Quantum oscillations in the heat capacity of Kondo insulator YbB;,
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We observe magnetic quantum oscillations in the heat capacity of the Kondo insulator YbBis.
The frequency of these oscillations, F' = 700 T, agrees with that from magnetoresistance and
torque magnetometry experiments for puoH > 35 T in the Kondo insulating phase. Remarkably,
the quantum-oscillation amplitudes in the heat capacity are substantial, with AC/T =~ 0.5 mJ
mol 'K ™2 at 0.8 K, accounting for 13% of the known linear heat capacity coefficient . Double-
peak structures of quantum-oscillation amplitudes due to the distribution function of fermions were
identified and used to determine the value of the effective mass from the heat capacity, which agrees
well with that from torque magnetometry. These observations support bulk charge-neutral fermions
contributing to the quantum oscillations in YbBj2.

PACS numbers:

Quantum oscillations have traditionally served as a di-
rect probe of the Fermi surfaces of metals [1]. Surpris-
ingly, in recent years, these oscillations have also been ob-
served in electrical insulators, where a Fermi surface was
previously thought to be absent, challenging our under-
standing of electronic band structure. This phenomenon
has been detected in insulating phases such as Kondo
insulators (e.g. SmBg [2, 3], YbBj2 [4-8]), insulating
InAs/GaSb quantum wells [9, 10], and the kagome Mott
insulator YCuz(OH)gBrz[Br, (OH);_,] [11, 12].

In the Kondo insulator YbBi2, quantum oscillations
were measured by several groups independently [4, 5, 7].
The oscillations are observed in both resistivity p (the
Shubnikov-de Haas (SdH) effect) and magnetization M
(the de Haas-van Alphen(dHvA) effect). The oscillations
are periodic in 1/B, and their T-dependence follows the
Lifshitz-Kosevich (LK) formula [8].

Additionally, a finite linear heat capacity coefficient ~,
approximately 3.8 mJmol 'K~2, was observed in heat-
capacity measurements [6]. This value agrees with the
Fermi surface size and effective mass deduced from quan-
tum oscillations, suggesting that the latter represents a
bulk (rather than surface) phenomenon. A finite residual
T-linear term in the thermal conductivity is also observed
kex/T # 0 (T — 0), indicating itinerant and gapless
excitations [6]. Furthermore, a recent study observed
double peak features in heat capacity of YbBis in ap-
plied magnetic field, providing evidence for fermionic ex-
citations [13]. However, the upper field limit was 35 T,
below where quantum oscillations with 1/B periodicity
were confirmed in magnetization and electrical resistivity
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FIG. 1: (a) Heat capacity divided by temperature C/T as a
function of the magnetic field at 0.8 K displays a distinctive
double-peak structure at a transition at poH ~ 20 T and
quantum oscillations above 35 T. (b) Resistivity pze and the
field derivative of torque d7/dH as function of the magnetic
field at 0.52 K and 0.85 K, respectively. Dashed lines mark
the location of the transition at around 20 T and quantum
oscillations above 35 T. (¢) C'/T as a function of the magnetic
field at various temperatures.

[4, 5, 7]. Various theoretical models have been proposed
to explain types of quasiparticles that can transport heat
and respond to magnetic vector potential through quan-
tum oscillations, yet do not transport charge [14-27].
However, the community has not yet reached a con-
sensus on fundamental questions about the quantum os-
cillations; debates persist about whether the oscillations
originate from the surface or the bulk and whether they
are intrinsic or extrinsic. It is essential to obtain di-



rect thermodynamic evidence to determine whether the
above-mentioned thermal properties originate from the
same quasiparticle band as the quantum oscillations.

