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Exploring effects of topology in condensed matter systems1 has led to the discovery of fun-

damentally new quantum phases and phenomena2 , including the spin Hall effect3 , protected
transport of helical fermions4 , topological superconductivity5 , and large nonlinear optical
response6,7 . So far, focus has been on weakly interacting systems, but it is clear that the interplay of strong correlations and topology has many further surprises in store8,9 . Heavy
fermion systems are a highly versatile platform to reveal them10,11 . Here we report the
discovery of a giant spontaneous Hall effect in the noncentrosymmetric Kondo semimetal
Ce3 Bi4 Pd3 (ref 10), under preserved time reversal symmetry (TRS). We attribute it to Weyl
nodes—singularities of the Berry curvature—Kondo-driven to the immediate vicinity of the
Fermi level. We stress that this phenomenon is distinct from the previously detected anomalous Hall response in systems with broken TRS12–15 and that its characteristics require a
description beyond the nonlinear quantum Hall effect16 . The astonishingly large magnitude
of the effect in even tiny electric and zero magnetic fields, as well as its robust bulk nature
may aid the exploitation in topological quantum devices.
E-mail: ∗ paschen@ifp.tuwien.ac.at

Weakly interacting Weyl semimetals have recently emerged as a new class of materials with
topologically nontrivial bandstructure. Therein bulk 3D Dirac cones describing massless relativistic quasiparticles are stabilized by breaking either inversion symmetry (IS) or time reversal
symmetry (TRS)17 . Key experiments in their identification have been angle-resolved photoemission spectroscopy (ARPES)18–20 as well as magnetotransport measurements evidencing the chiral
anomaly17,21,22 —charge pumping between a pair of Weyl nodes—in the form of a large negative
longitudinal magnetoresistance. In a strongly correlated setting, however, both these techniques
fail: ARPES experiments still lack the ultrahigh resolution needed to resolve strongly renormalized
bands, and the largely reduced quasiparticle velocities of correlated materials make the observation of the chiral anomaly unlikely22 . Thus, new tools have to be found to unveil the topological
features of strongly correlated systems and pave the way for future discovery. Here we show that
Hall effect measurements represent an ideal solution.
The material chosen for our study is the noncentrosymmetric heavy fermion semimetal
Ce3 Bi4 Pd3 (ref 10) that has recently been identified as a candidate Weyl-Kondo semimetal10,11 .
Its low-temperature specific heat contains a giant electronic c = ΓT 3 term that was attributed to
electronic states with extremely flat linear dispersion10 , corresponding to a quasiparticle velocity
v ? that is remormalized by a factor of 103 with respect to the Fermi velocity of a simple metal10,11 .
This boosts the electronic ΓT 3 term to the point that it even overshoots the Debye βT 3 term of
acoustic phonons10 . To scrutinize this interpretation by other, more direct probes of topology is
the motivation for the present work.
We start by showing that Ce3 Bi4 Pd3 is governed by the Kondo interaction, and delineate the
temperature and field range of Kondo coherence. The zero-field resistivity of Ce3 Bi4 Pd3 increases
weakly with decreasing temperature, whereas the nonmagnetic reference compound La3 Bi4 Pd3 is
metallic (Fig. 1a). This provides strong evidence that the semimetallic character of Ce3 Bi4 Pd3 is
due to the Kondo interaction. Below the single-ion Kondo temperature TK = 13 K, identified by
associating the material’s temperature-dependent entropy with a spin 1/2 ground state doublet of
the Ce 4f 1 wavefunction split by the Kondo interaction10 , a broad shoulder in the resistivity at
about 7 K signals the crossover to a Kondo coherent state (Fig. 1a). As shown in what follows, this
is further supported by our magnetoresistance measurements (Fig. 1b, c).
Transverse magnetoresistance isotherms (Fig. 1b) in the incoherent regime between 7 and 30 K
display the universal scaling typical of Kondo systems23,24 : ρxx /ρxx (0 T) vs B/B ? curves all
