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Resolving the structure of energy bands in transport experiments is a major challenge in condensed matter
physics and material science. Sometimes, however, traditional electrical conductance or resistance measurements
only provide very small signals, and thus limit the ability to obtain direct band-structure information. In this
case, it has been proven beneficial to employ thermoelectric measurements which are sensitive to the first
derivative of the density of states with respect to energy, rather than to its value itself. Due to the large interest
in topological effects these days, it is important to identify a similar concept for detecting the Berry curvature
in a band structure. Nowadays, the common way to access the Berry curvature directly via measurements is the
anomalous Hall effect, but the corresponding signal can be too small to be detected when the topological features
of the band structure lie too far off the Fermi level. In this Rapid Communication, we propose to investigate
topological band-structure features utilizing the anomalous Nernst effect which is tied to the derivative of the
anomalous Hall effect with respect to energy. Thereby, also signatures become resolvable, which are elusive in
anomalous Hall measurements. We demonstrate the underlying mechanisms for a minimal effective four-band
model and exemplary for the real Heusler compounds Co,FeX (X = Ge, Sn), which host topological nodal lines
about 100 meV above the Fermi level. This work demonstrates that anomalous Nernst measurements can be
an effective tool for the characterization of topological band structures, both at room temperature and in the

quantum transport regime at cryogenic temperatures.
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Electrical conductance or resistance measurements have
been widely used as a powerful tool to probe the energetic
band structure of materials. This is because these electrical
transport coefficients are directly proportional to the den-
sity of states. However, detecting fine structures can be a
challenge when the electrical signals become very small.
Due to such limitations, thermoelectric measurements have
recently been established as a complementary tool to resolve
energy bands and various related quantum phenomena. At low
temperatures, the thermopower provides a measure of the first
derivative of the electrical characteristics with respect to the
energy [1] and is thereby sensitive to the change of the density
of states, rather than to its value itself. Therefore, although not
containing additional information, the thermoelectric trans-
port coefficients can provide large signals when the electrical
transport can hardly be resolved [2]. Hence, as long as the
density of states is not constant, the thermopower can give
deep insights into the underlying energy structure that would
be elusive with other methods.

In addition to the interest in their energetic structure,
there has been a focus on the Berry curvature (BC) and
the related topological properties of electronic bands over
the last few years. The BC is intimately linked to the
anomalous Hall conductivity (AHC), which is therefore com-
monly used to probe topological properties in experiments
[3,4]. Following the argumentation above, now the ques-
tion arises, whether it is possible to also observe small BC
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effects with an analogous thermoelectric quantity, where the
anomalous Hall signals become too small for experimental
detection.

This Rapid Communication proposes a method to detect
small signatures of BC utilizing the anomalous Nernst effect
(ANE) [4-15], which can be understood as the first derivative
of the anomalous Hall effect (AHE) with respect to energy
[1,7,16]. It is shown that topological features in the band
structure, which are not close enough to the Fermi level
to have a detectable influence on the AHC, can give rise
to large anomalous Nernst signals. Compared to the direct
relation between the energy structure and the thermopower,
the relation between topological properties and the ANE is
more subtle. In one way, one may summarize the connection
as follows: The ANE is related to the first derivative of the
AHE; and the BC affects the AHE; hence, Berry curvature
effects can show up in Nernst signals.

This is especially interesting because of the recent experi-
mental progress in measuring the anomalous Nernst effect in
magnetic systems, e.g., in Mn3Sn [10,13,15] and Co,MnGa
[17,18].

