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Unconventional thermal metallic state of charge-
neutral fermions in an insulator

Y. Sato®7, Z. Xiang?, Y. Kasahara', T. Taniguchi', S. Kasahara®’, L. Chen?, T. Asaba®?23, C. Tinsman?,
H. Murayama', O. Tanaka#*, Y. Mizukami?, T. Shibauchi®©4, F. Iga®, J. Singleton®, Lu Li®2*
and Y. Matsuda©™

Quantum oscillations in transport and thermodynamic parameters at high magnetic fields are an unambiguous signature of
the Fermi surface, the defining characteristic of a metal. Recent observations of quantum oscillations in insulating SmB, and
YbB,,, therefore, have been a big surprise—despite the large charge gap inferred from the insulating behaviour of the resistiv-
ity, these compounds seemingly host a Fermi surface at high magnetic fields. However, the nature of the ground state in zero
field has been little explored. Here, we report the use of low-temperature heat-transport measurements to discover gapless,
itinerant, charge-neutral excitations in the ground state of YbB,,. At zero field, sizeable linear temperature-dependent terms in
the heat capacity and thermal conductivity are clearly resolved in the zero-temperature limit, indicating the presence of gap-
less fermionic excitations with an itinerant character. Remarkably, linear temperature-dependent thermal conductivity leads
to a spectacular violation of the Wiedemann-Franz law: the Lorenz ratio is 104-10° times larger than that expected in conven-
tional metals, indicating that YbB,, is a charge insulator and a thermal metal. Moreover, we find that these fermions couple to
magnetic fields, despite their charge neutrality. Our findings expose novel quasiparticles in this unconventional quantum state.

n intermetallic 4fand 5f compounds, strong hybridization between
itinerant and predominately localized electrons often opens an
insulating gap'?. Among such Kondo insulators, SmB, and YbB,,
have recently aroused great interest due to several remarkable prop-
erties. Theoretical works suggest that both are topologically non-
trivial*’, and that they possess three-dimensional (3D) insulating
bulk states and metallic 2D surfaces. The surface states in SmBy are
protected by time-reversal and inversion symmetries, while those
in YbB,, are protected by crystal symmetry. In both compounds,
the metallic surface states have been established using a number of
experimental techniques, including angle-resolved photoemission
spectroscopy”®. In particular, in SmB, spin-resolved angle-resolved
photoemission spectroscopy has shown the spin-momentum-locked
surface, which is a characteristic feature of a topological insulator.
Recently, another salient aspect of both compounds has come as
a great surprise. In an external magnetic field, SmB, exhibits quan-
tum oscillations (QOs) in magnetization (the de Haas-van Alphen
(dHvA) effect), which is associated with Landau quantization’".
However, it is still unclear whether the dHvA signal in SmB results
from the metallic surface or insulating bulk states. It has been pointed
out theoretically that QOs in magnetization can indeed occur in a
certain type of band insulator via magnetic breakdown in strong
magnetic fields''~">. Even more exotic possibilities have been sug-
gested, such as neutral fermions that form a Fermi surface'*"” or non-
Hermitian Landau quantization of the in-gap states'®'. Following
these scenarios, unusual quasiparticles, such as composite excitons
and neutral Majorana fermions, have been proposed. If these charge-
neutral degrees of freedom form structures similar to the Fermi sur-
face of metals, they may well produce dHvVA oscillations.

