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Hall Anomaly, Quantum Oscillations and Possible Lifshitz Transitions
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In correlated electronic systems, strong interactions and the interplay between different degrees of
freedom may give rise to anomalous charge-transport properties, which can be tuned by external
parameters like temperature and magnetic field. Recently, magnetic quantum oscillations and metallic low-
temperature thermal conductivity have been observed in the Kondo insulator YbBI12, whose resistivity is a
few orders of magnitude higher than those of conventional metals. As yet, these unusual observations are
not fully understood. Here we present a detailed investigation of the behavior of YbBI2 under intense
magnetic fields using both transport and torque magnetometry measurements. The Hah resistivity displays
a strongly nonlinear field dependence which cannot be described using a standard two-band Dmde model.
A low-field Hah anomaly, reminiscent of the Hah response associated with “strange-metal" physics,
develops at 7' < 1.5 K. At two characteristic magnetic fields (p0H! = 19.6 T and p0H2 ~ 31 T),
signatures appear in the Hall coefficient, magnetic torque, and magnetoresistance; the latter characteristic
field coincides with the occurrence of a change in quantum-oscillation frequency. We suggest that they are
likely to be field-induced Lifshitz transitions. Moreover, above 35 T, where the most pronounced quantum
oscillations are detected, the background resistivity displays an unusual, nonmetallic 7z behavior, with a
being field dependent and varying between —1.5 and —2 By normalizing the Shubnikov-de Haas
oscillation amplitude to this 7a dependence, the calculated cyclotron mass becomes more consistent
with that deduced from de Haas-van Alphen oscillations. Our results support a novel two-fluid scenario in
YbBI2: A Fermi-liquid-like fluid of charge-neutral quasiparticles coexists with charge carriers that remain
in a nonmetallic state. The former experience successive Lifshitz transitions and develop Landau
quantization in applied magnetic fields, while scattering between both fluids allows the Shubnikov-de
Haas effect to be observed in the electrical transport. The verification of this two-fluid scenario by the data
in the current work strongly suggests that YbBI2 represents a new phase of matter.

DOI: 10.1103/PhysRevX. 12.021050 Subject Areas: Condensed Matter Physics

Corresponding author.
zijixiang@ustc.edu.cn
~Corresponding author.
jsingle@lanl.gov
~Corresponding author.
luli@umich.edu
“Present address: Institut Quantique, Departement de physique and RQMP, Universite de Sherbrooke, Sherbrooke, Quebec J1K 2R1,
Canada.

Published by the American Physical Society under the terms ofthe Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article's title, journal citation, and DOL

2160-3308/22/12(2)/021050(23) 021050-1 Published by the American Physical Society



Z1J1 XIANG et al.

I. INTRODUCTION

Kondo lattices are systems containing both conduction
electrons (usually itinerant d electrons) and periodic arrays
of local magnetic moments (typically localized / elec-
trons). At low temperatures (7), interactions between these
d and / bands lead to screening of the local moments,
forming many-body states called Kondo resonances that in
turn hybridize with the conduction-electron states [1]. This

f~d hybridization opens a gap between the two hybridized

quasiparticle bands that is centered on the energy level of
the renormalized / states. Ifthe conduction band is at exact
half filling [2,3], or, more commonly, if the / states have a
mixed valence [4], the Fermi energy lies within the
hybridization gap, making the system a Kondo insulator
(KI). Archetypal examples of Kls are cubic-structured /-
electron compounds [5-7] SmB6, YbBI12, and Ce3Bi4Pt3.
Thanks to the presence of strong electron correlations, the
physical properties of these Kls are very unusual, differing
significantly from those of conventional band insulators.
For instance, the Kondo gap is usually quite narrow (most
commonly 5-20 meV) and 7 dependent [5-7], exhibiting
in-gap excitations even in the ground state [8,9]. In
particular, the resistivity of Kls deviates from thermally
activated behavior at temperatures of a few kelvins, below
which the resistivity tends to saturate [6,10]. It is difficult to
attribute these low-7 resistive “plateaus” to conventional
extended in-gap states because the large residual resistivity
suggests unphysically short quasiparticle relaxation times
[10]. Recently, theoretical works predicted time-reversal-
invariant topological-insulator phases in some Kls with
simple cubic structure [11-13]. Within such models, the
low-7 resistive plateau is taken as evidence for two-
dimensional (2D) metallic transport channels associated
with topological surface states. The proposed topological
KIs attracted much theoretical and experimental interest, as
they provide a new route toward the study of strongly
correlated topological systems.

The most intensively studied KI is the mixed-valence
compound SmB6, which has a simple cubic lattice and is a
candidate topological KI [14,15]. Numerous angle-resolved
photoemission spectroscopy (ARPES) [16-21], scanning
tunneling microscopy [22-24], planar tunneling spectros-
copy [25,26], and electrical transport [27,28] experiments
yield data supporting topological surface states in SmB6.
However, other experiments can be interpreted as not
favoring the topological KI scenario [29,30]. The proposed
topological nontriviality of other KIs is as yet inconclusive.

YDbBI2 crystallizes in a face-centered-cubic structure and
also exhibits mixed-valence properties [6]; it is predicted to
be a topological crystalline insulator that hosts surface
states protected by the lattice symmetry [31]. However,
while magnetotransport measurements confirm the contri-
bution of surface transport channels [32], ARPES results
suggest that the topological surface states are more
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consistent with a strong topological insulator, rather than
a topological crystalline insulator [33].

More intriguingly, unconventional magnetic quantum
oscillations [34-37] and finite residual thermal conduc-
tivity kxx/7(T -» 0) [38,39] attributable to three-dimen-
sional (3D) fermionic states have been observed in both
SmB6 and YbBI2. Such observations are surprising since
the two compounds exhibit 7O resistivities that are at
least 4 orders of magnitude higher than those of conven-
tional metals; hence, extended electronic states (and there-
fore, a Fermi surface) are not expected. The case of SmB6 is
controversial, however, because the quantum oscillations
[40-42] and the presence or absence of residual thermal
conductivity [43,44] differ in single crystals grown by
different techniques. Furthermore, only the de Haas-
van Alphen (dHvA) effect (i.e., quantum oscillations in
magnetization) has been reported in SmB6, while the
Shubnikov-de Haas (SdH) effect (i.e., quantum oscillations
in electrical resistivity) has not been observed. All of these
inconsistencies lead to doubts that the unconventional
properties of SmB6 are intrinsic [45].

Both SdH and dHvVA oscillations are observed in YbBI12;
these oscillations are well described by the Fifshitz-
Kosevich (FK) formula that is appropriate for Fermi
liquids. Moreover, the various extrinsic explanations for
the observed phenomena can be excluded [35,36]. The
Fermi-surface (FS) sections revealed by the quantum
oscillations are 3D pockets containing quasiparticles with
relatively large effective masses [35]; these are qualitatively
consistent with the itinerant fermion contribution to the
low-7 thermal conductivity [39]. These results provoke a
natural interpretation that the “insulating” bulk of YbBI2
hosts exotic quasiparticles: They couple to magnetic fields
and are able to carry thermal energy, but have a very weak
response to electric fields. Recently, we discovered that
the SdH effect of these unconventional fermions survives
above the insulator-metal (I-M) transition at a magnetic
field (H) higher than fi0H « 45 T, yet changes its behavior
in the high-held Kondo-metal (KM) state [36]. The com-
plex behavior of YbBI2 strongly suggests that the Fandau
quantization occurs in a band of charge-neutral quasipar-
ticles which also give rise to the metallic xxx [36].

The presence of charge-neutral fermions in YbBI2
suggests that, in addition to the postulated topological
surface states, the bulk states of KIs are also unusual and
may provide another approach to strongly correlated
topological quantum matter. In a mean-field description
of the Kondo lattice, the local moments can be fraction-
alized into multiplets of Majorana fermions, resulting in
gapless 3D Majorana channels even in a charge-insulating
ground state [46-49]. More recent theoretical works con-
sider topologically protected gapless Majoranas that stem
from the phase shifts of bands in mixed-valence insulators
[50] or a Fandau-Fermi-liquid ground state containing
Majorana polarons in KIs [51]. In addition to the latter
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proposals, other models propose spin-charge separation in
mixed-valence materials [52-54]: Emergent neutral fer-
mions that couple to a U(l) gauge field (similar to the
spinous in quantum-spin liquids [55]) can appear in such
a scenario and subsequently hybridize into fermionic
composite excitons [53]. Given these competing theories
of charge-neutral fermions, further experimental data are
required to clarify the nature of the ground state in YbBI12.
In particular, a key question to be addressed is how these
charge-neutral fermions lead to the quantum oscillations in
electrical transport properties.

In this work, we report a detailed study ofthe Hall effect,
magnetoresistance (MR), and magnetic torque (r) in high-
quality single crystals of YbBI2 in static magnetic fields
of up to 45 T and pulsed magnetic fields of up to 55 T.
Our main findings include the following.

(1) A low-field anomaly in the Hall resistivity pxy
appears at 7 < 1.5 K and becomes almost 7" inde-
pendent for 7 < 0.9 K. This anomaly cannot be
described by a two-band Drude model that takes into
account surface conduction. However, it resembles
the Hall response in strange metals without full
quasiparticle coherence [56-58].

(2) Successive characteristic magnetic fields are indicated
by features in pxy, MR, and r at p0H = 19.6 T and
~31 T. We suggest these are signatures of putative
field-induced Lifshitz transitions in the FS sections of
the unconventional neutral quasiparticles.

(3) The SdH effect is observed in the field range
255 T <pOH <30 T for the first time. The oscil-
lations possess smaller frequencies but suggest
cyclotron masses comparable to those associated
with the SdH effect measured above 35 T [35,39].
This further supports the occurrence of electronic
transition(s).

(4) The previously reported difference between the
cyclotron masses extracted from dHvA and SdH
data [35] can be partly resolved by considering the
unusual 7a dependence (a < 0) of the background
resistivity in high magnetic fields. This 7" depend-
ence suggests one or more novel scattering mech-
anisms in this system.

