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Nontrivial topology in condensed-matter systems enriches quan-
tum states of matter to go beyond either the classification into
metals and insulators in terms of conventional band theory or
that of symmetry-broken phases by Landau’s order parameter
framework. So far, focus has been on weakly interacting systems,
and little is known about the limit of strong electron correla-
tions. Heavy fermion systems are a highly versatile platform to
explore this regime. Here we report the discovery of a giant
spontaneous Hall effect in the Kondo semimetal Ce3BisPd3; that
is noncentrosymmetric but preserves time-reversal symmetry. We
attribute this finding to Weyl nodes—singularities of the Berry
curvature—that emerge in the immediate vicinity of the Fermi
level due to the Kondo interaction. We stress that this phe-
nomenon is distinct from the previously detected anomalous Hall
effect in materials with broken time-reversal symmetry; instead,
it manifests an extreme topological response that requires a
beyond-perturbation-theory description of the previously pro-
posed nonlinear Hall effect. The 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.
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E xploring effects of topology (1-7) in weakly correlated
condensed-matter systems has led to the identification of
fundamentally new quantum phases and phenomena, includ-
ing the spin Hall effect (8), protected transport of helical
fermions (9), topological superconductivity (10), and large non-
linear optical response (11, 12). In the recently discovered Weyl
semimetals, bulk three-dimensional (3D) Dirac cones describ-
ing massless relativistic quasiparticles are stabilized by breaking
either inversion symmetry (IS) or time-reversal symmetry (TRS)
(13). Key experiments in their identification have been angle-
resolved photoemission spectroscopy (ARPES) (14-16) as well
as magnetotransport measurements, providing evidence for the
chiral anomaly (13, 17, 18)—charge pumping between a pair of
Weyl nodes—via a large negative longitudinal magnetoresistance
or, for nanostructures in high magnetic fields, Weyl orbits via
quantum oscillation (19) or quantum Hall measurements (20).

Whereas the perturbative effect of correlations on topological
electronic states is already under broad investigation (21-24), a
completely open question is how strong correlations drive either
related or entirely new topological states (25-29). To uncover
them experimentally, not only new materials but also alterna-
tive measurement techniques have to be found. For instance,
to characterize the recently proposed Weyl-Kondo semimetals
(30, 31) neither of the canonical probes for weakly interacting
Weyl semimetals seems suitable: ARPES experiments still lack
the ultrahigh resolution needed to resolve strongly renormalized
bands and magnetotransport signatures of the chiral anomaly
or Weyl orbits are expected to be suppressed by the reduced
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quasiparticle velocities of strongly correlated materials (18). Our
discovery of a giant spontaneous Hall effect in one such mate-
rial not only identifies an ideal technique but also demonstrates
that strong correlations can drive extreme topological responses,
which we expect to trigger much further work.

The material we have investigated is the noncentrosymmetric
and nonsymmorphic heavy fermion semimetal CezBisPds (30)
that has recently been identified as a candidate Weyl-Kondo
semimetal (30, 31). Its low-temperature specific heat contains a
giant electronic ¢ =TT3 term that was attributed to electronic
states with extremely flat linear dispersion (30), corresponding
to a quasiparticle velocity v* that is renormalized by a factor of
10® with respect to the Fermi velocity of a simple metal (30,
31). This boosts the electronic I'T? term to the point that it
even overshoots the Debye 3T term of acoustic phonons (30).
To scrutinize this interpretation by other, more direct probes of
topology is the motivation for the present work.

Results

We start by showing that CesBisPds is governed by the Kondo
interaction and delineate the temperature and field range
of Kondo coherence. The zero-field resistivity of CesBisPds
increases weakly with decreasing temperature, whereas the non-
magnetic reference compound LasBisPds is metallic (Fig. 14).
This provides strong evidence that the semimetallic character of
CesBisPds is due to the Kondo interaction. Below the single-
ion Kondo temperature Tk =13 K, identified by associating
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Fig. 1. Electrical resistivity and magnetoresistance of Ce3BisPds. (A) Temperature-dependent electrical resistivity pxx of Ce3BisPd3 in various magnetic fields
applied perpendicular to the electric field (B L E, transverse magnetoresistance) and of the nonmagnetic reference compound LasBisPd; in zero field (red).
The feature in the 0 T data of Ce3BisPd3 near 3 K is due to the onset of the spontaneous Hall effect (Fig. 2A), which leaves a finite imprint on py because
of the giant Hall angle (S/ Appendix, section | H) and because of slight contact misalignment (S/ Appendix, section | A). (B) Transverse magnetoresistance
scaled to its zero-field value vs. scaled magnetic field B/B*, showing the collapses of data above 7 K onto the universal curve (32) (violet) expected for an
S=1/2 Kondo impurity system in the incoherent regime and a breakdown of the scaling for temperatures below 7 K (shown here by using B* from the
linear fit in C—also, other choices of B* cannot achieve scaling). (C) Scaling field B*, as determined in B, vs. temperature, showing a linear-in-T behavior
as expected for a Kondo system in the single-impurity regime. Fitting B* = B3 (1 + T/T*) to the data (red straight line) yields B; =10 T and T* =2.5 K. (D)
Temperature-field phase diagram displaying the single impurity (SI) and Kondo coherent (KC) regime as derived in C. (E) Transverse (black) and longitudinal
(red, B||E) magnetoresistance for temperatures well below (Top) and well above T (Bottom). The data were symmetrized to remove any spurious Hall

resistivity contribution and mirrored on the vertical axis for clarity.

the material’s temperature-dependent entropy with a spin 1/2
ground state doublet of the Ce 4f" wavefunction split by the
Kondo interaction (30), a broad shoulder in the resistivity at
about 7 K signals the cross-over to a Kondo coherent state
(Fig. 14). As shown in what follows, this is further supported by
our magnetoresistance measurements (Fig. 1 B and C).

Transverse magnetoresistance isotherms (Fig. 1B) in the inco-
herent regime between 7 and 30 K display the universal scaling
typical of Kondo systems (33, 34): pus/paz(0T) vs. B/B* curves
all collapse onto the theoretically predicted curve for an S =1/2
Kondo impurity system (32), provided a suitable scaling field B*
is chosen. The resulting B* is linear in temperature (Fig. 1C).
Fitting B* = By (1+ T/ T™) to the data (red straight line) yields
By =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 ¢, of the chiral anomaly, being
inversely proportional to the density of states (18), is expected
to scale as ¢, oc (v*)3, it is severely suppressed by the strong cor-
relations. The fact that, also at high temperatures, we do not
observe signatures of the chiral anomaly (Fig. 1E, Bottom) is
consistent with our bandstructure calculations (to be presented
later; see Fig. 44), which reveal that the uncorrelated bandstruc-
ture contains Weyl nodes only far away (> 100 meV) from the
Fermi level.
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Our key observation, presented next, is a spontaneous (non-
linear, as will be discussed later) Hall effect which appears in
Ce3BisPds as full Kondo coherence is established below T*
(Fig. 24). The corresponding spontaneous Hall conductivity o,
reaches a considerable fraction of the quantum of 3D conduc-
tivity (Fig. 2B). The experiment, using a pseudo-AC (alternating
current) mode (Materials and 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 (S Appendix, section I A and Figs. S1 and S2)
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. The resulting para-
magnetic state is evidenced by the absence of phase transition
anomalies in magnetization and specific heat measurements (S
Appendix, sections II B and C and Figs. S11 and S12), as well as by
state-of-the-art zero-field (ZF) muon spin rotation (xSR) exper-
iments. The latter reveal an extremely small electronic relaxation
rate that is temperature-independent between 30 K and 250 mK
(Fig. 2C; for two fully overlapping representative spectra, one
well above and one well below T*, see ST Appendix, section IT A
and Fig. S10). This is unambiguous evidence that, in the inves-
tigated temperature range and in particular across 7, TRS is
preserved in CezBisPds. In conjunction with the giant sponta-
neous Hall effect this observation is striking—we are not aware
of any other 3D material with preserved TRS that has shown a
spontaneous Hall effect.

We also measured the Hall effect in finite applied mag-
netic fields. We observe that the field-dependent Hall resistivity
isotherms, p,,(B), are fundamentally different below (Fig. 34)
and above T (Fig. 3B). Whereas above T, pg, shows simple
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Fig. 2. Spontaneous Hall effect of Ce3BisPd3. (A) Temperature-dependent direct current (DC) Hall resistivity py, in zero external magnetic field, showing
a pronounced spontaneous Hall effect below 3 K. Data were taken without prior application of magnetic fields. (B) Spontaneous DC Hall conductivity o,
in units of the 3D conductivity quantum vs. longitudinal conductivity oy, with temperature as implicit parameter, for the DC response of the sample in
A (bottom and left axes, black) and for the 1w response in an AC experiment on a sample from a different batch (top and right axes, red), both in zero
magpnetic field. In the Kondo coherent regime (gray shading), oy, is linear in ox. (C) Temperature-dependent nuclear and electronic contributions to the
muon spin relaxation rate obtained from ZF uSR measurements. The electronic contribution is extremely small and temperature-independent within the
error bars, ruling out TRS breaking with state-of-the-art accuracy. Magnetization and specific heat measurements corroborate this finding (see S/ Appendix,
sections Il B and C and Figs. S11 and S12. (D) Scaled 2w spontaneous Hall voltage vs. square of 1w driving electrical current in zero magnetic field for
different temperatures and at 1.7 K for various magnetic fields. (E) Quantities analogous to D for the Ow spontaneous Hall voltage. (F) Scaled coefficients of

square-in-current response o2“"%“:°¢ from D and E and S/ Appendix, Fig. $6, respectively (left axis) and linear-in-current response pl;J'DC from B (right axis),
as function of scaled temperature (Ty is the onset temperature of the spontaneous Hall signal). The absolute values of a™®/, p™3/ and Ty are listed in S/

Appendix, Table S1.

linear-in-field behavior consistent with a single hole-like band,
strong nonlinearities appear below 7. Most importantly, a
large even-in-field component p3;*" = [psy (B) + pay (—B)]/2 is
observed (Fig. 3C) that even overwhelms the usual odd-in-field
component py = [puy (B) — pay(—B)]/2 (Fig. 3E). The nonlin-
ear part of the latter, that scales with [py; — pa: (4K)]? and is
thus independent of the scattering time (Fig. 3F), is theoretically
expected (35) and experimentally observed (36) in TRS broken
Weyl semimetals, which is here realized by the finite magnetic
field. The exciting discovery, however, is the even-in-B compo-
nent, 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 0., of the fully antisymmetric Hall conductivity
tensor may couple only to a physical quantity G that breaks
TRS (i.e., TG=—G, where T is the time-reversal operation)
(37) and thus have to be an odd function of this quantity [e.g.,
Ozy(B)=—0g4y(—B), where G = B].

