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Evidence for large thermodynamic
signatures of in-gap fermionic quasiparticle
states in a Kondo insulator

Zhuo Yang 1, Christophe Marcenat 2 , Sunghoon Kim 3, Shusaku Imajo 1,
Motoi Kimata4, Toshihiro Nomura 1,5, Albin Muer6, Duncan K. Maude6,
Fumitoshi Iga 7,8, Thierry Klein9, Debanjan Chowdhury 3 &
Yoshimitsu Kohama 1

The mixed-valence compound YbB12 displays paradoxical quantum oscilla-
tions in electrical resistivity and magnetic torque in a regime with a well-
developed insulating charge gap and in the absence of an electronic Fermi
surface. However, signatures of such unusual fermionic quasiparticles in other
bulk thermodynamic observables have been missing. Here we report the
observation of a series of sharp double-peak features in the specific heat as a
function of the magnetic field. The measured Hall resistivity evolves smoothly
across the field values at which the characteristic anomalies appear in the
thermodynamic response and rules out the possibility of conventional elec-
trons as their origin. Our observations of thermodynamic anomalies in a bulk
three-dimensional electrical insulator provide the evidence for the presence of
emergent dispersing fermionic excitations within the insulating bulk, which
sets the stage for further investigation of electron fractionalization in other
correlated mixed-valence compounds.

Quantum oscillations are widely used tomap out the Fermi surfaces in
metals and canbeunderstood in the semi-classical limit as arising from
the cyclotron motion of electrons. However, the observation of
quantum oscillations in electrical insulators, such as the three-
dimensional mixed-valence compounds SmB6 and YbB12

1–3, as well as
certain two-dimensional semiconductors4,5, which do not host elec-
tronic Fermi surfaces have led to a critical examination for alternative
mechanisms leading to the same phenomenon6–16. Of particular
interest are the observations in YbB12, where thermal conductivity
measurements at low temperatures reveal highly mobile excitations
that carry heat like in a metal but do not conduct electricity17. The

celebrated Wiedemann-Franz law which relates the thermal and elec-
trical conductivities in all metals at asymptotically low temperatures is
violated in this material by at least three orders of magnitude17. How-
ever, the thermal Hall conductivity up to a field of 12 T remains negli-
gibly small17. This leads to the fundamental question of whether
electrically neutral excitations in an insulator, which nominally do not
have a direct orbital coupling to an external magnetic field, can
nevertheless display singular thermodynamic signatures characteristic
of metals. Finding compelling signatures of the interaction-induced
electron fractionalization and the emergence of neutral fermionic
excitations, especially in the bulk thermodynamic response, remains
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one of the outstanding challenges in the study of correlated quantum
materials, including mixed-valence compounds.

Quantum oscillations in high-quality single crystals of YbB12 have
been reported in both magnetoresistance and magnetic torque, with
large sinusoidal oscillations periodic in 1/B above 38T2,17,18. Moreover,
the functional form of the oscillatory components is well described by
Lifshitz–Kosevich (LK) theory19,20, suggesting a fermionic origin tied to
the underlying Fermi-Dirac distribution function. However, thismaterial
has an appreciable negative magnetoresistance, and the charge-gap
decreases with increasing magnetic field18,21,22, ultimately resulting in a
field-induced insulator-metal transition around B =46T21,23,24. Relatedly,
the Hall resistance exhibits clear anomalies in the quantum oscillation
regime18, making it difficult to disentangle the effects of electronic
charge carriers from the possibly neutral carriers on the oscillation
phenomenology. As a result, the microscopic origin of the low-energy
excitations that are responsible for both the oscillations and the
metallic-like thermal conductivity of YbB12 in the insulating regime
remains unclear17,18. To shed new light on these pressing questions, we
present here a detailed study of thermodynamic properties of YbB12 in a
magnetic field, which provides evidence for bulk sub-gap excitations
with a fermionic character that are distinct from electrons.