The linear temperature dependence of the heat capacity C and
thermal conductivity «,, at low temperatures indicates the presence
of gapless fermion-like excitations. Their observations are there-
fore a natural consequence of a Fermi surface. As the heat capac-
ity includes both localized and itinerant excitations, a finite linear
heat capacity coefficient y does not always indicate the presence
of mobile gapless excitations. In fact, amorphous solids and spin
glasses exhibit a finite y, although the excitations in these systems
are localized”. Moreover, the Schottky contribution to the heat
capacity often prevents the detailed analysis of C at low tempera-
tures. On the other hand, «,, is determined exclusively by itiner-
ant excitations”. As the Schottky contribution arises from localized
excitations, it cannot carry heat. Thus, k., is free from the Schottky
contribution, enabling us to extend the measurements down to
lower temperatures. The finite «° /T, therefore, provides the most
direct and compelling evidence for the presence of the itinerant
and gapless fermionic excitations, analogous to the excitations near
the Fermi surface in pure metals*. In SmB, although a finite y is
observed®, there is no term in the zero-field thermal conductivity
that is linear in T (that is, k0 /T'=0)**>*. This suggests that itiner-
ant gapless neutral fermions are absent in zero field. There has been
intense debate as to whether such fermions are excited by magnetic
field; while field-induced enhancement of the thermal conductiv-
ity has been attributed to excitations of neutral fermions’, an alter-
native interpretation involving conventional phonon mechanisms
has been pointed out”. In addition, neutron inelastic scattering
experiments reveal distinct excitation modes within the hybridiza-
tion gap”, but there is no evidence of charge-neutral excitations.
Whether or not there are non-trivial itinerant quasiparticles, which
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Fig. 1| The resistivity of YbB,,. a, The temperature dependence of the resistivity in three crystals (crystals 1and 2 from the same batch and crystal 3 from
another batch) of YbB,,. The bottom left inset is an Arrhenius plot above 5K. Also shown (top right inset) is the crystal structure; YbB,, crystallizes in the
face-centred cubic UB,,-type structure, in which strongly covalently bonded units of B;, cuboctahedra form a cubic lattice and interstitial Yb atoms are
accommodated in the octahedral pores among these units. b, The field dependence of the resistivity at high magnetic fields applied close to the c axis at
0.69K for crystals 1and 2 and 0.53K for crystal 3. c-e, The oscillatory part of the magnetoresistance plotted against the inverse field in crystals 1 (¢), 2
(d) and 3 (e). The oscillatory components are obtained by subtracting a fifth-order polynomial background from the raw data shown in b. In ¢ and d, the

dashed lines mark the evenly spaced peaks of the SdH oscillations.

may be responsible for the observed dHvA oscillations, therefore
remains a controversial issue in the case of SmB,.

The very recent discovery of resistivity QOs (the Shubnikov-de
Haas (SdH) effect, which is absent in SmBy) in another Kondo insu-
lator, YbB,,, has revealed a novel aspect of the QOs in insulators®.
In YbB,,, 4f and 5d band hybridization leads to a narrow insulating
gap, which has been confirmed directly by a variety of spectroscopic
experiments, including inelastic neutron scattering”, photoemission
spectroscopy”’ and nuclear magnetic resonance*. The mean valence
of the Yb ions is close to +3 (4f* state)””. Compared to the situation
in the mixed-valence compound SmBy (ref.*), this suggests a sim-
pler electronic state in YbB,, with the felectrons mostly localized.

The 3D nature of the SdH signal in YbB,, demonstrates that the
QOs in the resistivity arise from the electrically insulating bulk. We
note that the possibility of SdH oscillations arising from metallic
domains induced by impurities or strain, or from a minority portion
of the sample is ruled out on the basis of the symmetry analysis and
simulations®. In addition, the QOs in YbB,, behave in other ways
that are different from those in SmBy. In SmB,, the effective masses
m* of the quasiparticles determined from dHvVA oscillations are
much smaller than the free-electron mass m,, indicating that cor-
relation effects are of little importance. Moreover, the temperature
dependences of the QO amplitudes in some SmB, crystals deviate
strikingly from the predictions of the standard Lifshitz—Kosevich
formula applicable to Fermi liquids at very low temperatures®.
By contrast, in YbB,,, the m* values estimated from SdH oscilla-
tions are much larger than m,, implying strong correlation effects.
Moreover, the oscillations accurately obey the Lifshitz-Kosevich
formula, showing no deviation from Fermi-liquid theory”.