The question, then, is how to understand the Hall response
beyond a broken TRS framework. Recent theoretical studies

Dzsaber et al.
Giant spontaneous Hall effect in a nonmagnetic Weyl-Kondo semimetal

+ Pxy

(38) show that in an IS breaking but TRS preserving material,
a Hall current (density)

, e’ [ d’k odd

can be generated in a current-carrying state, as nonlinear
response to an applied electric field &,. This field changes the
equilibrium (Fermi-Dirac) distribution function f,(k) into the
nonequilibrium distribution function f(k). In addition, in the
presence of the Berry curvature Q29 (k), that is odd in & [i.e.,
Q099 (k) = —0°99(—k)] for systems with broken IS (39), it gen-
erates the anomalous velocity v,. This state breaks TRS at the
thermodynamic level, as f (k) can be maintained only at the cost of
entropy production (S = j,.£, ). The Hall conductivity o, in Eq. 1
is finite only under this condition, which is in contrast to a normal
(linear-response) Hall conductivity (SI Appendix, section I E).
Because o, of Eq. 1is driven by this TRS invariant Berry cur-
vature and not by an applied magnetic field, it does not need
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Fig. 3. Hall resistivity of Ce3BisPd3 in external magnetic fields. (A) In the Kondo coherent regime below T* and B{ (Fig. 1D), the magnetic field-dependent
DC Hall resistivity pyy,(B) shows a pronounced anomalous Hall effect (AHE) and can be decomposed into an odd-in-B pi}‘,’d(B) (blue) and an even-in-B ,o)e(;e"(B)
(red) component. (B) Above T*, p,,(B) is dominated by a linear-in-B normal Hall effect. (C) pi;e"(B, T) is suppressed for T>T* and B> Bj. (D) Scaled
coefficients of the 2w and Ow Hall voltage in an AC experiment (from Fig. 2 D and F) as function of magnetic field. (F) Below T* and B§, p)?ydd(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 [px(T) — pxx (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.

to be odd in B, and a finite 0., does not even require the
presence of any B at all (thus the spontaneous Hall effect).
In fact, the only influence the magnetic field has on this topo-
logical Hall effect is to successively reduce its magnitude with
increasing field (Fig. 3D), similar to what happens when heat-
ing the material beyond 7™ (Fig. 3C). The observations of a
spontaneous Hall effect (Fig. 2) and an even-in-field Hall con-
ductivity (Fig. 3) in Ce3BisPds are smoking-gun evidence that
the physical quantity underlying the phenomenon is not a mag-
netic order parameter (coupled linearly to B), as otherwise o4y
would necessarily be an odd function in B. That the sponta-
neous Hall current is indeed associated with f(k) is further
supported by the linear relationship between o,, and o, in the
Kondo coherent regime (Fig. 2B), consistent with a linear depen-
dence on the scattering time (o, ~7) and thus the nonequi-
librium nature of the effect. As recently emphasized (40), this
dependence sharply discriminates this effect from disorder-
induced contributions.

Because according to Eq. 1 the topological Hall current is
determined by f(k), o, will depend on &,, and thus the Hall
response j, = o4y (E:) - €, is expected to be nonlinear in &,. By
Taylor expanding f (k) around f, (k), a second harmonic response
was derived (38), 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 analyzing the different components of
the Hall response under AC and DC current drives (SI Appendix,
section I D). As we will show in what follows, we do indeed
observe this second harmonic response; in addition, however, we
also detect terms that go beyond the prediction. The experiments
as function of DC current drive reveal that the spontaneous Hall

40f7 | PNAS
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voltage V) can be decomposed into a linear- and a quadratic-
in-1°¢ contribution (SI Appendix, Fig. S6A4, Right). This is in
contrast to the longitudinal voltage VL that is linear in cur-
rent, representing an ohmic electrical resistivity (SI Appendix,
Fig. S6A4, Left). In our AC experiments, in response to an exci-
tation at frequency w we detect voltage contributions at 1w, 2w,
and Ow. Whereas V.. is linear in I'* (SI Appendix, Fig. STB),
both V2 and the associated current rectified counterpart V.’
(SI Appendix, Eq. 810) are quadratic in I'* (Fig. 2 D and 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.

Discussion

We start by discussing the terms Vo, V.5, and VJBC ~ I?. They
can be understood within the perturbative treatment (38) of

Eq. 1, where the spontaneous nonlinear Hall conductivity o, is
determined by the Berry curvature dipole D, as

e3r . 3k HQdd

Tay = <5 D, & with D, :/ Wfo(k)Tk:Z' [2]
For several noninteracting (and TRS-preserving) Weyl semimet-
als, D,, was computed by electronic bandstructure calculations
(41). The tangent of the Hall angle, defined as tan Ou = 04y /0 4z,
where o, is the normal (lw) longitudinal conductivity, was
found to be at maximum (if the chemical potential is placed
at the Weyl nodes) of the order 10~* for a scattering time
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7=10 ps and an electric field of &£, = 10? V/m, corresponding
to tan O /&, <107° m/V (41). An experimental confirmation
of these predictions remains elusive to date. For CesBisPds, we
have measured tan Oy /&, values as large as 3 x 107% m/V in
the second harmonic channel (Fig. 2D). This giant value is even
more surprising as it is obtained in a bulk semimetal, without any
chemical potential tuning. Experimentally, such tuning is lim-
ited to the case of insulating (quasi) two-dimensional materials.
Two comments are due. First, in gate-tuned bilayer (42) and few-
layer (43) WTez, which both feature a gap at the Fermi level, 2w
Hall voltages have recently been reported; they were attributed
to a large—but not divergent—Berry curvature. We estimate
the maximum values reached there to be tan Oy ~ 5 x 10~? and
10™* and tan O /&, ~3 x 107 m/V and 10™® m/V, respec-
tively, thus again at least three orders of magnitude smaller
than what we observe in Ce3BisPds. Second, we point out that
the above-discussed spontaneous nonlinear Hall effect is not to
be confused with the AHE in TRS breaking Weyl semimetals
(36) or the planar Hall effect in noncentrosymmetric Weyl
semimetals (44). In the former, the Berry curvature is related
to a magnetization. In the latter, the amplitude of the effect is
determined by that of the chiral anomaly (44), which is strongly
suppressed in Weyl-Kondo semimetals.

A kz=0.00

0. 1 kz=0.11

kz=0.17

10°E/t

— -(kk)

Next, we quantify the terms V., and V.5 ~ I that have not
been considered in the perturbative approach of ref (38), though
odd-in-current contributions can generally appear (SI Appendi,
section I F). Intriguingly, these linear contributions show tan O
values up to 0.5 (taken as the slope 8o,y /00, in Fig. 2B and ST
Appendix, Fig. S8B) and thus are even larger than the 2w effect
quantified above. Before describing how these new terms as well
as the above-discussed spontaneous nonlinear Hall terms may
naturally arise in a Weyl-Kondo semimetal picture, we show that
other effects can be safely discarded.

Skew scattering, side jump, and multiband effects are inves-
tigated via the normal (antisymmetrized) Hall effect and mag-
netoresistance characteristics and shown to play negligible roles
by quantitative analyses (SI Appendix, sections I B and C and
Figs. S4 and S5). Spurious Hall contributions due to crystal
anisotropies, which may arise in systems with lower than cubic
symmetry, can also be ruled out (SI Appendix, section 1 G).
Finally, the reproducibility of the spontaneous Hall effect over
various samples (SI Appendix, Fig. S8) confirms the intrinsic
nature of this phenomenon.