In this work, we report quantum oscillations in the
heat capacity of YbB1s above 35 T. The quantum os-
cillations observed in heat capacity are in good agree-
ment with previous reports of SAH and dHv A oscillations
[8, 28], with consistent effective masses obtained. The
large amplitude of the oscillations, reaching 13% of the
background heat capacity, strongly supports an intrinsic
bulk origin and the neutral fermion picture of the oscilla-
tions in YbB1s. The square-root dependence of high-field
magnetization and the absence of spin-splitting in the
insulating state in the heat capacity oscillations provide
further support for the spin- and charge-neutral fermion
theory proposed in [14, 15].

Figure 1(a) presents the variation of the heat capac-
ity divided by temperature, C//T, in magnetic fields of
up to 41 T obtained using a DC field magnet. The
heat-capacity findings align closely with previous magne-
toresistance (MR) and torque measurements, as reported
in [4] (see Fig. 1(b)). Quantum oscillations with a fre-
quency F' = 700 T are detected in C/T, magnetoresis-
tance (pgz), and torque (7) measurements for pgH > 35
T. An electronic transition is identified near magnetic
field poHo = 20 T [8]. Moreover, a distinctive double-
peak structure associated with both the puoHy = 20 T
transition and quantum oscillations is evident in the heat
capacity data.

The transition at pgHo = 20 T was originally asso-
ciated with a Lifshitz transition of the electronic struc-
ture [8] in which the Fermi surface(s) of charge-neutral
quasiparticles undergo transitions driven by the Zeeman
energy, leading to features in the magnetic torque [8],
and (here) the heat capacity. At the same time, residual
charged electrons and/or holes scatter from the charge-
neutral FS, producing corresponding signatures in the
magnetoresistance [8]. Thermopower also displays fea-
tures at the same magnetic field, puoHp = 20 T, as will
be shown later. However, our direct measurements of the
heat capacity reveal that its value very similar on either
side of the transition. Moreover, the Hall conductivity
measurement does not show any significant change in car-
rier density [8]. Finally, the earlier measurements of the
heat capacity at lower fields show values of the fermionic
~v-term that are consistent with a simple spherical model
of the Fermi surface based on the dHvA oscillations above
35 T [6]. All of these observations suggest that, in case
of YbBj2, the density of states hardly changes across
this poHo = 20 T transition. In this context, we note
that the Fermi Surface of copper is a large sphere with
some small connecting necks; its electronic heat capac-
ity is dominated by the spherical part of the FS. In an
analogous fashion, perhaps only some small neck orbits
(dis)appear at the 20 T transition in YbB12. As this tran-
sition provides the dominant feature in the heat capacity

for H > Hy, to be consistent with previous literature, we
refer to it as a Lifshitz transition.

The detection of a double-peak structure in the heat
capacity at Lifshitz transitions has been observed in
heavy-fermion compounds such as CeRuySis [31] and
UCoGe [43]. The existence of double-peak structures in
the quantum oscillations of heat capacity has been the-
oretically predicted [32] and, more recently, experimen-
tally identified in natural graphite, with a comprehensive
analysis provided by Yang et al. [43]. For fermionic quasi-
particles, the relationship between heat capacity over
temperature and the quasiparticle energy spectrum is
given by

__kB/ D(E <<EkaF> %)dE (1)

where f is Fermi-Dirac distribution function f =
1/(eP=Er)/keT 4 1) and D(E) is the density of states.
Unlike the kernel term —df/dE in electrical conduc-
tivity, the dual-peak structure originates from the ker-
nel term —(E — Ep)2df/dE in heat capacity. More-
over, the quasiparticles probed are distributed around
the chemical potential at finite temperatures, which is
temperature-dependent. The separation between the re-
sulting maxima increases linearly with temperature as
AFE = 4.8 kgT and disappears at zero temperature (see
Supplement Material [44] Fig. S3(a)). The behavior of
C/T versus uogH at various temperatures, depicted in
Fig. 1(c), comes from measurements on the same sample
in the NHMFL 35 T and 41 T magnets. At higher tem-
peratures, specifically for T > 2.67 K, the dramatic in-
crease in C/T for poH > 40 T is associated with a metal-
insulator transition. The quantum oscillation amplitudes
at 0.8 K are substantial, with AC’/T ~ 0.5 mJmol 1K~2,
accounting for 13% of the known linear heat capacity co-
efficient v ~ 3.8 mJmol'K~2 [6]. Thus, it is plausible
that the same neutral quasiparticles contribute to both
the quantum oscillations and the v coeflicient, allowing
us to rule out the hypothesis that quantum oscillations
arise from impurity phases or from surface contributions
[20, 25].

