74]. The maximum and
diplike features in the FCW M(T ) curve are associated with
the austenite finish (TAF) and start (TAS) temperatures (on
warming), and those in the FCC M(T ) are referred to as
martensitic start (TMS) and finish (TMF) temperatures (on cool-
ing), [73] as indicated in Fig. 2(b). Note that the width of
the thermal hysteresis around the martensitic transformation
in CrRuMnGe is relatively larger and the change in mag-
netization (�M) around the transformation is comparatively
smaller than those observed in Ni-Mn-Al-Co and Ni-Mn-
Sn-Co Heusler alloys, [44,73] indicating the occurrence of
relatively weaker martensitic transformation in CrRuMnGe.
In other words, we believe that a fraction of the cubic austenite
phase is getting transformed into the tetragonal martensitic
phase in CrRuMnGe. The thermal hysteresis curves as well
as the bifurcation between the ZFCW and FCW M(T ) curves
(thermomagnetic irreversibility) decrease significantly with
increasing the field strength up to μ0H = 0.1 T, as shown
in Figs. 3(c) and 3(d). Additionally, the features associated
with the martensitic phase transition are suppressed by in-
creasing the magnetic field strength; however, they do not
disappear completely. To have a deeper insight into the bifur-
cation between ZFCW and FCW M(T ) curves as a function
of magnetic field strength, we show the ZFCW, FCC, and
FCW M(T ) curves measured under different field strengths
between μ0H = 1 and 9 T in Figs. 4(a)–4(e). It is evident that
the features associated with the martensitic phase transition
are present even at a high magnetic field of μ0H = 9 T. Fur-
thermore, the bifurcation between the ZFCW and FCW M(T )
curves almost disappears for μ0H = 1 T but reappears for
μ0H � 2 T. In fact, the degree of bifurcation between ZFCW
and FCW M(T ) increases with field for μ0H � 2 T and

224415-5



AMIT CHANDA et al. PHYSICAL REVIEW B 109, 224415 (2024)

FIG. 4. ZFCW, FCC, and FCW M(T ) of the CrRuMnGe sample
in the presence of an external magnetic field of (a) μ0H = 1 T, (b)
μ0H = 2 T, (c) μ0H = 5 T, (d) μ0H = 7 T, and (e) μ0H = 9 T. The
insets show expanded views of the M(T ) curves in the temperature
range 10 K � T � 50 K.

becomes significant at the μ0H = 9 T field, which is in-
dicative of the fact that at high enough magnetic fields, the
first-order austenite-martensitic phase transition is not com-
pleted but kinetically arrested [75]. It is also important to note
that the abrupt drop in ZFCW M(T ) below 35 K is suppressed
with increasing the magnetic field strength, indicating the oc-
currence of field induced metamagnetic transition from weak
AFM to FM state at low temperatures.

Figure 2(d) exhibits the M(H ) loops at 300 and 10 K for
the CrRuMnGe. Clearly, CrRuMnGe shows FM behavior with
negligible magnetic hysteresis at both 300 and 10 K, indicat-
ing the soft ferromagnetic nature of this sample. Unlike the
CrRuCoGe sample, the isothermal M(H ) curve shows com-
plete saturation for the CrRuMnGe sample at 10 K which rules
out the presence of the spin-glass-like magnetic ground state
of this sample. However, as shown in the inset of Fig. 2(d),
M(H ) of CrRuMnGe at 10 K demonstrates an interesting low
field feature: a sharp magnetization switching near the zero
field for both the forward and reverse branches of the M(H )
loop giving rise to a wasp-waist-shaped hysteresis loop. Such

a behavior has been observed in phase-segregated Fe100−xGdx

alloy films [76], magnetically inhomogeneous C-deficient
Mn3GaC [77], the ternary shape memory alloy Ni50Mn34In16

[75], etc. The wasp-waist-shaped M(H ) loop in the low field
region for our CrRuMnGe alloy sample at low temperatures
possibly arises due to field induced metamagnetic transition
from the weak AFM to the FM state.

Another noteworthy feature of the M(H ) hysteresis loop
for our CrRuMnGe alloy sample at 10 K is the appearance
of the virgin curve outside the main M(H ) loop in the low
field region, which supports the occurrence of kinetic ar-
rest of the first-order austenite-martensitic phase transition
in CrRuMnGe at low temperatures [75,78]. In other words,
when the sample is zero field cooled from 300 to 10 K, the
sample retains a certain phase fraction of the high tempera-
ture austenite phase which is in the metastable supercooled
state and has a lower magnetization value compared to the
martensitic counterpart [75], as shown in Figs. 3(c) and 3(d).
After completing the initial virgin cycle, a majority of the
metastable supercooled austenite phase fraction is converted
into the equilibrium martensitic phase while reducing the
field strength from the saturation magnetic field for both for-
ward and reverse branches of the M(H ) loop, and leads to
higher magnetization values in the subsequent field cycles
than that in the initial virgin state [75]. The experimental
value of saturation magnetization for the CrRuMnGe sample
at 10 K is MS ≈ 0.98 μB/f.u., which is very close to the MS

(= 1μB/f.u.) value theoretically estimated using the Slater-
Pauling rule [69], which further supports the absence of the
glassy magnetic phase and, hence, the dominating FM phase
at low temperatures [63].