In a Weyl-Kondo semimetal, the Weyl nodes—where the
Berry curvature is singular—are essentially pinned to the Fermi
level (30, 31). The application of even small electric fields has

weak field

fully nonequilibrium

A fully nonequilibrium

: = 0.4 — G
Xy 1 2= 0.2 J
I ~ 4
weak : = 01 m— 120)
field |  0.04 o
(2m) : I (mA)
.’ - O I finite I b
X X X

Fig. 4. Theoretical description of Weyl-Kondo physics in Ce3BisPds. (A) Ab initio band structure of Ce3BisPds3, with 4f electrons in the core. In the kx-k,
plane, four different Weyl nodes (1-4) are identified; 1 and 4 are most strongly tilted (S/ Appendix, section Ill). (B) Dispersion across a pair of Weyl (W)
and anti-Weyl (W™) nodes for a Weyl-Kondo model with tilted Weyl cones (S/ Appendix, section IV). 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 level (here at £/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 Ry, = Vyy, /Ix, displaying the weak-field and fully nonequilibrium regimes. The Inset
shows experimental results for Ce3BizPd3, demonstrating the simultaneous presence of a spontaneous Hall signal in both the 2w (Vy, ~ I)Z() and 1w (Vyy ~ I)
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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a nonperturbative effect, in particular in the case of tilted Weyl
cones (see SI Appendix, section IV C for an expanded discus-
sion). A simple Taylor expansion of f (k) around fy(k), as done
in ref. 38, will therefore fail to describe the effect. Quantita-
tive 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 tilted Weyl cones are present already in
the noninteracting bandstructure of Ce3BisPds (Fig. 44 and SI
Appendix, section III), it is the Kondo interaction that drives
emergent and highly renormalized Weyl nodes in the immediate
vicinity of the Fermi level (Fig. 4B), as indicated by calculations
for a periodic Anderson model (31) with tilted Weyl cones in
the bare conduction electron band (SI Appendix, section IV and
Fig. S13) and evidenced by thermodynamic measurements (30).
In the resulting tilted Weyl-Kondo semimetal, each Weyl node
will be asymmetrically surrounded by a small Fermi pocket. The
presence of such small pockets in Ce3zBisPds is supported by the
small carrier concentration (8 x 10! cm ™3, or 0.002 charge car-
riers per atom) obtained from the normal Hall coefficient (S
Appendix, Fig. S44). Due to the pinning of the Fermi energy to
the Weyl nodes in a tilted Weyl-Kondo semimetal, the small-
est distance between node and Fermi surface (kw, see Fig. 4C)
can become extremely small. The application of even tiny elec-
tric fields will then induce shifts Ak in the distribution function
f(k) that are sizable compared to kw (and possibly even com-
pared to the Fermi wavevector kr), thus driving the system to a
fully nonequilibrium regime (Fig. 4D). In this setting, a nonper-
turbative approach is needed and will allow for the appearance of
terms beyond the second harmonic one predicted by Sodemann
and Fu (38), most notably the experimentally observed first har-
monic one (SI Appendix, section I D). As the applied £ 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, which hold in the perturbative regime, will be
violated.

In conclusion, our Hall effect measurements unambiguously
identify a giant Berry curvature contribution in a time-reversal
invariant material, the noncentrosymmetric heavy fermion
semimetal Ce3zBisPds. The Hall angle per applied electric field,
a figure of merit of the effect, is enhanced by orders of magni-
tude over values expected for weakly interacting systems, which
we attribute to the effect of tilted and highly renormalized
Weyl nodes that emerge very close to the Fermi surface out of
the Kondo effect. The experiments reported here should allow
for a ready identification of other strongly correlated nonmag-
netic Weyl semimetals, be it in heavy fermion compounds or
in other materials classes, thereby enabling much needed sys-
tematic studies of the interplay between strong correlations and
topology. Our findings provide a window into the landscape of
“extreme topological matter”—where strong correlations lead
to extreme topological responses—that awaits systematic explo-
ration. Finally, the discovered effect being present in a 3D mate-
rial, 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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Materials and Methods

Synthesis. Single crystals of Ce3BisPd; and the nonmagnetic reference
compound LazBisPd; were synthesized using a Bi-flux method (30). Their
stoichiometry, phase purity, crystal structure, and single crystallinity were
verified using powder X-ray diffraction, scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), and Laue diffraction. Because
Ce3BisPds is a stoichiometric compound in which all three elements have
unique crystallographic sites, disorder is expected to be weak.

Measurement Setups. Magnetotransport measurements were performed
using various devices: two Quantum Design Physical Property Measurement
Systems, in part with 3He or vertical rotator option, and an Oxford “He flow
cryostat using a Stanford Research SR830 lock-in amplifier. In the former, we
used a pseudo-AC technique and in the latter a standard AC technique with
lock-in detection. Electrical contacts for these measurements were made by
spot-welding 12-um-diameter gold wires to the samples in a five- or six-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 uSR measurements were performed at the Dolly spectrometer of the
Swiss Muon Source at Paul Scherrer Institut, Villigen. The single crystals were
aligned 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 frame,
thus optimally using the muon beam cross-section, minimizing the back-
ground from the sample holder, and guaranteeing good thermal contact.
Combined with active vetoing, this setup resulted in very low spurious back-
ground signals. A cold-finger Oxford Heliox >He system combined with a “He
Oxford Variox cryostat was used to reach temperatures down to 250 mK. By
employing active compensation coils, true ZF conditions could be achieved
during the ZF 1SR experiments.

Ab Initio Calculations. We performed non-spin-polarized band structure cal-
culations for Ce3BisPds based on density functional theory, treating the Ce
Af electrons in the open-core approximation and taking spin-orbit interac-
tion into account. Weyl nodes in the kx—k, plane of the Brillouin zone were
identified via their Berry curvature (see SI Appendix, section Ill for further
details).

Model Calculations. We extended the model for a Weyl-Kondo semimetal
(31) to include beyond nearest-neighbor hopping terms and solved the self-
consistent saddle-point equations for the strong interaction limit 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 asymmet-
rically 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 S/ Appendix, section IV for further details).

Data Availability. All study data are included in the article and/or S/
Appendix.
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Supplementary Text

I. ANALYSIS OF HALL EFFECT AND RESISTIVITY DATA
A. Magnetotransport measurement geometry

We define the electrical current direction as x. The electrical resistivity along this direction is thus
denoted by p,.. A magnetic field applied along x leads to longitudinal magnetoresistance, a field
perpendicular to x to transverse magnetoresistance. To detect a normal Hall response, a magnetic
field is applied along 2, and an electric field along y is measured via voltage contacts perpendicular
to x and z.

However, in practice, by contacting the (small) samples with the spot welding technique (Meth-
ods), this geometry cannot be perfectly achieved, leading to misalignment contributions for both
the resistance and the Hall effect measurements (Fig.[ST). We start by discussing the latter. We
denote the resistance measured across imperfectly aligned Hall contacts as R);™, the genuine Hall

resistance as I?,,. The established technique to cancel out misalignment contributions in the nor-

meas

mal Hall effect is to measure R}

for positive and negative magnetic fields and antisymmetrize
the signal as

R _ err;Jeas(_FBz) _ err;fas(_Bz)
Ty 9

For the spontaneous and even-in-field Hall response, however, a different approach is needed.
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FIG. S1: Misalignment contributions due to imperfect contact geometry. Because of
unavoidable contact misalignment, the measured voltages across the (longitudinal) resistivity and
Hall contacts (V,;** and V;;eas) contain, in addition to the intrinsic contributions V,, and V,, the

misalignment contributions C'V,,, and C'V,,, respectively.



At room temperature and in zero applied magnetic field, where no Hall response exists, we de-

termine the ratio of resistances measured across the (longitudinal) resistivity and Hall contacts

as

_ Ry _ CR,,
Rues ~ R,

As the misalignment factor C' is a purely geometrical quantity and is thus temperature and field

C = 0.553 . (S2)

independent, the genuine Hall response at arbitrary fields and temperatures is
Ry (T, B) = Ryy™(T, B) — CR., (T, B) . (S3)

In fact, in the correction term we use R*(T', B) instead of R, (T, B), thus correcting the effect
only to first order. As higher order terms involving the product C'C’ are very small (for C’ see
Fig.[S3), this is deemed sufficiently accurate. R,,(T, B = 0) is zero from room temperature down
to 3 K (Fig.[S2)), thus ruling out that the additional signal measured across the Hall contacts below

3 K is due to Hall contact misalignment.
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_._ RTXT;IEBS_C*RXX

30 -

10\\ _

°
Ot ... . ‘ecmsewemeereoeecee-
1 10 100
T(K)

FIG. S2: Determination of misalignment contribution in DC Hall measurements on
Ce;3Bi,Pd;. Temperature-dependent electrical resistance measured across the Hall contacts Rglyeas
(black), longitudinal resistance R, scaled to R;f;as at room temperature (red), and the difference

of the two, R, = R} — C' - R, with C' = 0.553 (blue), all in zero applied magnetic field. A
deviation appears only below 7" = 3 K, where the intrinsic spontaneous Hall response sets in. The

same procedure is adopted for the 1w signal of the AC Hall measurements.



This Hall contact misalignment correction is adopted for both the DC transport measurements
and the 1w signal in the AC measurements. As there is no longitudinal signal in the Ow and 2w
channels, no correction is done for these.