These results strongly imply that any ‘“conventional”
electrons and holes (i.e., charge carriers) in the KI state
of YbBI2, ecither on the surface or in the bulk, form a
possibly non-Fermi-liquid (non-FL) state that dominates
the unusual transport behavior. By contrast, there is also a
EL-like state of neutral qusiparticles that experience orbital
quantization under magnetic fields. Consequently, the SdH
effect appears through scattering between the neutral
quasiparticles and the charged excitations. Such a scenario
points to a unique two-fluid picture in YbBI2 incorporating
both emergent exotic excitations and potential strange-
metal physics, as well as the interplay between them.
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YbBI12 is thus an ideal platform for investigating unusual
many-body effects in condensed-matter physics.

II. METHODS

The single-crystal YbBI2 samples are grown at the Ibaraki
University using the floating-zone method [59]. Samples are
cut from the ingots and polished into rectangular bar-shaped
platelets with all surfaces normal to the [100] principal axes
of the cubic lattice. Two batches of samples are measured
here. The first batch includes samples V1 and N2, which
are characterized in our previous works using quantum-
oscillation and thermal-transport measurements [35,36,39].
The typical dimensions of these samples are 2.3 x | x
0.2 mmJ3 (length x width x thickness). The second batch,
including samples Ha and Hb, has typical dimensions
2.5 x 0.6 x 0.1 mm3. No differences in physical properties
are observed within each batch of samples. However, the
behavior of the low-7 resistivity differs slightly between the
two batches (see the Appendix A).

The longitudinal resistivity pxx and the Hall resistivity
pxy are measured simultaneously in a conventional six-
probe Hall-bar configuration. Gold wires with diameter
25 pm are attached to the sample surface using Dupont
4922N silver paint, resulting in contact resistances of
approximately | £1 In pulsed-field Hall measurements,
the contacts of the voltage leads are further secured by a
small amount of Epo-Tek H20E silver epoxy for stability
against mechanical vibrations during the pulses. Hall
resistivity data are taken in three different cryostats: a
dilution refrigerator in an 18-T superconducting magnet
(SCM1) at the National High Magnetic Field Laboratory
(NHMFL) in Tallahassee (sample N2), a Quantum Design
DynaCool™ 14-T system with 3He insert (sample AH), and
a JHe cryostat in a capacitor-driven 65-T pulsed magnet at
the NHMFL in Los Alamos (samples Ha and Hb). To
remove stray pxx contributions from the Hall voltage, pxy is
extracted using pxy = t/Vy(+H) - Vy(-H)\/21X, where
(-H) and (+H) indicate the values obtained on negative
and positive field sweeps, and Vy and 7 are the measured
voltage and applied electric current, respectively; ¢ is the
sample thickness. In the pulsed-field Hall experiments,
this procedure is done separately for up and down
sweeps of the field to eliminate possible effects of inductive
(eddy-current) heating.

Torque magnetometry measurements are performed in
magnetic fields of up to 45 T in the hybrid magnet at
NHMFL, Tallahassee. The details of the procedures used
are given in one of our earlier works [35].

III. THE LOW-FIELD HALL ANOMALY

A. The low-field Hall effect in YbBI2

Figure 1(a) shows pxy(H) for the YbBI2 sample N2 at
7% ranging from 20 to 841 mK measured at fields ofup to

021050-3



Z1JI XIANG et al.

Sample A2

%H(T)

T=20 mK

FIG. 1. (a) Hall resistivity pxy of YbBI2 sample N2 measured in
a dilution refrigerator in magnetic fields of up to 18 T. pxy{H)
shows a sign change at p0H ~ 6.6 T. Below this field, pxy is
negative and highly nonlinear with magnetic field, showing a
low-field Hall anomaly which is nearly 7 independent from 20 to
841 mK. (b) Fitting of'the field dependence of the Hall coefficient
RH(H) = pxy(H)/(p0H) below 10 Tusing (yellow thick line) the
empirical expression Eq. (1).

pOH = 18 T. The field dependence of pxy is quite unlike
those of conventional insulators or doped semiconductors.
First, at these low 75, pxy(H) is almost 7 independent
below 9T, suggesting that the low-7, low-// Hall effect is
not primarily due to thermally activated charge carriers.
Second, pxy does not vary linearly with H. At low H, pxy is
negative (i.e., dominated by negative charge carriers);
subsequently, following a minimum at approximately
2.6 T, it increases, changing sign at 6.6 T. Furthermore,
at 7 = 841 mK, pxy(H) again changes sign (from positive
to negative) at approximately 14.8 T. This behavior con-
trasts sharply with that in SmB6 (where pxy oc H [60]), and
suggests a complicated multiband character for the low-
field charge transport in YbBI12. Conventionally, such a
field-dependent Hall effect would be understood in terms of
a metal or semimetal with multiple electron and hole FS
pockets. However, in YbBI2 the large, nonmetallic low-7
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pxx  (Appendix A) and the strongly negative MR
(Appendix B) preclude the existence of a bulk FS compris-
ing charged quasiparticles. We discuss the validity of
applying a conventional band-transport picture to YbBI2
Hall data in more detail in the Appendix C, where we show
that the nonlinear pxy displayed in Fig. 1(a) cannot be
interpreted within the framework of a conventional two-
band Drude model.

The unusual low-field behavior of the Hall effect (i.e.,
the initially negative pxy with a minimum between 2 and
3 T and sign change at 6-7 T) is rapidly suppressed
for 7>0.9 K and completely disappears at 7 =2.5 K
[Fig. 2(a)]. Athigher 7, pxy is negative with no sign change
up to 14 T, but it is still not linear in A [Fig. 2(a)]. Such a
nonlinearity is most apparent at higher magnetic fields and
gradually becomes weaker upon warming, whereas a quasi-
H-linear behavior shows up at low A [Fig. 2(b)]. The
values of In \pxy| at p0H = | T are plotted against 7~/ in
Fig. 2(c); we extract the Kondo gap A by applying linear
fits [via pxy(T) ex n~l cx exp(A/2££17), where n is the
carrier density and 4B the Boltzmann constant]. The fits
suggest the presence of two different gaps with At =
18.2 + 0.5 meV between 50 and 17.5 K and A2 =32 +
0.5 meV between 6 and 15 K. Similar two-gap behavior
has been observed in previous transport studies of YbBI2
[59] and SmB6 [30]; it is attributed to the complex level
mixing in the hybridization process related to the crystal-
field splitting of the 4/ states [30,61,62]. The values of At
and A2 deduced here are slightly different from those
obtained from pxx [35] but are consistent with those from
earlier Hall measurements [59]. Therefore, in strong con-
trast to the situation below approximately | K [Fig. 1(a)],
the low-field pxy for 7 > 6 K seems to be dominated by the
thermally activated carrier density » in YbBI2; it may be
thought of as a reasonably conventional Hall effect with
pxy = RHpOH, where RH = (ne)~[. On the other hand, the
unusual low-// Hall behavior for 7 < 1.5 K shows that a
thermal activation description is insufficient to account for
all of the transport properties of YbBI2.

B. Origin of the Hall anomaly

The low-field Hall anomaly is observed in three YbBI2
samples from two different batches: sample V7 [Fig. 2(a)]
and V2 [Fig. 1(a)] from batch | and sample Ha [Fig. 3(a)]
from batch 2. The behavior of pxy(H) in these samples
shows qualitative consistency, suggesting that the anomaly
is an intrinsic property of YbBI12. We now discuss possible
mechanisms and examine their validity in the context of
our Hall data.

The anomalous Hall effect (AHE) often results in
unusual Hall-effect data that do not scale linearly with
H, especially at low magnetic fields. In ferromagnets, the
conventional AHE is proportional to the magnetization M
[63]. However, the M(H) in YbBI2 [inset in Fig. 2(a)] is too
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-6-4-20 2 4

Sample A/l 035K
7=18K
09K
c-2 H|| [100]
\= 3.240.5 meV
mp -0.1
175K
A, = 18.2+0.4 meV
12 14

FIG. 2. (a) pxy(H) measured at temperatures ranging from 0.35
to 50 K in the YbBI12 sample N/ up to 14 T. The low-field
anomaly becomes weaker above 0.9 K and completely disappears
at 2.5 K. The negative Hall signal at higher temperatures indicates
that electronlike carriers dominate. (Inset) Magnetization M of
sample N/ versus magnetic field A\\[100] ranging from -7 to
+7 T at 1.8 K. The low-field M(H) exhibits featureless and
monotonic behavior, (b) Expanded view of tire pxy{H) curves
measured at 77> 15 K. (c) Arrhenius plot: in pxy atp0H = 1T
plotted against //7. The linear fits in the temperature ranges
20K <7<50K and 6K<7< 125 K yield Kondo gap
widths 4] = 18.2 meV and A2 = 3.2 meV, respectively.

small to result in a significant AHE. Moreover, it does not
exhibit any form ofunusual field dependence that could be
responsible for the strong curvature of the Hall data. [Note
that the small size of M(H) in YbBI2 comes from the fact
that it is a KI, so that the Yb local moments are fully
screened in the ground state.]

Recently, an “unconventional” AHE was proposed for
nonmagnetic topological materials; this originates from
nonzero Berry curvature in the vicinity of Weyl nodes or
gapped band crossings [64,65]. For YbBI2, however, no
such topological objects have been proposed for the band
structure of YbBI2. Moreover, even if they dominate the
electrical transport, topological surface states should not
exhibit an AHE in the absence of magnetism.

In many heavy-fermion compounds, there is a third type
of AHE that results from skew scattering: In magnetic
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fields, the conduction electrons are scattered asymmetri-
cally by the magnetic moments of the / electrons [32,66].
Though this effect can contribute a large portion of the
measured Hall signal, this usually occurs at high 7, where
the localized / electrons are not fully screened so that
they can act as scattering centers [67]. At very low T, the
skew-scattering effect involves only residual impurities;
consequently, the corresponding AHE becomes rather
weak compared to the conventional Hall effect [68-70].
Moreover, most of the models of the AHE in heavy-
fermion systems predict RH aj [71], where/ = M/H is
the magnetic susceptibility. This is nearly /A independent
[inset of Fig. 2(a)] in YbBI12. Therefore, skew-scattering-
induced AHE can be excluded as the origin of the
//-nonlinear Hall anomaly in YbBI2.

