High field exotic metal in a Kondo insulator
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Within condensed matter systems, strong electronic interactions often lead to exotic quan-
tum phases. One such phase occurs in the Kondo insulator YbB,, the insulating state
of which exhibits phenomena characteristic of metals, such as magnetic quantum oscilla-
tions [1], a gapless fermionic contribution to the heat capacity [2, 3], and itinerant-fermion
thermal transport [3]. To understand these phenomena, it is informative to study their evo-
lution as the energy gap of the Kondo-insulator state is closed by a large magnetic field. We
show here that clear quantum oscillations are observed in the resulting high-field metallic
state in YbB,; this is despite it possessing a relatively high resistivity, very large effective
masses and a huge Kadowaki-Woods ratio, a combination that normally precludes quantum
oscillations. The quantum-oscillation frequency and the cyclotron mass both display a strong
field dependence. By tracking the Fermi-surface area, we conclude that the same quasipar-
ticle band gives rise to the quantum oscillations in both insulating and metallic states. These
data are understood most simply using a two-fluid picture where unusual quasiparticles,
contributing little or nothing to charge transport, coexist with conventional fermions. OQur
observations of the complex field-dependent behaviour of the exotic fermion ensemble in-

habiting YbB, provide strong constraints for existing theoretical models.

In Kondo insulators (KIs), an energy gap is opened up by strong coupling between a lattice
of localized moments and the extended electronic states. The resulting Kondo gap E; is usually
narrow (typically Eg >~ 5 — 20 meV), yet the r6le it plays in charge transport is more complicated
than that of the bandgap in conventional semiconductors. A low-temperature (7') saturation of
the resistivity has long been known in two prototypical KIs, SmBg and YbB, [4, 5]; both are
mixed-valence compounds with strong f — d hybridization that defines the band structure close to
the Fermi energy. While the saturation might suggest additional metallic conduction channels, the
high resistivity value within the weakly 7-dependent “plateau” implies that these are highly un-

conventional [1, 4]; one interpretation is the presence of topologically protected surface states [6].

Recently, magnetic quantum oscillations, suggestive of a Fermi surface (FS), and thus totally
unexpected in an insulator, have been detected in both SmBg and YbB, [1, 7-10]. Whilst some
have attributed the oscillations in SmBg to residual flux [11], the flux-free growth process of
YbB; (see Methods) excludes such a contribution. The oscillations in YbB; are observed in
both the resistivity p (the Shubnikov-de Haas, SdH, effect) and the magnetization M (the de Haas-
van Alphen, dHVA, effect) at applied magnetic fields H where the gap is still finite. The 7-

dependence of the oscillation amplitude follows the Lifshitz-Kosevich (LK) formula, which is
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based on Fermi-liquid theory [1]. Moreover, a contribution from gapless quasiparticle excitations
to the heat capacity C has been detected in both KIs [2, 3, 10]. Though the thermal-transport
observations remain controversial in SmBg [10, 12, 13], YbB 1, shows a T -linear zero-field thermal
conductivity Ky, a characteristic of itinerant fermions [3]. The agreement of the FS parameters
derived from the quantum oscillations, heat capacity, and thermal conductivity in YbB1, suggests
that the same quasiparticle band is responsible [3].

Despite this apparent consistency, the mystery remains: how can itinerant fermions exist in a
gapped insulator and transport heat but not charge? In response, many theoretical models entered
the fray, including magnetoexcitons [14], Majorana fermions [15, 16], emergent fractionalized
quasiparticles [17, 18] and non-Hermitian states [19]. As these scenarios frequently envisage
some form of exotic in-gap states, it is potentially invaluable to observe how the properties of KIs
evolve as the energy gap Ej closes.

The cubic rare-earth compound YbB; is an excellent platform on which to carry out such
studies. In YbB,, the Kondo gap (Eg =~ 15 meV [20]) is closed by large H, leading to an insulator-
to-metal (I-M) transition at fields ranging from poHyy ~ 45-47T (H || [100]) to 55-59T (H ||
[110]) [1, 21, 22]. As revealed by a large Sommerfeld coefficient y of heat capacity [2], Kondo
correlation does not break down at the I-M transition, remaining strong to 60 T and beyond in the
high-field metallic state; hence, this can be termed a Kondo metal (KM) [23]. In this study, we
apply both transport and thermodynamic measurements, including p, penetration depth, M, and
dilatometry, to YbB1,. By resolving quantum oscillations and tracking their 7 and H dependence
in the KM state, we trace the fate of the possible neutral quasiparticles at fields above the gap
closure and expose their interactions with more conventional charged fermions.

In our YbB{, samples, M and magnetostriction data show that the I-M transition occurs at
UoHim = 46.3T (H || [100]); the tiny valence increase of Yb ions at the transition suggested
by magnetostriction reinforces the KM nature of the high-field metallic state (see Methods and
Extended Data Fig. 1). To probe the electronic structure of the KM state, a proximity-detector-
oscillator (PDO) was used (see Methods) for contactless SAH effect studies. The PDO technique
is sensitive to the sample skin depth, providing a direct probe of changes in the conductivity of the
metallic KM state. The setup illustrated in the inset of Fig. 1a was rotated on a cryogenic goniome-
ter to achieve H-orientation-dependent measurements. Fig. la summarizes the H dependence of
the PDO frequency f as H rotates from [100] to [110].