Results
We report here a sequence of increasingly pronounced (singular)
features in both the specific heat (C) and the magnetocaloric effect
(MCE) within the insulating phase of YbB12. These features, char-
acterized by a series of “double-peak” features in the specific heat at 11,
16, 19.6, and 30T, respectively, suggest an underlying fermionic den-
sity of states (DoS). TheHall resistivitymeasurement evolves smoothly
across these field values, ruling out an electronic origin for these
anomalies and suggesting a distinct fermionic contribution to the
singularDoS in YbB12.Moreover, the fourfold rotational symmetry tied

to the angle-dependent field position of the double-peak structure
suggests a bulk rather than surface-state origin.

Unlike magnetoresistance, MCE and specific heat (C) are bulk-
sensitive probes for the fermionic DoS. MCE represents the field
dependence of the sample temperature, T(B), which is a measure of the
inverse of magnetic entropy S. In Fig. 1, we plot the magnetoresistance,
Hall resistivity, MCE, and C/T taken at 0.65–0.7K in fields up to 35T.
These experiments were performed on the same YbB12 single crystal
(sample#1) with B along [1 0 0]. The vertical lines in Fig. 1(a)-(c) indicate
the field positions of the thermodynamic anomalies. All the features
shown in Fig. 1were observed in other samples (sample#2 and sample#3,
Supplementary Notes 6 and 7). As noted previously in magnetic torque
and magnetoresistance measurements2, our ρxx experiments resolve a
weak feature at 19.6 and 30T, respectively, while the thermodynamic
probes (MCEandC/T) detect additional anomalies at 11, 16T. Intriguingly,
the Hall resistivity (ρxy) only exhibits an anomaly at 30T (Supplementary
Note 4). It is worth noting that while the magnetoresistance and Hall
resistivity are directly sensitive to the electronic carriers at the surface
and in bulk, the specific heat andMCE are bulk-sensitive probes that help
detect contributions from all low-energy degrees of freedom.

The observation of quantum oscillations in an insulator has raised
questions about the role of inhomogeneities and sample quality1,2,25,26.
However, the observation of a residual metallic-like thermal con-
ductivity in an electrical insulator at low temperatures presents a
challenge to a simplified picture of disconnected metallic inclusions
below the percolation threshold in the three-dimensional bulk of the
sample. Nevertheless, to ensure that the high-quality single crystals
used in this study represent the universal and intrinsic properties of
YbB12, we have performed additional X-ray diffraction, magnetoresis-
tance, and MCE measurements (Supplementary Note 1 and 3). The
extracted gap sizes andquantumoscillation frequencies are consistent
with earlier reports2,22,27.
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Fig. 1 | Comparison of magnetoresistance, Hall resistivity, MCE and specific
heat of YbB12 as a function of magnetic field. a Magnetoresistance and b Hall
resistivity of YbB12 as a function of the magnetic field measured at T =0.65 K (see
Supplementary Note 2 for a full set of transport data). c Reciprocal temperature
(1/T) of YbB12 as a function of the applied magnetic field in an adiabatic condition
measured at initial temperature T =0.7 K. d Specific heat divided by temperature

C/T in YbB12 as a function of the magnetic field at T =0.7 K. In addition to the
pronounced anomalies at 16, 19.6 T, and 30T, our specific heat and MCE data also
resolve small anomalies at 11 T (see inset andSupplementaryNote 7).e Specific heat
C/T as a function of the magnetic field at indicated temperature, obtained by
subtracting the Schottky and phonon contributions from as-measured C/T.
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To track the evolution of the magnetic entropy of YbB12, we plot
1/T(B) versus B in Fig. 1c, which exhibits well-defined local peaks with
an amplitude much larger than that of the quantum oscillation
(Supplementary Fig. 2b). This indicates the existence of high entropy
states in the corresponding field regions. These local peaks were also
observed in MCE data for different YbB12 single crystals (sample#2;
Supplementary Note 6), reflecting the reproducibility of the phe-
nomena. The specific heat anomalies, which appear as a double-peak
structure, are marked by the colored double arrows in Fig. 1d. Among
them, the double-peak structures at 19.6 and 30T are particularly
pronounced, whereas the structures at 11 and 16 T are less apparent
but are clearly resolved in lower temperature data (inset of Fig. 1d,
Supplementary Notes 6 and 7). The simultaneous observation of
single- and double-peak structures in MCE and C/T is a characteristic
feature for a singularity in the DoS passing through the Fermi level, as
demonstrated, e.g., in the quantumoscillation of graphite28. Thefields
Bc1–Bc4 in Fig. 1d are defined as the location when a local maximum in
the DoS crosses the Fermi level, corresponding to the peak positions
in MCE and center positions of the double peaks in C/T. However, the
key difference with graphite is that YbB12 does not show any drastic
change in ρxy across these field values18,29. This strongly supports the
contention that the sequential anomaly in MCE and C/T is due to bulk
low-energy fermionic quasiparticles that are distinct from electrons
in YbB12.