The temperature dependence of the 20 T Lifshitz tran-
sition in the heat capacity of YbBi2 as well as signatures
in the Seebeck coeflicient are plotted in Fig. S2, and a
detailed discussion is included in Supplementary Materi-
als Section B. To summarize, the temperature evolution
of the double peak structure can be modeled well us-
ing a single symmetric DOS convoluting with the ker-
nel term —(E — Er)?df/dE in Eqn. 1. The energy
separation dE/d(uoH) = 0.265 meV /T obtained from
the Lifshitz transition is consistent with a recent re-
port on heat capacity in YbB12 by Yang et al., whose
dE/d(poH) = 0.258 meV/T [13]. We also note a se-
ries of peak structures in heat capacity around 30 T, and
their nature is discussed in the Supplementary Materi-
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FIG. 2: (a) The oscillatory component of the heat capacity
divided by temperature AC/T at various temperatures af-
ter subtracting the polynomial backgrounds. The curves are
shifted vertically for clarity. The triangles mark the peak po-
sitions. The 2.4 K peak near poH = 38 T is marked by an
empty triangle due to uncertainty in determining its position.
(b) Magnetic field positions of the dominant peaks as a func-
tion of temperature. The lines are linear fits of the data. The
error bars show the uncertainty of defining the peak positions.
Excluding or including the 2.4 K purple point does not affect
the fitting result. (c) Field dependence of the effective masses
m*(39 T) = 5.9 mp and m*(41.3 T) = 7 mo from heat capac-
ity compared to the effective masses obtained from the LK
fits to the dHvA oscillation amplitudes in torque [4], where
mo is the free electron mass.

als section C and Fig. S4. We will mainly focus on the
discussion of the heat capacity quantum oscillations ap-
pearing above 35 T in the following text.

In Fig. 2(a), AC/T exhibits the F = 700 T quan-
tum oscillations also seen in resistivity and torque once
a polynomial background is subtracted. Two double-
peak structures can be clearly observed. Unlike the Lif-
shitz transition, the double-peak structure in quantum
oscillations is asymmetric. The peak at a lower mag-
netic field is more prominent, while the peak at a higher
magnetic field is less intense. This asymmetry is at-
tributed to the asymmetric density of states D(E) in
the 3D Landau levels of quasiparticles in YbBis. As
shown in Supplementary Material Fig. S5, it is well
known that the energy of band electrons is quantized
into Landau levels in the plane perpendicular to the mag-
netic field. The "sawtooth” structure in the density of
states results from the one-dimensional motion parallel
to H (DOS  1/+/E) superimposed on the d-function-
like Landau levels. Similar considerations are expected
to apply to the neutral fermions producing the quantum
oscillations in YbB12 [8, 14, 15]. In Fig. 2(b), we plot the
location of the dominant low-field peak versus tempera-
ture. The linear intercepts give the zero-temperature po-

sitions of the two double peak structures to be pugH = 39
T and poH = 41.3 T. This gives a quantum-oscillation
frequency of 700 T, and corresponding Landau indices
n = 18 and n = 17. The 1/B periodicity of the oscil-
lations is confirmed in Supplementary material Fig. S6.
Unfortunately, the thermopower data of YbB15 were only
measured up to 31 T. At higher magnetic fields, we ex-
pect the thermopower to exhibit quantum oscillations in
the form of asymmetric double peaks, as shown in the
simulation in Fig. S3 (e).

