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The off-diagonal (electric, thermal, and thermoelectric) transport coefficients of a solid can acquire an
anomalous component due to the nontrivial topology of the Bloch waves. We present a study of the anomalous
Hall effect (AHE), anomalous Nernst effect (ANE), and thermal Hall effect in the Heusler-Weyl ferromagnet
Co,MnGa. The anomalous Wiedemann-Franz law, linking electric and thermal responses, was found to be valid
over the whole temperature window. This indicates that the AHE has an intrinsic origin and the Berry spectrum
is smooth in the immediate vicinity of the Fermi level. We extract ozj.‘j from our ANE data and find that the
af} / cr{? ratio approaches kp /e at room temperature. Scrutinizing all topological magnets previously explored, we
observe that this ratio is a sizable fraction of kz/e at room temperature. We provide a rough explanation for
this feature by arguing that the two anomalous transverse coefficients depend on universal constants, the Berry
curvature averaged over a window set by either the Fermi wavelength (for Hall) or the de Broglie thermal length
(for Nernst). The universal scaling indicates that the widths of the two windows approaches each other at room

temperature.
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The anomalous Hall effect (AHE) [1-3] has thermoelectric
and thermal counterparts, which emerge whenever the longi-
tudinal electric field is replaced by a longitudinal temperature
gradient. When intrinsic, the anomalous Nernst (ANE) and the
anomalous Righi-Leduc effect [(ARLE) or anomalous ther-
mal Hall effect], such as AHE, are caused by the nonvanishing
Berry curvature of Bloch waves in the host solid [4-8]. A
recent theme of interest is the magnitude of these anomalous
coefficients. Universal scaling between the amplitudes of
magnetization and the amplitude of the transverse response
has been sought and invalidated [4,7,9]. Correlations among
anomalous transverse coefficients themselves have also been
explored. The anomalous version of the Wiedemann-Franz
(WF) law, establishing a link between the magnitude of AHE
and ARLE has been tested [6,10,11], and the validity of the
Mott’s relation linking AHE and ANE has been investigated
[6,7,12-14].

In this Rapid Communication, we present an exten-
sive study of the three anomalous transport coefficients of
Co,MnGa and report on several new findings. First of all, we
find that the anomalous WF law holds in this system between
15 and 300 K. To the best of our knowledge, this is a case
of such an extensive verification. Second, we quantify af} and
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confirm that, as noted previously [8,9], oefj is exceptionally

large in this system. We quantify the temperature dependence
of the al/-‘j / a{} ratio and find that it tends to saturate to a sizable
fraction of kg/e at high temperatures. We then show that the
ratio of ozf} /U{} at room temperature in all known topolog-
ical magnets lies between 0.2 kg/e and 0.9 kg/e despite a
hundredfold variation in the amplitude of af‘j. We will see
below that such a striking correlation is expected when the
anomalous transverse response is intrinsic. It implies that the
large a{} in this system [8,9] is unsurprising given its large a{?.

Co,MnGa is a Weyl ferromagnet [8,15] with a Heusler L2,
structure. It has a Curie temperature of T &~ 694 K and a sat-
uration moment of 45 per formula unit [16]. Previous studies
have reported on strain-induced magnetic anisotropy [17] and
negative anisotropic magnetoresistance [18]. Recently, a large
anomalous Hall conductivity exceeding 1000 ! cm~! has
been observed in thin films and more than 2000 Q' cm™!
in crystals of Co,MnGa [8,19,20]. A large anomalous Nernst
effect was also reported by a number of previous authors
[8,9,14,21]. The magnitude of room-temperature ANE in
crystals was found to be remarkably large [8,9]. Guin et al.
[9] reported that Sfy is much larger than what is expected
according to a simple scaling with magnetization and Sakai
et al. invoked a quantum critical scaling for oz;‘y [8]. In this

context, and as we will see below, a comparison of a?j /a{}
across various magnets is illuminating. Despite the fact that
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FIG. 1. Basic transport and anomalous transverse responses at
(T =300 K) in Co,MnGa: Temperature dependence of (a) electric
and (b) thermal conductivity. (¢) Magnetization M at room temper-
ature. (d) Anomalous Hall effect, (e) anomalous Nernst effect, and
(f) anomalous thermal Hall effect at room temperature. In all cases
in this Rapid Communication, B || [110], / || [001]. The insets in
(d)—(f) show the experimental configurations for Hall, Nernst, and
thermal Hall measurements.