The low conductivity of the KI state suggests that the MHz oscillatory field from the PDO coil
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will completely penetrate the sample [24]. Therefore, the response of the PDO is dominated by the
sample skin depth only when the sample enters the KM state and the conductivity increases sig-
nificantly (see Methods). The transition between these regimes is marked by a dip in the f versus
H curves close to Hy_y1, above which magnetic quantum oscillations emerge. Fig. 1b displays Af,
the oscillatory component of f, at various angles 0 as a function of 1/H. The distinct oscillation
pattern observed for H||[100] (6 = 0) is preserved up to 6 ~ 21° (Fig. 1b), being strongly modified
at higher angles (Extended Data Fig. 2a).

The oscillations in Af represent a single series that is intrinsically aperiodic in 1/H; attempts to
fit them using a superposition of conventional oscillation frequencies fail to reproduce the raw data
(Supplementary Information). To demonstrate the point further, Fig. 1c compares Landau-level in-
dexing plots for the low-field KI and high-field KM states, both with H |[[100]. The oscillatory
component of the resistivity Ap in the KI state is shown in the inset of Fig. 1c¢ and indexed con-
ventionally using integers for minima and half integers for maxima in p. For the KM state, peaks
in f correspond to peaks in conductivity [24], and are therefore indexed using integers [25]. A
further subdivision of the oscillations, reminiscent of a second harmonic, is likely due to Zeeman
splitting of the quasiparticle levels [25]; these features are marked with“+” and “-” assuming signs
expected for conventional Zeeman shifts. In the KI state, the plot of Landau level index N ver-
sus 1/H is a straight line, as expected for a field-independent quantum oscillation frequency in
a nonmagnetic system. By contrast, in the KM state the 1/H positions of the oscillations have
a nonlinear relationship with N which we shall describe below. (Here we note that the magnetic
induction B =~ lgH, since UgH is large and YbB |, has a weak magnetization; see Methods).

Nevertheless, despite their unusual periodicity, the T-dependences of individual oscillation am-
plitudes in the KM state (Fig. 1d) closely follow the LK formula [25],

AF(T) 2 keT /B
sinh(272kgT /Ec+)’

suggesting that they are almost certainly due to fermions. (Here, kg is the Boltzmann constant and

(1

E.+ the cyclotron energy). However, the derived value of E.+ varies nonlinearly with H, indicating
that the cyclotron mass m* = eB/E- is a function of H (Fig. 2c).

The relationship between oscillation indices and magnetic field is described empirically by
Fo

Ho(Hy — H*)’

where an offset field of ugH* = 41.6 T has been subtracted from pyHy. Here, A is a phase factor,

N+A = (2)

N is again the index, Hy is the field at which the corresponding feature (e.g., peak) occurs and Fy
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is the slope. Eq. 2 is symptomatic of a FS pocket that progressively depopulates as H increases,

for reasons that we will discuss below. In such cases, the Onsager relationship F(B) = %A (B)

between the FS extremal cross-sectional area A and the frequency F of the corresponding quantum

oscillations still applies even when A changes with H (see Methods). Since B ~ LgH, we write

B* = upH* and represent the field dependence of Eq. 2 using a B-dependent frequency

_ o
B—B*

Fxm(B) B; 3)

this is associated with a B-dependent extremal area A(B) = %B, where Ap = %Fg [26].

Analyzed in these terms, our data indicate that the quantum oscillations seen in the KM state
are due to a FS pocket that is the same as, or very closely related to, the FS pocket in the KI
state which contributes quantum oscillations and a 7'-linear term in both C and K, [2, 3]. This
is strongly suggested by the field dependence of Fxy (Eq. 3) shown in Fig.2b. Even a cursory
inspection reveals that Eq. 3, describing oscillations in the KM state, gives a frequency close
to that of the Kl-state oscillations when extrapolated back to Hy_y. This is true for all angles
0 at which oscillations were measured; using appropriate Fp values (Extended Data Table 1) and
substituting fields B = poHi_nm(6) on the phase boundary (minima in PDO data; Fig. 1a) into Eq. 3
gives the frequencies shown as magenta diamonds in the inset of Fig. 2b. The 6 —dependence of
Fxm(UoHi—Mm) thus deduced tracks the behaviour of the dHVA frequencies measured in the KI
state, albeit with an offset ~ 100 T (Fig. 2b). This offset may be due to a discontinuous change in
F at the phase boundary; however, it could also result from the potential uncertainty in determining
the H-position of any phase transition associated with a valence change [28]. Substituting values
of uoHi_Mm decreased by ~ 0.8 T into Eq. 3 yields an exact match of Fxy with the quantum-
oscillation frequencies observed in the KI state (Fig. 2b, inset).

Further evidence that the same FS pocket contributes to quantum oscillations in both the KI and
the KM states comes from the cyclotron masses. As shown in Fig. 2¢, a cyclotron mass m* & 7my
(my is the free electron mass) is deduced from the T-dependence of the quantum oscillations at
fields just above and just below the I-M transition (m™ in the KI state is obtained from the dHvA
oscillations, which we suggest to be more fundamental; see Methods.) As mentioned above, m*
in the KM state is enhanced by increasing field. This effect is also captured by the unusual field-
dependent Zeeman splitting of the SAH peaks (Extended Data Fig. 2, inset). In Fig. 2d we plot the
spin-splitting factor S [25] calculated from the SdH data (see Methods). The field enhancement

of § generally tracks that of m*, consistent with elementary expectations of Landau quantization
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(Methods). The scaling yields a g-factor g ~ 0.084, much smaller than that for typical weakly-
interacting electron systems(g ~ 2) [25].