The appearance of the anomaly in C/T andMCE indicates that the
signals at 11, 16, and 19.6 T are caused by the bulk states, while the
absence of the anomaly in ρxy excludes its origin from the electronic
transition of conventional electrons and suggests the existence of
neutral fermionic quasiparticles in the bulk states. Although the field
sweep of ρxx exhibits some hysteretic non-monotonic features at 16
and 19.6 T2,18, we note that this is a non-equilibrium phenomenon
amplifiedwith faster sweep rates (SupplementaryNote 5).On theother
hand, the anomaly at 30T might arise in part due to a conventional
electronic transition2,18.

Given the highly unconventional character of the bulk magnetic
field dependence on the thermodynamic response of YbB12, it is useful
to compare these measurements against similar observations in more
conventional materials. As demonstrated in graphite28, the double-
peak structure in C/T provides direct information on the singularities
associated with the Landau levels in amagnetic field. The origin of this
behavior is intimately tied to the Fermi–Dirac distribution function.
When an electronic quasiparticle state contributes to the magnetic
field-tuned DoS near the Fermi energy, the specific heat can be cal-
culated as30,

C=T = k2
B

Z 1

�1
D ϵ,Bð Þð�x2

dFðxÞ
dx

Þdx: ð1Þ

Here the energies aremeasured relative to the Fermi energy, x = ϵ=kBT
is the ratio of energy and the thermal energy, F xð Þ= 1=ð1 + exÞ is the
Fermi-Dirac distribution function, and Dðϵ,BÞ is the DoS for the
fermionic quasiparticle singularity. Specifically, the kernel function
ð�x2d F xð Þð Þ=dxÞ exhibits two local maxima with an energy separation
that increases linearly with temperature as 4.8kBT28 (Fig. 2b). In Fig. 1e,
we focus on the double-peak structure in C/T at 19.6 T measured at
indicated temperatures after subtracting the electron, phonon, and
Schottky contributions, respectively (SupplementaryNote 8). Thefield
positions associated with the double peaks are strongly temperature
dependent, and likely merge into a single peak with decreasing
temperature. This feature was also observed in three additional
double-peak structures (Supplementary Note 6).

We plot the position of the double-peak structures versus tem-
perature in Fig. 2a. The splitting of the double peak decreases linearly
with decreasing temperature. The central field of the double peaks
remains constant and coincides with the entropy maximum observed
inMCE. ThemeasuredC/T has a high sensitivity to the DoS over a finite
energy interval, set by the thermal energy, near the Fermi energy. The
overlap of the DoS and the kernel function features two local maxima

Fig. 2 | Fermionic quasiparticle—origin of the double-peak structure in C/T.
aMeasured magnetic field positions of the double peaks B0 and B00 as a function of
temperature for all the anomalies in C/T. b, c Schematic view to show the origin of
the double-peak structure in C/T. d Measured splitting ðB00 � B0Þ for all the double-

peak structures inC/T as a function of temperature. Dashed lines indicate the linear
fit to obtain dϵ=dB from the inverse slope. The error bars represent one standard
deviation of uncertainty.
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at fields of B0 and B00 (Fig. 2b, c), which controls the double-peak
structure of C/T. Since the splitting of the double peaks is 4.8kBT, the
field dependence of dϵ=dB is given by28,

ðB00 � B0Þ dϵ
dB

=4:8kBT ð2Þ

Figure 2d shows the ðB00 � B0Þ as a function of temperature for the
four double-peak structures. Froma linearfit, we estimatedϵ=dB (from
the inverse slope) for the four DoS singularities (Bc1–Bc4) to be 0.142
(0.025), 0.158 (0.015), 0.258 (0.015), 0.117 (0.01) meV/T, respectively.