o/; varies hundredfold (8-1000 " cm™") in different topo-

logical magnets, the ratio of ozf-‘j / 03 remains a sizable fraction
of kB / e.

Figures 1(a) and 1(b) show the temperature dependence
of the thermal conductivity k,, and electric resistivity py.
Resistivity varies from 125 Q2 cm at room temperature to
60 12 cm at low temperatures. This implies a short mean free
path for electrons and given the magnitude of «,, a dominant
role for phonons (and eventually magnons) in longitudinal
thermal transport.

As seen in Fig. 1(c), room-temperature magnetization sat-
urates to 4 pp/f.u. similar to what was reported previously
[8,19]. In contrast to other topological magnets [6,10,13], no
clear hysteresis loop is visible, indicating that the domain
walls smoothly propagate without pinning when the magnetic
field is swept. The field dependence of the Hall, Nernst,
and Righi-Leduc effects at room temperature are shown in
Figs. 1(d)-1(f). They all display a behavior similar to the
magnetization. The presence of a large anomalous component
is visible. The steep initial slope is replaced by a much smaller
one at higher magnetic field. The anomalous component of
the Hall resistivity (=13 u€2cm) is slightly below what was
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FIG. 2. Temperature evolution of Hall conductivity, thermal
Hall conductivity, and anomalous transverse Lorenz number in
Co,MnGa: (a) and (b) Field-dependent Hall conductivity oy, and
transverse thermal conductivity divided by T «,,/T at selected tem-
peratures. (c) Temperature-dependent anomalous Hall conductivity
and transverse thermal conductivity. (d) The anomalous transverse
Lorenz ratio (L}, = «3, /o, T).
previously reported (~15 uS2cm) [8] and the anomalous
Nernst signal (~8 ' V/K) is somewhat larger than a previous
report (~6.5 uV/K) [8]. We note that the room-temperature
anomalous S;‘y in crystals [8,9] is three to four times larger
than in thin films [14,21].

Figures 2(a) and 2(c) show the thermal evolution of the
Hall conductivity (oy,) and the thermal Hall conductivity
(kxy/T) in a field window extended to 7 T (the raw data can be
seen in the Supplemental Material [22]). In both cases, given
the clear change in the slope of the curve, the extraction of the
anomalous components is straightforward. Figure 2(b) shows
how the anomalous Hall conductivity o;‘y and the anomalous

thermal Hall conductivity K;‘y /T depend on temperature. Both
increase almost twofold as the system is cooled from 300 to
15 K. The validity of the anomalous WF law for transverse
response can be cAhecked by comparing the anomalous Lorenz

Tol with the Sommerfeld value Ly = %2('%)2

where kz and e are the Boltzmann constant and the elementary
charge of an electron. As seen in Fig. 2(d), within the exper-
imental margin, we find that L remains close to Ly and the
anomalous WF law is verified.

In Fig. 3(a), we compare the evolution of the anomalous
Lorenz number L?j in Co,MnGa with those found in two
other topological magnets. In the case of Mn3Sn [6], the
anomalous WF law was found to be held above 150 K. The
commensurate triangular magnetic order is taken over by a
helical one below this temperature. In Mn3Ge [10], such a
transition is absent, and thus, the validity of the anomalous
WF law could be checked down to cryogenic temperatures,
but a sizable difference between L;‘y and Ly was observed
above 100 K and attributed to a mismatch between thermal
and electrical summations of the Berry curvature [10]. In
common elemental ferromagnets, such as Ni [26] and Fe [6],
L3, was found to be close to Lo at low temperatures, and

