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Whenever two irreversible processes occur simultaneously, time-reversal symmetry of microscopic
dynamics gives rise, on a macroscopic level, to Onsager’s reciprocal relations, which impose constraints
on the number of independent components of any transport coefficient tensor. Here, we show that in
the antiferromagnetic YbMnBi2, which displays a strong temperature-dependent anisotropy, Onsager’s
reciprocal relations are strictly satisfied for anomalous electric (σAij) and anomalous thermoelectric (αAij)

conductivity tensors. In contradiction with what was recently reported by Pan et al. [Nat. Mater. 21, 203
(2022)], we find that σAijðHÞ ¼ σAjið−HÞ and αAijðHÞ ¼ αAjið−HÞ. This equality holds in the whole

temperature window irrespective of the relative weights of the intrinsic or extrinsic mechanisms. The
αAij=σ

A
ij ratio is close to kB=e at room temperature but peaks to an unprecedented magnitude of 2.9kB=e at

∼150 K, which may involve nondegenerate carriers of small Fermi surface pockets.
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Onsager’s reciprocal relations are derived by assuming
that all microscopic processes are reversible: The future is
symmetric to the past [1–7]. This is called time-reversal
symmetry. Given a system brought out of equilibrium by
the thermodynamic forces Fk, the corresponding fluxes Ji
are that, in the coupled transport equation Ji ¼

P
k LikFk,

the kinetic coefficients Lik obey the relation Lik ¼ −Lki.
The time-reversal symmetry is broken when a magnetic
field H is applied. This relation states that the kinetic
coefficients obey LikðHÞ ¼ Lkið−HÞ. This relation, a
cornerstone of nonequilibrium statistical physics, is rel-
evant to any case of two irreversible processes occurring
simultaneously.
YbMnBi2 crystallizes in a P4=nmm structure, as shown

in Fig. 1(a) [8–10]. In an ordered state, the spin of Mn
aligns antiferromagnetically along the z axis but with a
canted angle that results in a ferromagnetic component in
the xy plane [9–12]. This canted ferromagnetic component
lifts the degeneracy of Dirac points and creates Weyl points
near the Fermi level [9,11]. Both anomalous Hall (AHE)
and anomalous Nernst effects were observed in this system
[9]. The maximum Nernst thermopower was found to be
remarkably large (∼6 μVK−1 at 160 K), exceeding the
Nernst signal observed in other topological antiferromag-
nets, such as Mn3Sn [13–15] (∼0.5 μVK−1), in Mn3Ge
[14,16,17] (∼1.2 μVK−1).
However, Pan et al. [9] report an intriguing breakdown of

Onsager’s reciprocal relations in both Hall and Nernst
conductivities. According to their data (Fig. 4 in Ref. [9]),

σbc ≠ −σcb and αbc ≠ −αcb in YbMnBi2, over a wide
temperature range. This is surprising, because, in contrast
to, say, the Wiedemann-Franz (WF) law, these relations are

FIG. 1. The basic properties of YbMnBi2. (a) The crystal
structure of YbMnBi2 with two sets of Bi: One kind of Bi is
bonded to four Mn atoms, while another forms a 2D intercalation
network. The spin of Mn cants in the xy plane. (b) Temperature
dependence of magnetization M in the xy plane (Hkxy).
(c) Temperature dependence of longitudinal resistivity ρyy (red
circles) and ρzz (black squares). (d) Temperature dependence of
Seebeck coefficients Syy (red squares) and Szz (black circles).
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a cornerstone of irreversible thermodynamics. It has been
checked experimentally [18] that, even when the WF law
breaks down, the Bridgman relation, a consequence of
Onsager reciprocity [5], holds.
The crystal symmetry determines the number of the

distinct components of the magnetoconductivity tensors
[19,20]. There are cases where components of this tensor
(ρij, σij, or αij,) can have both even (symmetric) and odd
(antisymmetric) terms in a magnetic field. The most famous
example of this is bismuth and its so-called “umkehr” effect
[21,22]. However, the point group crystallographic
symmetry of YbMnBi2 rules this out (see Supplemental
Note 3 [23]).
Here, we report on a careful study of YbMnBi2 with the