In the low-field limit (pH <K | T, here // is the carrier
mobility), the Hall coefficient can be severely affected by
details of the quasiparticle scattering; it thereby deviates
from simple relationships such as, e.g., RH = I/ne [72]. It
is well known that in 2D electron systems, such as the
surface states in YbBI2, the amplitude and even the sign of
the low-field Hall effect depend on the geometry (local
curvature) of the FS [73]. Nevertheless, ARPES data
suggest a single Fermi contour at the center of the surface
Brillouin zone with no apparent anisotropic curvature [33].
Therefore, the FS geometry arguments are perhaps irrel-
evant here. Alternatively, anisotropic scattering can stem
from antiferromagnetic (AFM) fluctuations with certain
wave vectors [74,75]. We remark that in YbBI2, the
presence of dispersive in-gap spin excitons due to short-
range AFM correlations has been confirmed [76,77], In
particular, the presumably reduced strength of Kondo
coupling at the surface can give rise to enhanced AFM
stabilities and even push the system toward quantum
criticality [78]; spin-exciton-mediated scattering naturally
provides strong anisotropic scattering channels for the
surface quasiparticle states.

While it seems that most of the established models do not
account for the Hall anomaly in YbBI2, we stress that this
feature can be almost perfectly fitted by an empirical
expression [yellow line in Fig. 1(b)]:

RH = R°H + AH"[~n{RoH% Q)

Here, R8H is a field-independent term with the value
03 m£2em T 1, and AH exp/-ij(p0H)i] is the “anomalous”
term that gives rise to the nonlinear behavior, with 4H
and // being fitting parameters. Significantly, a similar
Hall enhancement at low A has been observed in the
“strange-metal” phase of iron-based superconductors
BaFe2(As! rPr)2 [57] and FeSej tSt [58]. In both cases,
the enhancement is also a exp[-7/("0//)*] with the expo-
nents = [/ for BaFe2(ASj tPt)2 [57] and ft =2 for
FeSenS* [58]. In both iron-based superconductors,
the strange-metal state is related to the proximity to a
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putative quantum-critical point (QCP) [a pure nematic QCP
in FeSe"S* [58,79] and a (mainly) AFM QCP in
BaFe2(As! rPr)2 [80,81]]. Hence, the successful fit to
Eq. (1) with (3 = 3/2 strongly suggests a strange-metal
state in YbBI2, and it would be of interest to explore
whether critical magnetic instabilities, possibly induced by
the weakened Kondo coupling at the surface [78], contrib-
ute to the formation of such states.

The two terms in Eq. (1) represent a strange-metal
contribution AH exp[-?/("0//)I] plus a constant R°H If

one for a moment assumes to be the conventional part
of the Hall effect, it corresponds to a rather high carrier
density n ~2.08 x 101§ cm-3 (equivalent to n2D ~4.4 x
1016 cm-2). This means R°H cannot be interpreted as due to
a conventional band contribution. Such a heavily modified
apparent n could be the consequence of emergent quasi-
particle decoherence, as reported in the strange-metal
regime of cuprate high-7". superconductors [56]. Thus, it
seems that the low-7, low-H Rn in YbBI2 is dominated
entirely by strange-metal physics. Since the low-7, low-H
electrical conduction in YbBI2 is thought to be due to the
surface channel [32], the strange-metal state likely resides
on the surface, where the quasiparticles lose coherence
through scattering from abundant bulk excitations. We
further discuss this in Sec. VI

IV. EVIDENCE FOR FIELD-INDUCED
LIFSHITZ TRANSITIONS

A. Hall resistivity at high magnetic field

With increasing H, the electrical transport in YbBI2
exhibits a crossover from the low-field surface-dominated
regime to the high-held bulk-conducting regime [32] where
quantum oscillations of 3D unconventional, charge-neutral
fermions have been detected [35]. The behavior of pxy(H)
is in agreement with this picture. As displayed in Fig. 3(b),

Sample Ha
7=0.i
10-T pulse

0 2 4 6

FIG. 3.
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at 7 = 0.56 K, the positive pxy developed above the sign
change around 7 T [Fig. 3(a)] is slowly suppressed, leading
to a second sign change from positive to negative at
approximately 20 T. For p0H > 20 T, pxy appears to be
electronlike all the way up to the I-M transition field M
[ROHI-M = 46.6 T for samples Ha and Hb; Fig. 3(c)]; this
is identified as the contribution of bulk carriers. The
minimum (i.e., the largest magnitude negative value) pxy «
-2.5 mil cm occurs at approximately 35 T [Fig. 3(c)]. In
the field-induced KM state (H > Hi m) [82] the Hall
signal drops below our experimental resolution.

The measurement of tiny Hall signals in pulsed
magnetic fields is affected by issues such as eddy-current
heating (due to large field-sweeping rate), the magneto-
caloric effect, and induced-voltage pickup in the circuit.
In the present case, difficulties may arise because the
longitudinal resistivity in YbBI2 is both large (pxx/pxy >
100 over the entire field range) and very 7 dependent
[35]. Hence, an exact, quantitative extraction of the Hall
voltage using a comparison of positive and negative field
sweeps depends on 7 being identical throughout both
pulses. A slight mismatch in 7 is likely responsible for
the difference between the data recorded on the up and
down sweeps of the field in Fig. 3(c). While the
magnitudes of the pxy signals shown in Fig. 3(c) should
therefore be treated with caution, it is clear that two
noticeable signatures in the high-field pxy curves are very
consistently observed and therefore very likely to be
intrinsic. These are two sharp slope changes at approx-
imately 20 T (i.e., near the second sign change) and
approximately 30 T marked by gray vertical bars in
Fig. 3(c). As we discuss in detail in the following
sections, we propose that these features are likely to
signify field-induced Lifshitz transitions, i.e., electronic
topological transitions that describe changes in the FS
topology [83].

55-T pulse

Sample Ha Sample Ha
7=0.51 K

7=10.56 K

20-T pulse Sample Hb
7=0.66 K

8 10 12 14 16 18 20
MH(T)

Field dependence of Hall resistivity in YbBI2 measured in pulsed magnetic fields for (a) sample Ha at 0.56 Kup to 10 T,

(b) sample Ha at 0.56 Kup to 20 T, (c) sample Ha at 0.51 K, and sample Hb at 0.66 K in magnetic fields ofup to 55 T. Solid and short-
dashed lines are field up sweeps and down sweeps, respectively. The pxy(H) curves are obtained by subtracting the negative from the
positive field sweeps. The two light gray bars in (c) mark the fields corresponding to possible Lifshitz transitions.
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19.6 T =304+027

/VIM=46.6T
30 -
€0 9051k
035K
0.65K
0.85K
1.15K
1.58 K
------ 0.52K
------ 0.66 K
800 - 0.73 K
0.79K
------ 1.02 K
------ 115K
------ 1.26 K
SL 400 - T 138K
H || [001]
200 ] 100
FIG. 4. Comparison of the field dependence of (a) Hall

coefficient RH, (b) field derivative of tire magnetic torque
dz/dH taken with tilt angle 0 = 5.4° between H and tire [001]
direction and (c) transverse resistivity pxx versus / applied along
the [001] direction in YbBI12. The insulator-to-nretal-transition
field PoHI-M is 46.6 T in this sample, as denoted by tire vertical
dash-dotted line. Clear dHvVA and SdH oscillations appear below
HI M as shown in (b) and (c), respectively. The vertical gray thick
lines represent two characteristic fields: a nearly 7-independent
signature POHI = 19.6 T manifested by (a) a slope change in RH
and peaks in (b) dz/dH and (c) pxx(H), and a second signature
occurring at PoH? = 30.4 &= 0.2 T which is implied by the kinks
in RH and dz/dH [dashed lines in (a) and (b), respectively]. This
latter feature roughly corresponds to a local maximum in MR for
the down sweeps. Alternatively, tire small cusp in dz/dH at
approximately 28 T (arrows) is identified as an extremum of
quantum oscillations (see Fig. 12 and Appendix D).

B.Comparison with the features in magnetic torque
and magnetoresistance

Figure 4 shows the field dependence of the Hall
coefficient RH [Fig. 4(a)], the derivative of the magnetic
torque dz/dH [Fig. 4(b)], and pxx{H) [Fig. 4(c)] measured
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in the YbBI2 sample Ha. Several signatures show up in all
three quantities. At RgHI1 = 19.6 T, a kink (slope change)
is observed in RH [indicated by the dashed lines in
Fig. 4(a)]. (Note that the peak at H K HI may be caused
by a slightly incomplete cancellation of the picked-up pxx
terms between the negative and positive field sweeps due to
small temperature difference.) At the same field, strong
peaks occur in both dz/dH and pxx. The features at H,
gradually smear out at higher 7, yet the characteristic field
Hi is almost 7" independent. At around 28 T, a small cusp
appears in dz/dH [arrow in Fig. 4(b)]. It approximately
aligns with a local maximum in both field up sweeps and
down sweeps of MR at temperatures below approximately
| K [Fig. 4(c)]. We attribute this feature to an extremum
of the quantum oscillation occurring between 25.5 and
30 T (Appendix D), which is further introduced in Sec. VA.
Both RH and dz/dH show another kink [crossing of the
two dashed lines in Figs. 4(a) and 4(b), respectively] at
=30.4 T with the uncertainty of about 0.2 T; this feature
identified as a second characteristic field A2 is in line
with a rounded maximum in the down sweeps of MR. All
the signatures mentioned above are reproduced in the
measurements of sample V1 (from a different batch),
wherein the characteristic field Hi stays unchanged but
P(OH? = 31.3 T is slightly higher (Appendix D).

Some ofthe signatures we present here were explained as
field-induced metamagnetic transitions in our earlier work
[35]. These attributions followed theoretical predictions
that an AFM state will appear in KIs subjected to large
magnetic fields that are below the gap closure [84,85].
However, it was later shown that the corresponding features
are not observed in thermodynamic quantities such as the
magnetocaloric effect [82], magnetostriction, and M [36].
In particular, the absence of a signature in A strongly
suggests that they are not metamagnetic transition fields.