A _
number Ly, =
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FIG. 3. Anomalous transverse coefficients: (a) The anomalous
Lorenz number LA = kA /To! remains close to the Sommerfeld
value of Ly. The anomalous Lorenz number of Mn3Sn [6] and Mn;Ge
[10] are also shown. The dashed horizontal line represents L. (b) The
anomalous Hall conductivity o4 as a function of temperature (c) The
anomalous transverse thermoelectrlc conductivity o, as a function
of temperature. For comparison with data reported previously [8,9],
see the Supplemental Material [22].

a downward deviation emerges on heating, presumably due
to inelastic scattering [6]. Thus, Co,MnGa is the first case
of a magnet in which the anomalous WF law remains valid
between 15 and 300 K. This means that not only inelastic
scattering is irrelevant, but also the thermal and electrical
summations of the Berry curvature match each other. Thus,
the variation of the Berry curvature near the Fermi energy is
not abrupt in contrast to the case of Mn3Ge [10].

Figures 3(b) and 3(c) show the temperature depen-
dence of afy and . The magnitude of o7, (which attains
1400 @ 'cm™! at 2 K and decreases to 1000 Q!
at room temperature) is remarkably large and in reason-
able agreement with previous studies [8,9]. The anomalous
transverse thermoelectric conductivity, oz;‘y displays a non-
monotonous temperature dependence decreasing only below
150K and vanishing as expected in the zero-temperature limit.
Our o \y data are in reasonable agreement with the data of
Sakai and co-workers [8] but do not match what was reported
by Guin et al. [9]. As discussed in the Supplemental Material
[22], this is due to an elementary mistake in manipulating the
sign of the two components of oz;‘y. Rectifying this mistake,
one finds that the three sets of data give a comparable value at
room-temperature in the Supplemental Material [22].

The low-temperature slope of aAy can be quantified by

plotting axy/T as a function of temperature in the Sup-

plemental Material [22]. According to Mott’s relation, this

slope quantifies the variation of the low-temperature o2

caused by an infinitesimal shift in the chemical potential
The magnitude of the extracted slope in Co,MnGa (otxV JT >~

—0.037AK~>m™') is smaller than what was seen in
Co3SnyS; [13]. In the latter case, the extracted slope was
found to be in good agreement with the observed variation
of low-temperature o A ~caused by a small shift in the chemical

potential [13]. Our data reveal a well-defined o/} ,/T and merge
to the —In T behavior above 100 K as reported by a previous
study [8]. (See the discussion in the Supplemental Material
[22].)

We now turn our attention to the magnitude of the a;‘} / 03
ratio. In Fig. 4(a), we present the temperature dependence
of this ratio in CooMnGa and compare it to the available
data of other magnets. Among these five systems, Co3Sn, S,
distinguishes itself by the sign change in o2 \y around 60 K [13].
However, like the four other systems, this ratio tends towards
saturation at a value which is a sizable fraction of kz/e.

As seen in Fig. 4(b), even though 0{} changes by a fac-
tor of 100 among different magnetic materials, the room-
temperature o} /0/} ratio remains between kg/5e and kg/e,
which is the natural units of the ratio of these two quanti-
ties. This observation begs an explanation within our present
understanding of anomalous transverse coefficients caused by
Berry curvature.

The following expressions link the anomalous Hall and the
anomalous thermoelectric conductivities to the Berry curva-
ture Q%

2 3
a_ € d’k ,
Oxy - h b7 (27_[)3 f(k)Q ’ (1)
A ekB &’k .
=] G s(k)QF. )

Here, f(k) is the Fermi-Dirac distribution and s(k) =
—f(&) In([(k)] — [1 — f(k)]In[1 — f(k)] is the (von Neu-
mann) entropy density of electron gas, which are plotted in
Figs. 4(c) and 4(e). These Fermi-sea expressions for O‘;:;, and

a)‘?y have Fermi-surface counterparts where the pondering fac-

tors are 0 f/de and ds/de = d{ (€= “) (see the Supplemental
Material [22] for a discussion on the equivalency between the
two formalisms).