collapse onto the theoretically predicted curve for an S = 1/2 Kondo impurity system25 , provided
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a suitable scaling field B ? is chosen. The resulting B ? is linear in temperature (Fig. 1c). Fitting
B ? = B0? (1 + T /T ? ) to the data (red straight line) yields B0? = 10 T and T ? = 2.5 K, which may
be used as estimates of the field and temperature below which the system is fully Kondo coherent
(blue area in Fig. 1d). Below 7 K, the scaling fails (Fig. 1b), as expected when crossing over from
the incoherent to the Kondo coherent regime.
Before presenting our Hall effect results we show that, as anticipated, the chiral anomaly cannot
be resolved in the Kondo coherent regime. We find that, at 2 K, the longitudinal and transverse
magnetoresistance traces essentially collapse (Fig. 1e top). Because the amplitude ca of the chiral
anomaly, being inversely proportional to the density of states22 , is expected to scale as ca ∝ (v ? )3 ,
it is severely suppressed by the strong correlations. The fact that, also at high temperatures, we do
not observe signatures of the chiral anomaly (Fig. 1e bottom) demonstrates that no Weyl nodes are
present in the uncorrelated bandstructure in the vicinity of the Fermi level, in agreement with our
LDA bandstructure calculations (Fig. 4a).
Our key observation is a spontaneous Hall effect which appears in Ce3 Bi4 Pd3 below T ?
(Fig. 2a). The corresponding spontaneous Hall conductivity σxy reaches a considerable fraction
of the corresponding quantum of 3D conductivity (Fig. 2b). The experiment, using a pseudoAC mode (Methods), was not only carried out in zero external magnetic field, but also without
any sample pre-magnetization process. Hall contact misalignment contributions were corrected
for (Fig. S1) and, thus, can also not account for the effect. Moreover, being in the Kondo coherent regime, the local moments should be fully screened by the conduction electrons, resulting in a paramagnetic state. This is confirmed by state-of-the-art zero-field muon spin rotation
(µSR) experiments. They reveal an extremely small electronic relaxation rate that is temperatureindependent between 30 K and 250 mK (Fig. 2c; for two fully collapsing representative spectra,
one well above and one well below T ? , see Fig. S7). This is unambiguous evidence that, in the
investigated temperature range and in particular across T ? , TRS is preserved in Ce3 Bi4 Pd3 .
We also measured the Hall effect in finite applied magnetic fields. We observe that the fielddependent Hall resistivity isotherms, ρxy (B), are fundamentally different below (Fig. 3a) and
above T ? (Fig. 3b). Whereas above T ? , ρxy shows simple linear-in-field behavior consistent with
a single hole-like band, strong nonlinearities appear below T ? . Most strikingly, a large even-infield component ρeven
= [ρxy (B) + ρxy (−B)]/2 is observed (Fig. 3c) that even overwhelms the
xy
usual odd-in-field component ρodd
xy = [ρxy (B) − ρxy (−B)]/2 (Fig. 3e). The nonlinear part of the
latter, that scales with [ρxx − ρxx (4 K)]2 and is thus independent of the scattering time (Fig. 3f), is
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theoretically expected12 and experimentally observed15 in TRS broken Weyl semimetals, which is
here realized by the finite magnetic field. The exciting new result, however, is the even-in-B component, which is the finite-field extension of the spontaneous Hall effect. Both are incompatible
with the standard (magnetic field or magnetization induced) Hall conductivity mechanism, where
the elements σxy of the fully antisymmetric Hall conductivity tensor may couple only to a physical
quantity G that breaks TRS (i.e., T G = −G, where T is the time reversal operation)26 and thus
have to be an odd function of this quantity [e.g., σxy (B) = −σxy (−B) where G = B].
The question then is how to understand the Hall response beyond this framework? Recent
theoretical studies show that, in a current-carrying state of an IS breaking (but TRS preserving)
material, a Hall conductivity can be generated by an anomalous velocity associated with the Berry
curvature in momentum space16
σxy