Instead, the signatures at the characteristic fields in
YbBI2 closely resemble those in the heavy-fermion metal
Celrln5, where kinks in z can be resolved but no feature
appears in M. The latter kinks are interpreted as field-
induced Lifshitz transitions that are not accompanied by
metamagnetic transitions [86]: The modification in FS
topology causes a change in the transverse magnetization
(which is captured in r) but has very weak impact on the
longitudinal magnetization M. Although in numerous
heavy-fermion materials the Zeeman-driven Lifshitz tran-
sition does correspond to a simultaneous metamagnetic
transition [87], this does not happen in Celrlnj due to the
robustness of Kondo physics in this material against
magnetic fields [86]. Such an argument will also be valid
in YbBI12, where the field suppression of the Kondo gap
cannot be understood as the destruction of Kondo corre-
lation [36,82], Consequently, we assign the characteristic
fields shown in Figs. 4 and 12 to putative Lifshitz
transitions (here we note that, whereas these transitions
are likely to correspond to changes in FS topology, we do
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not have strong evidence that they are of the order-2 ? nature
as for the rigorously defined Lifshihtz transitions [83]).

Further evidence for the possible Lifshitz transitions
comes from the transport measurements: It is well known
that Lifshitz transitions often yield kinks in the Hall effect
and MR [69,88,89]. Whereas Lifshitz transitions may cause
small changes in the field evolution of the density of states
(DOS), which produce only weak signatures in thermody-
namic quantities, they can correspond to the appearance or
vanishing of scattering channels, strongly modifying the
transport behaviors. Considering two basic types of Lifshitz
transitions, namely, the FS “neck-breaking” and “void-
creation” transitions, a simple model predicts that they are
manifested by local maxima and minima of the electrical
resistivity, respectively [89]. Following this idea, all of the
putative Lifshitz transitions in YbBI2 are presumably of'the
neck-breaking type. In particular, the feature observed at
Ho may be interpreted as a Lifshitz transition that barely
changes the DOS and is thus not obvious in r [Fig. 4(b)].
Further information about the quasiparticle scattering is
needed to pin down the details of the Lifshitz transitions. In
this context, thermopower measurements under high mag-
netic fields [88] may be of great importance.

Perhaps the most direct verification of a Lifshitz tran-
sition is a discontinuity in the quantum-oscillation fre-
quency, as has been observed, e.g., in Celrln§ [86],
YbRhiSii [90], and CeRu2Si2 [91]. In Sec. VA, we show
that the SdH frequency changes drastically within the
approximate field range 30-33 T. This strongly supports
the occurrence of a Lifshitz transition in the corresponding
field window, and it is tempting to assign it to the
characteristic field Ho.

------ 052K
0.73K
0.79K
—089K
------ 1.02K
B T —— LISK
o SdH:35-45T
F=677.6£4.0T
0.022 0.024 0.026 0.028 0.034

FIG. 5.
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Given the nonmetallic transport behavior for # < HY M
in YbBI2, an important question is “what kind of Fermi
surface plays host to the Lifshitz transitions?” As we discuss
further in Sec. VI, areasonable hypothesis is that the Lifshitz
transitions occur in the FS of charge-neutral quasiparticles
[36] and show up in the charge transport via interband
scattering between the neutral quasiparticles and any con-
ventional charge-carrying electrons. At this point, without
knowing the exact form of the neutral-quasiparticle bands,
we cannot provide a detailed scenario for the possible
Lifshitz transitions. However, it is likely that they involve
abrupt modifications of'the neutral FSs that are triggered by
the field-induced gap narrowing (see Sec. VID).

V. QUANTUM OSCILLATIONS
IN THE KI STATE

A. SdH effect in the field range 25.5 T <filH <30 T

We previously reported dHvA and SdH oscillations in
the KI state (H < Ht M) of YbBI2 at magnetic fields
pOH > 33-35 T [35,39]. Here we show that SdH oscilla-
tions actually emerge at lower H. As plotted in Fig. 4(c),
pxx{H) traces recorded on the down sweeps of H (short-
dashed lines) exhibit a double-dip feature in the field range
255 T<pOH <30 T. This feature is most evident
at low r, gradually fading upon warming. While it is
relatively clearer in sample Ha [Fig. 4(c)], this feature is
also present in other batches of samples [see the shaded
region in the inset of Fig. 12(c) and Appendix DJ; it was
simply overlooked in our earlier studies.

Figures 5(a) and 5(b) show the oscillatory component
of pxx, p°f, obtained using polynomial background

""" oo o FFT (35-45T)
""" 0T K O /£c/(&KG-/&) (39.6T)
079K A 21G%6-£9) (28T)
TRO-3 -
SdH: 25.5-30 T
F-391415T
0.036 0.038 05 06 07 08 05 10 LI 12

The amplitude of the oscillatory component of resistivity px7 at various temperatures in the field ranges (a) 35 <p0H <45 T

and (b) 25.5 < poH < 30 T. pfx is obtained by background subtraction of a polynomial from the pxx(H) curves shown in Fig. 4(c). The
oscillation frequencies are mentioned in each panel. Note that for the field range displayed in (a), the oscillations have a single frequency
which is supported by the dHvA measurements (see Supplemental Material, Figs. 1(a) and 1(b) [93]). (c) Lifshitz-Kosevich fits of the 7"
dependence of p°lc shown in (a) (green diamonds) and (b) (red triangles) normalized by the power-law 7-dependent background
resistivity (see Sec. VC for details). The temperature dependence of the FFT peak height (the FFT is performed after normalizing p°s

by the background resistivity) of the oscillations shown in (a) (blue squares) is consistent with that of normalized p°sc. All data are

measured on sample Ha.
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subtraction for 35 T<p{H<45T and 255 T<
POH < 30 T, respectively. For both field ranges, the ampli-
tudes of the oscillations shrink with increasing 7 in a
similar way. In Fig. 5(c), we plot the 7" dependence of the
normalized amplitude of the SAH effect and fit it using the
LK formula [92]

2n2kBnfT

p-~(n 2)
sinn {20/ T\

where m* is the cyclotron mass for motion in the plane
perpendicular to the applied A. (We note that to obtain
reliable cyclotron masses, pxx must be normalized by
the background resistivity before applying the LK fits;
see Sec. VC.)

It appears that the LK formula [solid lines in Fig. 5(c)]
describes the oscillation amplitudes well except for the
lowest temperature point for the 35 T < p{)H <45 T data
(this point is affected by the change of background
resistivity behavior for 7'< 0.5 K). Interestingly, while
the fast Fourier transform (FFT) gives SdH frequencies
F=678+4.0Tand391 =15 Tfor35 T <p0H <45 T
and 25.5 T < ,// <30T, respectively, the LK fits yield
comparable cyclotron masses (9.4m0 and 113mih respec-
tively, where mj) is the mass of the free electron) for the
two field regions. The similarity of the masses excludes
magnetic breakdown as an explanation for the frequency
change, which predicts that the mass of the large break-
down orbits equals the sum of the masses of the involved
small orbits [based on the relation m* oc (dS/de) \e=Ep,
where S, e, and E, are the orbit area, the energy, and the
Fermi level, respectively] [92]. The consistency of the mass
instead suggests that all of the SdH oscillations may
originate from the same quasiparticle band(s), while a
Lifshitz transition between the two field regions changes
the extremal orbit area. This Lifshitz transition may be
associated with the characteristic field Ho in Fig. 4.
Unfortunately, the SdH effect occurring below approxi-
mately 31 T is seen only in the down-sweep MR curves,
and no more than one and a halfperiods are resolved. The
hysteresis between the up and down sweeps of H suggests
that these SdH oscillations may be associated with “meta-
stable” states that are induced by and/or persist only over
the ms timescales of the pulsed magnetic fields.

B. Nonmetallic transport at high fields

To further understand the SdH effect observed in the KI
state of YbBI12, we investigate the 7 dependence of the
nonoscillatory resistive background p®KG (i.e., the H-
polynomial term which is subtracted from the raw MR
data to get p°x) over the field range where the SdH
oscillations are apparent (35-45 T). As displayed in
Figs. 6(a) and 6(b), over a field-dependent 7 range,
G in sample N2 follows an unusual 7a behavior, with
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a=-1.5
Sample Ha
39.5T
S. 10
100
Sample N2
Vv 50- 40T
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FIG. 6. (a) The nonoscillatory background resistivity of

YDbBI2 sample N2 as a function of the temperature at several
magnetic fields from 0 to 45 T, plotted on a log-log scale. Open
and solid symbols are data taken in the 3He cryostat at magnetic
field tilt angle 6 = 7.4° and in the dilution refrigerator at 6 = 8.5°
in the 45-T hybrid magnet [35]. Solid lines are guides to the eye.
Dashed and dotted lines denote pxx cx 7" with a = —2 and
a = -1.5, respectively, (b) p~fG(T) of sample N2 at p0H =
35 T (down triangles), 37.5 T (up triangles), 40 T (circles), and
42.5 T (squares) measured in a pulsed magnet with / applied
along [001]. Solid lines indicate the power-law 7" dependence
pxNG(T) = A(H)Ta. (Inset) plotted against T°-3"2 for
sample N2 (P0oH =40 T) and Ha (PoH = 39.5 T).

the exponent a < 0 between 35 and 45 T. At 35 and 37.5 T,
"G is well described by 7u functions for 0.5 < 7< 5 K
with @ = -1.91 and -1.77, respectively [Fig. 6(b)]. For
PoH =40 T, and 0.35 < 7T <3 K, pxx shows a perfect
T-15 dependence. On increasing the field to 42.5 T, a =
-1.5 is still valid but only for 7' < 2 K [Fig. 6(b)]. At45 T
(i.e., close to the I-M transition) a 7~2 behavior emerges
over a narrow 7 range above | K [Fig. 6(a)].
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While the background resistivities in samples N2 and Ha
can be fitted to the simple relationship p®fG(7) =
P + A(H) Ta, the fitting parameters pxx and 4 are sample
dependent. In particular, pxx is infinitesimal for sample N2,
yet takes a value approximately equal to 60 m£2 cm in
sample Ha [inset of Fig. 6(b)].