The consistency of the frequency and mass across the I-M phase boundary indicates that the
novel quasiparticles detected in the KI state of YbBj; [1], which are probably charge neutral [3],
also cause the SdH effect in the KM state (see Methods for further discussion). The unusual
nature of the KM state is further revealed by magnetotransport experiments. To reduce Joule
heating as the KI state is traversed, we used a pulsed-current technique (see Methods). Current is
only applied to the sample when H > Hy, as sketched in the inset of Fig. 3a. Below 10K, very
weak longitudinal magnetoresistance (MR) is observed above 50 T (Extended Data Fig. 3) and is
preserved up to ~ 68 T (Extended Data Fig. 2), permitting an analysis of the 7-dependence of
the resistivity p in the KM state. Fig.3a and Fig.3b show p at 55T as a function of T and T2,
respectively. The p — T curve shows a maximum at 7% = 14 K. With decreasing T, a linear T-
dependence develops below 9 K and extends down to 7' =~ 4 K; subsequently, a Fermi-liquid-like
T2-behaviour is established below Tr;, = 2.2 K. The overall behaviour of p(7') mimics that of a
typical Kondo lattice where the Kondo coherence develops at 7* and a heavy Fermi-liquid state
forms below g [29]. The residual resistivity p(7 — 0) ~ 0.34 mQ-cm indicates that the KM
state may be classified as a “bad metal”.

Owing to the relatively high resistivity in the KM state, the Kadowaki-Woods (KW) ratio A,/y?
(A, is the T?-coefficient of resistivity) is surprisingly large. Using the value of A, obtained
from the fit in Fig.3b and the Sommerfeld coefficient given by the pulsed-field heat-capacity
measurements (Y ~ 63 mJ mol~! K=2 at 55T [2], see Methods), the estimated KW ratio is
1.46 x 1072 pQcm (K mol/mJ)?, three and four orders of magnitude larger than typical values
for heavy-fermion compounds and transition metals, respectively (Fig.3c). Such an abnormal
KW ratio cannot be addressed by the degree of degeneracy of the quasiparticles, which tends to
suppress the KW ratio in many Yb-based systems [32, 33].

It should be clear that the fermions responsible for the high-field quantum oscillations cannot
on their own account for the transport and thermal properties of the KM state. First, even if they
were capable of carrying charge, their field-dependent SdH frequency and mass would yield strong
magnetoresistance (see Methods); the negligible magnetoresistance observed suggests that an ad-
ditional, much more effective conducting channel is present. Second, the FS pocket deduced from
the SdH oscillations would only account for 4-5% of the observed y (see Methods). Therefore, a

separate FS of more conventional heavy fermions is required to account for the charge-transport
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properties and the large Sommerfeld coefficient of the KM state. The heavy effective mass of these
fermions (see Methods) and the relatively high 7 > 0.5 K used for our measurements would pre-
vent their quantum oscillations being seen, even in a very clean system (a combination of dilution
refrigerator and pulsed magnet is under long-term development to overcome such challenges). The
“bad-metal” properties the KM state, indicative of low charge carrier mobilities and thus provide
additional impediments for the observation of quantum oscillations, giving further support to the
idea that the SdH effect is due to unconventional quasiparticles which are distinct from the heavy

electrons.

Our results imply an intriguing two-fluid picture in YbB1, that includes (i) a FS pocket of
quasiparticles obeying Fermi-Dirac statistics but contributing little to the transport of charge; and
(i1) more conventional charged fermions. For brevity, we refer to (i) as neutral fermions (NFs).
These NFs cause quantum oscillations in both KI and KM states, whereas (i1) dominate the elec-
trical transport properties and the low-T" heat capacity in the KM state. Under this two-fluid de-
scription, the I-M transition produces a sudden increase of the density of (ii), which changes from
a thermally excited low-density electron gas in the KI state to a dense liquid of heavy, charged
quasiparticles in the KM state. As a result, when H increases past Hyy, the much enhanced num-
ber of states available close to the Fermi energy will act as a “reservoir” into which quasiparticles
from the NF FS can scatter or transfer (for analogous situations in other materials, see [34, 35]). In
this sense, the falling quantum-oscillation frequency parameterized by Eq. 3 can be interpreted an
indication that the NF FS becomes less energetically favourable in the KM state; the availability
of the KM “reservoir” means that quasiparticles can transfer out and thus be depopulated. As the
NF FS shrinks, the effective mass increases (Fig. 2c), possibly due to nonparabolicity of the cor-
responding band and/or field-induced modification of the bandwidth or interactions contributing
to the effective mass renormalization [36]. Also, the fact that the quantum oscillations caused by
the NF FS are strongly affected by the [-M transition (i.e., the frequency becomes H dependent
and Zeeman splitting becomes evident in the KM state) shows that they are an intrinsic property
of YbB;, laying to rest suggestions that they are caused by a minority phase (c.f. the Al flux
proposal for SmBg [11]) or surface effect.

The survival of the NFs above the gap closure and their coexistence with charged excitations
in a Fermi-liquid-like state [17, 37, 38] leads to an interesting scenario; in such a state, Luttinger’s
theorem may be violated and a continuous variation of FS properties is allowed [38]. In addi-

tion, the interaction of a relatively conventional FS with an ensemble of quasiparticles unable to
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transport charge is a feasible prerequisite for p varying linearly with 7' (Fig. 3a) [39]. We stress
here that the continuous evolution of both the FS size and cyclotron mass, the small g-factor and
the interactions with more conventional charge carriers are unusual characteristics of the NFs that
should be addressed by future theoretical works.