e2
=
~

Z

d3 k
f (k)Ωodd
z (k) ,
(2π)3

(1)

where f (k) is the nonequilibrium electron distribution function in an applied electric field Ex and
Ωodd
the Berry curvature, which is odd in k [Ωodd (k) = −Ωodd (−k)] for systems with broken
z
IS (ref 27). Such a state breaks TRS at the thermodynamic level, as f (k) can be maintained
only at the cost of entropy production (Ṡ = jx Ex , where jx is the current density). It is this
macroscopically broken TRS that allows for a finite Hall voltage. We see that T Ωodd = −Ωodd
and thus σxy (Ωodd ) = −σxy (−Ωodd ). In this case, σxy (B) does not need to be odd in B and a finite
σxy does not even require the presence of any B at all. In fact, the only role the magnetic field plays
in this topological Hall effect is to reduce its magnitude as it pushes the material away from full
Kondo coherence, analoguous to what happens when heating the material beyond T ? (Fig. 3c). The
observations of a spontaneous Hall effect (Fig. 2) and an even-in-field Hall conductivity (Fig. 3)
in Ce3 Bi4 Pd3 are smoking-gun evidences that the physical quantity underlying the phenomenon
is not a magnetic order parameter (coupled linearly to B), as otherwise σxy would necessarily
be completely odd in B. That the spontaneous Hall current is indeed carried by f (k) is further
supported by the linear relationship between σxy and σxx in the Kondo coherent regime (Fig. 2b),
consistent with a linear dependence on scattering time (σxy ∼ τ ) and thus the nonequilibrium
nature of the effect.
Because according to Eqn. 1 the topological Hall current is carried by f (k), σxy will depend
on Ex , and thus the Hall response jy = σxy (Ex ) · Ex is expected to be nonlinear in Ex . By Taylor expanding f (k) around the equilibrium (Fermi-Dirac) distribution function f0 (k), a second
4

harmonic response was derived16 , which we have set out to probe by investigating both the dependence of the Hall response on the electric field (or current) strength and by analysing the different
components of the Hall response under AC current drive. The former experiments reveal that the
DC
spontaneous Hall voltage Vxy
under DC current drive is indeed nonlinear in the applied electric

current I DC (Fig. S4a right). It can be decomposed into a linear- and a quadratic-in-I DC contriDC
bution. This is in contrast to the longitudinal voltage Vxx
that is linear in current, representing

an Ohmic electrical resistivity (Fig. S4a left). In our AC experiments, in response to an excita1ω
tion at frequency ω we detect voltage contributions at 1ω, 2ω, and 0ω. Whereas Vxy
is linear in
2ω
0ω
I 1ω (Fig. S5b), both Vxy
and Vxy
are quadratic in I 1ω (Fig. 2d,e). These three responses as well

as the DC response described above appear simultaneously, as Kondo coherence develops with
decreasing temperature (Fig. 2f), and must thus have a common origin.
2ω
0ω
DC
The nonlinear spontaneous Hall voltage terms (Vxy
, Vxy
, Vxy
∼ I 2 ) are expected within the

perturbative treatment16 of the topological (or quantum nonlinear) Hall effect of Eqn. 1. In what
follows we compare the magnitude of these terms found in our experiments with ab initio calculations for several weakly interacting Weyl semimentals28 . Within the perturbative aproach16,28 , the
Berry curvature dipole
Z
Dxz =