The 7 behavior with —2.0 <a <<—1.5 is strong evi-
dence for nonmetallic charge transport upon which the SdH
effect emerges. This behavior contrasts sharply with that of
conventional SdH oscillations associated with a FL state.
The underlying physics leading to the negative a is elusive
at present. Theoretically, a p <x 7 i dependence can be
attributed to ionized impurity scattering in nondegenerate
semiconductors [94] or electron-phonon-dominated inelas-
tic scattering in heavily disordered systems [95]. Neither
electronic system is expected to produce quantum oscil-
lations on its own.

More unusual, recent works on electrical transport in
topological semimetals with small Fermi energies and
charged impurities also predict p oc 7 (with a < 0)
[96-98]. Indeed, it has been suggested that in Kls, impurity
scattering leads to non-Hermitian in-gap states that effec-
tively close the Kondo gap and turn the system into a nodal
semimetal [99,100]. Although we later show that this does
not happen in YbBI2 at # = 0 (see Appendix A), it is not
clear whether it is relevant at high H, where the gap width is
reduced. Whereas a 7~I dependence is predicted when only
the thermal excitation of carriers across the nodal cone is
taken into account [100], p ex 7~4 is obtained if the 7
dependence of the scattering rate and thermal screening of
impurities are included [96,97], The exponent -2.0 <a<
—1.5 may therefore represent vestiges of these effects; for
instance, the putative 7~4 behavior is predicted to evolve
[97] into a weakly-7-dependent “residual” resistivity at low
7, qualitatively consistent with our observations for 7 <
0.3 K [Fig. 6(a)]. However, in proposed Weyl semimetals
with small Fermi energies such as the iridate pyrochlores
[101,102], a low-7 saturation ofp is experimentally absent.

C. Correction of the SAH amplitudes

Earlier works describing quantum oscillations in the KI
state of YbBI2 noted an apparent contradiction; the cyclo-
tron mass determined from the SdH effect (14—15m0) was
much heavier than that obtained from dHvA oscillations
(6.5-7/H0) [35]. The discrepancy may now be understood
as follows. Whereas the thermal damping of the dHvA
oscillations is due only to phase smearing caused by the
7-dependent broadening of the Fermi-Dirac distribution
function [FK formula, Eq. (2)], SdH oscillations in elec-
trical transport represent an additional convolution of this
effect with the background resistivity. The latter will be
affected by 7-dependent scattering rates, an effect para-
metrized via v = C(T)7j [103], where v is the scattering rate
(inverse relaxation time), g is the (7-independent) DOS,
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and C(7) describes the 7-dependent scattering processes. It
is clear that £(7) should contribute equally to the oscil-
latory and nonoscillatory (background) components of the
resistivity, so that p0SC(7) must be normalized by dividing
by pBKG(T) before fitting to the FK formula [104,105].
In our earlier work, p°/(7) was normalized in the
traditional manner [103] using the zero-field resistivity

Sample A2 dHvVA
- N41.97, 0=7.4°
0 (404 T, 0=8.5°) _

- m*=7.3+06Tt
43.77)

Sample Ha

dHvA
O 7(39.57,5=5.4°)

(39.6 7)

O 5=(39.67, 5=0° X

(39.67)

FIG. 7. Normalized quantum-oscillation amplitudes versus
temperature for (a) sample N2 and (b) sample Ha. The dHVA
amplitude rosc is obtained by subtracting a polynomial back-
ground from the magnetic torque 7(H) [35]. For sample N2, the
SdH amplitude is taken as p °/7p "G, i.e., the oscillatory part of
resistivity p °f divided by the nonoscillatory background at the
corresponding magnetic field. For sample Ha, a 7-independent
component pxx is further removed from the nonoscillatory
resistivity background (see text). The absolute p °f without
normalization using the background resistivity (purple diamonds)
is also shown for comparison. Solid and dashed lines are fits to
the LK formula for dHvA and SdH amplitudes, respectively. The
inferred effective masses are shown beside the fits. Note that all
the nonmonotonic 7 dependence of the SdH amplitudes are
caused by the normalization; see the raw data presented in
Supplemental Material Fig. 1(c) [93].
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pxx(T) [35]. However, the distinctive A and 7 dependence
of pxx (Figs. 6 and 9) suggests that C(7) at high A differs
considerably from that at # = 0 (i.e., it is also a function of
H), so that a different normalization strategy must be
employed. Thus, the apparent discrepancy between the
effective masses derived from SdH and dHvA effects is
mainly attributable to £(H, 7). Figure 7(a) shows a com-
parison for sample N2 of dHvA amplitudes and SdH
amplitudes divided by px~G at the same H. LK fits to
the data for 7> 0.5 K (i.e., where p®KG a 7a) yield
cyclotron masses from dHvA and SdH effects that are
consistent within experimental uncertainties. This, and the
fact that both sets of oscillations have the same frequency,
strongly suggests that the same band of coherent quasi-
particles (with an effective mass approximately equal to
7m0) is responsible for both effects in YbBI12. Our recent
pulsed-field studies reveal that these fermions also con-
tribute quantum oscillations in the high-field KM state of
YbBI2 [36], acquiring additional features such as Zeeman
splitting and a field-dependent SdH frequency.

The consistency between r°sc(r) and p °f//z>~G breaks
down below 0.5 K [Fig. 7(a)], as the latter exhibits
nonmonotonic behavior, which is likely to be an artefact.
(Note that this nonmonotonic 7 dependence of the
SdH amplitudes results entirely from the normalization
to the background resistivity, since the raw data are free
from such behavior; see Supplemental Material [93].)
Moreover, the mass consistency is not as good for sample
Ha, in which the p °f normalized to p®KG - pxx [i.e., the
Ta term in the inset of Fig. 6(b)] still gives a heavier
mass (m*ml = 9.4+0.7) than that from the dHvVA
effect (m*/m0 = 6.4+ 0.1), as shown in Fig. 7(b).
Nevertheless, the value of SAH mass becomes closer to
the dHVA mass after the normalization; by contrast, the
LK fit of the absolute SdH amplitudes provides m*/m( =
12.3 + 0.7 [Fig. 7(b)]. Despite the additional complexity
of the 7-dependent background resistivity, the LK
description is valid for the dHvA effect observed
between 35 and 45 T [Figs. 7(a) and 7(b)] as well as
the normalized SdH effect for 255 T <p0H <30T
[Fig. 5(c)]. As the LK formula is closely related to the
derivative of the Fermi-Dirac distribution function, this is
an unambiguous sign that the quantum oscillations in
both field ranges are produced by fermions.

VI. DISCUSSION

A. The two-fluid scenario

The transport properties of YbBI2 in its KI state point to
the presence of both a Fermi surface of coherent quasi-
particles (which, however, carry little or no charge) and
electrically active charge carriers (some or all of which
never gain full quasiparticle coherence) that are character-
istic of a complex electrical insulator. This evidence may be
summarized as follows.
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Fermi surface of coherent quasiparticles:

(1) Quantum oscillations (both dHVA and SdH effects)
are detected, with behaviors that are in agreement
with the expectations for a 3D Fermi liquid.

(2) There is a cascade of signatures in the magnetic
torque, Hall effect, and magnetoresistance strongly
suggesting field-induced Lifshitz transitions that
change the topology of the Fermi surface.

(3) A finite, residual 7-linear thermal conductivity, a
clear hallmark of itinerant gapless fermions, is
observed as 77 0 [39].

Complex electrical insulator:

(4) Both zero-field and high-held resistivities exhibit
characteristic nonmetallic behavior; at high mag-
netic fields, this is described using a Ta(a < 0)
dependence.

(5) The absolute value of the resistivity is much larger
than that of conventional metals [35].

(6) Apart from brief excursions due to the SdH oscil-
lations, the underlying MR is negative for all fields
up to the I-M transition.

(7) The Hall coefficient shows a low-held anomaly that
cannot be explained by the conventional Drude
model for metals. However, the form of the Hall
coefficient is very similar to that of incoherent
quasiparticles in the strange-metal phase regime of
high-7". superconductors.

In Ref. [36], we used a two-fluid model to give a
phenomenological description of YbBI2 in both its KI
and KM states. In the latter state, the fluids are (i) the
conventional (heavy-fermion) charge carriers liberated by
the collapse of the Kondo gap at high fields and (ii) a
Fermi-surface of charge-neutral quasiparticles. In the KI
state, (i) a complex system of charge-carrying electrons and
holes containing both thermally activated carriers and other
charged in-gap states (see Sec. VIB) coexists with (ii) the
same charge-neutral quasiparticles. Under magnetic fields,
the charge-neutral quasiparticles develop Landau levels that
lead to an oscillatory DOS. In both KI and KM states, these
oscillations in DOS result in the SdH effect in the resistivity
due to strong scattering between the two fluids (at a rate
that is determined by the joint DOS and hence the Landau
quantization).

Taken alongside other recent experimental observations,
the Hall-effect data in this paper permit a better description
of the involved system of charge-carrying electrons and
holes in the KI state than has previously been possible. We
therefore first turn to the likely origin of these carriers.

B. Charge-carrying electrons and holes

The conventional explanation for mobile electrons and
holes in a KI at low 7 is thermal excitation across the gap.
The fact that the zero-field resistivity of YbBI2 can be fitted
using an Arrhenius formula over the range 6 < 77< 50 K
[35], albeit with two different gaps for lower- and
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higher-temperature regimes, is good evidence that this
mechanism does, in fact, contribute. However, below
7« 2 K, the resistivity saturates, suggesting that as the
number of thermally activated carriers declines as 7 0,
another mechanism starts to dominate.