Fermions obey the Fermi-Dirac distribution. There-
fore, the smearing of quantum oscillation amplitude
due to increasing temperature follows a specific form
given by Lifshitz-Kosevich (LK) theory. Thermody-
namic quantities such as magnetization and heat capac-
ity arise from oscillations in the thermodynamic poten-
tial Q = QQRT(T), where Qo is the zero temperature
potential. The damping factor Rr = z/sinh(z) is a
direct consequence of the smearing of the Fermi-Dirac
distribution function near the Fermi energy, where z =
212pkpm*T/ehB, m* is the effective mass, m, is the
free electron mass, and p is an integer denoting the har-
monic. Consequently, the oscillations in magnetization,
M = —%, are proportional to Rp. The F=700 T
quantum oscillation in torque A7 and magnetoresistiv-
ity Ap,, has been shown to be well described by the Rp
in the LK formula by Xiang et al. [4, 8], consistent with
Fermionic quasiparticles. Regarding the heat capacity,

AC/T = —% (8_(2)7 the damping factor is defined as
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changes sign and exhibits a “m-phase shift” at z = 1.6
where R7.(z = 1.6) = 0 (Supplemental Material Fig. S7).
This point is commonly used to determine the effective
mass m* [37, 38]. However, such a “r-phase shift” is
not discernible in the double-peak structure. The exper-
imental observation of a single- or double-peak structure
depends on the measured range of temperatures, the ef-
fective mass, and the Landau level width. Here, we in-
troduce a method to determine the effective mass via the
double-peak structure of the heat capacity. Since the
peak at the higher magnetic field in a double-peak struc-
ture is identifiable only at temperatures below 7' = 1.3 K
for both Landau levels (n = 18 and n = 17), we plot only
the positions of the dominant lower field peaks against
temperature in Fig. 2(b), revealing a linear relationship.
AE = A(uoH) - dE/d(poH) =~ 2.4 kgT should be sat-
isfied, as shown in Supplemental Material Fig. S3(a),
where AF is the shift of the dominant lower field peak
from zero temperature. By fitting the slope in Fig. 3(b),
dE/d(uoH) = 0.35 meV/T for n = 18 and 0.28 meV/T
for n = 17 were deduced. From the Landau-level en-
ergy E = nlw., where w, = eB/m*, we are able to
obtain the effective masses m*(n = 18) = 5.9 mg and
m*(n = 17) = 7 mp. These results are in good agree-
ment with the previous dHvA torque data, as shown in
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FIG. 3: (a) Magnetization measurement at various tempera-
tures using a compensated-coil extraction magnetometer in a
60 T pulsed magnet. The field is applied along the [100] di-
rection. (b) Magnetization measurement at 0.7 K in the 75 T
Duplex magnet. The fitted curve, depicted in blue, represents
2Hw(H — Hia) where Hivg =46.5 T is the I-M transition
field. (c) Torque A7 with a linear background subtracted at
various angles from H || [100] (0 degrees) to H || [001] (90
degrees). (d) Magneto-resistivity measurement in the 75 T
Duplex magnet [28]. A downward kink is observed at 67 T.

An insulator-to-metal (I-M) transition at fields be-
tween poHpv ~ 45—47 T at low temperatures is shown in
Fig. 3(a) and has been reported in literature [28, 39, 42].
The quantum oscillations in the field-induced metallic
state in YbBjs have been observed independently by
groups using proximity detector oscillator (PDO) [28, 30],
and tunnel-diode oscillator (TDO) techniques [7]. Tt has
been suggested that the same quasiparticle band gives
rise to the quantum oscillations in both insulating and
metallic states. Note that we neglected the Zeeman en-
ergy (ie. Ez = gmyusH = 0) in dE/dH in heat
capacity for the insulating state and derived effective
masses consistent with those deduced from torque mea-
surements using the LK formula. Furthermore, spin-
splitting of Landau level is not observed in heat ca-
pacity in the insulating state, which agrees with pre-
vious quantume-oscillation observations in torque 7 and
resistivity ps. indicating the absence of spin-splitting ef-
fects in the Kondo insulating state. This is a property
of spin-less (as well as charge-less) fermions predicted
in refs. [14, 15]. In contrast, spin-splitting emerges in
the Kondo metallic state, characterized by a g-factor of
0.084 [28]. In this Kondo metallic state, neutral parti-
cles start to decay into electrons and holes once the field
exceeds poHv. This process is accompanied by the ap-
pearance of Zeeman splitting, which contributes to the
magnetization. This contribution can be expressed as