Figure 1a depicts the T dependence of the resistivity p,, for three
different crystals (crystals 1 and 2 are taken from the same batch
and 3 is from a different batch) grown by the floating-zone tech-
nique. In all crystals, p,, increases by 4-5 orders of magnitude from
room temperature to 0.1 K. Below T~ 2K, p,, becomes weakly tem-
perature dependent, resembling the T'< 3.5K resistive ‘plateau’ well
known in SmBy (ref.’"); this ‘plateau’ is attributed to the metallic

surface state. The residual resistivities p? are approximately 11, 4.5
and 1.8 Qcm for crystals 1, 2 and 3, respectively. The inset of Fig. 1a
shows an Arrhenius plot of p,, above 5K, where the surface conduc-
tion is negligible. Obviously, the p,, plots of all crystals show an acti-
vation-type temperature dependence with two-gap behaviour. The
resistivities of crystals 1 and 2 overlap above 5K, while that of crys-
tal 3 is lower than those of crystals 1 and 2 below ~20 K. Fitting with
a thermal activation model of the resistivity (p,.(T) xexp(A/2k;T)),
we obtain gap widths of 4.7meV for crystals 1 and 2 and 4.0meV
for crystal 3 over the temperature range 6 K< T<12.5K. Despite
their similar activation energies, p°, of crystal 1 is 2.2 times larger
than that of crystal 2 at the lowest temperatures. This is consis-
tent with the presence of the 2D metallic surface. In fact, assum-
ing the same surface conductance of both crystals, p? is reduced
in the thinner crystal as expected, because the surface-to-volume
ratio increases with reduced sample thickness (see Supplementary
Fig. 1 and Methods).

Figure 1b depicts the field dependence of the resistivity p,,(H) at
0.69K for crystals 1 and 2 and at 0.53K for crystal 3 with the mag-
netic field applied close to the c axis. On applying field, the negative
slope of the p,.(T) curve, an indication of the field-induced gap-clos-
ing process**, is preserved up to 45T with no signature of metallic
behaviour. Figure 1c—e displays the oscillatory part of the resistiv-
ity Ap,,, which is obtained by subtracting a polynomial background
from p,(H), plotted as a function of 1/u,H. For crystals 1 and 2, four
periods with an approximately constant spacing provide strong evi-
dence that these are SAH oscillations. A direct quantitative compari-
son of the carrier scattering rate between crystals 1 and 2 is difficult
due to the different surface contributions, but the fact that the oscil-
lations start above approximately 33T in both crystals suggests simi-
lar scattering rates, which is consistent with the samples possessing
the same activation energy. For crystal 3, on the other hand, no dis-
cernible oscillations are observed (Fig. 1b,e), suggesting a larger scat-
tering rate. In insulators, a large activation energy usually indicates a
low impurity concentration and high crystallographic quality. From
this point of view, the quality of crystals 1 and 2 is similar, and better
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Fig. 2 | The heat capacity of YbB,,. a, The temperature dependence of the heat capacity divided by the temperature C/T in zero field for crystals 2 and 3.
The black solid and dotted lines represent the phonon heat capacity obtained by the Debye and Einstein contributions (see Methods) for crystals 2 and 3,
respectively. The best fit is obtained by f=0.026 mJmol~'K~* and two Einstein modes with ©®; =16 K and 170K for crystal 2 and #=0.017 mJ mol-'K=* and
©:=24K and 160K for crystal 3. The blue solid and dotted lines represent the Schottky contributions obtained by the three-level model (see Methods),
withA,=14Kand 4,=6.2K, and 4,=0.6 K and 4,=2.2K for crystals 2 and 3, respectively. The inset shows the quasiparticle contribution C_,/T, which is
obtained by subtracting the Schottky and phonon contributions from the total heat capacity. b-e, C/T of crystal 2 at low temperatures in zero field (b) and

in magnetic fields applied along the [1,0,0] direction (c-e).

than that of crystal 3 with its lower activation energy. Thus, remark-
ably, the more insulating crystals exhibit larger SdH oscillations, the
opposite of the behaviour of conventional metals.