We now turn to the electrical resistivity. Here, the transverse direction misalignment of the
contacts leads to the appearance of an additional resistance C'R,,,, that adds to the intrinsic lon-
gitudinal resistance R, so that the total measured resistance is Rin* = R,, + C'R,, (with R,
obtained via Eqn.[S3). We determine the misalignment factor C’ as follows: At a temperature
above the onset of the spontaneous Hall effect we measure, on the resistivity contacts, the normal
Hall resistance [R5 (+B) — R™*5(—B)]/2 as function of magnetic field (Fig.[S3A, black data
points). At the same temperature, we also measure the Hall resistance on the Hall contacts, and
scale it (by the factor C”) such that it collapses onto the former curve (Fig.[S3A, red data points).
With C’ determined in this way, the temperature dependences of C'R,, and thus of R,, can be
determined in zero magnetic field, across the onset of spontaneous Hall effect (Fig.[S3B). One sees

that, with this correction (red curve), the feature in R,,(7") seen at the onset of the spontaneous
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S) (C'=-0.18) &
£ 0.1 £
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FIG. S3: Misalignment correction of the electrical resistance. (A) Measured odd-in-B
resistance R%14 = [Rmeas(+ B) — R™e(—B)|/2 on the electrical resistance contacts (ab = zz,
black), together with that measured across the Hall contacts and scaled by C” (ab = xy, red).
Data are plotted for sample S1 (see MS), and obtained at 7' = 5 K, above the onset of the
spontaneous Hall effect. C” is chosen to achieve best overlap of the curves. (B) With C” obtained
from (A), the measured temperature dependent resistance R, -*° (black) is corrected for the

misalignment contribution C’ R, (blue dashed line), to obtain the intrinsic curve (red).



Hall effect is weakened, but still visible (see Fig.[SIA). The same is true for the other samples
studied in this work (Fig.[S9B, C). The origin of this additional effect, which is an intrinsic imprint
of the Hall conductivity via the giant Hall angle of Ce3Bi4Pds3, is discussed in Sect.[[HL

Finally, if we do this same correction for the 2w longitudinal voltage signal V.2, we find that

the signal essentially cancels (Fig.2ID). This is because there is no 2w signal in the (longitudinal)

resistance.

B. Skew-scattering and side-jump contributions to the Hall effect

In heavy fermion metals, the Kondo interaction may lead to non-negligible skew scattering [29,

39-42]. The (linear-response) Hall coefficient in the Kondo incoherent regime then reads

Ry(T) = Ry + C1pumag(T)X(T) (S4)

where RY is the normal Hall coefficient due to charge carriers [in a simple single-band metal with

a temperature-independent charge carrier concentration n, R} = 1/(ne)l, pmag is the magnetic

Ce
TT

contribution to the electrical resistivity (defined as ppae = pS¢ — pL?, where p$¢ and pl? are
the resistivity of the Ce-based heavy fermion compound and its nonmagnetic La-based reference
compound, respectively), x is the magnetic susceptibility, and C' is a temperature-independent
constant.

The linear-response normal Hall coefficient Ry of Ce3Bi,Pd; is obtained from the total anti-
symmetrized Hall signal (Eqn.[ST)) at high temperatures, and as p2,%(8 T) /(8 T) at 4 K and below
(see Fig.BE of the main part). It shows significant temperature dependence at high tempera-
tures, but tends to saturate at low temperatures (Fig.[S4A), in agreement with data above 2 K
from ref [43], which is typical of a Kondo semimetal. Nevertheless, we here explore whether
skew scattering might alternatively lead to this temperature dependence. For this purpose, we
plot Ry VS. PmagX* = PmagX/C, With temperature as an implicit parameter (Fig.[S4B), where
C = ncepts/(3kg) is the Curie constant (nc, is the concentration and jieg = 2.54/p the effective
moment of the Ce3" ions, kg is the Boltzmann constant). In the fully incoherent regime above
10K, a linear relationship with the slope C; = 0.38 K/T is indeed observed (Fig.[S4B). At first,
this seems to suggest that the Hall response of this material is dominated by skew scattering. How-
ever, as outlined in what follows, the obtained value of (' is unphysically large, indicating that

Ry (T') is dominated by the temperature dependence of the charge carrier concentration and not by
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FIG. S4: Skew scattering and side-jump effect vs. normal Hall effect in Ce;Bi Pds. (A) The

linear-response normal Hall coefficient Ry of Ce3BiysPd3 shows pronounced temperature

odd

2
2y VS. Py, data. The

dependence in the incoherent regime. The inset shows the corresponding p
red line indicates a linear fit between 300 and 7 K with the slope vgs = 0.017 Q1 um~!. This
value is too large to be attributed to the side-jump effect (see text) . (B) Ry VS. pmagx ™, With 7" as
implicit parameter (see text), is linear above 10 K (full red line is a linear fit to the data, red
dashed line its extrapolation), but the slope (' is too large for this behavior to be attributed to

skew scattering (slope of blue line corresponds to the upper boundary).

skew scattering.

For Kondo systems the skew scattering amplitude C' is given by[39]
5 pup : . 2

C) = _?QJE cos(d) sin(d) with Z = - ZZ(QZ +1)0 , (S5)
where ¢ is the phase shift of the Fermi wavefunction due to Kondo scattering, that is related to
the valence difference Z between the impurity and the host metal via Friedel’s sum rule, [ is the
orbital quantum number, and J is the quantum number of the spin-orbit coupled total moment.
Thus, both ¢ and C; have an upper boundaries. For Ce*t Kondo scatterers (Z = 1, 1 = 3), the
maximum value C; = 0.1 K/T (blue line in Fig.[S4B) is obtained by assuming full screening of
the 4 f moment (0 = 7w/14). Whereas experimentally determined C values for prototypal heavy
fermion metals (e.g., C; = 0.082, 0.075, 0.016, and 0.01 K/T for CeCug, CeAls, CeCoRhj;, and

CeColrs, respectively[39, 40]) are indeed much smaller than this upper boundary, our C'; value



for Ce3Bi,Pd; strongly overshoots it. In fact, such a large C value is not only incompatible with
the Ce®" case, but inconsistent with Eqn.[S3] for any phase shift d, as || < 0.21. We therefore
conclude that skew scattering plays at best a minor role in determining Ry(7") in the incoherent
regime.

In the Kondo coherent regime, skew scattering is known to freeze out with decreasing temper-
ature, any remnant skew scattering amplitude keeping a positive sign in Ce-based heavy fermion
compounds [39]. As the anomalous Hall effect we observe in Ce3BiyPd; (see Fig.BE of the main
part) increases in magnitude with decreasing temperature and is negative in sign, we can safely
discard any influence of skew scattering also here.

An anomalous Hall effect contribution due to the side-jump effect may occur in solids with
broken TRS, and is well-known in ferromagnetic phases [29]. As such it cannot account for the
spontaneous Hall resistivity we observe (Fig.2]A). Here we show that, in addition, this mechanism
does not play any appreciable role in the finite-field Hall response of CesBi,Pd;. The side-jump

S

contribution pgy to the Hall resistivity is proportional to 7° and thus reads [29, 44]

Poe = VHs Pag (S6)
with
ne?Ay
s — . S7
TH e (S7)

Here Ay ~ 10~!''m is the amplitude of the side jump in the Hall direction after an impurity
scattering event [29, 44], n the carrier concentration, e the electron charge, and kr the Fermi wave
vector. For CesBi,Pds, the carrier concentration at 300 mK is n = 8 - 10?® m~3, and we estimate
kr (in a simple parabolic, free-electron single-band model) as kr = 1.3-10° m™?, thus yielding the
(hypothetical) value s = 1.5 - 1074 Q1 um~!. We do observe the dependence of Eqn.[S6lin the
Kondo incoherent regime above 7 K (Fig.[S4linset), but with a slope yis = 1.7-1072 Q! ym~! that
is two orders of magnitude larger than the expectation, making it very unlikely that this dependence
is due to the side-jump effect. In the Kondo coherent regime below 7 K, pggd saturates (Fig.[S4]
inset) and, thus, side-jump effects are unimportant also there.

Ignoring the above reasoning that side jumps cannot generate a spontaneous Hall contribution,
we nevertheless estimate the (non-spontaneous) tangent of the Hall angle due to the side-jump

effect. With Eqn.[S6/we obtain tan © ;7 = pgj /e = YHsPex- Using the above estimate of ~y5 and
the electral resistivity p,, ~ 20 Qum (Fig.[dA) yields tan ©y ~ 3 - 1073, which is three orders of



magnitude smaller than the giant measured value of tan Oy ~ 0.5, confirming that the side-jump
effect does not play any appreciable role in CesBisPds.

Finally, setting the above quantative considerations aside, there is a fundamental reason why
extrinsic contributions should be ruled out to generate the spontaneous Hall response we observe:
The measured p,,(B = 0) is zero above the Kondo coherence temperature 7™* but impurity scat-

tering should be present at all temperatures.

C. Hall effect from multiple bands

A nonlinear (transverse) magnetoresistance and (odd-in-field) Hall resistivity, as observed for
Ce3BiyPd; at low temperatures (see Figs.[IE and BE of the main part, respectively) might, a pri-
ori, also result from multiple electronic bands contributing to the Fermi surface. In the typically
considered two-band case, a key requirement for strong magnetotransport nonlinearities is a large
difference in the carrier concentration and mobility of the two bands (e.g., low-mobility majority

carriers and high-mobility minority carriers). To examine whether the experimentally observed
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FIG. S5: Two-band analysis of magnetotransport data of Ce;Bi,Pds. (A) Odd-in-field Hall

resistivity at 0.4 K (from Fig.BE of the main part) with best fit of a two-band Drude model (red

line, see text). (B) Transverse magnetoresistivity at 0.4 K with corresponding curve calculated
from the parameters obtained in (A), showing that a two-band model cannot account for the

experimental curves.



dependences, attributed to the odd-in-field anomalous Hall effect (Fig.[3E of the main part), might
alternatively be produced by two-band effects, we performed a two-band analysis using a recently
established robust analysis scheme [45].