To further probe the martensitic transformation in Cr-
RuMnGe, temperature-dependent atomic force microscopy
measurements were performed. Typical of bulk samples, the
surface roughness is on the order of the topographical changes
due to the characteristic twinning of the martensitic transfor-
mation. Figures 5(a) and 5(b) demonstrate larger scale scans
at 300 and 190 K, respectively, which, due to the surface
deformities, do not easily directly show twinning. However,
a careful comparison of the 2D autocorrelation at 300 and
190 K [see Figs. 5(c) and 5(d), respectively] shows an elon-
gation near the martensitic transformation temperature, which
decreases as temperature is lowered from the transition tem-
perature, resulting in a clear change in the angle between
the twinning planes at the two temperatures [79,80]. The 2D
autocorrelation allows for a statistical means of describing the
degree of periodic surface topographical anisotropy, which is
caused by the existence of twinning behavior. Figures 5(e) and
5(f) demonstrate a zoomed-in spot of an area [indicated by the
red box in Figs. 5(a) and 5(b)] at 300 and 190 K, respectively,
where a clear shift in twin boundaries is evident.

Figures 6(a) and 6(e) represent the temperature dependence
of longitudinal electrical resistivity ρxx(T ) for CrRuCoGe
and CrRuMnGe, respectively. Interestingly, while ρxx(T )
for CrRuCoGe shows semiconducting behavior ( ∂ρxx

∂T < 0)
throughout the measured temperature range, that for Cr-
RuMnGe exhibits metalliclike resistivity ( ∂ρxx

∂T > 0). A closer
inspection reveals that the ρxx(T )′s for both CrRuCoGe and
CrRuMnGe show a prominent slope change or point of
inflection around T = 100 K. This slope change is more
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FIG. 5. Large scale atomic force microscopy scans for CrRuMnGe at (a) 300 K, and (b) 190 K. 2D autocorrelations for the same sample
are shown at (c) 300 K, and (d) 190 K; (e), (f) demonstrate a zoomed-in spot of an area [indicated by red box in (a), (b)] at 300 and 190 K,
respectively.

pronounced from the temperature-dependent ( dρxx

dT ) curves
shown in Figs. 6(a) and 6(e) for CrRuCoGe and CrRuM-
nGe, respectively, which show clear maxima at T = 100 K.
Note that this point of inflection around T = 100 K does
not correspond to martensitic transformation in the CrRuM-
nGe sample. More specifically, ρxx(T ) for the CrRuMnGe
sample does not show any noticeable change around the
martensitic transformation temperatures at TM = 180 K and

FIG. 6. Temperature dependence of longitudinal resistivity
ρxx (T ) for (a) CrRuCoGe, and (e) CrRuMnGe on the left y scales.
The temperature-dependent ( dρxx

dT ) curves for these samples are
shown on the right y scales. Temperature dependence of Sxx for (b)
CrRuCoGe, and (f) CrRuMnGe. Temperature dependence of κTot

xx and
κel

xx for (c) CrRuCoGe, and (g) CrRuMnGe. Temperature dependence
of κL

xx fitted with Callaway’s model (left y scales) for (d) CrRuCoGe,
and (h) CrRuMnGe; right y scales show temperature dependence of
thermoelectric figure of merit ZT .

TMS = 150 K, which further confirms that the transformation
is weaker compared to the conventional ferromagnetic shape
memory alloy [72].

Next, we examine the longitudinal thermoelectric
transport in these alloy samples. Figures 6(b) and 6(f)
represent the T dependence of the longitudinal Seebeck
coefficient Sxx(T ) for the CrRuCoGe and CrRuMnGe
samples, respectively. Interestingly, while the sign of
Sxx(T ) for the CrRuCoGe sample is negative throughout
the measured temperature range, Sxx for the CrRuMnGe
sample is positive, indicating that electrons (holes) are the
dominating carriers for the thermally driven charge transport
in CrRuCoGe (CrRuMnGe). We have analyzed the Sxx(T )
data for our samples considering different bulk scattering
mechanisms which influence thermoelectric transport in a
magnetic conductor/semiconductor. The diffusive component
of Sxx for a three-dimensional (3D) semiconductor can be

expressed as S3D
xx (T ) = 8π2m∗

d k2
BT

3eh2 ( π
N )2/3, where N = carrier

concentration, kB = Boltzmann constant, e = electronic
charge, m∗

d = effective mass, and h = Planck’s constant [81].
It can be seen that Sxx(T ) for CrRuCoGe increases gradually
with lowering the temperature down to ≈50 K, below which
it shows a plateaulike behavior and then slowly approaches
zero upon further lowering the temperature. Nevertheless,
Sxx(T ) for CrRuMnGe also increases upon cooling from
room temperature; however, it shows a prominent and
broad maximum centered around 125 K, below which it
decreases rapidly to zero upon further cooling. Note that
the phonon-drag or magnon-drag effects can give rise to
a maximum in Sxx(T ) at low temperatures [82,83]. The
contribution of phonon-drag effect (Sph) toward Sxx varies
as T 3 [82,83], whereas the contribution of magnon-drag
effect (Smag) typically shows T 3/2 dependence [82,84].
Considering the aforementioned scattering mechanisms,
we fitted our Sxx(T ) data for the CrRuCoGe and
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CrRuMnGe samples using the expression [84,85]: Sxx(T ) =
S0 + S3D