Finally, the scaling behaviour between the magnetization and the B-dependence of orbit area
(see Supplementary Information), as well as the large “offset” field H* needed to linearize the
Landau diagrams (Fig. 2a), may suggest underlying nontrivial magnetic properties in the KM state.
Indeed, H* bears a qualitative similarity to the gauge field [40] in the composite-fermion interpre-
tation of the two-dimensional fractional quantum Hall effect (FQHE). Whether this similarity is
coincidental, however, is still an open question. In three-dimensional materials, an emergent gauge
field, which can be felt by the charge carriers and manifest itself in transverse transport measure-
ments, might originate from chiral spin textures in a skyrmion lattice phase [41]. Nevertheless,
such a topologically nontrivial magnetic structure has not yet been proposed for YbB{, and the

potential physical significance of H* awaits further investigation.
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Methods
Sample preparation and pulsed field facilities. YbB|, single crystals were grown by the
traveling-solvent floating-zone method [42]. The two samples studied in this work were cut
from the same ingot and shown to have almost identical physical properties, including the SdH
oscillations below the I-M transition, in our previous investigations [1, 3]. The YbB, sample
characterized in the magnetostriction and the magnetization (M) measurements corresponds to
sample N1 in Ref.[1] and #2 in Ref. [3], whereas the high-field MR was measured in the YbB,
sample N3 in Ref. [1], which is also crystal #1 in Ref. [3]. Both samples were used in the PDO
experiments. The PDO data from N3 taken at a fixed field direction were published elsewhere
[1]. X-ray diffraction measurements on sample N1 show clear (00/) series Bragg peaks (Extended
Data Fig. 4) with no indication of crystalline impurity phases.

Magnetostriction and M of YbB, samples were measured in a capacitor-driven 65T pulsed
magnet at NHMFL, Los Alamos. In the PDO and MR measurements, fields were provided by
65 T pulsed magnets and a 75T Duplex magnet. Temperatures down to 500 mK were obtained

using a *He immersion cryostat. A “He cryostat was also used for MR measurements above 1.4 K.

Magnetostriction measurements. The linear magnetostriction AL/L of YbB|, was measured
using a fibre Bragg grating dilatometry technique [43, 44]. In our setup (Extended Data Fig. 1),
the dilatometer is a 2 mm-long Bragg grating contained in a 125 yum telecom-type optical fibre.
The oriented YbB; single crystal was attached to the section of fibre with the Bragg grating using
a cyanoacrylate adhesive. The crystallographic [100] direction was aligned with the fibre, which
is also parallel to H. Thus, we measure the longitudinal magnetostriction along the a-axis of cubic
YbBi,. The magnetostriction AL/L was extracted from the shift of the Bragg wavelength in the
reflection spectrum [44]. The signal from an identical Bragg grating on the same fibre with no

sample attached was subtracted as the background.

In a paramagnetic metal, the high-field longitudinal magnetostriction contains both M? and M?>
terms [45]. In this sense, the power-law H dependence of AL/L with an exponent ~ 3.5 (Extended
Data Fig. 1b) is consistent with the weak superlinear M in YbB, at 40K [21]. As T lowers,
AL/L decreases and a nonmonotonic field dependence develops at 30 K (Extended Data Fig. 1b).
We note that the fast suppression of AL/L coincides with the sharpening of the I-M transition in
the derived susceptibility below 30 K [46], suggesting an additional energy scale in YbB; that is

much lower than the Kondo temperature Tx ~ 240 K and the gap opening temperature 7, ~ 110 K
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[20]. Below 5K, AL/L becomes quite small and a step-like feature is observed with an onset at
uoH = 46.3T, perfectly aligned with the sudden increase in M (Extended Data Fig. 1c,d). We
identify this characteristic field as the I-M transition field Hyy at which a metamagnetic transition
also happens [2, 22, 46]. A negative volume magnetostriction is characteristic of mixed-valence
Yb compounds in which the volume of nonmagnetic Yb>* (4£!4) is 4.6% smaller than that of
magnetic Yb3* (4f13). Therefore a volume decrease with increasing H is expected [47, 48].
The step-like decrease at Hy.y (Extended Data Fig. 1¢) may therefore be evidence that the sudden
shrinkage results from a valence transition of the Yb ions. Using a simple isotropic assumption, the
change of volume magnetostriction at Hy.y is 8(AV/V) = 38(AL/L) ~ 6 x 107, corresponding
to a valence increase of 0.00013. Such a small average valence enhancement implies a quite weak
and incomplete breakdown of the Kondo screening. Consequently, the state immediately above

Hi.\ is confirmed to be a KM in which mixed-valence features persist.

Magnetization measurements. M was measured using a compensated-coil susceptometer [49,
50]. The 1.5 mm bore, 1.5 mm long, 1500-turn coil was made of 50 gauge high-purity copper wire.
The sample was inserted into a 1.3 mm diameter non-magnetic ampoule that can be moved in and
out of the coil. When pulsed fields are applied, the coil picks up a voltage signal V o (dM /dr),
where ¢ is the time. Numerical integration is used to obtain M and a signal from the empty coil
measured under identical conditions is subtracted. Pulsed-field M data are calibrated using the M
of a YbB|; sample of known mass measured in a Quantum Design VSM magnetometer [3].

As shown in Extended Data Fig. 1d, a metamagnetic transition occurs at 46.3 T, coinciding
with the onset of the step-like feature in the magnetostriction. This observation further confirms
the location of Hy.y in our YbB |, samples. At the highest H used in this experiment, M ~ 11g/Yb,
so that M contributes only ~ 0.2% of B. Therefore we can ignore the M term and equate B to the

external magnetic field, i.e., B ~ uyH.