Our observation of a double-peak structure in C/T that disperses
linearly with increasing temperature is strong evidence for the exis-
tence of fermionic quasiparticles in the bulk28, which is remarkable
given the absenceof an electronicDoS in the insulatingbulk of YbB12. It
is equally important to note that themeasured 1/T(B) fromMCE, which
is sensitive to the DoS at the Fermi energy28, also induces a single-peak
structure (Fig. 1c) in the same field regimes. Fitting to the double-peak
structure in C/T at 19.6 T using Eq. (1) (Fig. S12, Supplementary Note 9)
directly supports the origin of the fermionic DoS from a cusp-like
singularity. The symmetric double-peak structure in C/T is a smoking
gun signature for a symmetric cusp-like singularity in the DoS crossing
the fermi energy. It is known that two-level crossing can show a similar
double-peak structure in C/T, which is well characterized by the
Schottky model31–34. However, this scenario is ruled out by the ampli-
tude, magnetic field position, and number of levels of observed
double-peak features in C/T (Supplementary Note 13). Alternative
scenarios like the appearance of magnetic order and in-gap magnetic
excitations are also considered and are found to be insufficient to
account for these experimental observations (SupplementaryNote 13).

AlthoughbothMCE and specific heat are bulk-sensitive probes, one
may argue that the observed anomalies can be attributed to two-
dimensional surface metallic states in YbB12. However, it is important to
note that the anomalies are “large”, as they constitute a significant
fraction of the total measured thermodynamic response. This already
suggests that it has to be a bulk response, given that the total number of
degrees of freedom on the surface is many orders of magnitude fewer

than in the bulk. Additionally, we performed a field sweep for C/T at
different angles (Supplementary Note 7). The magnetic field is rotated
from equivalent crystal axes [001] to [010] in a cubic structure. We
extracted the field position (Bc1–Bc3) at which the DoS singularity meets
the Fermi energy and plotted them as a function of angle θ in Fig. 3. θ is
defined as the angle between B and [001]. The values for Bc1, Bc2 and Bc3
(marked as rectangular symbols) are extracted from the double-peak
structure in C/T, while values for Bc3 (marked as triangular symbols) are
extracted frompublishedmagnetic torque data2. Interestingly, the three
anomalies exhibit distinct angle dependencies. The singularity at Bc1
follows ahyperbolic function,while the singularities atBc2 andBc3 canbe
fitted by the ellipse function with the same fitting parameters (Supple-
mentary Note 7). All three anomalies exhibit a fourfold rotational sym-
metry, ruling out the possible 2D surface states. We therefore conclude
that theDoS singularities at Bc1–Bc3 result from3Dbulk insulating states.

Discussion
The thermodynamic and transport experimental results indicate the
existence of a series of in-gap discrete fermionic DoS singularities that
are possibly consisting of charge-neutral quasi-particles. Driven by the
magnetic field, this sequence of DoS singularities passes through the
Fermienergy,which is reminiscent of Landauquantization.However, it
is still premature to ascribe these oscillatory features to the quantum
oscillations due to the limited number of DoS singularities and com-
plex angular dependence.