xx T + SmagT 3/2 + SphT 3 + SSWT 4, where the fifth
term accounts for contributions from spin-wave fluctuations.
From the fits we obtained, S0 = −0.70 ± 0.03 µV/K,
S3D

xx = 0.036 ± 0.002 µV/K−2, Smag = (−5.0 ± 0.2) ×
10−3 µV/K−5/2, Sph = (1.3 ± 0.3) × 10−7 µV/K−4, and
SSW = (10 ± 5) × 10−10 µV/K−5 for CrRuCoGe; and
S0 = −3.6 ± 0.2 µV/K, S3D

xx = 0.57 ± 0.01 µV/K−2,

Smag = (−3.4 ± 0.1) × 10−2 µV/K−5/2, Sph = (8.9 ± 0.2) ×
10−7 µV/K−4, and SSW = (2.3 ± 1) × 10−10 µV/K−5

for CrRuMnGe. Clearly, the absolute values of Smag are
approximately four and five orders of magnitude higher than
those of Sph for CrRuCoGe and CrRuMnGe, respectively,
indicating dominant contribution of the magnon-drag effect
in both samples. Notably, the phonon-drag effect induced
maximum in Sxx(T ) usually occurs around T ≈ (θD/5) [83],
where θD is the Debye temperature. The values of θD for
CrRuCoGe and CrRuMnGe are found to be ≈490 and 252 K,
respectively. Therefore, the phonon-drag-driven maximum
in Sxx(T ) is expected to occur ≈98 K for CrRuCoGe and
≈50 K for CrRuMnGe. However, Sxx(T ) for CrRuCoGe
shows a plateaulike behavior around 50 K and that for
CrRuMnGe shows a maximum around 125 K, indicating
that the magnon-drag effect is primarily responsible for
the behavior of Sxx(T ) for both samples. Furthermore,
|Smag| for CrRuMnGe is one order of magnitude higher
than that of CrRuCoGe, which is consistent with the
fact that Sxx(T ) for CrRuMnGe shows a more prominent
maximum in comparison to the weak plateaulike behavior
in CrRuCoGe.

Figures 6(c) and 6(g) show the temperature depen-
dence of total longitudinal thermal conductivity, κTot

xx (T ) in
the temperature range 5 K � T � 350 K for CrRuCoGe
and CrRuMnGe, respectively. Using ρxx(T ), we have esti-
mated the temperature dependence of the electronic thermal
conductivity, κel

xx(T ) from the Wiedemann-Franz law: κel
xx =

L0T
ρxx

, where L0 = π2k2
B

3e2 = 2.44 × 10−8 W
K−1 is the Lorenz
number for free electrons [86]. The solid lines in Figs. 6(c)
and 6(g) demonstrate κel

xx(T ) for CrRuCoGe and CrRuMnGe,
respectively. Magnons in a magnetically ordered system can
also contribute toward the total thermal conductivity. In gen-
eral, the magnonic contribution is ≈5%−10% of κTot

xx around
TC in most of the magnetic conductors/semiconductors [87].
Since the magnetic ordering temperature for both CrRuCoGe
and CrRuMnGe samples is well above 300 K, we have consid-
ered only the lattice and electronic contributions toward κTot

xx
for both our samples. The left y scales of Figs. 6(d) and 6(h)
exhibit the temperature dependence of the lattice thermal con-
ductivity, κL

xx(T ) for CrRuCoGe and CrRuMnGe, respectively,
estimated using the expression κL

xx(T ) = [κTot
xx (T ) − κel

xx(T )].
While κL

xx(T ) for CrRuCoGe shows a maximum around ≈150
K, that for CrRuMnGe exhibits a comparatively sharper max-
imum around ≈75 K. To have a clearer understanding about
the contributions of different phonon scattering mechanisms
toward the lattice thermal conductivity, we fitted κL

xx(T ) for
CrRuCoGe and CrRuMnGe with the Debye-Callaway model
[88,89],

κL
xx(T ) = kB

2π2vS

(
2πkBT

h

)3 ∫ (θD/T )

0

τLz4ez

(ez − 1)2 dz. (1)

Here, vS is the average phonon velocity, z = f rach̄ωkBT ,
ω = phonon frequency, and τL is the total phonon relaxation
time. Here, τL can be expressed as a linear combination of dif-
ferent phonon scattering mechanisms as τ−1

L = τ−1
B + τ−1

D +
τ−1

U + τ−1
e−Ph, where τ−1

B , τ−1
D , τ−1

U , and τ−1
e−Ph signify the recip-

rocal of the relaxation times associated with phonon-boundary
scattering, phonon scattering by point defects, the umklapp
scattering process, and the electron-phonon scattering, respec-
tively [90]. In the case of the diffusive boundary scattering,
τ−1