aim of quantifying the zyðcbÞ and yzðbcÞ components of
electric and thermoelectric conductivity tensors. We find
that the Hall response obeys Onsager’s reciprocal relation.
That is, ρzyðHÞ ¼ ρyzð−HÞ and σzyðHÞ ¼ σyzð−HÞ.
Onsager’s reciprocal relations are also verified for the
Nernst response: αzyðHÞ ¼ αyzð−HÞ. On the other hand,
and as expected, in the case of Nernst thermopower:
SzyðHÞ ≠ Syzð−HÞ. We also examine the temperature
dependence of the anomalous transverse thermoelectric
response αAij=σ

A
ij ratio [18] and find that this ratio attains a

record value of ≈2.9kB=e in this system.
Figure 1(b) shows the temperature dependence of M=H

observed under H ¼ 100 Oe. The Néel temperature TN is
∼292 K [9,10] revealed by a separation point between
the field cooling (FC) and the zero field cooling (ZFC),
which agrees with previous reports ∼290 K [8,9,11]. At
T ≈ 50 K, we detect, for both orientations of temperature

sweep, an anomaly not detected before. It indicates a
change in the spin canting orientation below and above
this temperature.
As illustrated in Fig. 1(c), resistivity is metallic and

anisotropic. Both ρyy and ρzz exhibit a small kink near the
Néel temperature. The resistivity anisotropy is ≈25 at room
temperature and constantly amplifies with cooling, becom-
ing ≈125 at low temperature [see the inset in Fig. 1(c)].
This indicates that not only the Fermi velocity is aniso-
tropic, but also the relative weight of different carriers and/
or scattering mechanisms changes with cooling.
The Seebeck coefficient is also anisotropic as shown in

Fig. 1(d). Syy is monotonic with temperature. In contrast,
Szz is nonmonotonic with a peak around 70 K and a sign
change above 180 K. This indicates that Szz has two
components with different signs and different variations
with temperature. Like many other anisotropic conductors,
such as cuprates [27] and ruthenates [28], the Seebeck
coefficient, anisotropic at high temperatures, becomes
almost isotropic at low temperatures. This is what is
expected when the rough magnitude of the (normalized)
Fermi energy sets the amplitude of the Seebeck coefficient
despite the presence of carriers of both signs [29].
Given the large anisotropy between in-plane (ρyy) and

out-of-plane (ρzz) resistivity, seen in Fig. 1(c), one may
wonder about the fate of Onsager’s reciprocal relation in the
Hall response. As shown in Fig. 2(a), it holds. The Hall
resistivity, when the magnetic field is along the x axis, is
identical when it is measured in the zyðyzÞ configuration.
Here, zyðyzÞ corresponds to a current applied parallel to the
yðzÞ axis and a Hall voltage detected in the zðyÞ direction.

FIG. 2. Transverse electric transport. (a) The setup for measuring Hall signals in the zy and yz configurations. The Hall resistivity is
identical: ρzy ¼ −ρyz. (b) The AHC σzyðσyzÞ at 280 K. The Hall conductivity is also identical: σzy ¼ −σyz. (c) The temperature
dependence of anomalous Hall conductivity shows that Onsager’s reciprocal is true in the whole temperature range. It exhibits turning an
anomaly around 50 K, concomitant with an anomaly in magnetization. (d) The temperature derivative of σAij=T, which shows a kink
around 50 K.
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Thus, ρzyðHÞ ¼ ρyzð−HÞ. The field sweep reveals a jump
representative of the anomalous Hall effect [13,16,30–33].
The Hall conductivity is calculated using σij ≈ ½ð−ρijÞ=
ðρiiρjjÞ� in Fig. 2(b). As shown in Fig. 2(c), the two
configurations yield identical values for anomalous Hall
conductivity (AHC): σAzyðHÞ ¼ σAyzð−HÞ. This equality
holds for the whole temperature range [Fig. 2(c)].
Thus, Onsager’s reciprocal relation is strictly satisfied for

Hall resistivity and Hall conductivity, in the presence of a
very anisotropic Fermi surface, a magnetic order, and a
temperature-dependent anisotropy. The origin of the obser-
vation reported in Ref. [9] is yet to be understood. As
discussed in the details in Supplemental Note 5 [23], it
might be caused by the oxidation of the samples between
two sets of measurements.
Hall conductivities exhibit anomalies around 50 K