Equation (1) implies that the anomalous Hall conductiv-
ity is an average of the Berry curvature over the occupied
fermionic states. One can express this idea by writing [13]:

o;; ~ eﬁ i(%‘*), where Ap is the Fermi wavelength on the

plane perpendlcular to the magnetic field and c is the lattice
parameter along the magnetic field. In contrast, Eq. (2) implies
that (xfy averages the Berry curvature over the states, which
have a finite entropy, which are within a thermal thickness

of the Fermi level. Therefore, oz, ~ 421($%) [13], where

A= ,/% is the de Broglie thermal wavelength on the

plane perpendicular to the magnetic field. According to these
expressions, ozfy vanishes in the low-temperature limit because
A will diverge. On the other hand, Ar and, therefore, o2
are expected to be finite in the whole temperature range.

Now, o, /cr)C will be set by ( ) Therefore, as the sys-
tem is Warmed up, Ar and A become comparable in size,

180404-3
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FIG. 4. The universal relation found in the (x{} /oj ratio and the
pondering functions: (a) The af‘/ / a{} ratio as a function of tempera-
ture in different magnets including Mn;Sn [6], Fe [6], Mn;Ge [10],
Lay7S1r93Co03 [27], and Co3Sn,S, [13]). kg/e is represented by a
red solid line. (b) Room-temperature ozf_‘/. /o{} in different magnets
(Fep7Geos [28]). All the points are shown at 300 K (Co3;Sn,S; is
taken at 170 K because of the magnetic order). They lie all between
kg/5e (blue line) and kg /e (red line). Note the range of o between
8 and 1000 ' cm™'. (¢)—(f) Pondering functions in the Fermi sea
(c) and (e) and the Fermi surface (d) and (f) expressions of the
anomalous Hall coefficients. (c) Fermi-Dirac distribution f(k) used
for Fermi-sea crl.*]‘.. (d) Its energy derivative, used for Fermi-surface
o,.‘}. (e) The entropy density of electrons s(k), used for Fermi-sea af}.
(f) Its energy derivative, used for Fermi-surface af}.

the ratio should approach kg/e. This is admittedly a hand-
waving explanation. We expect that the correlation between
the magnitudes of ¢/} (300 K) and o} (300 K) in all known
topological magnetic systems stimulates a rigorous theoretical
investigation.

Let us note that associating o ; and A explains why the

magnitude of the anomalous Nernst effect (S;“j) in a given
magnet anticorrelates with the mean free path [13], whereas
the ordinary Nernst effect correlates with the mean free path
[29]. The intrinsic anomalous ozf} (such as the intrinsic anoma-

lous a{}) should not depend on the mean free path but on the
average Berry curvature. In contrast, semiclassical «;; and o;;
both scale with the inverse of the square of the mean free path
[29].

The large anomalous thermoelectric response of ConnGa
is demystlﬁed by this approach. The room-temperature ozxy

of 3 AK 'm~! is large compared to other topological mag-
nets with lower AHE. Interestingly, bcc iron, whose room-
temperature AHE is only slightly lower (~1000 2~

[6,30]) has a room-temperature oz as large as 2 AK™ 'm-

[6]. Thus, our observation 1mphes that knowing o/j allows

one to predict the order of magnitude of (xf‘,. Such scaling
relations are well known in the context of ordinary transport
coefficients, such as the T2 resistivity prefactor [31] or low-
temperature slope of the Seebeck coefficient [32].

To summarize, we studied the anomalous off-diagonal
coefficients of CooMnGa and checked the validity of the
anomalous transverse Wiedemann- Franz law in the whole
temperature range. We quantified oz - and found that, in all
known topological magnets, its magmtude at room tempera-
ture scales with the size of the anomalous Hall conductivity
and proposed an explanation for this observation, based on
Haldane’s conjecture [33] that the anomalous transverse re-
sponse is fundamentally a Fermi-surface property.
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