We use the pgjd(B ) data at the lowest temperature of 0.4 K (Fig.[3E of the main part), where the
nonlinearity is largest. Though the obtained best fit cannot fully account for the field dependence,

odd

9y (B) (Fig.[S5A). The obtained charge carrier concentrations

it reproduces the overall shape of p
and mobilities are n; = 3.39 x 10! cm ™3 and p; = 105 cm?/Vs for the (hole) majority carriers and
ny = 1.24 x 101" ecm ™3 and py = —3820 cm?/Vs for the (electron) minority carriers. In a second
step, we calculate the transverse magnetoresistance for these parameters (red curve in Fig.[S3B).
It completely fails to describe the corresponding data. In fact, no negative magnetoresistance can

arise in this setting. Thus, we conclude that two-band effects are not the cause of the observed

nonlinearities in the low-temperature magnetotransport data.

D. Hall effect from odd-in-momentum Berry curvature: Conceptual basis and data

Here we provide supplementary information on the Hall effect contribution in CesBisPds that is
due to this (noncentrosymmetric) material’s odd-in-k Berry curvature Q°44(k) and leads to the
observed spontaneous Hall effect as well as the even-in-magnetic field Hall component. The cor-
responding Hall conductivity o, (see Eqn.[Il of the main part) depends on the out-of-equilibrium
distribution function f(k) under a driving electric field &, and will thus be field dependent, i.e.,
Oy = 04y(E,). Thus, nonlinearities in terms of &, should appear.

In the perturbative treatment of Sodemann and Fu [32], 0, is linear in field,
Ouy(Ex) =00 & (S8)
where oy is a constant, leading to a Hall current density
Jy = 0uy(Es) - Ex = 00 - &} (S9)

that is quadratic in field. Under AC (1w) excitation, this Hall current density appears as a Ow and

2w signal
3y =00+ E°(E,°)" and 2 =0 - (£,4) . (S10)

In our experiments, we drive an electrical current /. through the sample and measure a transverse

voltage V7, and thus rewrite Eqn.|S9l as



Viy = al? . (S11)

This square-in-current Hall voltage should appear in both DC and AC experiments and we intro-

duce the following nomenclature to distinguish the different effects:

V;Ulzc — OéDC . (I?C)Q 7 V;Uwa — an . (I;w)2 7 V;EZ:;J — a2w . (I;w)2 ) (812)

These expressions are related to the corresponding Hall current densities by EP91w =, jPC 1w =

Paaly 1/ (wt) and PO = g, EDO02 = g | PCOw2 /] The latter equation represents
a current density that is opposite in sign to the Hall current density of Eqn.[S9 thus fulfilling the
open-circuit condition j, = o0,y - & + 0y - £, = 0, i.e., no net current flows in the y direction.

Thus

o (S13)

where we have used p,, = 1/0,, = 1/ oyy, Which is exact for cubic symmetry, and where w,
t, and [, are the sample width, thickness, and transverse Hall contact distance, respectively. We
will see that while we indeed observe these three contributions, other (linear-in-current, but still
spontaneous or even-in-magnetic field) Hall voltage terms appear in addition. As discussed in
Sect.[V.Cl we attribute them to the tilted Weyl-Kondo semimetal nature of Ce3BisPds, which
places the material in the fully nonequilibrium electric field regime already at the smallest fields
we have applied.

First, we discuss the DC experiments. The longitudinal voltage V., is linear in / (defined as
applied along x). This simple Ohmic behaviour demonstrates that the applied electric field has
no appreciable effect on the material’s bandstructure. By contrast, the spontaneous Hall voltage
Vzy 1s nonlinear in /, and well described as the sum of a linear (R,,/) and quadratic (aPCI?)
term (Fig.[S6A). Both emerge only as Kondo coherence sets in at low temperatures (Fig.[S6B
and Fig.[2F of the main part). Only the quadratic-in-field (or current) response was predicted in
ref [32]. The joint appearance of the linear-in-field term strongly suggests that both phenomena
have a common origin (see Sect.[V.Cl for its discussion). That the emergence of a spontaneous
Hall voltage is due to a thermodynamically as opposed to microscopically broken TRS (as in
magnetic systems) is further discussed in Sect.[El

Next, we address nonlinearities in our AC experiments. We observe both a 2w and a Ow sponta-

neous Hall voltage in response to a 1w current excitation (Fig.2D, E of the main part and Fig.[S7A).
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FIG. S6: Nonlinearity of the spontaneous Hall effect in DC transport. (A) Current-voltage

characteristics in zero magnetic field for the transverse (full symbols, left axis) and longitudinal

(open symbols, right axis) voltage of Ce3BisPd3 at 1.75 K. The nonlinearity in the Hall response

is quantified by aP¢. (B) Temperature evolution of the current-voltage characteristic of the Hall

component in zero magnetic field.

Both emerge only upon entering the Kondo coherent regime (Fig.2FF of the main part). In addition
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FIG. S7: Nonlinearity of the spontaneous Hall effect in AC transport. (A) Second harmonic

Hall voltage of Ce3BisPd; in response to an AC excitation in zero magnetic field and at 1.75 K.

The blue curve is a quadratic fit to the data, with the fitting parameter o®~. (B) First harmonic,

linear-in-current Hall voltage measured under the same condition as in panel (A). The blue line is

a linear fit to the data, with the slope R,,. The measurement was done on the same sample as in

Fig.[S6l
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to these two contributions, which were predicted in ref[32], we also find a robust 1w sponta-
neous Hall signal, that closely follows the linear-in-current signal of our DC experiment (Fig.2B
of the main part and Fig.[S7B). Both display a pronounced linear o, vs. 0,, relationship in the
Kondo coherent regime (grey shaded area in Fig.2B of the main part, temperature is an implicit
parameter). In terms of absolute values, this is the dominant signal; it is of the order of the 3D con-
ductivity quantum e?/(ha), where a is the lattice parameter. The absolute values of the different

contributions are given in Table

TABLE S1: Absolute values of the spontaneous Hall response of single crystal S2, with current

approximately along [111], as defined in Fig.2 of the main part.

2w Ow DC-I? 1w DC-I

Tx (K) 38 46 43 48 49
a™ (1073 uV/mA?)|7.67 10.8 14.3

P (1 Qum) 021 0.18

We stress that the spontaneous Hall response is robust in all channels (linear-in-/ and quadratic-
in-1 Hall voltage in DC experiments, and Ow, 1w, and 2w Hall voltage in AC experiments). Among
the many samples we have measured, not a single one did not show a spontaneous Hall effect. For
the three samples we have studied in depth (three single crystals from different growth batches,
with current excitation approximately along [103], [100], and [111], respectively), all features are
very similar (Fig.[S8]). In terms of absolute values, tan Oy (in the linear-in-I response for crystal
S1 and in the 1w response for crystals S2 and S3) is 0.19, 0.52, and 0.17, respectively.

Finally, we comment on effects in a finite applied magnetic field 5. Here, Hall contributions
associated with the odd-in-k Berry curvature are detected as even-in-B contributions, which is how
we separate them from other (normal, anomalous, two-band ...) contributions, which are all odd
in B. Again, such even-in-B contributions appear in all channels (see Fig.2D, E and Fig.[3IC, D)
and represent the same physics discussed in the main part. The only role the magnetic field plays
here is to successively suppress the odd-in-5 Hall contribution, similar to what happens when

enhancing the temperature above the Kondo coherence temperature.
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FIG. S8: Reproducibility of the spontaneous Hall effect. Linear-in-current spontaneous Hall
signal, shown as o, vS. 0,,, where temperature is an implicit parameter, for samples from three
different growth batches and orientations (current approximately along [103], [111], and [100] for
crystals S1, S2, and S3, respectively). S1 was measured with DC current in quasi-AC mode, S2
and S3 are 1w signals from AC experiments. (A) Comparison of crystals S1 and S2. (B)
Comparison of crystals S1 and S3. The grey shading indicates the Kondo coherent regime, where

Oy 18 linear in o,,.
E. Berry curvature-driven Hall effect and macroscopic TRS breaking

The Berry curvature-driven Hall effect of a noncentrosymmetric material with (microscopically)
preserved TRS (Eqn.[I)), though measured under zero magnetic field, is a nonlinear response effect
to an applied electric field £,. As such it is inherently dissipative, causing TRS breaking on
the thermodynamic level. This is in contrast to the linear response regime in which the normal
(Lorentz force-driven) Hall effect can be considered.

The nonlinear response is determined by the distribution function in the presence of the external
drive, which breaks TRS even if the system in equilibrium obeys TRS. In fact, the corresponding
Hall conductivity o, is defined only in the presence of an electric field, and hence in a state that
produces entropy (at the rate S = j,&,) and breaks TRS thermodynamically. In other words, in
the limit of zero entropy production, that is for £, — 0, also o, — 0.

This is in contrast to electrical transport in the framework of linear response theory, where the

13



transport coefficients are expressed in terms of correlation functions in the absence of a driving
field. As a consequence these correlation functions reflect the TRS of the system in equilibrium.
Thus, even though an applied electric field by itself breaks TRS on the thermodynamic level,
the linear response transport coefficients are still well defined when the entropy production is

vanishing, i.e., for £, — 0 the Hall conductivity remains finite.