In the following, we start with a discussion of a minimal
effective four-band model to get a deeper conceptual un-
derstanding of the above-mentioned effect. Subsequently, we
exemplary present results for a real material, the Heusler com-
pounds Co,FeX (X = Ge, Sn) which exhibit only very small
AHC but a strong anomalous Nernst conductivity (ANC). The
ANE in these compounds allows to be sensitive to a topolog-
ical nodal line structure approximately 100 meV above the
Fermi level.
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FIG. 1. Results for the minimal effective model described in the main text. (a) The band structure with Weyl points above the Fermi level.
(b) Berry curvature at fixed energy integrated over the whole Brillouin zone. (c) Weighting functions for the anomalous Hall (w, ) and Nernst
(wy) conductivity. (d) Anomalous Hall conductivity with a very small value at the Fermi level. (¢) Anomalous Nernst conductivity with a finite

value at the Fermi level.

For the investigation we employ ab initio calculations
based on density-functional theory (DFT) as implemented in
the VASP package [19]. Plane waves with pseudopotentials are
used as a basis set and for the description of the exchange-
correlation potential we utilize the generalized-gradient
approximation (GGA) [20]. From this electronic structure we
extract Wannier functions using the WANNIER90 package [21]
with initial projections to the s, p, and d orbitals of Co and Fe
and to the s and p orbitals of X. We construct a tight-binding
Hamiltonian H from the Wannier functions to evaluate the BC
Q2 in the system via the Kubo formula [16,22,23]
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with |n) and E, being the eigenstates and eigenenergies of H.
We now calculate the AHC o from the BC via
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and the ANC « using the equation proposed by Xiao et al.
[7.16],
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Here, T is the actual temperature, f, is the Fermi distribution,
and Er is the Fermi level.

As it can be seen from the above equations, both AHC and
ANC can be written in an analogous form as
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So both effects stem from the BC of the bands but with
different weighting factors w, which are

wo(E) = f](E), Q)

) o

where fI is the Fermi distribution for the temperature 7. The
distribution functions are shown in Fig. 1(c). Here, a signifi-
cant difference between AHE and ANE becomes obvious. On
the one hand, to achieve a large AHC and ANC, strong BC
is needed, as it can be seen from Eq. (4). However, on the
other hand, the two effects differ in the detailed weights of the
contributions w [see Egs. (5) and (6)]. The AHC arises from
the BC of all occupied bands while the ANC stems from both
occupied and unoccupied bands but only near the Fermi level.
Here, also the influence of temperature 7' becomes obvious, as
with higher T the weighting w,, gets broader, including states
further away from Er. This leads to quite distinct behaviors.
In the following, we discuss a minimal effective four-band
model derived from the one proposed by Rauch ez al. [24],

1
wy(E) = _E[EfnT + kT In (1 + exp “kaT

= [m — 6M + 2(cos k, + cosk, + cosk;)]t, ® og
+ Bt, ® 0, + csink, 7, ® o,

+csink, T ® o, + csink, 7, ® oy,

(N

where o and 7 are the Pauli matrices with respect to
different properties and m, M, B, and ¢ are model parame-
ters. When choosingm = M =c=1¢eV and B =2 ¢V, the
model describes a system with a nodal line in the k, =k, =0
plane [24], which is protected by a mirror symmetry. To get
a finite AHC and ANC it is necessary to break both this
protecting symmetry and particle-hole symmetry with respect
to Er [25]. This can be done by adding a term Hbreak —
Asocc(sink, T, ® oy + sink, 1, ® 0,) + dtg ® 09, Where we
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chose Asoc = 0.01 and d = 0.1 eV. Adding H"™%* leads to
a gapping of the former nodal line except for the two points
with k, = 0 which become Weyl points and shifts the nodal
line away from Ep, resulting in the band structure shown in
Fig. 1(a). The only contributions to the BC in the system stem
from the gapped line and the resulting Weyl points, as it can
be seen in Fig. 1(b). It is important to note that at £y there is
almost no BC.

Multiplying the BC distribution with the weighting func-
tions w, and w, results in the AHC and ANC, which are
shown in Figs. 1(d) and 1(e), respectively. It can be seen
that the AHC peaks at the energy where Weyl points are
located and reaches almost zero at the Ef for T = 0 K. With
increasing temperature the AHC still is very weak at Ep.
However, due to the distribution of the BC in combination
with w, the ANC still has a nonzero value at Erp, where
the value itself is also temperature dependent due to the
temperature dependence of wy,.