Aside from quantum oscillation, the Lifshitz transition is also
reported to show a double-peak structure in C/T, as demonstrated in
the prototypical Kondo metal CeRu2Si2

28,35 and ferromagnetic super-
conductor UCoGe28. The origin of the Lifshitz transition in CeRu2Si2
was interpreted as a spin-split band passing over the fermi level with a
DoS singularity pinned to the band edge36,37. This picture is consistent
with our DoS singularities interpretation. Moreover, the DoS singula-
rities in YbB12 are cusp-like (Supplementary Note 9), which is often
observed in Lifshitz transition28. However, it is commonly acknowl-
edged that Lifshitz transitions yield kinks in Hall resistivity37–40. Except
for the feature at 30T, no corresponding anomaly was found in the
Hall resistivity of YbB12.

Although the formation mechanism of these DoS singularities
remains elusive, it is worth comparing the experimental results with the
available theoretical works to understand the unusual quasi-particles
that constitute these singularities. Currently, the two main theoretical
frameworks that have attempted to explain the magnetic-field-induced
anomalous behavior inmixed-valence insulators have focused either on
narrow-gapbulk insulatorswhere the thermodynamic response involves
thermally-activated gapped electrons8–11,13,14,16 (Supplementary Note 11),
or that involve a strong interaction-induced fractionalization of the
electron, leading to the emergence of electrically neutral fermionic
excitations (Supplementary Note 10)6,7,12.

As noted above, it has been suggested that a variety of narrow-
gap insulators can exhibit quantum oscillations and related
phenomena8–11,13,14,16, in the absence of any exotic fractionalized
degrees of freedom contributing to the DoS at the Fermi energy.
However, the finite gap associated with such insulators necessarily
alters the temperature dependence of the overall amplitude asso-
ciated with both the specific heat and MCE (Supplementary Note 11).
For the temperature range of our measurement and based on the
extracted charge gap scales from transport, such a clear exponential
suppression of the measured thermodynamic quantities should have
been self-evident. However, we do not observe any such activated
behavior. Moreover, as shown in our calculation (Supplementary
Note 11), the C/T in such a narrow-gap insulator does not show a
double-peak feature in the absence of the gap closure.

In frustrated Mott-insulators with a small charge gap, it has been
pointed out that electrically neutral spinon excitations can experience
an effective orbital coupling to amagnetic field41, resulting in quantum
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Fig. 3 | Angular dependence of double-peak structures. Angular dependence of
Bc1, Bc2, and Bc3 (square symbols). The magnetic field was applied from equivalent
crystal axes [001] (θ =0°) to [010] (θ = 90°) in the cubic structure of YbB12. The
angle dependence of Bc3 marked as half-filled triangle symbols was extracted from
the publishedmagnetic torque data of Xiang et al.2. Red and blue dashed curves are
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oscillations in an insulator. Such oscillations have also been argued to
be possible for small-gapmixed-valence insulators with Fermi surfaces
of emergent neutral fermions6,7,12 (Supplementary Note 10). The
double-peak features in C/T are demonstrated to be observed in this
scenario (Supplementary Note 10). Therefore, the quasiparticles that
account for our observation are possibly related to interaction-
induced electron-fractionalization.

We have observed, in the insulating phase of YbB12, a series of
fermionic DoS singularities passing through the Fermi energy at 11, 16,
19.6, and 30T, respectively. Except for the feature at 30 T, no corre-
sponding anomaly was found in the Hall resistivity, ruling out the
relevance of itinerant electrons for the observations. The relatively
largemagnitude of the effect, its angular dependence, and its field and
temperature-dependence, reveals a highly unusual physical phenom-
enon, where a three-dimensional insulating bulk behaves like a con-
ventional metal in the absence of electrically conducting electrons.
Future theoretical research will need to address a microscopic theory
for the origin of such unusual phenomena in the regime of strong
correlations, and will benefit from complementary spectroscopic
experiments that directly probe multiparticle correlations associated
with the low-energy fractionalized degrees of freedom.

Methods
Sample preparation
The YbB12 single-crystal samples were grown by the floating
zone method. The samples were cut from the ingots and polished
into a rectangular shape. The sample plane corresponds to the
(100) surface of the crystal. The dimension and weight are
~1.1 × 0.9 × 0.05mm3 and ~0.3mg for Sample#1, ~1 × 1 × 0.5mm3 and
~2.3mg for Sample#2, ~0.5 × 0.5 × 0.16mm3 and ~0.2mg for Sample#3,
and ~1.1 × 0.6 × 0.05mm3 and ~0.2mg for Sample #4.