Figure 2a depicts the temperature dependence of the heat capac-
ity divided by the temperature (C/T) of crystals 2 and 3 in zero field.
As shown in Fig. 2b, C/T shows a slight upturn below ~1K, which is
attributed to a Schottky contribution Cy/T. Despite this, it is obvi-
ous that an extrapolation of C/T from above 1K to T=0 has a finite
intercept, indicating the presence of a linear temperature term; that
is, the gapless quasiparticle excitations possess C,,=yT. Thus, the
heat capacity can be written as a sum of the phonon, quasiparticle
and Schottky contributions, C=C,,+C_,+ Cs.. The low-temper-
ature enhancement of C/T is well fitted by a three-level Schottky
model, as shown by the blue solid and dotted lines in Fig. 2a. In
cubic YbB,,, 3D phonon dispersions have been revealed by inelastic
neutron scattering experiments®. As reported in the isostructural
compounds LuB,, and YB,,, a hump anomaly around 6K and steep
increase above 10K in C/T may be attributed to low-energy opti-
cal phonon modes of Yb atoms in the cavities of the B,, cubocta-
hedrons™. The solid and dotted black lines indicate C, /T, which
includes contributions from both the acoustic phonon (xT?) and
two optical phonon modes. The optical phonon contributions are
slightly sample dependent. Owing to the high Debye temperature,
the acoustic phonon contribution to the total heat capacity is very
small. As shown in the inset of Fig. 2a, C_,/T (obtained by subtract-
ing C,;, and C,. from the total C) is in good agreement for crystals
2 and 3. Thus, we obtain y~ 3.8 mJ mol~' K2 in zero field, which is
comparable to values in conventional metals. As the volume frac-
tion of the impurity phases in the present crystals is estimated to
be much less than 1% from the high-resolution synchrotron X-ray
diffraction measurements®, we can rule out the possibility that
the finite y arises from impurity phases. Figure 2c—e shows C/T in
magnetic field. At ygH=4T, C/T decreases with decreasing T with a
downward curvature below 2K. At y,H=28 and 12T, C/T decreases
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nearly linearly with T with a steeper slope than that of the zero-
field data. This low-temperature behaviour may be attributed to the
coupling between the magnetic field and the optical phonons; how-
ever, a quantitative estimation is difficult. Nevertheless, it is obvious
that a simple extrapolation of C/T to T=0 indicates that y is slightly
reduced by magnetic field.

We now turn to the thermal conductivity that shows the itiner-
ant aspect of the neutral excitations. The filled and open red circles
in the inset of Fig. 3a depict the T dependence of k,,/T below 0.3K
in zero field for crystals 1 and 3, respectively. As the thermal con-
ductivity does not contain the localized Schottky contribution, .,
can be described as a sum of the itinerant quasiparticle and pho-
non contributions, k,, =xF +K}:§). To use k,, as a probe of itiner-
ant quasiparticles, k2 must be extracted reliably. Figure 3a depicts
k,./ T plotted as a function of T revealing that k_ /T=x? /T+AT?
at low temperatures. The AT” term is attributable to phonons for
the following reasons. The optical phonon modes are negligible at
temperatures well below the Einstein temperature (which is 16-24 K
in our samples) because of the small population of optical pho-
nons and the low phonon group velocity. Consequently, acoustic
phonons are the only carriers of heat at low temperature and the
phonon thermal conductivity is given by xf'= éﬂT%th .» Where
vy and £, are the sound velocity and mean free path of acoustic
phonons, respectively. We compare ¢,;, and the effective diameter
of the sample d ;=2.,/wt /n (w and t are the width and thickness of
the crystal, respectively); d.=0.58 mm and 0.37 mm for crystals 1
and 3, respectively. Using #=0.026 and 0.017 mJ mol~' K~* for crys-
tals 1 and 3, respectively (obtained from the measurements shown
in Fig. 2a), and v,,=9.6x10°ms™" for LuB,, (ref.”), we find that
£on~ e at ~0.5K for crystal 1 and ~0.6K for crystal 3. These tem-
peratures are close to the temperatures below which «,,/T shows T*
dependence, as shown in the inset of Fig. 3a, supporting the above
estimation. These results suggest that at low enough temperatures
(T?*<0.1 K, Zon will be limited by the crystal size; that is, the
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Fig. 3 | The thermal conductivity of YbB,,. a, The thermal conductivity divided by the temperature «,,/T plotted as a function of T? in zero field and at
HoH=3and 12T for crystals 1and 3 at low temperatures. The solid lines represent «,, /T = ;c)f)x/l'+AT2 obtained by the fitting. The inset shows the same
data up to T?=0.5K? in zero field. The deviation from the fitting occurs at ~0.4 K for crystal 1 and ~0.5K for crystal 3. b, The same data plotted as a function
of T. ¢, The field dependence of the residual linear thermal conductivity term K)?X/T obtained by the extrapolation to zero temperature at each field. The

error bars represent one standard deviation.