[Fig. 2(c)], consistent with the anomaly seen in the magne-
tization data shown in Fig. 1(b). To further illustrate this
point, we took the derivative of σAij, as depicted in Fig. 2(d),
and identified a distinct anomaly occurring at 50 K. The
longitudinal transport does not show any anomaly at 50 K
[Fig. 1(c)]. Therefore, what happens at this temperature
concerns the orientation of spins. The Fermi surface or
other electronic charge-related properties are not visibly
affected.
Let us now examine the relevance of Onsager’s reci-

procity to the thermoelectric transport. In contrast to its
electric counterpart, the anomalous Nernst effect is driven
by a statistical force [34,35], and the issue deserves to be
addressed by the experiment. In Fig. 3(a), we show the

results of Nernst experiment for two configurations. In the
absence of charge current, when a temperature gradient
∇T, is applied, along the y (z) axis, it gives rise to a voltage
along the z (y) orientation. Thus, one can compare the res-
ponses for zy and yz configurations. As shown in Fig. 3(a),
Szy ≠ −Syz. At 1 T, the anisotropy is as large as 24. Since
Sij is not a true Onsager coefficient, this is not a surprising
result. On the other hand, α, the thermoelectric conductivity
tensor, is an Onsager coefficient which links a force (either
the temperature gradient or the electric field) to a flux (the
charge density current or the heat density current). The
Nernst conductivity is the off-diagonal component of this
Onsager tensor:αij ¼ Sijσii þ Sjjσij. It is shown in Fig. 3(b).
One can see that αzy ¼ −αyz and they both show a jump
during the field sweep near zeromagnetic field as observed in
numerous magnets [9,13,16,18,36–38], shown in Fig. 3(c).
Its magnitude for the two configurations is identical within
experimental uncertainty:αAzyðHÞ ¼ αAyzð−HÞ.We found that
this equality holds for thewhole temperature range [Fig. 3(d)].
Onsager’s reciprocal relations lead to the following

(details in Supplemental Note 6 [23]):

Sij
Sji

≈ −
σjj
σii

: ð1Þ

As in the case of the anomalous Hall effect, there is a
kink in SAij and αAij [Fig. 3(d) and Supplemental Note 6
[23] ], near the temperature at which there is an anomaly in
magnetization. A more visible anomaly can be seen in the

FIG. 3. Transverse thermoelectric transport. (a) The setup for measuring Nernst signals in the zy and yz configurations. The transverse
thermopower shows an extreme anisotropy in both reciprocal configurations. (b) The anomalous Nernst conductivity is calculated. Its
magnitude for the two configurations is identical within experimental error shown the established Onsager’s reciprocal relation. (c) The
anomalous Nernst conductivity (ANC) αzyðαyzÞ at 200 K. (d) The temperature dependence of ANC shows that Onsager’s reciprocal is
true in the whole temperature range. It also exhibits a kink around 50 K. (e) The temperature derivative of αAij=T, which shows a kink
around 50 K.
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temperature derivative of αAij as presented in Fig. 3(e). The
Seebeck coefficient does not show any anomaly at 50 K
[Fig. 1(d)]. This further suggests that what occurs at 50 K is
a spin-related and not a charge-related phenomenon.
Since Onsager’s reciprocity is found to hold in the whole

temperature range, let us demonstrate that this implies its
validity irrespective of the origin of the anomalous trans-
verse coefficients. Figure 4(a) shows how the amplitude of
the anomalous Hall conductivity for the yz configuration
varies as a function of longitudinal conductivity as the
sample is cooled. Two regions, I and II, can be distin-
guished in this plot. In region I, at high temperature above
the anomaly in magnetization, σAzy increases with increasing
σyy and then saturates to a plateau near 50 K. This flat AHC
[σAH ¼ ðσÞ0 ¼ const] is concomitant with the maximum of
magnetization at 50 K and may be attributed to an intrinsic
AHC [18,30,31,39–41]. With decreasing temperature and
entrance to region II, magnetization increases to a turning
point at 15 K, and the AHC also saturates near the same
temperature, representing a second intrinsic AHC. A trans-
formation of the intrinsic Berry curvature at 50 K would
explain the observation of two saturated AHC amplitudes
around 50 and 15 K. Below 15 K, σAzy increases again as a
function of σyy, indicating a role played by an extrinsic
(skew scattering or side jump) mechanism of AHE
[30,41,42]. The change in the in-plane ferromagnetic
component at 50 K affects the intrinsic Berry curvature.
Density functional theory (DFT) [43] finds that the number
of the Weyl node pairs will increase with increasing
canted angle.
Given the presence of both intrinsic and extrinsic