Radio frequency measurements of resistivity using the PDO technique. The PDO circuit [24,
51] permits convenient contactless measurements of the resistivity of metallic samples in pulsed
magnetic fields. In our experiments, a 6-8 turn coil made from 46 gauge high-purity copper wire
is tightly wrapped around the YbB1, single crystals and secured using GE varnish. The coil is
connected to the PDO, forming a driven LC tank circuit with a resonant frequency of 22-30 MHz
at cryogenic 7 and H = 0. The output signal is fed to a two-stage mixer/filter heterodyne de-

tection system [24], with mixer IFs provided by a dual-channel BK-Precision Function/Arbitrary
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Waveform Generator. The second mixer IF was 8 MHz, whereas the first mixer IF was adjusted to
bring the final frequency down to ~ 2 MHz. The resulting signal was digitized using a National
Instruments PXI-5105 digitizer.

Considering all the contributions, the shift in PDO frequency f due to H is written as [1, 24]
Af = —aAL—bAR, )

where a and b are positive constants determined by the frequency plus the capacitances, resistances
and inductances in the circuit, L is the coil inductance and R is the resistance of the coil wire and
cables. In the case of a metallic sample, the coil inductance L depends on the skin depth A of the
sample. If we assume that the sample magnetic permeability ¢ and the coil length stay unchanged
during a field pulse, we have AL o< (r — A)AA, where r is the sample radius. At angular frequency

@, the skin depth is proportional to square root of the resistivity p:

_ >
A= o &)

Therefore, for a metallic sample, the resonance shift Af reflects the sample MR and the detected
quantum oscillations are due to the SdH effect. In YbB|;, the PDO measurement only detects
the signal from the sample in the high-field KM state, i.e., when H > Hyy [1]. In the low-field
KI state the sample is so resistive that the skin depth A is larger than the sample radius r. As a
result, Af mainly comes from the MR of the copper coil [24]. The “dip” in PDO f in Fig. la
consequently indicates where the skin depth is comparable to the sample radius and provides an
alternative means to find Hy_p;. We note that the Hy assigned to onset of the “dip” feature (see

Extended Data Table 1) is ~ 0.2 T lower than the metamagnetic transition in Extended Data Fig. 1.

Onsager relationship for a field-dependent Fermi surface. The Onsager relation [25] relates
the frequency F of quantum oscillations to the FS extremal orbit area A: F = %A. Textbook
derivations [25] invoke the Correspondence Principle to give an orbit-area quantization condition
(N+2A) @ = A, where N is a quantum number and A is a phase factor. The derivation makes no

assumptions about A being constant, so for a field-dependent A = A(B), we can write

where By is the magnetic induction at which the N oscillation feature (peak, valley,etc.) occurs.

Evaluating Eq. 6 for N and N + 1 and taking the difference gives

A(BN—H) A(BN) 2Te

— — . 7
By+1 By h 2
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From an experimental standpoint, in materials where F' is constant, a particular feature of a quan-
tum oscillation is observed whenever N + A’ = %; A’ is another phase factor. Allowing F to vary

(i.e., F = F(B)), evaluating the expression for N and N + 1 and taking the difference yields
F(Byi1)  F(Bw)
By1 By

~1. (8)

A comparison of Eqs. 7 and 8 shows that the Onsager relation still holds, i.e., F(B) = 52-A(B).
In Fig. 2a, B* = upH* = 41.6 T is subtracted from the applied field to yield linear Landau-index

diagrams for 0 < 20.7°. The resulting fit is described by N + A = (Eq. 2), which can

= 27e

(Bv—B*) B*
be written in terms of a B-dependent frequency N + A = BBN ), where F (B) = BF Og* (Eq. 3).
Following the reasoning given above, this is associated with a B-dependent extremal area
_ 2me

In the Supplementary Information, we show that the analysis presented here is functionally
equivalent to the “back-projection” method [26]. Note that we have not considered the Zeeman
splitting of the peaks, so that Egs.3 and9 describe the average of the spin-up and spin-down

components.

Spin-splitting parameter. The spin-splitting parameter S is introduced to describe the Zeeman
splitting of the quantum oscillation peaks/valleys. In the most straightforward scenario, the mag-
netic inductions B;(f) at which the spin-down(up) component of the N Landau tube reaches the
Fermi surface are given by:
%:N—i—li%& (10)
Therefore, S causes a term in addition to the phase factor A, which has opposite signs for the
spin-down and spin-up Landau sheets. According to Eq. 10, the value of S can be obtained from
multiplying the interval of the spin-split peak/valleys (in 1/B) by the oscillation frequency F.
In Fig.2d, S for nonlinear (Fig. 1c) and linear (Fig.2a) Landau level plots are calculated as S =
Fn(1/By, —1/By) and S = Fy[1/(B}, — B*) — 1/(By, — B*)], respectively. Here Fy, represents the
oscillation frequency extracted directly from the slope of the nonlinear Landau level plot (see
Supplementary Information and Extended Data Fig. 6b). We mention that these two approaches
yield the same values of S (Fig. 2d, 6 = 10.9° data).
As pointed out by Shoenberg [25], the effect of Zeeman splitting on oscillation extrema is

determined by the cyclotron mass m* and g-factor:
1 m*

S—_o— 11
ngo, (1T)
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which provides a simple method to evaluate the g-factor in the system. As shown in Fig. 2d, with a
g-factor of 0.084, the field dependence of S can be mapped adequately onto the mass enhancement.
Such behaviour does not only prove the validity of our Zeeman splitting analysis of the SdH effect,
but also reveals an unusually small g-factor that may reflect the exotic nature of the corresponding

quasiparticle band.