B = vS
D , where DPh = δλPh is the effective mean free path,

λPh = mean free path of phonons, and δ is the correction
factor related to the phonon scattering at the grain boundary.
For a polycrystalline sample, λPh ≈ the average grain size.
In the case of scattering of phonons by point defects, τ−1

D =
Aω4, where the parameter A depends on the mass-fluctuation
scattering and phonon speed [91]. For the umklapp scatter-
ing process [92], τ−1

U = Bω2T e−(θD/T ), where B is a fitting
parameter, and for the electron-phonon scattering process,
τ−1

e−Ph = Cω2 [93]. We have considered vS = 4 × 103 m s−1

for both CrRuCoGe and CrRuMnGe, which is close to the
average phonon velocity reported for the semimetallic Heusler
alloy CoFeVSb [25]. As shown from our XRD analysis, the
average grain sizes for CrRuCoGe and CrRuMnGe are ≈23
and 41 nm, respectively. Best fits were obtained for δ = 12.5
and 15 which correspond to DPh ≈ 0.28 × 10−6 m and ≈
0.62 × 10−6 m for CrRuCoGe and CrRuMnGe, respectively.
The values of the fitting parameters for CrRuCoGe are A =
(5.5 ± 0.5) × 10−43 s3, B = (9.8 ± 0.4) × 10−23 s K−1, C =
(2.8 ± 0.1) × 10−15 s, and θD = (490 ± 5) K, respectively.
For CrRuMnGe, the values of the fitting parameters are A
= (2.5 ± 0.2) × 10−41 s3, B = (1.9 ± 0.1) x × 10−22 s K−1,
C = (1.55 ± 0.06) × 10−17 s, and θD = (252 ± 3) K, respec-
tively. Clearly, contributions of the point defect scattering and
the umklapp scattering toward lattice thermal transport are
higher in CrRuMnGe than in CrRuCoGe, whereas the contri-
bution of electron-phonon scattering plays a dominating role
in CrRuCoGe in contrast to CrRuMnGe. Most importantly,
θD of CrRuCoGe is almost two times higher than that of
CrRuMnGe. Furthermore, the thermoelectric figure of merit,

ZT = S2
xx

κTot
xx ρxx

T [94], of CrRuCoGe is ≈0.0045 at 350 K, while
that of CrRuMnGe is 0.0034. However, ZT of CrRuCoGe
decreases gradually with decreasing temperature, whereas
that of CrRuMnGe increases with decreasing temperature and
shows a maximum value of ≈0.01 at 150 K and then decreases
swiftly with further decreasing temperature [see right y scales
of Figs. 6(d) and 6(h), respectively].

Next, we discuss the transverse thermoelectric proper-
ties of CrRuCoGe and CrRuMnGe. Figure 7(a) displays the
schematic illustration of the experimental configuration of
ANE measurements on the samples under consideration [95].
The sample was sandwiched between two copper blocks and a
temperature gradient was applied along the z direction (along
the thickness of the sample) as a result of which, the tem-
perature difference generated between the bottom (hot) and
top (cold) copper blocks is given by �T = (Thot − Tcold ). In
the presence of a temperature gradient along the z direction,
and the application of an external magnetic field along the x
direction, a transverse anomalous Nernst voltage is generated
along the y direction. Figures 7(b) and 7(c) show the magnetic

224415-8



LARGE ANOMALOUS NERNST EFFECT AND ITS … PHYSICAL REVIEW B 109, 224415 (2024)

FIG. 7. (a) Schematic illustration of Nernst measurement. Magnetic field dependence of anomalous Nernst voltage V ANE
xy (H ) for different

values of �T at T = 295 K for (b) CrRuCoGe, and (c) CrRuMnGe. (d) The background corrected anomalous Nernst voltage, VANE(μ0Hsat ) =
[

V ANE
xy (+μ0Hsat )−V ANE

xy (−μ0Hsat )

2 ] as a function of �T .

field dependence of the anomalous Nernst voltage, V ANE
xy (H )

for different values of �T for CrRuCoGe and CrRuMnGe
samples, respectively, at a fixed average sample temperature
T = Thot+Tcold

2 = 295 K. While the isothermal V ANE
xy (H ) loops

show small hysteresis for CrRuCoGe, that for CrRuMnGe
shows negligible hysteresis, both mimicking their respective
M(H ) behavior. Furthermore, the V ANE

xy (H ) signal strength
increases with increasing �T , which is quite obvious as the
transverse electric voltage (VANE) generated due to ANE can
be expressed as VANE = SANE|μ0 �M × −→∇T |, where

−→∇T is the
applied temperature gradient, �M is the magnetization of the
sample, and SANE is the anomalous Nernst coefficient [6,29].
Figure 7(d) displays the background corrected anomalous

Nernst voltage, VANE(μ0Hsat ) = [
V ANE

xy (+μ0Hsat )−V ANE
xy (−μ0Hsat )