This model captures the different mechanisms of the AHE
and ANE and the possibility to see topological features
located away from the Fermi level via the ANE.

The effects described in the above model can be seen in
the real materials Co,FeX (X = Ge, Sn). These compounds
are regular full Heusler compounds with space group Fm3m
(No. 225). The crystal structure is depicted in Fig. 2(a),
where also the magnetic moments of the atoms are shown.
The compounds show a ferromagnetic behavior with a net
magnetic moment of = 5.6pp per unit cell aligned along
the (001) direction. The moments of the single atoms are
Ueo = 1.4up, wpe =2.9up, and py = 0. Both compounds
host an interesting nodal line structure which is shown in
the Brillouin zone in Fig. 2(b). There are three lines ap-
proximately 100 meV above the Fermi level [see Figs. 2(c)
and 2(d)] in the main coordinate planes. Due to the magnetiza-
tion direction and the spin-orbit coupling two of them become
gapped [dashed lines in Fig. 2(b)]. The third line is still closed
because of the mirror symmetry which still holds in this plane.
Changing the magnetization direction will also change the
gapping behavior of the nodal lines without influencing the
transport properties. This behavior was also recently observed
in Co,MnGa [17]. The band structure and the AHC for both
compounds look similar [see Figs. 2(c) and 2(d)] and exhibit
a large peak structure in the AHC near the nodal lines, where
also many other flat d bands are located. At the Fermi level
the AHC is very small (—78 and 49 S cm~! for Co,FeGe and
Co,FeSn, respectively). These results for the AHC are in good
agreement with previous theoretical studies [26]. Also, taking
the influence of temperature into account, the AHC in both
compounds changes by less than 100 S cm™! when raising T
up to 300 K. For comparison, the highest reported values for
the AHC are around 2000 S cm™~! on Fe [27]. Therefore, the
topological features of the band structure in these systems,
which are located approximately 100 meV above Ef, can
hardly be detected via the AHE. As discussed above for
the model system, which also hosts Weyl points 100 meV
above Ep, it should be possible to probe the topological
band structure of Co,FeX (X = Ge, Sn) via the ANE. Indeed,
looking at the ANC of the compounds in Fig. 3(a), it turns
out to be large at Er (3.16 and 4.5 A m~'K~! at 300 K
for Co,FeGe and Co,FeSn, respectively). In comparison, the
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FIG. 2. (a) Crystal structure of Co,FeX (X = Ge, Sn) with mag-
netic moments aligned along the (001) direction. (b) Brillouin zone
with the high-symmetry points for the band structure (green) and the
schematically drawn nodal lines (blue). The dashed lines become
gapped due to the spin-orbit coupling and magnetization direction.
(c) Band structure with spin contributions and anomalous Hall con-
ductivity of Co,FeGe. (d) Band structure with spin contributions and
anomalous Hall conductivity of Co,FeSn. The green circles mark the
positions of the nodal lines.

highest reported values for the ANC are around 6 A m~' K~!
in Co,MnGa [17,18]. Due to the different weighting functions
w, and wy, the BC induced by the close-lying bands and
the nodal lines above Er influences the ANC much more
than the AHC. As the distribution of w, shows, in contrast to
w,, also unoccupied states are contributing to it. Because the
topologically interesting effects are located above Ep, they
only contribute to the ANE. This interpretation is also sup-
ported by looking at the temperature dependence in Fig. 3(b).
Here, a monotonous increase of the ANC with temperature is
visible, which can be understood in terms of the broadening
of w, with increasing 7. This broadening enables more of
the BC induced above the Fermi level to contribute. For low
temperatures the Mott relation [7,16]
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FIG. 3. (a) Anomalous Nernst (solid) and Hall (dashed) effect
of CoyFeGe and Co,FeSn in dependence of the Fermi level. (b)
Temperature dependence of the anomalous Nernst effect calculated
(solid) and via Mott relation (dashed). (c¢) and (d) Distribution of
the anomalous (c) Hall and (d) Nernst (T = 300 K) conductivity of
Co,FeSn in the Brillouin zone. Co,FeGe shows a similar behavior.