∂Ωodd
d3 k
z
f
(k)
0
(2π)3
∂kx

(2)

as well as σxy = e3 τ Dxz /(2~2 ) · Ex can be computed from the electronic band structure as function of the chemical potential. tan(Θ) ≡ σxy /σxx , where σxx is the normal (1ω) longitudinal
conductivity, was found to be at maximum of the order 10−4 for a scattering time τ = 10 ps and an
electric field of Ex = 102 V/m, corresponding to tan(Θ)/Ex ≤ 10−6 m/V (ref 28). For Ce3 Bi4 Pd3 ,
we have measured values as large as 3 × 10−3 m/V for this ratio in the second harmonic channel
(Fig. 2d). Indeed, an effect that is at least three orders of magnitude smaller would be difficult
to resolve experimentally, explaining why for weakly interacting nonmagnetic Weyl semimetals
it has not been reported. The giant value we observe is even more surprising as it is obtained in
a bulk semimetal, without any chemical potential tuning. Experimentally, such tuning is limited
to the case of (quasi) 2D insulators/semiconductors, and has indeed recently revealed a 2ω Hall
voltage in bilayer29 and multilayer30 WTe2 ; we estimate the maximum values reached there to
be tan(Θ) ≈ 5 × 10−3 and 10−4 , and tan(Θ)/Ex ≈ 3 × 10−6 m/V and 10−8 m/V, respectively.
As these materials are gapped, there is no Berry curvature divergence, explaining the comparably
small magnitude of the effect.
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The linear-in-current DC as well as the (first harmonic) 1ω AC contribution to Vxy , by contrast,
are unexpected in the perturbative treatment16 . Intriguingly, these contributions, with tan(Θ) in
the range of 0.15 to 0.5 (Fig. 2b and Fig. S6b), are even much larger than the 2ω effect quantified
above. In what follws we show that the striking deviations from simple expectations16,28 , most
notably the giant enhancement of the spontaneous nonlinear Hall effect, the even-in-field Hall
conductivity, and the appearance of a linear-in-field (first harmonic) contribution—arizes naturally
in a Weyl-Kondo semimetal.
Here, the Weyl nodes, where the Berry curvature is singular, are essentially pinned to the Fermi
level10,11 and the application of even small electric fields has a nonperturbative effect (see Supplementary Information for an expanded discussion). A simple Taylor expansion of f (k) around
f0 (k), as done in ref 16, will therefore fail to describe the situation. Quantitative predictions
from fully nonequilibrium transport calculations based on an ab initio electronic bandstructure in
the limit of strong Coulomb interaction and strong spin-orbit coupling are elusive to date. Thus,
instead, we here present a conceptual understanding. While (generically tilted) Weyl cones are
present already in the noninteracting bandstructure of Ce3 Bi4 Pd3 (Fig. 4a and Supplementary Information), it is the Kondo interaction that pushes them to the immediate vicinity of the Fermi
level (Fig. 4b), as indicated by calculations for a periodic Anderson model with tilted Weyl cones
in the bare conduction electron band (see ref 11 and Supplementary Information) and evidenced
by thermodynamic measurements10 . In the resulting tilted Weyl-Kondo semimetal, each Weyl
node will thus be asymmetrically surrounded by a tiny Fermi pocket, with the smallest distance
between node and Fermi surface denoted by kW (Fig. 4c). The application of even small electric
fields will then induce shifts ∆k in the distribution function f (k) that are sizeable compared to
kW , and possibly even compared to the Fermi wavevector kF , thus driving the system to a fully
nonequilibrium regime (Fig. 4d). In this setting, a nonperturbative approach is needed, and will
allow for the appearance of terms beyond the second harmonic one predicted by Sodemann and
Fu16 , most notably the experimentally observed first harmonic one (Supplementary Information).
As the applied E field can then no longer be considered as a probing field, it introduces a directionality on top of the crystal’s space group symmetry and the selection rules, that hold in the
perturbative regime, will be violated.
In conclusion, our Hall effect measurements have unambiguously identified a giant Berry curvature contribution in a time-reversal invariant material, the noncentrosymmetric heavy fermion
semimetal Ce3 Bi4 Pd3 . The Hall angle per applied electric field, a figure-of-merit of the effect,
6