F. Odd-in-current contribution to Berry-curvature driven Hall voltage

The Berry curvature-driven Hall current density in an IS breaking but TRS preserving material is

given by

' i/ TE (k) 0 k) (S14)
S O ERRNC N

where f (k) is the out-of-equilibrium distribution function associated with an applied electric field
&, and v, is the anomalous velocity. The specific dependence of the Hall voltage on the current,
Viy (1), associated with Eqn.[S14ldepends on the form of f (k). In a linearized Boltzmann approx-
imation (as used in refs [32,[35]), f(k) corresponds to the equilibrium (Fermi-Dirac) distribution
function fy(k) rigidly shifted in the direction of &,, that is f(k) = fo(k) + 0fo/0k, - Ok, with
Ok, = (er/h) - &,. In this case, Eqn.[ST4]simplifies to [32]

3 2 3
(2) _ € ng/ d’k af()(k) odd
=" | e on, 1) (S15)
De

where D)., is the Berry curvature dipole and the superscript (2) makes it explicit that this is a 2nd
order effect in &,, i.e., j, is quadratic and thus even in &,. However, this picture fails to consider
the boundary condition of a Hall effect experiment, namely that no net current can flow in the y-
direction (see Sect.[D] text below Eqn.[S12). To fulfill this condition, the above current jg(,Q) must
be compensated by an equal current of opposite sign, that can only be generated by a shift of the
Fermi surface in the k, direction by 0k, = (et /h) - 8352), with 5;2) = — Pz jf). In a second step,
this shift then leads to an additional Berry curvature-driven Hall current density jés), by populating
states with finite anomalous velocity v, (k).
To be explicit, the (extra) shift of f(k) by dk,,

01°(k) 5, 01°(k)

_ 0
O+ 5Ky) = 0) 0k S0 0y “

(S16)
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results in an extra contribution (3rd term) which, through Eqn.[S14 and with 0k, =
—(e*72pye/B3) - D, E2, drives the (3rd order) Hall current density

3

i e T
3y = = (55 ) praDea Dy (S17)

where D,, = [d%k/(2m)3(dfo(k)/0k,)Q22%(k) is the corresponding Berry curvature dipole.
Combining Eqns.[S13]and the Hall voltage V,, will be the sum of both even-in-/, and odd-

in-1,, contributions.
G. Trivial Hall contribution from crystal symmetry

Finally, we note that in systems with low enough crystalline symmetry (lower than cubic), the
resistivity tensor cannot be represented by a simple scalar. As a consequence, a Hall-like linear-
in-€ (1lw) signal might appear if the electric field £ is applied off-axis with respect to the main
crystallographic directions.

However, CesBisPds is cubic and thus no such (trivial) perpendicular component can arise.
This can be readily understood: For a cubic system, the three eigenvalues of the conductivity
matrix are equal to each other; in other words, the conductivity matrix is a constant multiplied
by a unit matrix. In this case, regardless of the direction along which the drive electric field is
applied, the induced current from this mechanism will always be along the direction of the applied
field, and there is no Hall response. Note that the Weyl-Kondo phase in equilibrium preserves the
crystalline symmetry.

One can make this rather transparent point more formally by perturbatively solving the Boltz-
mann equation for the non-equilibrium distribution function f and see that this “trivial” mecha-
nism would in general yield 1w, 3w efc. contributions to the Hall response. However, for the cubic
system, the contributions vanish. We can illustrate the point by considering the leading order

(responsible for any 1w response)

eT ga 8a f()

= 1+ iwr

)

where f is the equilibrium distribution, and the repeated indices mean summation over. In turn,

the 1w anisotropic electric currents induced by the “normal” velocity term is

Ja = —e/aaekf? - (S18)
k
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Combining these equations, we find the normal-velocity induced 1w current to be

e’r

j;u = —m /]; (aGEk) (8Hf0) gﬂ . (819)

An electric field £ applied in an arbitrary direction can be expressed as the combination of its
components along the three principle axes, i.e., £ = £,2 + £,y + £.2. According to Eqn. (S19),
&, only induces a current along % (otherwise, the integral is over an odd function and vanishes):
J2 = 04.&,. Likewise, £, induces a current along ¢/; and &, induces a current along 2. Moreover,
Oze = Oyy = 0,,. Thus, the induced current must be along the electric field, regardless of the

direction the electric field is applied, and there is no Hall response.
H. Imprint of Berry curvature-driven Hall effect on electrical resistivity

We observe that the onset of spontaneous Hall effect with decreasing temperature leaves an imprint
also on the (longitudinal) electrical resistivity (Fig.[S2)). This effect is understood as follows:
Firstly, there is a trivial source, a transverse direction misalignment of the electrical resistance
contacts (Fig.[ST)), that is explained in detail in Sect.[TAl Secondly, there is an intrinsic source,
which is discussed in what follows.

The appearance of a Hall voltage is associated with a reconstruction of the current path in the
sample, charge carriers being accumulated on one side of the sample (hence the Hall voltage). This
will not affect the longitudinal resistivity appreciably if the tangent of the Hall angle, tan Oy =
Ey/Er = 0Ouy/0us. 1s small. However, with the giant values we observe (tan Oy up to 0.5, see
main text), we are not in this limit and hence do observe a nonnegligible effect. To be explicit, the
resistivity p,, depends on tan Oy as

oz 1 1
Por = = (520)

o2, + 02, Oze 1 + tan? Oy
Thus, as tan Oy increases upon the onset of the spontaneous Hall effect, p,, should drop. To
test this scenario, we plot the relative change of resistivity across the onset of the spontaneous
Hall effect as a function of temperature (Fig.[S9A-C). Indeed, we observe the expected drop for
all three samples studied. Moreover, we observe that the relative drop size increases with tan Oy,
and that the magnitude and functional form of the dependence (Eqn.[S20) is in overall agreement
with the data. This provides strong evidence that the drop in R, is indeed due to this intrinsic

effect.
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FIG. S9: Resistance change due to large Hall angle. (A-C) Longitudinal electrical resistance
R, corrected for contact misalignment (Fig.[ST)), for samples S1, S2, and S3. With decreasing
temperature, a drop of R, is observed at the onset of the spontaneous Hall effect. For a rough
estimate of its magnitude, R,,(7") above the onset temperature is extrapolated to lower 7" and the
difference AR, is read off the data as indicated (red double arrow). (D) Relative resistance
change AR,/ R?, of the three sample (symbols) vs. the tangent of the Hall angle (determined at
low temperatures where the spontaneous Hall effect is fully established), defined as
tan Oy = o4, /00, (see Fig.[S8). Clearly, AR,, /R, increases with tan ©y. The red line
shows the expectation from Eqn.[S200 Ap,../p°. = (0%, — pez)/p°, = 1 — 1/(1 + tan? O), with
no adjustable parameter. The overall agreement, both in terms of magnitude and shape, further
underpins that the observed signatures in R, are intrinsic and due to the giant magnitude of the

Hall angle.

That the Hall angle is different for the different samples is, most likely, due to the different
current directions with respect to the crystal axes. Preliminary results on a single crystal contacted

several times to achieve different current directions reveal a sinusoidal variation of the magnitude

17



of the spontaneous Hall resistivity with angle. Such a dependence is expected for a Berry-curvature

driven Hall effect.

II. SR, MAGNETIZATION, AND SPECIFIC HEAT
A. Analysis of ;SR data

Due to the large muon gyromagnetic ratio and the availability of 100% spin-polarized muon
beams, ZF-uSR 1s one of the most sensitive probes for detecting small spontaneous magnetic
fields. Consequently, the technique has been successfully used to determine the occurrence (or the
absence) of TRS breaking in many different materials [46-48]. If TRS is broken, the onset of tiny
spontaneous currents gives rise to associated (weak) magnetic fields, detected by ZF-uSR as an
increase in the muon spin relaxation rate.

In nonmagnetic materials in zero field, the relaxation is typically dominated by the randomly
oriented nuclear moments (in our case by the 4.11uy nuclear moments of 2°°Bi), which can be
described by the Gaussian Kubo-Toyabe relaxation function [49]

1 2 02t2
Gkt = 3t §(1 — o) e 2 . (S21)

A possible electronic contribution to the ZF-;SR spectra is modeled by an additional Lorentzian

relaxation, with the electronic relaxation rate denoted by A. The total relaxation is then described

by
Azp = AGxre ™ + Ay, (S22)

where Ay and Ay, are the sample- and background-related asymmetries, respectively, the latter
being about 15% of the former in our case.

The ZF-uSR data of CesBiyPds taken at 10 and 0.26 K essentially collapse on top of each
other (Fig.[ST0Q), providing direct evidence that no magnetization develops in this temperature
range. Fits to all data sets were performed using the musrfit suite [50], with the raw error bars
reflecting the data counting statistics and the fit parameter uncertainties resulting from standard
error propagation methods. The resulting fit parameters reveal that the depolarization is mostly
of nuclear origin, which is further confirmed by the prompt recovery of the signal in a very small

longitudinal magnetic field (Fig.[ST0). The electronic relaxation rate is very small and temperature
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FIG. S10: ZF-uSR detects no TRS breaking in Ce;Bi,Pds. ZF-uSR spectra at 0.26 and 10K,

and 5 mT longitudinal-field (LF) spectrum at 0.26 K. The complete overlap of the two ZF spectra

is direct evidence that no magnetization develops in this temperature range. The weak muon spin
depolarization is mostly of nuclear origin, as confirmed by its prompt recovery in a very small

field. The solid line is a fit to the spectra by means of Eqn.[S22]

independent within the error bars (see Fig.2C of the main part). This is unambiguous evidence

that, in the studied temperature range, TRS is preserved in Ce3Bi,Pds.