samples are in the boundary scattering regime where x?"/T o T2
The fact that the systems are in this regime is also supported by the
A values of crystals 1 and 3. In the boundary scattering regime, A
is proportional to fd.q. The ratio of the A values of crystals 1 and 3
determined by the T dependence of k,,/T is ~2.6. This value is close
to the ratio (~2.5) of fd of the two crystals, indicating the propor-
tionality of A and fd.g

As revealed by both plots of Fig. 3a,b, «,,/T extrapolated to zero
temperature yields definite non-zero intercepts in both crystals,
k2 /T#0. Thus, our results provide evidence of a finite residual
linear term in xF (that is, the presence of itinerant gapless fer-
mionic excitations). We stress that the finite x’ /T is not caused
by phonons (see Methods). It is known that localized vibrational
modes, such as tunnelling states in amorphous solids, can con-
tribute to a finite y (ref. ). However, such excitations are localized
and do not carry heat, resulting in the absence of x°, / T. Moreover,
these vibrational modes may act as scattering centres for phonons.
This gives a T™' dependence of £, leading to ko T? in contrast
to the observed non-zero x{_/T. It should also be stressed that the
observed finite x? /T does not originate from charged quasipar-
ticles, in contrast to the situation in conventional metals. Evidence
for this is given by the spectacular violation of the Wiedemann-
Franz (WF) law, which connects the electronic thermal conduc-
tivity kg, to the electrical resistivity. In moderately pure metals at
low temperatures, L=k p,./T<L, is generally satisfied, where
Ly= %2 (kel) ? =2.44x10"% WQ K2is the Lorenz number*. The
values of k2 p /T for crystals 1 and 3 are found to be ~6 X 10*L, and
~5X10°L,, respectively. It is highly unlikely that the surface metallic
region significantly violates the WF law. In fact, it is well established
that the WF law holds in the 2D metals, even in the quantum Hall
regime. The WF expectation of k’, /T from the metallic surface is
less than 10™*W K2m™, which is by far smaller than the experi-
mental resolution. These results lead us to conclude that the neutral

fermions in the insulating bulk of the samples are responsible for
the finite k) /T. In other words, as the bulk resistivity diverges as
T—0, the Lorenz number for the heat-carrying quasiparticles also
diverges. Thus, the thermal conductivity and heat capacity data very
strongly suggest the presence of highly mobile and gapless neutral
fermion excitations in zero field, which are not observed in SmB.
Finite values of both y and «’ /T in the insulating state have
been reported in a quantum-spin-liquid candidate, the organic
compound EtMe;Sb[Pd(dmit),], (DMIT) with a 2D triangular lat-
tice”**. In DMIT, finite y and x /T have been discussed in terms
of electrically neutral spinons forming the Fermi surface. In addi-
tion, in DMIT, a T-independent Pauli-paramagnetic-like magnetic
2
susceptibility y is observed and the Wilson ratio R, = % (';71‘3) % is
B
close to unity, which is a basic property of metals®. Temperature-
independent y is also observed in YbB,, (see Supplementary
Fig. 5 and Methods) and it may be ascribed to the van Vleck
contribution within the J=Z multiplet, although there is
no quantitative estimation of this contribution. An alterna-
tive explanation is that the neutral fermions give rise to Pauli-
paramagnetic-like y. A simple estimation of Ry using the
measured y~3x10emumol™” and yx~4mJmol'K™? gives
Ry~ 100, which is comparable to that reported in some spin-lig-
uid systems®. In DMIT, the quantum oscillations have not been
observed up to 32T, although its possible observation is suggested
theoretically’’. Thus, more experiments are needed for quanti-
tative comparisons between these two extraordinary systems.
We note that «° /T for crystal 1 is nearly twice as large as that for
crystal 3, while y for crystal 2, whose quality is very close to that of
crystal 1, coincides with that for crystal 3. The quasiparticle thermal
conductivity is related to the heat capacity by
kZ 1
T = ;}/VFf P (1)
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Fig. 4 | The thermal Hall angle of YbB,,. The field dependence of the
thermal Hall angle w®7= ny/KxOx at 0.2 and 0.5K. As k,, > k0, .z is smaller
than w27 The error bars represent one standard deviation. The inset

illustrates the experimental set-up.