is enhanced by orders of magnitude over values expected for weakly interacting systems, which
we attribute to Kondo-driven tilted Weyl nodes very close to the Fermi surface. The experiments
established here should allow for a ready identification of other strongly correlated nonmagnetic
Weyl semimetals, be it in heavy fermion compounds or in other materials classes, thereby enabling
much needed systematic studies of the interplay of strong correlations and topology. Finally, the
discovered effect being present in a 3D material, in the absence of any magnetic fields and under
only tiny driving electric fields, holds great promise for the development of robust topological
quantum devices.
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Fig. S4, respectively (left axis), and linear-in-current response ρ1ω,DC
from panel b (right axis), as
xy
function of scaled temperature (TH is the onset temperature for a large spontaneous Hall signal).
The absolute values of αmax,i , ρmax,i
, and TH are listed in Table S1.
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13

(mWm)

xy

1 K
1.5 K

2

2 K
2.5 K

r

1

0.75 K

1

-9

-6

-3

0
B (T)

3

6

0
0

9

d

T >> T *

(mWm)

T = 20 K

0.5 K
0.4 K

2

4
B (T)

6

a

1.0

max

a / a

0

4

6

8

w
w

2
0

0.6

0.4

B = 3.5 T

0.6

0.4

-

0.2

-0.2
-9

-6

-3

0
B (T)

3

6

9

0.0
0

|

r

odd

0.2

xy

-0.1

2

f

r

0.0

8

B (T)

0.8

0.1

xy

1 K

-0.3

0.2

r

0.0

0.75 K

odd

b

1.5 K

0.3

3 K

0
-1

3 K
2 K

(4 K) | (mWm)

r

xy

even

2

3

xy

(mWm)

even

r

3

4 K

0.6

0.5 K

T = 0.4 K

xy

e

0.4 K

(mWm)

r

4

xy

odd

4

c

T << T *

odd

meas.

r

5

xy

a

2

4

6

B (T)

8

0.0

0

45
(r

xx

90

- r

xx

135
2

(4 K) )

mW

(

180
2

m )

FIG. 3: Hall resistivity of Ce3 Bi4 Pd3 in external magnetic fields. a, In the Kondo coherent
regime below T ? and B0? (Fig. 1d), the magnetic field-dependent DC Hall resistivity ρxy (B)
shows a pronounced anomalous Hall effect (AHE) and can be decomposed into an odd-in-B
?
even
ρodd
xy (B) (blue) and an even-in-B ρxy (B) (red) component. b, Above T , ρxy (B) is dominated
?
?
by a linear-in-B normal Hall effect. c, ρeven
xy (B, T ) is suppressed for T > T and B > B0 . d,

Scaled coefficients of the 2ω and 0ω Hall voltage in an AC experiment (from Fig. 2d,e) as
function of magnetic field. e, Below T ? and B0? , ρodd
xy (B, T ) shows a pronounced AHE on top of a
linear background from the normal Hall effect. f, Amplitude of the odd-in-B AHE, estimated as
the total odd-in-B component at 3.5 T (location of extremum) minus its value at 4 K, where the
effect has disappeared (see e), vs the square of the corresponding magnetoresistance difference
[ρxx (T ) − ρxx (4 K)] at 3.5 T, with T as implicit parameter. The observed quadratic dependence
(red straight line) is in remarkable agreement with expectations for the AHE due to broken TRS
as B is applied.

14

a

kz=0.00

0.1

kz=0.11

kz=0.17

E (eV)

0.0
-0.1

1
2

3

-0.2
4
-0.3
Γ

b

∆

H 0

kx

2/3 0

kx

2/3

103E/t

5

0

W+

W-5

-(kx-ky)