Various origins have been proposed for the neutral
quasiparticles in YbBI2, including 3D Majorana fermions
(a consequence of the mixed-valence of Yb) [49,50],
Majorana polarons [51], spinons [52,54], and related
composite (fermionic) excitons [53], etc. The identity of
the neutral fermions in YbBI2 is beyond the scope of the
present work; however, we point out that all of the above
approaches represent stationary states of an infinite, per-
fectly periodic crystal. The introduction of surfaces, grain
boundaries, impurities, and other defects (and higher 7)
will result in the neutral fermion states possessing finite
lifetimes. As the proposed neutral-quasiparticle models
represent superpositions of electrons and holes, a likely
decay or scattering route is into these charge-carrying in-
gap states. An immediate consequence of such a mecha-
nism is that the most perfect crystals of YbBI2 will show
the highest values of saturated, low-7 resistivity (i.e., the
exact opposite of the situation in conventional metals). If
one gauges crystal perfection using the absolute amplitudes
of the Kl-state SAH and dHvA oscillations (i.e., the larger
the oscillations, the more perfect the crystal), this is indeed
true for all of the samples we examine [35,39].

It is likely that when a neutral quasiparticle scatters off
lattice defects or impurities, it will decay into an electron-
hole pair. Such a process functions as indirect scattering
between neutral and charged excitations; a change in the
neutral-quasiparticle DOS will modify the scattering rate
and thus be reflected in the number of charge carriers
contributing to electrical transport. In addition, direct
scattering between neutral and charged quasiparticles will
occur, most likely via a Baber process. (Baber processes
describe the interband scattering between multiple electron
reservoirs with different masses [106].) The direct scatter-
ing rate should be proportional to the joint DOS of the
bands involved. Consequently, both scattering mechanisms
[107] will convert features in the field-dependent DOS
of the neutral quasiparticles to signatures in the electrical
transport measurements (including the Lifshitz transitions
and SdH effect, as we discuss below). A more detailed
description of the scattering mechanisms in the two-fluid
model must await further theoretical work.

C. Temperature- and field-dependent Hall effect:
Surface vs bulk conduction

Whereas several measurements [32,35,36,39] demon-
strate that the neutral fermions and the thermally activated
electrons and holes inhabit the bulk of YbBI2 (and are
therefore definite intrinsic properties), studies of the
focused-ion-beam (FIB)-etched YbBI2 samples reveal a
substantial surface contribution at low 7 and low H [32]:
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As H increases, charge transport in YbBI2 undergoes a
crossover from surface dominated to bulk dominated, while
the SdH effect arises only from bulk states.

Taking the above points into account, we assign the low-
field Hall anomaly shown in Fig. | to the surface conduction
channel, whereas the 7-dependent Hall signal at higher
fields is associated with the bulk. Consequently, the analysis
in Sec. Ill points to the incoherent nature of the extended
surface states in YbB12: Their behavior is analogous to that
of the strange-metal phase in correlated-electron systems
[56-58]. It is likely that several factors contribute to the loss
of quasiparticle coherence at the surface: (i) There will be
scattering of the surface charge carriers into the DOS
associated with the charged fermions in the bulk of
the material (similar surface-bulk scattering processes have
been widely reported in candidate topological insulators
[109,110] and Weyl semimetals [111]), (ii) In order to
maintain neutral-fermion density, charged fermions at the
surface will be subsumed into the bulk itinerant neutral
states (the reverse of the process that creates them),
(hi) There is also expected to be scattering due to magnetic
fluctuations [76], which can be enhanced significantly at the
surface where the Kondo interaction is weakened compared
to the bulk [78,112],

We argue that the abundance of scattering process (hi),
implicit in the Hall expression Eq. (1) and resembling those
in quantum critical metals, is a major ingredient in the
absence of SAH oscillations in the FIB microstructures [32].
Although the conducting surface states can also experience
scattering with charge-neutral quasiparticles, strong scatter-
ing from the magnetic fluctuations at the surface may be the
dominant process and perhaps cause a strange-metallic state
at the surface. As a result, the neutral-quasiparticle DOS has
only a small effect on the surface conduction, so that the
SdH effect is suppressed below our experimental resolution.
Other factors, such as the destruction of neutral-quasiparticle
bands by Kondo breakdown at the surface [50,112], or the
excess surface defects introduced by the FIB etching, may
also contribute to a reduced neutral-quasiparticle lifetime,
thus suppressing SdH oscillations.

D. Putative Lifshitz transitions

As increasing magnetic field suppresses the Kondo gap
[61], the bulk transport channels come into play. The first
characteristic field manifested by the upturn in r and a cusp
in the MR [35] occurs at p0Hi = 19.6 T. Given that the
ground state of Yb3+ in YbBI2 has T§ symmetry with
fjirij = 2.1 (here, g, is the Lande g factor, and nij is the
magnetic quantum number for angular momentum) [62],
the Zeeman energy £z of the T8 multiplets at H = HI is
2.39 meV « A2/2, where A2 =4.70 meV is the low-
temperature transport gap determined from pxx{7) [35].
The close correspondence of these energies suggests that
Hi may be related to the Zeeman splitting of the crystal-
electrie-held (CEF) multiplets of the Yb / states. However,
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Hi is not a real gap-closing (i.e., I-M transition) field
because there is no evidence for a sudden DOS enhance-
ment at this field in transport data [35] and heat capacity
[82] measurements (consequently, A2 might be the energy
separation between an in-gap impurity level and one of the
band edges). The Hall coefficient data merely show a
downward kink at Hi, suggestive of an inflection in
DOS (H) [69]. These features are consistent with a
Lifshitz transition, presumably in the FS of the charge-
neutral fermions, that is related to the Zeeman shift of the
CEE levels. Though we are not able to assign H? to
possible CEE-level splitting effects, the distinct SdH
frequencies detected below and above this field strongly
imply that it can be another putative Lifshitz transition. At
these transitions, the signatures in electrical transport may
originate from abrupt changes of the interband scattering
rate (which depends on the DOS of the neutral fermions) at
the Lifshitz transitions.

Further studies of the field-dependent gap evolution in
YbBI2 will provide insights into the nature of the character-
istic fields Hi and H2! at this point, we propose that the
Zeeman shift of the CEE levels causes the gap narrowing
under magnetic fields, which modifies the dispersion of the
in-gap neutral-quasiparticle bands and/or drives a relative
energy shift between these bands and the chemical poten-
tial. Successive (putative) Lifshitz transitions can happen
during this process before the complete closing of the
charge gap. We mention that while field-induced CEE-level
mixing can also lead to abrupt FS reconstructions [113],
such effect remains very weak in YbBI2 up to >40 T [114]
and thus is likely to be irrelevant here (see Supplemental
Material [93] for more information).

E. Mechanism for the quantum oscillations

The most important question in our study of YbBI2 is the
origin of the quantum oscillations in the KI state. In our
two-fluid picture (Fig. 8), this is attributed to Landau
quantization of the charge-neutral FS and the interband
scattering between charged- and neutral-fermion states
[36]. In the present paper, our observation of the 7u
dependence (-2 < a < -1.5) of high-field pxx data further
supports this explanation by confirming that the charge
carriers are not in a coherent EL state and therefore cannot
cause the observed quantum oscillations. Instead, the
neutral-fermion Landau levels modulate the scattering rate
(Fig. 8) via the processes introduced in Sec. VIB, leading
to the SdH effect in pxx.

We again emphasize that, although the 7" dependence of
the SdH amplitudes remains complex due to the plethora of
scattering processes, the excellent fit of the dHvA ampli-
tudes to the LK formula [Fig. 7(a), see also Refs. [35,36]] is
a definitive signature of FL-like behavior. This explicitly
supports the gapless neutral-fermion interpretation and
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(a) H< H|}\| (Kondo insulator)

Scattering

Neutral-fermion
Landau DOS

Thermally activated carriers
and charged in-gap states

(b) H> H||{| (Kondo metal)

Neutral-fermion
Landau DOS

Heavy-fermion DOS
(“normal” electrons)

FIG. 8. Schematic of the two-fluid picture for transport in
YbBI12; a neutral-quasiparticle Fermi surface coexists with more
conventional charge carriers. Close to EF, the neutral quasi-
particles may likely be represented as a linear, equal combina-
tion of canonical particle and antiparticle operators. The linear
coupling to the magnetic vector potential A will change their
wave-vector (k) dependent energy to E = "“{e[k — {fe/h)A] +
e[k + {e/h)A]}. Thus, any linear response to A (e.g., electrical
conductivity) will be zero, but effects quadratic in A (e.g.,
Landau quantization, and therefore, the dHvVA effect) will occur,
(a) In the KI state, the charge carriers are primarily thermally
activated electrons and holes plus (for 7 < 2 K) charged in-gap
states including surface states, bulk impurity levels, etc. The rate
of scattering between the charge carriers and the neutral
quasiparticles will depend on the available DOS; hence, the
Landau-level DOS of the neutral quasiparticles will cause a
field-dependent modulation of the electrical transport, leading to
SdH oscillations, (b) In the KM state, fermions scatter between
charge-neutral Landau levels and heavy-fermion metal bands;
again, the scattering occurs at a rate given by the joint fermion
DOS. As the neutral-quasiparticle DOS oscillates with H, so
will the transport parameters of the heavy electrons. [The
heavy electrons are thought to have a mass approximately
equal to 100m0, and so their quantum oscillations will be
thermally smeared out even at the lowest experimental T
thus far [36].]
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indeed helps us to rule out most of the alternative scenarios.
Numerous hypothetical models predict that quantum oscil-
lations can emerge in gapped electronic systems through
the field-induced tunneling effect [115,116], exciton for-
mation [117], periodic variation ofthe gap width [118-122]
or Kondo-coupling strength [123], or Landau quantization
of band-edge states in conjunction with a sharp slope
change in a fully filled band [124]. All of these gapped
models cannot explain the experimental 7" dependence of
the quantum oscillations in YbBI2 because they predict
non-LK behavior of the oscillation amplitudes or even a
complete absence of the SdH effect.