B. Magnetization

As discussed above, ZF-uSR is the most sensitive probe to detect TRS breaking, which may for
instance be caused by a magnetic phase transition (even if partial or due to a minority foreign
phase), and has clearly ruled it out. Nevertheless, to corroborate this finding with a more common
tool, we have performed field-swept measurements of the magnetization at temperatures below the
onset of the spontaneous Hall effect (Fig.[STI)). Any even spurious ferromagnetic transition would
lead to hysteretic behavior. Clearly, no hysteresis is observed, neither in sweeps up to high fields
(up to 2.5T, panel A), nor in precise very low-field sweeps (up to 0.15T, panel B). In fact, the
M (B) curves in both field ranges show a smooth, linear behavior, as expected for a paramagnetic

phase.
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FIG. S11: Absence of hysteresis in the magnetization. Magnetization loops of Ce3;Bi,Pd3 in
fields up to 2.5 T (left) and higher accuracy measurement in fields up to 150 mT (right), both
revealing the absence of any hysteretic behavior. The symbol sizes for up (red) and down (blue)

sweeps are different for better visibility. The initial magnetization curve is contained in the up

sweep.
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FIG. S12: Specific heat of Ce;Bi,Pd;. Specific heat data in zero magnetic field, plotted as C/T'

vs. T? (black dots), for the batch of sample S1. The data follow a linear behavior (blue line) with

a slope that overshoots the Debye phonon term (red line, offset for clarity, taken from ref ]), as
expected for a Weyl-Kondo semimetal. No phase transition is discerned, neither at the onset of

the spontaneous Hall effect (73;), nor elsewhere.
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C. Specific heat

Specific heat measurements are the most direct tool to detect phase transitions, be it with or without
TRS breaking. In Fig.[S12] we show the specific data for the batch of sample S1, taken at zero
magnetic field and plotted as C'/T vs. T?. As seen previously [24], an enhanced C'/T = I'T? term
[with ' = 0.008 J/(mol-Ce K*), corresponding to a low quasiparticle velocity of about 1000 m/s]
is observed, evidencing very flat linearly-dispersing electronic bands, one of the hallmarks of a
Weyl-Kondo semimetal [24, 25].

No phase transition anomaly is seen in the data. Most notably, at the onset temperature of the
spontaneous Hall effect (T3), the data vary smoothly, following the C'/T vs. T? law without any
detectable deviation.

In summary, our ZF-uSR, magnetization, and specific heat data rule out that the observed spon-
taneous and even-in-magnetic field Hall effect seen in our CesBisPds samples is due to extrinsic

effects.

III. DENSITY FUNCTIONAL THEORY CALCULATIONS

For the density functional theory (DFT) bandstructure calculations of Ce3BisPd, we used the
all-electron augmented-plane-wave code WIEN2k [51] with the Perdew, Burke, Ernzerhof (PBE)
functional [52]. The experimentally determined structure 53] was used with space group 143d,
a = 10.052 A, and Ce, Pd, and Bi at the 12a, 12b, and 16¢ (with z = 0.0839) positions, re-
spectively. As DFT cannot treat many body effects such as the Kondo interaction of the Ce 4 f
electrons with the conduction electrons derived from s, p, and d orbitals, we use it here to describe
the conduction electron part only. For this purpose, we use the open-core approximation, where
one Ce 4 f electron is included as noninteracting core state, but the 4 f basis functions are removed
from the bandstructure calculations and thus cannot hybridize with other orbitals. As such, this ap-
proach is the ab initio counterpart of H. in the periodic Anderson Hamiltonian of the Weyl-Kondo
model (Eqn.[S23).

We used atomic sphere radii of 3.0, 2.5, and 2.5 Bohr for Ce, Pd and Bi, respectively, and a
plane wave cutoff parameter of RK ., = 8.5, where R = 2.5 and K, restricts the plane wave
expansion. Inside the atomic spheres an angular momentum expansion up to /., = 10 is used,

while for the nonspherical matrix elements /., is restricted to 6. The k-space integration was
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TABLE S2: Coordinates of Weyl nodes in the k,-k, plane of the Brillouin zone of Ce3;Bi,Pds, in
units of 27 /a, where a = 10.052 A, and their energies with respect to the Fermi energy in eV.
Due to the cubic symmetry of the system, all coordinates occur in both signs and all z, v, 2

permutations, leading to a multiplicity of 24.

Weylnode| k., k, k. E

1 0.517 0 0.174|-0.127

2 0.447 0 0.164|-0.174

3 0.372 0 0.112{-0.196

4 0.172 0 0.087|-0.282

done with an 18 x 18 x 18 k mesh. Spin-orbit coupling was included in a second variational
procedure [51].

To identify the Weyl nodes, we used a modified version of BerryPI [54] that calculates the
Berry curvature of Wilson loops around candidate Weyl nodes [55]. Within the k,-k, plane of the
Brillouin zone, we have identified 4 Weyl nodes (see Fig.dIA of the main part) with the coordinates
and energies given in Table[S2l All Weyl nodes are situated at least 100 meV away from the Fermi
level. We expect that the Kondo interaction will pin (part of) these Weyl nodes to the Fermi
level, just as it does in the Weyl-Kondo model (Sect.IV_Al). The Weyl node 1 with sizeable tilt
might be a good candidate for this process. Whereas in previous DFT + dynamical mean field
theory (DMFT) calculations for Ce3BiyPds [56] topologically nontrivial band crossings were not
considered, a very recent study [57] suggests that nodal lines are also present in the uncorrelated
(DFT) bandstructure, far above the Fermi level. The low-temperature specific heat of Ce3zBisPd3
[24], however, is consistent with a scenario where Weyl point (as opposed to line) nodes are
driven by the Kondo effect to the immediate vicinity of the Fermi energy (as described by our

Weyl-Kondo model, Sect.[V-A).
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IV. THEORETICAL TREATMENT OF TILTED WEYL-KONDO SEMIMETAL MODEL
A. Microscopic model

To study the effect of the Kondo interaction on a conduction electron band with tilted Weyl cones,
we generalize a previously established Weyl-Kondo semimetal model [25] (for which the role of
nonsymmorphic space-group symmetry was recently emphasized [58]) to the case with tilting.

The periodic Anderson model reads
H = H.+H.,+ H; , with (S23)

H,=> U} hy Uy, where (S24)
k

T
Uy, = (CkT,A Ckt,B Ckl,A Ck¢,B> , and

hi, = oolui (k)7 + us(k)7y + m7,] + A[D(k) - o], + C[m — AD(k)|ogTo

Hy=VY <d;rgcw n H.c.) , and (S25)
Hy=E;Y didig+UY néni, . (S26)

Here, H., H.4, and H,; are the conduction electron term, hybridization term, and strongly corre-
lated d electron term (representing the physical 4 f electrons), respectively. The notations are the
same as in ref [25]. In particular, u; (k) and u(k) are determined by the conduction electron hop-
ping, t;;, = ¢ between nearest-neighbor sites ((ij)). The second term specifies a Dresselhaus-type
spin-orbit coupling between the second-nearest-neighbor sites ({(i7))), which is of strength A and

involves vector D(k) = ( D,(k), D,(k), Dz(k)>. Specifically,

u (k) = t(l +) cos(k- an)> : (S27)

n=1
3
us(k) =t sin(k-a,) (S28)
n=1
D,(k) = sin(k - as) —sin(k - a3) —sin(k - (a2 —a1)) +sin(k - (a3 —ay)) , (S29)
and D,, D, are obtained by permuting the fcc primitive lattice vectors a,—; 2 3. Additionally,
o = (04,04,0,) and T = (7,,7,,7,) are the Pauli matrices acting on the spin and sublattice

spaces, respectively, and oy is the identity matrix. The last term in H., C[m — AD(k)]og7o,

is the tilt (or “C”) term and has not been considered before. Here, D(k) = |D(k)| =
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FIG. S13: Kondo interaction pins tilted Weyl nodes to Fermi energy. Dispersion for the tilted
Weyl-Kondo semimetal model of Eqns.[S23HS26] with energy in units of the hopping amplitude ¢,
the Fermi energy at F'/t = 0, and the parameters (¢, \,m, Eq, V,C) = (1,0.5,1, —6,6.6,0.9); in
the resulting saddle-point solution, r ~ 0.2614 and ¢ ~ 6.3366. The nonzero C' term causes the
Weyl nodes to be tilted, which is seen in the dispersion near the Weyl nodes between X and W.
The upper quartet of bands, with the bandwidth D/t of the conduction electrons, is a remnant of
the solution in the absence of the Kondo effect. That it contains Weyl nodes far away from the
Fermi level captures the conduction-electron only solution of our open-core DFT calculations
(Fig.dA). The lower quartet of bands, with strongly renormalized bandwidth (kg7 /t, where Tk
is the Kondo temperature), appears only in the presence of the Kondo interaction. It contains
emergent Weyl nodes at the Fermi energy. Away from the commensurate filling used here, they

will be situated slightly away from the Fermi level, as sketched in Fig.[dB.

\/D.(k)? + D,(k)? + D,(k)?. Physically, the C' term represents kinetic hopping that goes be-
yond the nearest-neighboring sites.