2 ] as
a function of �T for the samples CrRuCoGe and CrRuMnGe,
respectively, at T = 295 K, where μ0Hsat is the saturation
field. Evidently, VANE(μ0Hsat ) varies linearly with �T for
both samples, indicating intrinsic contribution of the ther-
mally generated ANE [10,14]. Most importantly, the sign
of VANE(μ0Hsat ) for CrRuMnGe is opposite to that of Cr-
RuCoGe; i.e., CrRuCoGe shows positive ANE, whereas
CrRuMnGe exhibits negative ANE. The negative sign of ANE
has been observed in Mn-based ordered alloys, e.g., epitaxial
thin films of MnxGa100–x, [51] L10 ordered MnGa [52] and
D022-ordered Mn2Ga thin films, [53] polycrystalline MnBi
[54], etc., and this has been discussed in terms of the com-
petition between transverse thermoelectric conduction and the
anomalous Hall effect (AHE) acting on the thermally gener-
ated carrier flow induced by the longitudinal Seebeck effect
[51]. We will discuss the possible origin of the negative sign of
ANE in our CrRuMnGe alloy briefly in the following section.

In Figs. 8(a) and 8(c), we demonstrate the V ANE
xy (H )

hysteresis loops for the samples CrRuCoGe and CrRuMnGe,

respectively, at selected temperatures in the range
140 K � T � 295 K for fixed �T = +15 K. For CrRuCoGe,
V ANE

xy (H ) signal strength clearly decreases with decreasing
temperature. The V ANE

xy (H ) signal strength for CrRuMnGe
also decreases with reducing temperature; however, the
change in |V ANE

xy (μ0Hsat )| with respect to temperature is small
in comparison to that of the CrRuCoGe sample. Furthermore,
the sign of V ANE

xy remains positive for CrRuCoGe and negative
for CrRuMnGe throughout the measured temperature range.
The left y scales of Figs. 9(a) and 9(d) demonstrate the
temperature dependence of the background-corrected
anomalous Nernst coefficient [10,14], SANE(μ0Hsat, T ) =
VANE (μ0Hsat,T )

�Teff
( Lz

Ly
) = 1

2
[V ANE

xy (+μ0Hsat, T )−V ANE
xy (−μ0Hsat,T )]

�Teff
( Lz

Ly
) for

the samples CrRuCoGe and CrRuMnGe, respectively, where
Ly(≈3 mm) is the distance between the voltage leads for
the ANE measurements and Lz (≈2 mm for CrRuCoGe and
≈1.75 mm for CrRuMnGe) is the thickness of the samples,
and �Teff is the effective temperature difference across
the sample. Considering the drop in temperature gradient
in the N grease layers on both sides of the sample, and
neglecting the interfacial thermal resistances between the
hot/cold copper blocks and the N grease layers as well as the
interfacial thermal resistances between the sample surfaces
and the N grease layers, �Teff can be written as [13,25,96]
�Teff = �T

[1+( 2LN Grease
κN Grease

)( κCrRuXGe
LCrRuXGe

)]
. Here, LN Grease and κN Grease

are the thickness and thermal conductivity of the N grease
layer; LCrRuXGe and κCrRuXGe are the thickness and thermal
conductivity of the CrRuXGe samples (X = Co, Mn).
Using the previously reported values of the temperature
dependence of κN Grease of N grease [97], and considering,
LN Grease ≈ 10 µm, LCrRuXGe ≈ 2 mm for CrRuCoGe and
≈1.75 mm for CrRuMnGe, we estimated the temperature
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FIG. 8. V ANE
xy (H ) hysteresis loops for the samples (a) CrRuCoGe, and (c) CrRuMnGe, respectively, at selected temperatures in the range

140 K � T � 295 K for fixed �T = +15 K. Magnetic field dependence of anomalous Hall resistivity ρAHE
xy (H ) for (b) CrRuCoGe, and (d)

CrRuMnGe, respectively, at selected temperatures in the range 100K � T � 295 K.

dependence of �Teff , which we have used to determine
SANE(μ0Hsat, T ). The estimated value of SANE for CrRuCoGe
at T = 295 K is (58 ± 0.5) nV K−1 which is larger than
that for Ni81Fe19 ≈ 48 nV K−1 [98], and compressively
strained SrRuO3 films (≈30 nV K−1) [99]. On the other

hand, the value of |SANE| for CrRuMnGe at 295 K is
lower (≈40.0 ± 0.2 nV K−1) than that of CrRuCoGe,
but comparable to that of the semimetallic Heusler alloy
CoFeVSb (≈39 nV K−1) [25] and larger than the spin-gapless
semiconductor CoFeCrGa (≈18 nV K−1) [13]. As seen

FIG. 9. Temperature dependence of the background-corrected anomalous Nernst coefficient, SANE(μ0Hsat, T ) = VANE (μ0Hsat ,T )
�Teff

( Lz
Ly

)
for (a) CrRuCoGe, and (b) CrRuMnGe, respectively, are shown on the left y scales; the right y scales show the corresponding FC M(T )
of these samples. The left y scales of (b), (e) demonstrate the temperature dependence of anomalous Hall resistivity ρAHE

xy (μ0Hsat, T ) for
CrRuCoGe and CrRuMnGe, respectively, and the right y scales show the corresponding temperature dependence of −Sxx tan(θAHE ). The left y
scales of (c), (f) show αA

xy(T ) for the CrRuCoGe and CrRuMnGe samples, respectively, and the right y scales demonstrate the corresponding
temperature dependence of ρxxα

A
xy.
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in Figs. 9(a) and 9(d), |SANE(μ0Hsat, T )| for CrRuCoGe
decreases monotonically with decreasing temperature,
whereas that for CrRuMnGe first increases with decreasing
temperature from 295 K and shows a broad maximum around
225 K, followed by a gradual decrease upon further lowering
the temperature.