Resistivity measurements in the KM state. From pgH = 0 to 60T, the resistivity of YbBj;
decreases by five orders of magnitude [1]. As a result, MR measurements in pulsed fields are
challenging. If a constant current is used during the entire field pulse, either the signal-to-noise
ratio is poor in the KM state, or the high resistance in the KI state causes serious Joule heating.
To solve this issue, we developed a pulsed-current technique. The experimental setup is shown
in Extended Data Fig. 3a. A ZFSWHA-1-20 isolation switch is used to apply current pulses with
widths < 10 ms. The switch is controlled by two square wave pulses generated by a BK-Precision
Model 4065 dual-channel function/arbitrary waveform generator triggered by the magnet pulse.
Thus, a relatively large electric current (2-3 mA) can pass through the sample during a narrow

time window within the field pulse (Fig. 3a, inset).

Current is applied only when YbBi, enters the KM state. In our low-7" MR measurements,
the switch turns on at 47 T during the upsweeps and turns off at 47 T during the downsweeps. To
reduce heating due to eddy currents, we measured the longitudinal MR of a needle-shaped sample
(length 6.5 mm between voltage leads; cross-sectional area 0.33 mm?). As shown in Extended
Data Fig. 3b, the downsweeps still suffer some Joule heating. Hence, in the main text we focus on
the upsweeps, which show very weak longitudinal MR and should reflect the intrinsic electrical
transport properties of the KM state of YbBj,. (During the experiments we found that when we
attempted to stabilize the target temperature by applying a high heater excitation in an environment
of dense *He vapour, the temperature reading according to the thermometer could be lower than

the actual sample temperature. We removed all the data points measured using this procedure.)

According to Eq.9, A(B) for the pocket detected in the PDO measurement shrinks by ~ 45%
from 50 T to 60 T. Assuming a spherical FS, this corresponds to an ~ 60% reduction in quasipar-
ticle density n. Meanwhile, the cyclotron mass increases by ~ 60% (Fig. 2b, inset). Consequently,
a textbook Drude expression p = m* /ne?t (7 is the relaxation time) predicts that the resistivity
would increase by a factor ~ 4 from 50T to 60 T if the electrical transport is dominated by this

pocket. In sharp contrast, almost no MR is observed in this field range (Extended Data Fig. 3),
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indicating the negligible contribution of this FS pocket to the electrical transport.

On the other hand, the weak MR and the T'-linear resistivity of the KM state between 4 K and
9 K are in agreement with the predicted behaviour of a marginal Fermi liquid (without macroscopic
disorder) or an incoherent metal, potential evidence for the coexistence of fermions inactive in the

charge transport and more conventional charged fermions [39] .

The Kadowaki-Woods ratio. For the Sommerfeld coefficient ¥ in the KM state of YbB,, a
pulsed-field heat capacity study reports values of 58 mJ mol~! K2 and 67 mJ mol~! K2 at 49 T
and 60T, respectively [2]. A linear interpolation gives ¥ = 63 mJ mol~! K=2 at 55T. Since y
= (n2k23/3)N (Er) and the density of states at the Fermi energy N(Ep) = (m*/ ﬂzhz)(37r2n)1/ 3, the
Sommerfeld coefficient can be written as:

27,2 %
= — 12
where kg is the Fermi vector. As for the FS pocket detected in the SdH measurement, Eq. 3 gives

F(55T) =231.9T. In a spherical FS model, F = fik%/2e, n = k3/3n> = (2¢F /h)3/2/31% (kg is the

Fermi wavevector), therefore F' = 231.9 T corresponds to n = 1.99x 10" cm—3. Also, for 55 T,
m* ~ 10 mg, based on Fig. 2b (inset). Putting these parameters into Eq. 12, we estimate that the FS
pocket responsible for the SdH effect could contribute only 4.4% of the measured y. Consequently,
an additional band with a much larger density of states must exist in the KM state of YbB5.

The unusually large KW ratio (Fig.3c) suggests the somewhat unusual nature of the heavy
quasiparticles that dominate the charge transport and thermal properties of the KM state. Analysis
of the KW ratio shows that for a single-band, strongly correlated system, the value of A/y> does
not depend on the strength of correlations but is instead solely determined by the underlying band
structure [30]. We consider the simplest case of a single-band isotropic Fermi-liquid model. Using

the same calculations as in Ref. [30], we have:
8173k% (m*)?
Ay = 3 15
4’n  ky

(13)

Taken together, Egs. 12 and 13 yield kg = 2.15 nm~! (corresponding to n = 3.36 x 10?0 cm~3)
and a rather large effective mass of m* = 90.0 mg. Such a heavy mass is unusual for Yb-based
mixed-valence compounds, but explains the anomalous KW ratio as well as the absence of SdH

oscillations due to these quasiparticles in the PDO response.

SdH oscillations due to charge-neutral quasiparticles. Magnetic quantum oscillations are ob-

served in both M and p in the KI state of YbB|, with their behaviours follow the description of
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the LK formula [1]. The size of the FS and the effective mass of the quasiparticles inferred from
the oscillations are consistent with the fermion-like contribution to the thermal conductivity [3].
A natural explanation, given the high electrical resistivity, is that the thermal conductivity and
quantum oscillations are due to charge-neutral fermions.

Of the two oscillatory effects observed in the KI state, the dHvA effect is the more fundamental.
As pointed out by Lifshitz, Landau and others [25], it involves oscillations in a thermodynamic
function of state (M) that may be related to the electronic density of states with a minimum of
assumptions. The fact that M in the KI state oscillates as a function of H can only be due to the
oscillation of the fermion density of states, and consequently their free energy.