4

magnetization M oc \/2Hni(H — Hpy) in ref [15]. In
Fig. 3(b), a sharp increase of the magnetization shows
up right after the I-M transition. Beyond 65 T, the mag-
netization deviates from the \/2H1M(H — Hiv) and has
a paramagnetic linear behavior instead. A more pro-
nounced feature is shown in the torque measurements,
which are also sensitive to the anisotropy of magnetic
susceptibility. As shown in Fig. 3(c), there is a significant
increase in torque at the I-M transition and a subsequent
decrease at the higher field (65 - 70 T for angles close to
H || [100] ). The magnitude of M does not exhibit a
sharp change, indicating that the total density of states
in YbBj2 does not undergo a dramatic change. The lin-
ear field dependence of M and the notable decrease in
A7 imply that M rotates and tends to align with the di-
rection of the magnetic field. According to the two-fluid
scenario in ref. [8], in the Kondo metal state, fermions
scatter between charge-neutral Landau levels and heavy-
fermion metal bands, leading to the SdH effect in py,.
The emergence of the new state at around 70-75 T implies
the possible end of the neutral fermions, where the elim-
ination of the density of states (DOS) for these fermions
leads to reduced scattering of more conventional heavy
electrons, thereby leading to a decrease in p,, as shown
in Fig. 3(d).

Quantum oscillations in the heat capacity, together
with previous studies [4, 8, 28], provide insight into mod-
eling the observations in the Kondo insulator YbB12. The
observation of the Lifshitz transition suggests that un-
der a 20 T magnetic field, the bulk ground state of the
mixed valence insulator YbB12 may shift to a new state
with a mixture of charge-neutral fermions and a small
charge gap. When the magnetic field exceeds 35 T, it be-
comes strong enough to reveal Landau level quantization
in the thermodynamics of these charge-neutral fermions.
This Landau-level quantization permeates the bulk of
YbBi2, showing up most clearly in heat capacity and
torque oscillations and, via some scattering mechanisms
with charged carriers, also in its residual resistivity. This
state persists until a stronger field is sufficient to close the
charge gap. This charge-neutral fermion picture explains
the quantum oscillations observed in torque, resistivity,
and heat capacity in the insulating state, if coupled with
a possible scattering mechanism such as the one proposed
in Ref. [8]. Our results motivate further experiments
in YbBi2, including searches for quantum oscillations in
thermoelectric effects and for cyclotron resonance in the
35-45 T field range.

In conclusion, quantum oscillations are observed in
the heat capacity in insulating YbBi5. The frequency
F = 700 T can be derived from the inverse magnetic
field of the double peak centers. The effective masses
are derived using a method based on the linear rela-
tion between double-peak separation and temperature,
and are consistent with those deduced from the magne-
toresistance and torque via the LK formula. The large




quantum oscillation amplitude (13 % of the known lin-
ear heat capacity coefficient ) is evidence for an intrinsic
bulk signal, strongly supporting itinerant, charge-neutral
excitations in YbBys. The Liftshiz transition around B
= 20 T is confirmed by heat-capacity and thermopower
measurements. In the extreme magnetic field beyond
woH = 65 T, the magnetization M deviates from the
\/ 2Hpn(H — Hiy) dependence and has a paramagnetic
linear behavior; a pronounced feature is also shown in
torque and resistivity, indicating the emergence of a new
state where the magnetization M rotates and tends to
align with the direction of the applied magnetic field.
The results presented herein help to narrow down exist-
ing theoretical models and stimulate future experimental
and theoretical studies.
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