Now let us understand the origins of SANE(μ0Hsat, T )
in the CrRuCoGe and CrRuMnGe alloys. In general, SANE

can be decomposed into two terms as [6,51,100] SANE =
(ρxxα

A
xy− ρAHE

xy αxx ), where αA
xy is the anomalous off-diagonal

transverse thermoelectric conductivity, ρAHE
xy is the anomalous

Hall resistivity, and αxx is the longitudinal thermoelec-
tric conductivity. According to the Mott’s relations, αA

xy =
π2k2

BT
3e (

∂σ AHE
xy

∂E )
E=EF

and αxx = π2k2
BT

3e ( ∂σxx
∂E )

E=EF
, where EF is the

Fermi energy [6,101]. Here, the anomalous Hall conductiv-
ity σ AHE

xy and longitudinal electrical conductivity σxx can be

expressed as [6,18,27] |σ AHE
xy | = [

ρAHE
xy

(ρxx )2 + (ρAHE
xy )2 ] and |σxx| =

[ ρxx

(ρxx )2 + (ρAHE
xy )2 ], respectively. According to the power law for

AHE, ρAHE
xy = λρn

xx, where λ is the spin-orbit coupling con-
stant and n is an exponent. Considering all the aforementioned
expressions, SANE(T ) can be written as [6,14]

SANE(T ) = ρn−1
xx

[
π2k2

BT

3e

(
∂λ

∂E

)
E=EF

− (n − 1)λSxx

]
. (2)

It is known that the extrinsic skew scattering is the domi-
nant mechanism for the anomalous Nernst/Hall transport for
n = 1, and the intrinsic Berry curvature or the side jump
is the dominating mechanism for n = 2 [31]. We fitted the
SANE(μ0Hsat, T ) data for CrRuCoGe and −SANE(μ0Hsat, T )
data for CrRuMnGe within the measured temperature range
(for the CrRuMnGe, the fitting was done in the temperature
range 140 K � T � 225 K) using Eq. (2) and considering
λ, ( ∂λ

∂E )
E=EF

, and n as the fitting parameter. We found that
the best fits were obtained for n = (1.01 ± 0.20) and n =
(0.98 ± 0.10) for CrRuCoGe and CrRuMnGe, respectively,
signifying that the origin of ANE in both of these samples is
dominated by the asymmetric skew scattering of charge car-
riers in the measured temperature regime [13,31]. Similar to
CrRuMnGe, extrinsic skew scattering dominated large ANE
has also been observed across the martensitic phase transition
in the Ni46.5Co2Mn37Sn14.5 Heusler alloy [44]. To further shed
light on the origins of the observed ANE, it is convenient to
analyze αA

xy(T ), which can be written as [23,24,102] αA
xy =

SANEσxx + Sxxσ
AHE
xy . According to the Mott’s relations, αA

xy
can be expressed as [6,14]

αA
xy = rhon−2

xx

[
π2k2

BT

3e

(
∂λ

∂E

)
E=EF

− (n − 2)λSxx

]
. (3)

We have performed AHE measurements on both the
CrRuCoGe and CrRuMnGe samples to determine αA

xy(T ).
Figures 8(b) and 8(d) demonstrate the magnetic field de-
pendence of anomalous Hall resistivity ρAHE

xy (H ) for Cr-
RuCoGe and CrRuMnGe, respectively, at selected tempera-
tures in the range 100 K � T � 295 K. Clearly ρAHE

xy (H ) for
CrRuCoGe increases with decreasing temperature, whereas

that for CrRuMnGe decreases with a decrease in tempera-
ture. The left y scales of Figs. 9(b) and 9(e) demonstrate
the temperature dependence of anomalous Hall resistivity,
ρAHE

xy (μ0Hsat, T ), for CrRuCoGe and CrRuMnGe, respec-
tively. For both samples, the trend of ρAHE

xy (μ0Hsat, T ) is
opposite to that of SANE(μ0Hsat, T ), but identical to that of
M(T ). More specifically, ρAHE

xy (μ0Hsat, T ) for CrRuCoGe in-
creases monotonically with decreasing temperature, whereas
that for CrRuMnGe shows a maximum around 250 K and then
decreases monotonically with further lowering of the temper-
ature, similar to the trend of −SANE(μ0Hsat, T ). Significant
changes in the anomalous Hall conductivity in the vicinity of
martensitic transition is reported in the magnetic shape mem-
ory alloy Ni2MnGa [103]. As shown on the left y scales of
Figs. 9(c) and 9(f), αA

xy(T ) for CrRuCoGe is positive through-
out the measured temperature range and shows a nearly linear
decrease with decreasing temperature, whereas that for Cr-
RuMnGe is negative throughout the measured temperature
range and shows nonmonotonic decrease with decreasing
temperature. We fitted αA

xy(T ) for both CrRuCoGe and Cr-
RuMnGe using Eq. (3), and the best fits were acquired for
n = (1.03 ± 0.3) and n = (0.65 ± 0.1), respectively, which
are close to those obtained by fitting the SANE(μ0Hsat, T )
data and, hence, further confirm that the observed ANE in
these samples is governed by the extrinsic skew scattering
mechanism [31]. It is noteworthy that the longitudinal elec-
trical conductivity, σxx = [ ρxx