where v; is the Fermi velocity and Z_ is the mean free path of the neu-
tral fermions. Therefore, Z__ of crystals 1 and 2 is twice as large as that
of crystal 3. Interestingly, this indicates that more insulating crystals
with larger activation energies have higher mobility neutral quasipar-
ticles, supporting the assertion made above when discussing the QOs.

As shown in Fig. 3a, k,,/T is greatly enhanced by applying mag-
netic field. More importantly, as depicted in Fig. 3¢, ° /T, which is
obtained by extrapolating ../ T to zero temperature at each field, is
enhanced by field. It should be kept in mind that . /T contains no
phonon contribution. Therefore, the field-induced enhancement of
«2 /T implies that the neutral fermions couple to magnetic fields.
Another prominent feature is that k”, /T of crystal 1 is much more
enhanced by magnetic field than that of crystal 3, indicating that
better quality crystals with lower impurity scattering rates exhibit
larger magneto-thermal conductivity. As larger x° /T values arise
from longer mean free paths, this result suggests (as might be
expected) that the more mobile neutral fermions are more strongly
influenced by magnetic field.

A fascinating question is whether the charge-neutral fermions
are responsible for the QOs. To examine this, we estimate 7, from
equation (1) by assuming that v; is given by the Fermi velocity
obtained from the SdH oscillations. By assuming a simple spheri-
cal Fermi surface, we obtain vy=hk./m*~1.3%x10'ms™! from the
SdH oscillations, where k;~ 1.7 nm™! is the Fermi wavenumber and
m*= 15 m, is the effective mass”. We estimate #, ~ 54 and 25nm,
which is nearly 70 and 30 times longer than the lattice constant,
for crystals 1 and 3, respectively. Although the mean free path is
long, the heavy effective mass leads to rather small mobilities: the
mobility p = (e7,)/(m*v;) is about 480cm?V~'s™" (0.048T™) for
crystal 1 and 230cm?V~"'s™! (0.023T™") for crystal 3. This simple
model explains why 30-40 T magnetic fields are needed to resolve
the SAdH oscillations and why the oscillations in crystal 3 are much
smaller than those in crystal 1. Therefore, this rather crude estimate
suggests that the enhanced thermal conductivity in zero field and
the resistive QOs at high fields are intimately connected; that is, the
long mean free paths imply that the neutral fermions are responsible
for the QOs.
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Very recently, a thermal Hall effect of neutral fermions that expe-
rience the Lorentz force, akin to the conduction electrons in metals,
has been proposed’'®*. In an attempt to observe such an effect, we
measured the thermal Hall conductivity «,,. According to refs.'*",
the tangent of the thermal Hall angle

tanfy =x,, /K,=0T ()
provides similar information on the electrical Hall angle in conven-
tional metals™. Here, @ .= (eb)/m* corresponds to the cyclotron
frequency of the neutral fermion, where b is the effective magnetic
field experienced by neutral fermions, and 7 is the scattering time.
Figure 4 depicts the field dependence of a)COTEKX), /K2 at 0.2 and
0.5K. As k,, > k2, o is smaller than @ 7. No discernible thermal
Hall effect is observed; w’z and hence @,z is less than 0.005 within
our resolution. In conventional metals, @t = eBr/m* becomes order
of unity at the magnetic field where the QOs appear.

As the SdH oscillations are observed around 40T (ref.?*), the
thermal Hall angle at 10T could be expected to be of order 0.2,
which is much larger than the observed thermal Hall angle. This sug-
gests that (eb).q is significantly different from eB (see Methods)**.
However, it is premature to conclude that the neutral fermions are
not responsible for the SAH oscillations, because the small thermal
Hall angle may be explained by a nonlinear B dependence of b or
the presence of electron- and hole-like pockets of neutral fermions.
In the latter scenario, compensation effects may reduce the thermal
Hall signal considerably.