components in AHE and the equality between off-diagonal
components of AHC and ANC in the whole temperature
range, we can conclude that Onsager’s reciprocity is

relevant to anomalous transverse response regardless of
the details of their microscopic origin.
Let us now turn our attention to the relative amplitude of

σAij and αAij. Xu et al. [18] found that the ratio of αAij=σ
A
ij

approaches the ratio of natural units kB=e ¼ 86 μVK−1 at
room temperature in many topological magnets. The
temperature dependence of the αAij=σ

A
ij ratio is a monotonic

function of the temperature and approaches kB=e near the
ordering temperature [24,39,40,44]. In contrast, as shown
in Fig. 4(b), we find that, in YbMnBi2, the temperature
dependence of this ratio is nonmonotonic and attains a
value as large as 2.9kB=e at 160 K.
In the intrinsic picture, this ratio depends on the way

the Berry curvature affects the flow of entropy and
the flow of charge [18,24]. Roughly, the ratio is set by
½ðkBÞ=e�ðhλ2Fi=hΛ2iÞ [18], where hλ2Fi and hΛ2i are the
square of the Fermi and the thermal wavelengths averaged
over thewhole Fermi surface, respectively [18].As the system
is warmed up, the αAij=σ

A
ij ratio monotonically increases and

tends toward∼ðkB=eÞwhen λF andΛ become comparable. A
number of theoretical studies have examined the amplitude of
this ratio [25,45]. Qiang et al. [25], by performing a
Sommerfeld expansion, found that this ratio becomes
ðαintij =σ

int
ij Þ ¼ f½ðμ=eÞ þ ðπ2=3Þ½ðk2BT2Þ=ðeμÞ�g−1L0T. This

expression implies an upper boundary of ∼0.77ðkB=eÞ
[25,26] (see Supplemental Note 7 [23]). Therefore, our
observation calls for an approach beyond a single-band
degenerate Fermi system subject to Sommerfeld expansion.
The Fermi surface of YbMnBi2 is known to consist of

multiple electron and hole pockets. According to the most
recent set of DFT calculations [9], the largest pockets are
electronlike and have a Fermi energy in the range of
∼80 meV [8,9,11]. This is confirmed by our Shubnikov-de
Haas oscillations (SdH) results (see Supplemental Note 8

FIG. 4. Scaling relation of the anomalous Hall conductivity. The longitudinal conductivity (a) σyy for YbMnBi2 lines within the good-
metal regime, and there is a crossover behavior to the skew scattering region in the lower temperature, suggesting the skew scattering
will dominate the transverse transport. The flat AHC [σAH ¼ ðσÞ0 ¼ const] is concomitant with the maximum of magnetization at 50 K in
region I. A second observed intrinsic AHC can be attributed to the magnetization turning point at 15 K in region II. An extrinsic
mechanism may play a role by below 15 K. (b) The αAzy=σAzy ratio at different temperatures. Similar to other topological magnets, it
approaches 86 μV=K at room temperature, but there is a peak as large as 250 μV=K at 150 K.
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[23]) and consistent with the slope of our isotropic thermo-
power at low temperatures shown in Fig. 1(d). Sii=T →
0.6 μV=K2 implies a Fermi energy of ∼50 meV. Since this
is the largest energy scale of the system, the Fermi energy
of other pockets (and, in particular, the smaller hole
pockets) should be significantly smaller than this, and, at
150 K, at least one set of hole pockets are nondegenerate.
There is no available theory of intrinsic anomalous Hall

effect in the presence of nondegenerate electrons.
Nevertheless, let us note that a nondegenerate electron
has more entropy than a degenerate electron [46] but the
same electric charge. Therefore, it is plausible that the
presence of nondegenerate carriers allows a larger αAij=σ