(ρxx )2 + (ρAHE
xy )2 ] for CrRuCoGe and

CrRuMnGe was found to be in the ranges of σxx ≈ 2 × 103 −
2.5 × 103 S cm−1 and σxx ≈ 5 × 103 − 6 × 103 S cm−1, re-
spectively, in the measured temperature regime, both of which
are nearly one order of magnitude lower than the moderate
conductivity range of 104 � σxxx � 106 S cm−1, where the
intrinsic contribution of AHE and, hence, ANE is expected
[103]. Therefore, for both CrRuCoGe and CrRuMnGe, the
dominant role of extrinsic skew scattering toward the anoma-
lous Hall and Nernst transports is expected in the measured
temperature regime.

It is interesting to note that −SANE(μ0Hsat, T ) for CrRuM-
nGe follows the FCW M(T ) curve [as seen in Fig. 9(d)],
indicating that the martensitic transformation influences
the ANE signal. Large changes in the anomalous Nernst
coefficient across the magnetostructural transition are re-
ported in Mn-based full Heusler alloys: Ni2MnGa and

Ni46.5Co2Mn37Sn14.5 [16,44]. Since αA
xy = π2k2

BT
3e (

∂σ AHE
xy

∂E )
E=EF

and SANE is directly related to αA
xy, both these quanti-

ties are susceptible to the changes in the Fermi surface.
Therefore, during the cubic to tetragonal transformation, the
competition between the surface energy associated with the
boundary between two orientational variants of the tetrago-
nal martensitic phase and the elastic energy related to lattice
mismatch leads to the formation of an elastically strained
phase known as the adaptive martensitic phase which causes
a significant change in the Fermi surface [80]. Since Sxx ∝
( ∂ln{σxx (E )}

∂E )
E=EF

, and σxx(E ) is proportional to the density
of states, the temperature-dependent Sxx should also exhibit
significant change around the martensitic transformation [16].
However, unlike SANE(T ), Sxx(T ) for our CrRuMnGe alloy
does not show any noticeable change around the martensitic
transformation temperature. Such discrepancy can be associ-
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ated with the difference in measurement protocol between the
longitudinal thermopower and transverse ANE [16]. While
Sxx(T ) was measured in the absence of an external magnetic
field, ANE was measured in the presence of an external mag-
netic field. Application of the external magnetic field gives
rise to magnetic field induced strain, which also causes signif-
icant changes in the Fermi surface. Therefore, the prominent
maximum in −SANE(μ0Hsat, T ) in the vicinity of the marten-
sitic transformation temperature is related to the magnetic
field induced strain and related changes in the Fermi surface
[16]. Since the martensitic transformation in CrRuMnGe is
much weaker than that observed in the aforementioned full
Heusler alloys [16,44], the change in |SANE(μ0Hsat, T )| with
temperature is relatively smaller for CrRuMnGe.

Next, let us discuss the opposite signs of SANE(μ0Hsat, T )
in CrRuCoGe and CrRuMnGe. We recall that SANE can
be considered as a linear combination of two terms
as [15,51,104] SANE = SANE

1 + SANE
2 = (ρxxα

A
xy− ρAHE

xy αxx ).
Here, the first term SANE

1 = ρxxα
A
xy arises from the trans-

verse thermoelectric conduction that directly transforms the

thermal gradient
−→∇T into transverse electric current,

−→
JA

y =
αA

xy
−→∇T [51]. On the other hand, the second term, SANE

2 =
−ρAHE

xy αxx, represents the contribution of AHE acting on
the thermally generated carrier flow induced by the longi-
tudinal Seebeck effect [51]. Here, SANE

2 can be rewritten

as [51] SANE
2 = −ρAHE

xy αxx = −Sxx(
ρAHE

xy

ρxx
) = −Sxx tan(θAHE),

where tan(θAHE) = (
ρAHE

xy

ρxx
) is the anomalous Hall angle. There-

fore, the sign of the resultant ANE would be determined
by these two competing contributions. The right y scales
of Figs. 9(b) and 9(e) show the temperature dependence of
−Sxx tan(θAHE), and the right y scales of Figs. 9(c) and 9(f)
demonstrate the temperature dependence of ρxxα

A
xy, for Cr-

RuCoGe and CrRuMnGe, respectively. Clearly, both ρxxα
A
xy

and −Sxx tan(θAHE) are positive for CrRuCoGe throughout
the measured temperature range, which explains the positive
sign of ANE for this sample. On the contrary, both ρxxα