Even in conventional metals, quantum oscillations in p are harder to model quantitatively. A
starting point was suggested by Pippard [52]; the rate at which quasiparticles scatter will depend
on the density of states available via Fermi’s Golden Rule. Hence, if the quasiparticle density of
states oscillates as a function of H, the scattering rate 7! and consequently p will also oscillate
proportionally, leading to the SdH effect.

Before modifying this idea to tackle the SdH effect in the KI state, we remark that the H-
dependent frequency of the oscillations in the KM state suggests that exchange of fermions be-
tween charge-neutral and conventional FS sections occurs readily, probably via low-energy scat-
tering. This is also supported by the 7T-linear resistivity [39] (Fig.3a). The rate at which this
scattering happens will obviously reflect the joint density of fermion states.

Returning to the KI state of YbB 3, p is thought to be due to charge carriers thermally excited
across the energy gap, plus contributions from states in the gap that lead to the p saturation at
low T. Following the precedent of the KM state, it is likely that fermions in the KI state scatter
back and forth between the charge-neutral states and the more conventional bands. The situation
is more complicated than Pippard’s original concept because scattering between two bands is in-
volved. Nevertheless, the amount of scattering will be determined by the joint density of states,
and, because the density of states of the neutral quasiparticles oscillates with H, so will p [53].
Unlike conventional metals, the density of the charge carriers will be T-dependent, so the ampli-
tude of the SdH oscillations in the KI state will follow a different 7-dependence from that of the
dHVA oscillations, as observed in experiments [1].

As described by Eq. 4, the PDO f in the KM state is determined by the skin depth, i.e., the
conductivity. As described above, scattering of fermions occurs between the charge-neutral states

and more conventional bands; in the KM state, our conductivity results and the heat capacity data
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of others suggests that the latter is a FS of heavy charged fermions. The SdH effect in conductivity

caused by the oscillatory density of states of the neutral quasiparticles in magnetic fields is detected

in the PDO experiments. By contrast, any intrinsic quantum oscillations due to the metallic FS

will be suppressed by a combination of the very heavy effective mass and the relatively high

T (z 0.5K) of our measurements.
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Fig. 1. The SdH effect in YbB ;. a, The PDO frequency f for a YbB, single-crystal sample, measured at
T =0.6 K at various tilt angles 6 up to 62.5 T. The “dip” feature in f corresponds to the I-M transition which
shifts to higher field at larger tilt angles. Solid lines and short-dashed lines are upsweeps and downsweeps,
respectively. Inset: a photograph of the device we used in pulsed-field PDO experiments. The whole device
was attached to a rotation stage with the rotation axis normal to the (001)-plane. The tilt angle 6 is defined
as the angle between the field vector H and the crystallographic [100] direction. b, Oscillatory component
of the PDO frequency, Af, obtained after a 4th-order polynomial background subtraction from the raw data
shown in a for different tilt angles from 6 = 0.2° to 8 = 20.7°. The numbers beside the SdH peaks are the
Landau level indices. The signs “+” and “-” mark the spin-split Landau sublevels with inferred Zeeman shift
+gupB/2 (spin-down) and -gupB/2 (spin-up), respectively. The SdH effect is weaker on the downsweeps
(short-dashed lines), probably due to sample heating. ¢, Landau-level plots for YbB; in the low-field KI
state (blue diamonds) and the high-field KM state (red circles), both under a magnetic field along the [100]
direction. Data points in the orange dashed circle were taken in the 75 T Duplex magnet (Extended Data
Fig.2). The gray vertical bar denotes the I-M transition. The inset shows the SdH oscillations in the KI state
of YbB,. d, T dependence of Af at different fields. Data was taken at 8 = 10.9° (Extended Data Fig. 2b).

Solid lines are the Lifshitz-Kosevich (LK) fits. Inset: the field dependence of the fitted cyclotron energy E.
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Fig. 2. The field-dependent Fermi surface in the metallic state. a, The nonlinear Landau level plots
shown in Fig. 1¢ become linear after adding an offset of tgH* = 41.6 T to the applied magnetic field. The
linear fits yield slopes (Extended Data Table 1) which are denoted by the parameter Fj in Eq. 3. The Landau
diagrams are shifted vertically by index N =1 for clarity. b, With field applied along the [100] direction, the
quantum oscillations in the KI state exhibits a field-independent frequency Fxy (Fig. 1¢), whereas in the KM
state the SAH frequency Fxy is described by Eq.3. Solid lines and short-dashed lines represent the field
range in which SdH oscillations are detected and absent, respectively. The width of the coloured regions
denotes the frequency uncertainty, given by the fast-Fourier transform (FFT) peak width (considering both
the SAdH and the dHVA oscillations) [1] for Fxy and the fitting errors in a for Fky. The light gray vertical
bar marks the I-M transition. A black vertical line represents the maximum allowed mismatch between
Fx1 and Fxvm of ~ 180T. Inset: The angle dependence of quantum oscillation frequencies in YbB1,. Blue
circles are dHVA frequencies in the KI state [1]. Magenta and red diamonds are Fxy calculated using Eq. 3
at the transition field toHpn (Extended Data Table 1) and B = yoHrm-0.8 T, respectively. ¢, The cyclotron
mass ratio m*/mq, where my is the free electron mass. Data for the KI state are obtained from the LK fits
of the dHVA oscillation amplitudes [1], whereas those for the KM state are inferred from the cyclotron
energy E shown in Fig. 1d. d, The spin-splitting parameter S for each SdH peak. S values calculated for
the nonlinear (Fig. 1c) and linear (panel a) Landau level plots (see Methods) are denoted by squares and
“+” symbols, respectively. The field dependence of S can be scaled to that of the cyclotron mass ratio by