A
ij

ratio. Let us also not forget that the kB=e boundary may not
hold in the presence of multiple bands or when AHE is
partially extrinsic.
In summary, we measured electric and thermoelectric

transport properties in YbMnBi2 and found that Onsager’s
reciprocal relation is robust. Reciprocity holds in the whole
temperature range irrespective of the intrinsic or extrinsic
origin of the anomalous transverse response. The αAij=σ

A
ij

ratio is exceptionally large, possibly as a result of the
presence of nondegenerate electrons.
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[22] F. Spathelf, B. Fauqué, and K. Behnia, Magneto-Seebeck
effect in bismuth, Phys. Rev. B 105, 235116 (2022).

[23] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.131.246302 for more

PHYSICAL REVIEW LETTERS 131, 246302 (2023)

246302-5

https://doi.org/10.1103/PhysRev.37.405
https://doi.org/10.1103/PhysRev.38.2265
https://doi.org/10.1103/PhysRev.94.224
https://doi.org/10.1103/PhysRev.94.218
https://doi.org/10.1103/PhysRev.73.1349
https://doi.org/10.1103/RevModPhys.17.343
https://doi.org/10.1103/PhysRevB.94.165161
https://doi.org/10.1038/s41563-021-01149-2
https://doi.org/10.1038/s41563-021-01149-2
https://doi.org/10.1103/PhysRevB.100.144431
https://doi.org/10.1103/PhysRevB.100.144431
https://doi.org/10.1038/s41467-019-11393-5
https://doi.org/10.1038/s41467-019-11393-5
https://doi.org/10.1103/PhysRevB.104.125145
https://doi.org/10.1103/PhysRevLett.119.056601
https://doi.org/10.1103/PhysRevLett.119.056601
https://doi.org/10.1038/s41467-020-20838-1
https://doi.org/10.1038/nphys4181
https://doi.org/10.1126/sciadv.aaz3522
https://doi.org/10.1126/sciadv.aaz3522
https://doi.org/10.1103/PhysRevB.100.085111
https://doi.org/10.1103/PhysRevB.100.085111
https://doi.org/10.1103/PhysRevB.101.180404
https://doi.org/10.1103/PhysRevB.101.180404
https://doi.org/10.1088/0022-3719/8/9/010
https://doi.org/10.1088/0022-3719/8/18/016
https://doi.org/10.1016/0038-1098(67)90137-8
https://doi.org/10.1016/0038-1098(67)90137-8
https://doi.org/10.1103/PhysRevB.105.235116
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246302
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246302
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246302
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246302
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246302
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246302
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246302


detailed experimental methods, the form of transverse
electrical and thermoelectric transport tensors, the sensitive
sample oxidation dependence for the anomalous Hall effect,
and the derivations of Nernst thermopower apportioned by
the mobility and the derivations of an upper boundary for
αAij=σ

A
ij, which includes Refs. [9,10,13,16,18–20,24–26].

[24] L. Ding, J. Koo, L. Xu, X. Li, X. Lu, L. Zhao, Q. Wang, Q.
Yin, H. Lei, B. Yan, Z. Zhu, and K. Behnia, Intrinsic
anomalous Nernst effect amplified by disorder in a half-
metallic semimetal, Phys. Rev. X 9, 041061 (2019).

[25] X.-B. Qiang, Z. Z. Du, H.-Z. Lu, and X. C. Xie, Topological
and disorder corrections to the transverse Wiedemann-Franz
law and Mott relation in kagome magnets and Dirac
materials, Phys. Rev. B 107, L161302 (2023).

[26] N. Ashcroft and N. Mermin, Solid State Physics (Cengage
Learning, Boston, 2011).

[27] T. W. Silk, I. Terasaki, T. Fujii, and A. J. Schofield, Out-of-
plane thermopower of strongly correlated layered systems:
An application to Bi2ðSr;LaÞ2CaCu2O8þδ, Phys. Rev. B 79,
134527 (2009).
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