A
xy

and −Sxx tan(θAHE) for CrRuMnGe are negative through-
out the measured temperature regime, which explains the
observed negative sign of SANE(μ0Hsat, T ) for this sample
[51]. Furthermore, |Sxx tan(θAHE)| 
 |ρxxα

A
xy| for both alloys

throughout the measured temperature range, as observed in
Mn-Ga ordered alloys [51]. However, this observation is in
sharp contrast to the Mn-based (Mn-Cr)AlGe alloy film, for
which |Sxx tan(θAHE)| � |ρxxα

A
xy| and the negative sign of

SANE in this material is predominantly caused by the large
positive value of Sxx in combination with the negative sign
of αA

xy [55]. On the other hand, in the case of both the
CrRuMnGe and CrRuCoGe alloys, the contribution of the
anomalous transverse thermoelectric conduction αA

xy domi-
nates that of the AHE acting on the thermally generated
carrier flow induced by the longitudinal Seebeck effect [51].
Therefore, the sign of SANE in both CrRuMnGe and Cr-
RuCoGe samples is determined by the sign of αA

xy. Since
αA

xy is positive for CrRuCoGe but negative for CrRuMnGe,
the sign of SANE is also positive for CrRuCoGe and negative
for CrRuMnGe in the measured temperature range. It is also
noteworthy that the bipolarity of SANE in the topological Weyl

FIG. 10. (a) Proposed prototype of the ANE-based thermopile
device configuration using the Heusler alloys CrRuXGe (X = Mn,
Co) at room temperature. (b) Schematic illustration of a conventional
longitudinal Seebeck-based thermopile device with assemblies of
coupled p- and n-type legs.

ferromagnet Co3Sn2S2 is associated with the intrinsic Berry
curvature contribution [49], whereas the sign tunability of
SANE in our quaternary Heusler alloy CrRuXGe (X = Mn,
Co) is governed by the extrinsic skew scattering mechanism.
Nevertheless, the polarity of SANE for both cases (intrinsic
and extrinsic origins) is primarily governed by the sign of
αA

xy [49].
Based on the experimental demonstration of the bipolar-

ity of SANE in our quaternary Heusler alloys CrRuXGe (X
= Mn, Co), we propose an ANE-based thermopile device
configuration using these Heusler alloys at room temperature
in Fig. 10(a). The ANE-based thermopile device can be fabri-
cated by assembling several pairs of CrRuCoGe (with positive
SANE) and CrRuMnGe (with negative SANE) blocks magne-
tized along the x direction. By applying a temperature gradient
along the z direction, V Co

ANE and V Mn
ANE will be generated along

the +y and −y directions in the individual CrRuCoGe and
CrRuMnGe blocks, respectively. By increasing the number
of CrRuCoGe and CrRuMnGe pairs (n) in the thermopile
assembly, the total VANE, i.e., V Total

ANE = n(V Co
ANE + V Mn

ANE) can
be enhanced significantly [30,49,52].

Compared to conventional thermopiles based on longi-
tudinal Seebeck thermoelectric devices which require the
assembly of coupled p- and n-type legs along with com-
plicated electrical connections on both sides of the coupled
pairs [as shown in Fig. 10(b)] [30], our proposed ANE-based
thermopile device using quaternary Heusler alloys consists
of simple electrical connections only on one side of the
thermopile assembly, which could be promising for the de-
velopment of large scale ANE-based thermopile devices with
highly efficient thermoelectric energy conversion.
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IV. CONCLUSIONS

In summary, we have performed a comprehensive in-
vestigation of magnetic and magnetothermoelectric proper-
ties of the equiatomic quaternary Heusler alloys CrRuXGe
(X = Co and Mn). Magnetic measurements reveal the pres-
ence of a glassy magnetic state owing to the energetically
competing ferromagnetic and antiferromagnetic phases in
CrRuCoGe at low temperatures, whereas CrRuMnGe exhibits
soft FM behavior with a weak martensitic transformation
close to room temperature. We find that the electron-electron
elastic scattering plays a dominant role in the longitudi-
nal electronic transport in CrRuCoGe at low temperatures
in comparison to CrRuMnGe. Furthermore, while the sign
of Sxx for the CrRuCoGe alloy is negative throughout the
measured temperature range, Sxx for the CrRuMnGe alloy is
positive, indicating electrons (holes) are the dominant carriers
for the thermally driven charge transport in CrRuCoGe (Cr-
RuMnGe). Our analysis indicates that the contribution of the
magnon-drag effect in CrRuMnGe is higher than that of Cr-
RuCoGe. Most interestingly, CrRuCoGe shows positive SANE

whereas CrRuMnGe exhibits negative SANE, which has been
attributed to the dominating contribution of the anomalous

transverse thermoelectric conduction. Furthermore, SANE of
CrRuMnGe is influenced by the martensitic transformation.
Our detailed analysis indicates that the bipolar nature of ANE
in both of these samples is dominated by the asymmetric
skew scattering of charge carriers in the measured temper-
ature regime. The sign change and tunability of the ANE
coefficient presented in this study will pave the way for fur-
ther exploration of equiatomic quaternary Heusler alloys for
efficient ANE-based thermopile device applications at room
temperature.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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