The presence of a Fermi surface of neutral fermions and the cou-
pling to external magnetic field with negligible thermal Hall angle
calls for further studies. The existence of the itinerant neutral fermi-
ons adds another piece to the puzzle of anomalous insulating states
with metallic QOs.
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Methods

Crystal growth and sample preparation. YbB , single crystals were grown by

the travelling-solvent floating-zone method". Three crystals (1, 2 and 3) were

cut from the as-grown ingot and polished into a rectangular shape. Crystals 1

and 2 were taken from the same growth batch and crystal 3 was from a different
growth batch. The dimensions of the samples were 4.0 X 0.52x 0.51 mm?® (crystal
1), 1.0 1.0x 0.2 mm? (crystal 2) and 1.8 X 0.81x 0.13 mm? (crystal 3). Crystals 1, 2
and 3 correspond to sample N3, N1 and N4 in ref. , respectively.

High-field resistivity measurements. The magnetoresistivities of YbB,, crystals

1, 2 and 3 were measured in a capacitor-driven 65 T pulsed magnet at the National
High Magnetic Field Laboratory (NHMFL), Los Alamos. A low environment
temperature was achieved by using a *He cryostat. For the different probes we
used, the base temperature varied: 0.69K for crystals 1 and 2 and 0.53K for

crystal 3. Magnetic field was applied parallel to one of the cubic axes. An offset

of a few degrees was expected due to the misalignment in sample mounting.
Considering the different sizes and geometries of the samples, we measured the
magnetoresistivity with the current parallel to the magnetic field (I||B) in crystal 1,
and ILB in crystals 2 and 3. For all three crystals, we used a standard four-contact
configuration and the magnetoresistivity data were taken via a high-frequency

a.c. technique™ with a specialized digital lock-in programme. The driving signal
(f=192kHz for crystals 2 and 3, and 256 kHz for crystal 1) was generated by an a.c.
voltage source and applied to the sample across a transformer. The current through
the sample was monitored using a 10 Q shunt resistor, and was determined to be
38-66 pA in our experiment.

Heat capacity measurements. The heat capacity was measured down to T~0.6K
by a long-relaxation calorimetry using a bare chip resistance thermometer
(Cernox 1030BR, Lakeshore)*, which enabled very small addenda contribution
to the total heat capacity. The heat capacity of the addenda including the grease
was measured before the sample was mounted. The temperature dependence of
the addenda was fitted by a polynomial function and subtracted from the total
heat capacity. The obtained heat capacity was analysed as a sum of the phonon,
quasiparticle and Schottky contributions, C=C,;, + C_, + Cs. (see Supplementary
Fig. 4 and Methods).

Thermal and thermal Hall conductivity measurements. The longitudinal and
transverse thermal conductivities, «,, and «, Ky, Were measured by the steady-state
method, applying the thermal current q with q||x|| [100] and H]|z|| [001]. The
thermal gradients —V .T|lxand -V T||y were detected by RuO, thermometers, and

/(wxx +wy 2 yand Ky =W, /(W wz ;) were obtained from the thermal
resistivity wo=V ﬁq and thermal Hall 1 resmtivity =V,T/q. The effect of
misalignment of the Hall contacts was eliminated by reversing the magnetic field at
each temperature.

Equilibrium conditions. In the thermal conductivity measurements, we always
measured the time ¢ dependence of AT (t) =T, — T,, the temperature difference
between two contacts, after a constant heat pulse (power P) is applied (see
Supplementary Fig. 2a for the experimental set-up). Supplementary Fig. 2b

shows AT,(t) at 0.4 K. After the heater power is turned on, AT,(f) increases as
AT(t)=D[1—exp(—t/7)], where 7 is the relaxation time, which is the order of 1 min
at 0.4 K. As shown in Supplementary Fig. 2b, T,(f) becomes constant at t> 7. We
confirmed that no deviation from the constant value is observed for more than 4h
at 0.8K (JAT,(t) — D|/D<0.01 at ¢> 3 min) (Supplementary Fig. 2¢). Similar results
were obtained at 0.3K and 2K. As shown in Supplementary Fig. 2b and its inset,
we also always checked the linearity of AT, and P. Thus, in the timescale of the
measurements, we confirmed that the system is in thermal equilibrium.