By solving the self-consistent saddle-point equations for the strong interaction limit (U = 00),
we find a Weyl-Kondo solution in the presence of the C' term. Specifically, we follow the approach
in ref [25] to take care of the prohibition of d fermion double occupancy by an auxiliary-particle
method [59], which rewrites dj-g = ffgbi. The fjo (b;) are fermionic (bosonic) operators, which
satisfy a constraint that is enforced by a Lagrange multiplier . This approach leads to a set of
saddle-point equations, where b; condenses to a value r. The d fermion level and the hybridization

get renormalized as £; — E;+ ¢ and V' — rV. Figure describes the renormalized bands,

and illustrates the tilting of the Weyl-Kondo cone at the Fermi energy.
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B. Berry curvature induced Hall response of titled Weyl-Kondo semimetal: Perturbative regime

To illustrate the role of the tilting term in the Weyl-Kondo semimetal, we first consider the weak-
field limit. Here, it was shown [32] that the Hall conductivity o,, contains only 2w (and the
associated Ow) components and is determined by the Berry curvature dipole D, a rank-2 tensor

with components D,;—, , . that are expressed as

Dy, = /dgk f0<5k:> akaQb<k) (S30)
= d2k M S31
g (530

where d"k = d"k/(27)", Ora = 0/Oka» Va(kr) = Oracia is the velocity, and fy(cy) is the equi-
librium (Fermi-Dirac) distribution function of eigenenergy ¢, with the Fermi energy being set to
0;at T — 0, fo(ex) = ©(—ek). We consider the Fermi pockets to surround the Weyl nodes, and
have used the Jacobian, |Veg| = />, va(k)? = v(k), in converting the bulk integral into the
integration §., d*k on the Fermi surface.

We consider a Weyl (W) and an anti-Weyl (W™) node, located on the k,-k, plane sketched
in Fig.[ST14A (for the 3D Brillouin zone, see Fig.[SI3)). The considered zincblende structure has
a mirror symmetry M,,, indicated by the dashed k, = k, line in Fig.[SI4IA. The dispersion of
the Weyl-Kondo solution across W+ and W™, perpendicular to this line, is shown in Fig.[ST4B
for the case where the Fermi energy is slightly away from the nodal energy (a close-up in energy
of this dispersion is shown in Fig.dB of the main part). M, reflects the Fermi pocket around
W+ onto that of W~ (see black Fermi surface contour lines in Fig.[ST4A). Under M, k and
v transform as vectors, while (2 transforms as a pseudovector. Each component transforms as
k:;iv}:/y “ k;‘f;/x, v;’\/’; “ v;)\/]:, QX;; “ —QZ\/]: We find that, under M,,, the contribution from
the Fermi surface around W™ and that from the Fermi surface around W™ are related to each other
as DYV (k") <» =D~ (k¥ ™). We can thus re-express D, as

W+
Dy = Dy (k) 4+ Dy (k™) = DI (ki) — Dy (k™) = 75 &k 2-(0xQ)
" (S32)
where we have used Eqn.[S31] The integral § is now only on the Fermi surface around the W+
node. Here, ¥ represents the unit vector along the direction of the Fermi velocity vector, and

Q= (Qx Q, Qz> We note that, in addition to the ones of the k, = 27 plane we have discussed

so far, Weyl/anti-Weyl nodes also exist on the planes k, = 27 and k, = 27. The M,, operation
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FIG. S14: Fermi pockets and dispersion around pairs of Weyl nodes. (A) k,-k, plane at the
Brillouin zone boundary £, = 27, with two pairs of Weyl nodes as obtained for the tilted
Weyl-Kondo semimetal model of Eqns.[S23HS26] for the tilt parameter C' = 0.9 and the Fermi
energy slightly away from the nodal energy. The green line indicates a path through the Weyl
node W+ and the anti-Weyl node W™ perpendicular to the dotted &, = k, line representing the
M, mirror symmetry of the considered zincblende structure. The black contours are the 2D
projections of Fermi pockets surrounding the nodes. (B) Dispersion along the green line in (A),
with energy in units of ¢, the Fermi energy at £/t = 0, and for C' = 0.9. (C) Corresponding

dispersion without tilt (C' = 0), as determined in ref [25].

relates the Weyl nodes on the k, = 27 plane to the anti-Weyl nodes on the k, = 27 plane. Thus,
all these nodes contribute to the Berry curvature dipole according to Eqn.[S32]

For a Weyl node without tilt, the Fermi surface is a sphere with the node in its center. The
unit Fermi velocity @ in the integral in Eqn.[S32]is then always parallel or antiparallel to the Berry
curvature vector €2, which results in © x €2 = 0. In the presence of tilt, by contrast, © x €2 £ 0 at
any momentum point on the Fermi surface because v is not (anti)parallel to £2. Moreover, because
the Kondo effect places the Weyl/anti-Weyl nodes close to the Fermi energy, the Berry curvature
2 is very large on the Fermi surface, leading thus to very large values of D,,,.

It is straightforward to generalize Eqn.[S32] for arbitrary directions. For the D, and D, com-
ponents, we can utilize M, (M,,) to arrive at similar results with £ — & (¢). In general, D, can
be written in a compact form as

W+
Dy —]{ d’k é- (o x Q) (S33)
FS

where ¢ refers to the axis perpendicular to a and b.
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Our experiments, however, have revealed a spontaneous Hall effect also in the first harmonic
response and can thus not be explained by this weak-field treatment. In Sect.[V.C/below we show

that, in the fully nonequilibrium regime, both the second and first harmonic response are allowed.

C. Berry curvature induced Hall response of titled Weyl-Kondo semimetal: Fully nonequilib-

rium regime

Weyl nodes are Berry curvature singularities. In the Weyl-Kondo semimetal phase, these nodes
are pinned close to the Fermi energy [25]. This has two immediate consequences. First, the
Berry curvature singularities dominate the electronic behavior. Second, the Fermi pockets are
very small. In addition, for tilted Weyl cones, the Fermi surface is asymmetric with respect to the
Weyl nodes and there will thus be directions along which the Weyl nodes are in extreme proximity
(at a minimal distance denoted by kyy) to the Fermi surface, as is sketched in Fig.dIC of the main
part. An applied electric field will then readily cause a shift Ak in the distribution function f (k)
that is sizeable compared to kv, and possibly even compared to the Fermi wavevector kp. This
brings the system to the fully nonequilibrium regime (Fig.[S13]), where the perturbative treatment
of Sect.[VBJ will fail.

In fact, an electric field £ = &,(t)& has a current response not only along the longitudinal z

direction but, via [[60]

Vany (k) = —%&C(t)Qz(k:) : (S34)
vana(k) = E(O9 (k) . (S35)

also along the transverse directions. In the Hall effect geometry, the ensuing transverse currents
will set up transverse electric fields £, and &£,. The total electric field will produce a distribution

function

f(k) = fo(k) +g(k) (S36)

that will be appreciably different from the equilibrium (Fermi-Dirac) distribution function fy(k),
and even break the lattice symmetry (Fig.[S13). Thus, an expansion around fy(k) will not be
sufficient.

To delineate the relation to previous (perturbative) approaches [32], we distinguish a weak-

field regime, where Ak/kr and Ak/ky are both < 1 (Fig.HIC left of the main part), and a fully
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FIG. S15: Electric field effect on the electron distribution in the fully nonequilibrium
regime. Schematic of the Brillouin zone (BZ) of the tilted Weyl-Kondo semimetal model of
Sect.[V'Al with the Weyl nodes shown as dots and the Fermi pockets projected to the BZ
boundary indicated by red and blue dotted lines. The green dotted line indicates the cut shown in
Fig.HB of the main part. An electric field &, applied along the &, direction induces, via the
anomalous velocity v,, ~ € x €2, also transverse fields £, and £.. The proximity of the Weyl
and anti-Weyl nodes to the Fermi surface implies that even an electric field small in absolute
scale causes a nonperturbative change to the electron distribution, shifting its occupied part in all

directions (red and blue shaded areas).

nonequilibrium regime where either of the two (or both) are no longer true (Fig.dICright of the
main part and Fig.[ST3). The reference point for the weak-field regime is £ = 0 (Fig.dD of the
main part), where the system is in equilibrium and the corresponding distribution function is f,(k),

which is even in k. Replacing f(k) in

o= /k F(R). (k) (S37)

by fo(k) (the zeroth order term of the Taylor expansion) leads to a vanishing result as €, (k) is
odd in k. The first order term in the Taylor expansion, which is linear in £, leads to a linear-in-&

Hall conductivity o, and, via
Jy = 0wy(€E) & (S38)

to a linear-in-£? Hall current density j, that corresponds to the 2w contribution to o, derived in
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ref [32].

By contrast, in the fully nonequilibrium regime (Fig.HIC right and 4D of the main part and
Fig.[S13), Ak/kw (and possibly Ak/kg as well) not being small means that we can no longer
expand f(k) with respect to the equilibrium distribution. Instead, the reference point corresponds
to a nonzero drive £, where the distribution function f(k) contains an odd-in-k component. In-
serting such an f(k) term into Eqn.[S371eads to a nonzero value for the zeroth order term in o,
and thus to a 1w response as observed in our experiments. Accompanying it will be a 2w (and
an associated Ow) response, that comes from the first-order term in the Taylor expansion of f(k)
with respect to the nonzero £. Of course, a Taylor expansion around a nonzero field is again an
approximation and, ultimately, f(k) should be determined in a fully nonperturbative approach,
which is a challenging task for future studies.

In summary, the appearance of the 1w component of the spontaneous Hall response in the fully
nonequilibrium regime is a new effect; it is distinct from the weak-field regime [32], where this
component is absent. As stressed above, a Weyl-Kondo semimetal is readily—without applying
electric fields that are large on absolute scales—in this regime due to its small Fermi pockets that

asymmetrically surround the Weyl and anti-Weyl nodes.
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