Another question is whether or not a disorder-induced
nodal semimetal phase could contribute to or cause the
quantum oscillations [99,100]. In such a phase, the (inco-
herent) non-Hermitian in-gap states, despite being charac-
terized by a finite quasiparticle lifetime, can form Landau
levels under magnetic fields and produce quantum oscil-
lations with LK-like behavior [99]. At present, we cannot
completely rule out this possibility, since the 7a depend-
ence of pxx may also suggest nodal transport, as discussed
in Sec. V B. However, this scenario is unlikely because of
its prediction of an apparent mass term in the LK
expression that is determined by the scattering rate [99].
Immediately above HI m, the boosted population of
charged fermions [82] should change the scattering rate
significantly, yet the mass obtained from LK fits is still very
close to that below (approximately equal to 7m0)
[36]. This strongly suggests that the scattering rate does not
affect the measured effective mass. Hence, we believe that
the incoherent charge carriers in the KI state of YbBI are
incapable of developing Landau quantization themselves,
and the SdH effect comes from their scattering with the
Landau-quantized neutral fermions (see Lig. 8).

We also note that quantum oscillations in the resistivity
and magnetization of YbBI2 have been observed by a
Cambridge group [37,125]. Some of the orbit areas and
cyclotron masses that they reported are similar to our results.
The Cambridge group further mentions that, unlike SmB6 in
which the quantum-oscillation patterns match the large LSs
in the absence of hybridization [34,38], the quantum
oscillations in YbB 12 stem from small LS pockets of neutral
quasiparticles. Despite these consistencies, their samples
show remarkably low resistivity for a KI: The low-Tpxx of
only approximately 0.01 £2cm [37], 2 order of magnitudes
smaller than that of our samples, is likely attributable to a
higher concentration of impurities (see discussion above and
Ref. [45]). Therefore, owing to the sensitivity of the Kondo
gap and the various low-energy scattering effects to impu-
rities [126-129], the phenomena observed in the two types
of YbBI2 sample, while being part of the same unified
picture, may differ substantially.

VII. CONCLUSIONS

In summary, we report a detailed study of electrical
transport and magnetic torque in the KI YbBI2 under the
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extreme conditions of low temperatures and high magnetic
fields. A low-field Hall anomaly with an unusual nonlinear-
H profile is revealed for 7 < 1.5 K: this cannot be
explained by a standard two-band Drude model and is
instead assigned to the contribution from strange-metal-like
non-LL states (most likely residing on the surfaces) without
full quasiparticle coherence. At p0HI = 19.6 T, a promi-
nent signature appears in both MR and r, coinciding with a
slope change in the Hall coefficient. A similar, but less
prominent, signature is observed at =30.4-31.3 T with a
weak sample dependence. We interpret these as putative
field-induced Lifshitz transitions that, in a similar manner
to the SdH oscillations in YbBI2, occur in the LS of exotic
charge-neutral fermions and are manifested in transport via
scattering with the charge carriers (Lig. 8). We further show
that the apparent different 7" dependences of the dHvA and
the SdH oscillation amplitudes are mainly caused by a 7u
behavior of the background resistivity, with a being H
dependent (-2 <a< -1.5). This suggests the high-field
charge transport in YbBI2 is subject to unusual scattering
mechanisms that are very different from those in normal
metals.

The above results strongly support a two-fluid model
involving of two type of fermions: one set behaving like a
conventional LL, yet not carrying charge; the other com-
prising charge carriers that exhibit incoherent, non-LL-like
electrical transport. The interplay between the two fluids
gives rise to the unusual transport phenomena including the
possible Lifshitz transitions and the SdH effect (in a KI
state). While our study provides solid evidence for the
presence of charge-neutral quasiparticles in YbBI12, further
investigation is under way to clarify their exact nature.
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APPENDIX A: LOW-TEMPERATURE
RESISTIVITY

The longitudinal resistivity pxx in sample N2 is displayed
in Fig. 9 for 7 < 1.3 K pxx increases slowly with cooling
down, and appears to saturate for 7 < 0.2 K. Note that the
7 range shown in Fig. 9 is within the “resistive plateau”
[35] in YbBI2 which occurs below 7« 2.2 K. The 7
dependence of pxx between 0.25 and | K can be fitted
by a simple function that invokes both surface and bulk
transport channels:

1 1
Gs/t + ab

(A1)
where Gs is the surface conductance, ¢ is the sample
thickness, and ab = Cy7 is the bulk conductivity which
is linear in 7.

The fit (red line in Fig. 9) yields Gs = 4.05 x 10-3 £2-1
(corresponding to a surface resistance of 246.9 £I) and
yv =0.0314 QO | cm-1 K 1. We note that Eq. (A1) decom-
poses the overall resistivity into two contributions: one
from a 7-independent surface conduction, the other due to a
bulk conduction which varies linearly with 7. The same
formula has been proposed to interpret the low-7 resistive
plateau in SmB6 [100], where the 7-linear bulk conduc-
tivity is taken as evidence for the formation of gap nodes
due to the impurity-scattering-induced level broadening.
Following the analysis in Ref. [100], the node conductivity
is given as

49 -
48 -

47 -

03 04 05 06 0.7 0l

t=0.203 mm
4.4 -

43 -

42 -

FIG. 9. Resistivity pxx of sample N2 as a function of the
temperature below 7 =1.3 K measured in a dilution refrigerator.
Between 0.3 and 1.0 K, pxx of sample N2 can be fitted by pxx =
(Gs/t + £NT)~I (see text) (solid line). The fitting parameters are
also shown. The inset shows the low-temperature resistivity of
YbBI2 sample Ha.
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Here, Sk is the Fermi-surface area for the unhybridized
conduction band, k0 represents the position of the impurity-
induced nodes in momentum space, whereas F( and V" are
the energy-level broadening and the hybridization poten-
tial, respectively. By using the electrical-transport results
(A2 = 3.2-4.7 meV), quantum-oscillation data (Fx/OOT,
m*/m( « 7) [35,36], and ARPES results [33] in YbBI2, we
estimate k0 a 0.2 A-1 and V' ~9.2-11.5 meV. Therefore,
the fitted = 0.0314 £2 I cm-1 K | corresponds to
1051-«7-11 x 10-4 Jm-2. To close the hybridization
gap at k0 by node formation, the level broadening needs
to be T0 > 2V « 20 meV. If the system is actually driven
into a nodel semimetal phase by impurity scattering, the
value of Sk would be only 0.2-0.3 nm-2 (corresponding
Fermi vector kF < 0.3 nm-1). Such a small Fermi surface
area obviously contradicts that observed in our quantum-
oscillation measurements (kF ~ 1.4-1.7 nm-1) [35] and is
even more inconsistent with the calculated large-d-electron
pockets for unhybridized YbBI2 [37]. We thus conclude
that the behavior of pxx(7) in YbBI2 cannot be explained
by the impurity-induced nodal in-gap states.

Moreover, our recent transport study of FIB-etched
YbBI2 microstructures also confirms the validity of
Eq. (Al) in describing the low-7 resistivity. However, in
that case, the term {N was revealed to be thickness
dependent [32]. This provides further evidence that the
7-linear term is not solely associated with the bulk states.
We also mention that the low-7 pxx shows different
behavior between batches. As displayed in the inset of
Fig. 8, pxx in sample Ha exhibits a stronger 7" dependence
compared to sample N2 below | K. pxx(7) of sample Ha
cannot be successfully fitted by Eq. (Al). These differences
presumably reflect the different surface conditions on the
various samples, since the low-temperature, low-field
electrical transport in YbBI2 seems to be dominated by
surface contributions [32].

We mention that our experimental results for YbBI2
microstructures [32] cannot completely rule out the exist-
ence of bulk conducting channels at zero temperature.
A recent theoretical work predicts that a low-7 resistivity,
saturation can originate from bulk states in a “quantum-
conduction” regime beyond the conventional Boltzmann
picture [130]. Such a scenario, however, is to be tested
for YbBI2 only after the dominating surface conduction at
low 7 (as confirmed by the highly thickness-dependent
resistivity below the saturation [32]) can be isolated using
unique measurement configurations, e.g., the double-sided
Corbino device [131]. We emphasize that the presence of a
small residual bulk conduction will not invalidate the main
conclusions of this work.
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APPENDIX B: MAGNETORESISTANCE

Charge transport in the ground state of YbBI2 is
characterized by a negative MR, which reaches —37% at
HoH = 18 T ([Fig. 10(a)]. This negative MR was previ-
ously believed to stem from the field suppression of the
Kondo gap through the Zeeman splitting of the /-electron
multiplets [61,62], Recently, we demonstrated that for
7 < 1 K, the MR in the low-H region (up to 8 T) can
be accounted for by the Hikami-Larkin-Nagaoka model
for weak antilocalization, while the gap suppression
explanation works for the negative MR at higher fields
[32]. Nevertheless, the negative MR corroborates that the
electrical-transport properties of YbBI2 cannot be
described by the classical two-band model that pre-
dicts an enhanced positive orbital contribution to the
MR [132].

1/T(K"™) (T

FIG. 10. (a) Transverse MR [pXT(77)-pTT(0)]/pTT(0) x 100%
measured in sample N2 at 7 = 20 mK, with magnetic field up to
18 T applied along [001] and current /|| [100]. Inset exhibits
transverse MR of sample N2 between 12 and 18 T at various
temperatures, (b) Transverse MR of sample Al up to 14 T for
temperatures between 0.35 and 50 K. (¢) The Arrhenius plot
InpXT versus 1/7° for sample V1 under different magnetic fields
up to 14 T (hollow circles). The slopes of the linear fits for
temperature ranges 17.5 K <7 < 50 K (solid lines) and 6 K <
T < 12.5 K (dashed lines) give the value of gap widths Al (up
triangles) and A2 (down triangles) in (d), respectively. Data taken
in sample N2 at 25 T are also displayed with the linear fit between
3 and 8 Kyielding A2 = 1.725 meV [solid down triangle in (d)].
The plots are shifted vertically by 1 for clarity.
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As shown in the inset of Figs. 10(a) and 10(b), the
negative transverse MR (measured with 7/ L7) in YbBI2
first increases upon warming, reaches a maximum of
-83.5% at 14 T and 7 = 2.5 K, then gradually decreases
as 7 increases further. No positive MR is observed up to
50 K. We conclude that the low-7 charge transport in
YbBI2 exhibits distinct nonmetallic behavior and thus
cannot be explained within the frame of 3D bandlike
quasiparticle transport theory. Figure 10(c) displays
Arrhenius plots Inpxx versus 1/7 for different magnetic
fields. As noted previously [35], two gap widths (A" and
A2) can be obtained from the linear fits within the temper-
ature ranges 17.5 K<7 <50K and 6 K< 7 < 125 K,
respectively. The field dependence of the two gap widths is
shown in Fig. 10(d). It appears that the low-temperature
transport gap A2 is more severely affected by magnetic
field, decreasing by roughly one third at 14 T compared to
the approximately 10% suppression for Ap This phenome-
non is consistent with earlier reports in both YbBI2 [61]
and SmB6 [30].