should hold, which links the derivative of the AHC at Er to
the ANC. As it can be seen in Fig. 3(b), this relation is valid up
to 100 K for Co,FeSn whereas for Co,FeGe the temperature
needs to be lower than 30 K. As AHC and ANC show a
quite different behavior in these compounds, we analyzed
their distribution in the k space (for comparison, materials
with both large or both small AHC and ANC are shown in
the Supplemental Material [28]). In Figs. 3(c) and 3(d) the
contributions to the AHC and ANC of Co,FeSn, respectively,
are displayed (the results for Co,FeGe show a similar behav-
ior). Here, the values are obtained by carrying out the band
summation but not the momentum integration in Egs. (2) and
(3). It is visible that the gapped nodal lines [see Fig. 2(b)]
are a source of BC in the system, similarly to the behavior
recently observed in Coo,MnGa [17]. As it can be seen, the
value in the k -k, plane is zero. The reason for this is that
there the nodal line is still gapless because the plane is also
a mirror plane, which is linked to the magnetization direction
along (001). As it can be seen from the AHC in Figs. 2(c)
and 2(d), the AHC is very weak in the whole Brillouin zone.
However, looking at the contributions to the ANC in Fig. 3(d),
most of the points on the gapped nodal lines now contribute
strongly. Additionally, there are spots away from these lines
with a high ANC contribution. These points are other band
touchings from the flat bands also about 100 meV above the
Fermi level. From these results it can already be seen that
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FIG. 4. AHC and ANC at 300 K in a cut through the Brillouin
zone at k, = O for different energies levels. One of the gapped nodal
lines lies in this plane. The color scale for AHC and ANC is the same
for the different energy levels.

the ANE is capable of detecting topological band-structure
features that are not visible in the AHE.

To get a deeper insight into this, we now investigate the
plane in k space with k, = 0. In this plane one of the gapped
nodal lines is located. In Fig. 4 we compare the AHC and the
ANC for two different energies: at Er and 100 meV above.
For the AHC in Figs. 4(a) and 4(c) it can be seen that at the
Fermi level the effect is very weak but increases by almost two
orders of magnitude when raising the energy up to the position
of the nodal lines. However, the ANC already takes a large
value of 4.5 Am~! K~! at Er and almost doubles when reach-
ing the higher energy, which is shown in Figs. 4(b) and 4(d).
By comparing the intensities of AHC and ANC in this special
k plane it can be concluded that the BC at a higher energy
already influences the ANE at lower energies, making it an in-
teresting tool to probe band structures for topological features.

In summary, we have investigated a method to probe the
topological features of band structures utilizing anomalous
thermoelectric transport. This method is especially interesting
because it can detect features that are too far away from
the Fermi level to influence the anomalous Hall effect. To
demonstrate this, we have theoretically investigated the ferro-
magnetic regular Heusler compounds Co,FeX (X = Ge, Sn).
These compounds host a nodal line structure with strong Berry
curvature around 100 meV above the Fermi level. Due to the
distance to E it cannot be detected in the anomalous Hall
conductivity, which consequently is almost zero. However,
it leads to a strong anomalous Nernst conductivity at the
Fermi level, which we explained via a detailed analysis of the
underlying mechanisms of the two effects in a real system and
a minimal effective model. This is also reflected in the temper-
ature dependence of the ANC. Our work shows the possibility
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to probe hidden topological features utilizing thermoelectric
effects and paves the way for investigating band structures
which host topological features away from the Fermi level.

This work was financially supported by the ERC Advanced
Grant No. 291472 “Idea Heusler” and ERC Advanced Grant
No. 742068 “TOPMAT.”
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