As for the SdH oscillation experiments, we measured the resistivity by using an
a.c. technique with f> 100 kHz in pulsed fields at fixed temperatures. The observed
oscillation frequencies are close to the previously reported values*, where SdH
oscillations were measured with f=7-20Hz in static magnetic fields. These results
indicate that the SdH effect is intrinsic and reflects the electronic structure of a
thermal equilibrium system in YbB,,.

Longitudinal and transverse thermal conductivities. Supplementary Fig. 3a,b
displays the temperature dependence of the longitudinal thermal conductivity /T
for crystals 1 and 3, respectively The linear temperature term of k,, in the zero-
temperature limit k2 /T, is obtained by extrapolating «,,/T at each field. The field
dependence of k. / T is shown in Fig. 3c. The thermal Hall angle tanfy; =« / Kkl is
obtained from ., /T in Fig. 3c and «,,/T in Supplementary Fig. 3c.

Analysis of heat capacity. The temperature dependence of the heat capacity

is analysed as a sum of the phonon, quasiparticle and Schottky contributions,
C=C,,+C,,+C, where
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qu=yT

A (6
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phﬂ T[T
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B Zn_lA'ZEXP(—A-/T) T Aexp(=4, /T)
r Z’ =0 exp( —4,/T) z?:ol exp(—4,/T)

A, (O
+ 22| %
T\T

Sc ™

Here, C,, includes Debye and Einstein contributions with two optical
phonon modes, and the Schottky contribution is obtained from a three-level
model with n=3 and excitation energies 4,, where A,=0. The best fit yields
y=3.8mJ mol' K=, #=0.026 mJ mol~' K™, @y, =16K and @;,=170K for crystal
2 and y=3.8mJmol' K=, #=0.017mJmol~' K™, @, =24K and ©,=160K for
crystal 3 in zero field (Supplementary Fig. 4a,b). Supplementary Fig. 4c,d shows the
field dependence of the coefficients of the three-level Schottky contribution, 4,, A,
and B for crystals 2 and 3, respectively.

Magnetic susceptibility. The magnetic susceptibility y of the YbB,, single crystals
used for the heat capacity and thermal conductivity measurements was measured
by a Quantum Design VSM magnetometer. Supporting high-field magnetization
was measured with torque magnetometry in intense magnetic fields at the NHMFL.
Supplementary Fig. 5 shows the temperature dependence of y measured at 1T for
crystals 2 and 3. The Curie contribution at low temperature is very small compared
to that in the previous report”, indicating high quality of the present crystals.

Estimation of the effective Lorentz force on the charge-neutral fermionic
excitations. Using equation (2), the ratio of the Lorentz force acting on the charge-
neutral excitations and that on electrons, |(eb).q/(eB).|, is estimated as

(eb)g _  m"

=wr
(eB), “ 7(eB),

where w = (eb)./m*. m*=15m, is the effective mass determined by the SdH
oscillations and 7= £/y, v — 2200 __ 4 2x 1072 s and is the scattering time
of the neutral excitations esiimated" firom K./ T and y (see the main text). As shown
in Fig. 4, 07 < 0.005 at 12 T. We obtained |(eb)eff/(eB) | <0.1. Although this simple
estimation should be scrutinized, it suggests that the Lorentz force acting on the
neutral excitations is very weak below 12 T.

Low-dimensional phonons. Although the isotropic 3D phonon structure is firmly
confirmed in YbB,, with cubic structure, here we discuss the contribution of low-
dimensional phonons to ,,. In 1D materials such as silicon nanowires, linear T-
dependence of k,, has been observed, suggesting a significant role of 1D phonons.
However, such linear T-dependence is observed above T~ 30K (ref.**), which is far
above the temperature range of the present study. A recent study on silicon nitride
nanowires has revealed that k,, does show linear T-dependence but shows T*
dependence at very low temperature down to 0.1K (ref.*). Thus, there is no reason
to attribute the linear low-temperature thermal conductivity observed in YbB,, to
the 1D phonons.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding authors upon reasonable request.
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