At 25 T, the linear fit does not work in the same
temperature window for A2, yet the slope between 3 and
8 K gives a gap width of 1.725 meV, i.e., less than 40% of
the zero-field value [Fig. 10(c)]. We add this point to
Fig. 10(d) as a solid triangle. With H further increasing,
however, the linear section in Inpxx versus 7 | cannot be
determined, and p,, develops the 7u (a < 0) behavior seen
above 35 T (Fig. 6).

APPENDIX C: TWO-BAND ANALYSIS OF THE
HALL COEFFICIENT

In most cases, a nonlinear pxy(H) is taken as evidence
for a multiband carrier system comprising electrons and
holes. Here, we define a field-dependent Hall coefficient
RH = pxy/p0H and plot it as a function of 77 for 7 =
20 mK in Fig. 1(b). For77 0, RH is negative; as 77 ramps
up, R/ is quickly suppressed, crossing zero at approx-
imately 6.6T. It then shows a very weak downward bending
for p0H > 10 T. We first focus on the low-77 region below
10 T where the field dependence of RH is most evident.
Standard Boltzmann-transport theory provides an expres-
sion for RH in a two-band system [72,133]:

| (M), + veRe) + K ~'"hWWWQO"
2 (v, 74 + +("/, - wW?2)'

(A3)

R (n]

where nih is the density ofholes, ne the density of electrons,
ph the hole mobility, and pe the electron mobility. We apply
Eq. (A3) to the RH(H) values shown in Fig. 1(b) with the
parameters nh, ne, ///,, and pc further constrained using
the value of the zero-temperature resistivity pxx(0) =
{enhph + enepe)~l = 4.85 £2cm (Fig. 9). Following the
discussion in Ref. [134], we can write RH as
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7'=20 mK

------- Two-band model
(0-10T)

©

FIG. 11. Fitting of the field dependence of the Hall coefficient
RH(H) below 10 T using a two-band model with the constraint
from the zero-field resistivity [Eq. (A4) in Appendix C]. RH(H)
is measured in sample N2 at 7= 20 mK.

a + b(p0H)
rH = Pxx(0) (POH)

1 + Cc(POH)~

(A4)

where a = fliph — fepe, b = -(/>,, - flipe)phpe, ¢ =
(A/4 -A/h))x and A., = ('b.,/4.J/(»/,/4, + '4/h)-
Hence, the number of fitting parameters is reduced to
three: ph, pc, and /,, (/), = | - /,,). The fitting curve using
Eq. (A4) is displayed in Fig. 11. From this fit, we obtain the
following parameters: nh = (1.13 £0.01) x 101§ cm-3,
ne = (8.20+0.05) x 101l cm"3, /q, = 1.1 £0.1 cm2V"1s"],
and pe = 3045 32 cm2 V"I s"l. Notably, the fitting
parameters point toward the existence of a very small
electron pocket with relatively high mobility. Taking into
account possible surface conduction, we can assume that
the electron pocket, which has a lower carrier density, is
associated with 2D surface states, while the holes inhabit
the bulk ofthe sample. However, the fitted zz¢ converts to a
2D carrier density »2D = (1.66 +0.02) x 1010 cm"2 which is
3 orders of magnitude lower than »2D = 5.16 x 1013 cm'"2
determined from the ARPES results [33] [kF ~0.18 A"
for the surface state on the (001) surface; the possible lifting
of spin degeneracy is not considered here]. Indeed, the
small »2D yielded by the two-band fit corresponds to AF =
0.0323 nm"| and a quantum-oscillation frequency F =
0.343 T under the assumption of an isotropic FS. While we
cannot completely exclude the existence of such tiny
surface FS pockets, no further supporting evidence for
them has been revealed by ARPES [33] and transport
[32,35]. Additionally, the two-band model [Eq. (A4)]
does not give a perfect fit for the evolution of RH from
2 T to approximately 5 T [i.e., around the maximum of
pv(/)]. It also fails to track the behavior of RH
above 10 T.
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We further mention that it is impossible to perform
simultaneous fits to pxy(H) and pxx(H) [58,135] in YbBI12
Whereas the two-band Drude model predicts a positive
MR due to the orbital motion of carriers in magnetic
field, in YbBI2 the MR is always negative (Appendix B).
The absence of positive MR indeed strongly chal-
lenges the validity of the two-band Drude descrip-
tion. The nonmetallic pxx(7) (Appendix A) also clearly
deviates from Drude-like behavior. Moreover, aside
from the single-surface FS pocket detected by ARPES
[33], there is no experimental evidence for the existence
of FSs of charge carriers in YbBI12. Therefore, despite
the two-band models failing to yield satisfactory fits,
there is no reason to add a third band to improve the fit
quality. Taking all of these factors into account, the low-
field Hall anomaly in YbBI2 characterized by an usual
//-nonlinear behavior cannot be attributed to multiband
effects.

APPENDIX D: IDENTIFICATION OF THE
CHARACTERISTIC FIELDS

Multiple-field-induced signatures appear in different
physical quantities of YbBI2 below Hi m (Fig. 4).
Identification of these signatures should be assigned with
caution, because quantum oscillations occurring in differ-
ent field ranges (Fig. 5) can manifest as features resembling
field-induced transitions. In Fig. 12(a), we plot MR and
dt/dH of sample Ha together to provide insights into the
nature of these signatures. Most remarkably, the features
(two valleys and one peak) appearing between 25.5 and
30.5 T [yellow shaded region in Fig. 12(a)] are well aligned
between the two quantities d#/dH and pxx, exactly as
what is expected for quantum oscillations [92]. Hence, we
identify the signature at 28 T (arrows in Figs. 4 and 12) to
be a quantum-oscillation extremum, i.e., the SdH peak
shown in Fig. 5(b). The consistency of the location of this
feature between the up-sweep and down-sweep MR curves
[vertical dashed line in Fig. 12(a)] further supports this
assignment.

We identify the kink [crossing of the two black straight
lines in Fig. 12(a)] in dt/dH as another putative Lifshitz
transition A2 in addition to /,. The slightly different
locations of this signature [=30.4 T in Fig. 4(b) and 30.6 T
in Fig. 12(a)] are likely due to a small change in field
orientations. This transition is probably the one leading
to the SAH frequency change as shown in Fig. 5. We note
that the position of A2 may have a displacement for the
MR up sweeps and down sweeps [Fig. 4(c)], yet such a
displacement is missing for magnetic torque data
[Fig. 12(a)]. Since torque and MR are measured in static
and pulsed magnetic fields, respectively, the displacement
may be related to mechanisms with slow kinetics that have
relaxation rates similar to the rate of change of the pulsed
fields. Indeed, mismatches between the up sweeps and
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7=035K

- Sample A/l

FIG. 12. (a) Magnetic field dependence of MR and dz/dH for the YbBI2 sample Ha, with the magnetic field close to the [001]

direction. Solid and short-dashed lines represent data curves taken during field up sweep and down sweep, respectively. To be noted, two
wiggles appear between 25.5 and 30.5 T (yellow shaded region) with the peaks and valleys well aligned between pxx and dz/dH. These
are quantum oscillations. In particular, the signature at 28 T (vertical dashed line) should be a SdH peak. An abrupt slope change of
dz/dH at 30.6 T, on the other hand, is likely to be a Lifshitz transition. Magnetic field dependence of (b) dz/dH measured at
T = 0.35 K for tilt angle 0 = 4.4°, (c) MR at T = 0.48 K for 0 = 5.2°. Data in (b) and (c) are measured in sample V1. Solid and short-
dashed lines in (c) are up sweeps and down sweeps, respectively. Characteristic fields PoHI = 19.6 T (manifested by prominent peaks in
both dz/dH and MR) and PoH? = 31.3 T (a sharp kink in dz/dH) are denoted by vertical solid gray lines. The feature appearing at 28 T
in both dz/dH and MR (arrow and dashed vertical line) originates from quantum oscillations. Inset of (c) is an expanded view ofpxx{H)

between 25 and 32 T. The light magenta shaded area indicates the field range at which hints of'a weak SdH effect can be seen on the

down sweep. The down triangle marks the position of POH2.

down sweeps in the MR measurement are more pro-
nounced in the vicinity of the characteristic fields Hx
and A2, this might suggest a first-order-like nature of the
Lifshitz transitions that has been proposed for systems with
substantial electron correlations [136].

In Figs. 12(b) and 12(c), we display the field dependence
of dz/dH and pxx of sample VI, respectively. Two sharp
anomalies in dz/dH are identified as the characteristic
fields Hi (gray vertical line) and A2 (down triangle),
whereas an additional signature at 28 T represents a
quantum-oscillation maximum in both pxx and dz/dH
(arrows and the vertical dashed line). There are several
points to be mentioned. The position of Hr is consistent
with that in sample Ha; i.e., this signature shows no sample
dependence. On the other hand, the characteristic field Ho
associated with the sharp kink in dz/dH [Fig. 12(b)] is
much less evident in sample Ha [Figs. 4(b) and 12(a)];
its position varies slightly between samples (p0Ho =
304+0.2 T and 31.3 T for sample Ha and AH, respec-
tively). The SdH oscillations between 25.5 and 30 T [the
shaded area in the inset of Fig. 12(b)] are much weaker than
those in sample Ha [Fig. 4(c)]; this is why they were
overlooked in our previous work [35].
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