kx-ky

c

d

FIG. 4: Theoretical description of Weyl-Kondo physics in Ce3 Bi4 Pd3 . a, Ab initio band
structure of Ce3 Bi4 Pd3 , with 4f electrons in the core. In the kx -kz plane, four different Weyl
nodes (1-4) are identified. 1 and 4 are most strongly tilted (Supplementary Information). b
Dispersion across a pair of Weyl (W+ ) and anti-Weyl (W− ) nodes for a Weyl-Kondo model with
tilted Weyl cones (Supplementary Information). Energy is expressed in units of the conduction
electron bandwidth t. The Kondo interaction pushes the Weyl nodes, that are present in the bare
conduction electron band far away from the Fermi energy, to the immediate vicinity of the Fermi
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cont. FIG. 4: ... level (here at E/t = 0, slightly above the Weyl nodes). c, Sketch of a Fermi
pocket around the Weyl node W+ in b (dot) in zero electric field (light red) and its
nonequilibrium counterpart with driving electric field (red), in the weak-field regime (left) and
the fully nonequilibrium regime (right). d, Sketch of the driving current-induced Hall resistance
Rxy = Vxy /Ix , displaying the weak-field and fully nonequilibrium regimes. inset, Experimental
results for Ce3 Bi4 Pd3 , demonstrating the simultaneous presence of a spontaneous Hall signal in
both the 2ω (Vxy ∼ Ix2 ) and 1ω (Vxy ∼ Ix ) channel. The sum of both contributions corresponds to
a linear-in-Ix Hall resistance with a finite offset (violet line with green dot in main panel), which
is a characteristic of the fully nonequilibrium regime.
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Methods
A. Synthesis
Single crystals of Ce3 Bi4 Pd3 and the nonmagnetic reference compound La3 Bi4 Pd3 where synthesized using a Bi-flux method10 . Their stoichiometry, phase purity, and crystal structure were
verified using powder X-ray diffraction, scanning electron microscopy, energy dispersive X-ray
spectroscopy, and Laue diffraction.
B. Measurement setups
Magnetotransport measurements were performed using various devices: two Quantum Design
Physical Property Measurement Systems, in part with 3 He or vertical rotator option, and an Oxford 4 He flow cryostat using a Stanford Research SR830 lock-in amplifier. In the former, we used
a pseudo-AC technique (p-AC), in the latter a standard AC technique with lock-in detection. Electrical contacts for these measurements where made by spot welding 12 µm diameter gold wires
to the samples in a 5- or 6-wire configuration, depending on the crystal size. Oriented single
crystals were studied with the driving electrical current along different crystallographic directions
(approximately along [103], [111], and [100]).
The µSR measurements were performed at the Dolly spectrometer of the Swiss Muon Source
at Paul Scherrer Institut, Villigen. The single crystals were arranged to form a mosaic with about
1 cm diameter and a thickness of about 0.5 mm, glued on top of a thin copper foil solidly clamped
to a copper sample holder, thus optimally using the muon beam cross section, minimizing the
background from the sample holder, and guaranteeing good thermal contact. Combined with
active vetoing, this setup resulted in very low spurious background signals. A cold-finger Oxford
Heliox 3 He system combined with a 4 He Oxford Variox cryostat was used to reach temperatures
down to 250 mK. By employing active compensation coils, true zero-field (ZF) conditions could
be achieved during the ZF-µSR experiments.
C. Ab initio calculations
We performed nonspinpolarized band structure calculations for Ce3 Bi4 Pd4 based on density functional theory, treating the Ce 4f electrons in the open-core approximation and taking spin-orbit
interaction into account. Weyl nodes in the kx -kz plane of the Brillouin zone were identified via
their Berry curvature (see the Supplementary Information for further details).
D. Model calculations
We extended the model for a Weyl-Kondo semimetal11 to include beyond nearest-neighbor hopping terms, and solved the self-consistent saddle-point equations for the strong interaction limit
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of the periodic Anderson model. We find a Weyl-Kondo solution with tilted Weyl cones. With
the Kondo interaction placing the Fermi energy very close to the Weyl nodes, the Fermi surface
comprises Fermi pockets that are asymmetrically distributed near the Weyl and anti-Weyl nodes.
The Berry curvature, which diverges exactly at any Weyl or anti-Weyl node, is thus very large on
the Fermi surface (see the Supplementary Information for further details).
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