Magneto-transport and magneto-caloric effect measurement in
pulsed magnetic field
Magnetocaloric effect and part of the magneto-transport measure-
ments were performed using a non-destructive pulse magnet at the
International Megagauss Laboratory at ISSP, the University of Tokyo.
Themaximalfield andpulse duration of themagnet are about 60T and
36ms, respectively.

For transport measurements, the longitudinal magnetoresistance
ρxx and Hall resistivity ρxy were measured simultaneously on the same
sample using the standard 6 probe method. Thirty micrometre gold
wires were attached to the sample by the silver paint, resulting in a
contact resistance of less than 10Ω. During themeasurement, a 600μA
AC current with a frequency of 80kHz was applied to the sample. A
homemade 3He system was used to cool the sample down to 0.6K.

For MCE measurements, a 500nm SU-8 2000.5 epoxy-based
photoresistwas preparedon the surface of the sample as the insulating
layer. A Au16Ge84 thin film thermometer was then sputtered on the
insulating layer and calibrated to the reference thermometer.
The temperature of the sample was monitored and recorded during
the pulse field sweeps. For bothmeasurements, themagnetic field was
applied along [1 0 0] direction.

Magneto-transport measurement in a static magnetic field
Part of themagneto-transportmeasurements were performed under a
static magnetic field condition in the Institute for Material Research
(IMR), Tohoku University. The maximal field of the superconducting
magnet in IMR is about 25 T.

For the transport measurement in static magnetic field, the sam-
ple preparation was the same as in the pulsedmagnetic field case. Due
to the slow field sweep rate in static magnetic field, a lower AC current
(30μA) with a lower frequency (10Hz) was applied to the sample. The
homemade 3He system in IMR was able to cool down the sample down
to 0.52 K.

Specific heat measurement in a static magnetic field
AC-specific heat measurements were carried out in a static magnetic
field at the Laboratoire National des Champs Magnétiques Intenses—
Grenoble. The maximal field of the resistive magnet in LNCMI-G is
about 35 T.

During the experiment, the specimen was attached to the back-
side of a bare CERNOX resistive chip by a minute amount of Apiezon
grease. The resistive chip was split into heater and thermometer parts
by artificially making a notch along the middle line of the chip. The
heater part was used to generate a periodically modulated heating
power Pac with a frequency of 2ω, which can be described as the fol-
lowing relation,

Pac =
RHi

2
ac

2ω
ð3Þ

whereRH is the resistanceof the heater part, iac is amodulating current
with a frequency of ω. The induced oscillating temperature Tac of the
sample was monitored by the thermometer part of the resistive chip.
To do so, we applied a reading current iT at an odd harmonic nω and
monitored the induced AC voltage Vac at ðn+2Þω. Based on a precise
calibration of the thermometer (R–T relation), Tac can be calculated
from,

Vac ½n+2�ωð Þ= dRT

2dT
Tac 2ωð ÞiT ð½n+2�ωÞ ð4Þ

Knowing Pac and Tac, specific heat can be calculated by42

C =
Pac sin ðϕÞ

�� ��
2ω Tac

�� �� ð5Þ

Here,ϕ stands for the phase shift between Pac and Tac. To optimize the
signal over noise ratio, the measurement frequency (ω) is chosen to
keep the phase shift in the range −90° <ϕ < −30°.

The angle dependence of the specific heat wasmeasured by aHall
probe equipped with an Attocube rotator. During the measurement,
the CERNOX resistor was mounted on a copper ring attached to an
Attocube rotator. The back of the copper ring was attached to the Hall
probe, which allows to measure the angle under the magnetic field.
Themisalignment between the sample and the Hall probe is estimated
to be within ± 2°.

Data availability
Source data are provided in this paper. All other data that support the
findings of this study are available upon request to the corresponding
author. Source data are provided in this paper.
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