choosing g = 0.084 (red circles). 23
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Fig. 3. The temperature dependence of the resistivity in the metallic state. a, The resistivity of YbB,
sample at uoH = 55T plotted as a function of 7. Both the current and the magnetic field were applied along
the [100] direction. The hollow symbols are data measured using the pulsed current technique (see Meth-
ods). The solid symbols are data taken with a constant excitation in a *He gas environment. A maximum
in p appears at T* = 14 K. The dashed line is a linear fit of p(7) from 4 K to 9 K. The inset illustrates the
magnetic field pulse and current pulse in our measurement in the time domain. b, The same data plotted
against T2. The dotted line is a linear fit to the “He-liquid data, showing the behaviour of the T>-dependence
below Tg, =2.2 K. ¢, The deviation of YbB; from the Kadowaki-Woods relation. We use the value of the
Sommerfeld coefficient y reported for YbB; in ref. [2]. The data points for transition metals, d-electron

oxides and Ce- and U-based heavy fermions are taken from refs. [30, 31], whereas the data for Yb-based

compounds are taken from refs. [32, 33].
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Extended Data Fig. 1. The magnetostriction and magnetization of YbB;. a, The experimental ar-
rangements for magnetostriction measurements. An optical fibre containing fibre Bragg gratings serves as
the strain gauge. The single-crystal sample of YbB;, with dimensions 2.3x1.0x0.2 mm? is glued to the
fibre Bragg grating section of the fibre. A 60 T pulsed magnetic field is applied along the direction of the
optical fibre. The longest edge of the single crystal is parallel to the crystallographic a axis, therefore in
this arrangement the parallel strain AL || H || [100] is measured. b, Field dependence of the linear mag-
netostriction AL/L along the a axis at different temperatures ranging from 10K to 40 K. The inset shows
the high-temperature magnetostriction curves in a logarithmic scale. The dashed line is a power-law field
dependence with an exponent n = 3.5. ¢, The linear magnetostriction measured at temperatures below
5 K. d, Magnetization of the same YbB, single crystal measured at 7 = 0.64 K using a compensated-coil
susceptometer (see Methods). Field was applied along the [100] direction. The gray dashed line indi-
cates the consistency of the step-like decrease in the linear magnetostriction in ¢ and the abrupt increase of

magnetization in d at the field-induced I-M transition, yoHypm = 46.3 T.
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Extended Data Fig. 2. The angle, temperature and field dependence of the SdH effect. a, Oscillatory
component of the PDO frequency, Af, obtained after a 4th-order polynomial background subtraction from
raw data at different tilt angles. The SdH effect is weaker in the field downsweeps (short-dashed lines)
than in the upsweeps (solid lines), probably due to sample heating. b, Af taken at 8 = 10.9° at different
temperatures. The field-dependent cyclotron energies shown in Fig. 1d are obtained by fitting the frequency
difference between adjacent peaks and valleys to the LK formula. Horizontal bars denote the peaks and
valleys used for the fits in Fig. 1d. The inset displays the interval between spin-up and spin-down SdH
peaks in inverse magnetic field, as a function of ugH. If the effective mass and the g-factor are field-
independent, this value is expected be a constant (see Methods). ¢, PDO frequency measured up to 75T in
the Duplex Magnet; only the lowest pair of Landau levels, i.e., N = 2, are shown. The inset shows the
small amplitude differences of N = 2. levels between T = 0.57 K and 1.51 K, suggesting a nondiverging
quasiparticle mass up to at least 72 T. d, MR measured by the pulsed current technique (see Methods) in the
Duplex magnet. A downward kink is observed at 68 T and coincides with the N = 2_ sublevel. This slope

change may imply a crossover to an unknown high-field state in YbB 5.
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Extended Data Fig. 3. The pulsed current technique. a, A schematic diagram of the pulsed current
technique used for measuring the MR of YbB1; samples in the KM state (see Methods). The current pulse
is triggered with a precisely controlled time delay after the start of the magnetic field pulse. In the measure-
ments we adjust the value of R, to maintain the excitation amplitude 2-3 mA at different temperatures. b,
The longitudinal MR of YbB; in the KM state below 10 K, measured with both field and current applied
along the crystallographic [100] direction. The data taken at 1.44 K, 2.00K and 3.09 K are measured with
the sample in *He liquid, whereas other curves are measured in *He liquid or vapour. The vertical dashed

line marks the 55 T field at which we extract resistivity values from the upsweeps for the temperature

dependence analysis (see Methods).
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Extended Data Fig. 4. X-Ray diffraction. X-ray diffraction pattern of the YbB, single crystal measured
with Cu K, radiation. Only the (00/) series Bragg peaks are observed. The lattice parameter is calculated

tobe a =7.47 A.
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Extended Data Fig. 5. The failure of the three-component model (see Supplementary Information).
a, FFT spectra of the SdH oscillations (upsweeps) shown in Extended Data Fig. 2a. The three apparent
oscillation frequencies at small tilt angles (6 < 25°) are labelled Fi, F, and F3, respectively. The dashed
lines are a guide for the eye. b, FFT spectra of the SdH oscillations shown in Extended Data Fig. 2b. The
cyclotron masses mj, m; and m3 are extracted from the LK fits of the T'-dependent amplitudes of FFT peaks
F1, F, and F3, respectively. ¢, The oscillatory component of PDO frequency at 8 = -0.2° (black, the same
curve as shown in Fig. 1b) fitted by a three-component LK model (red). The fitting parameters Fi, F3, F3,
mj, m; and mj are obtained from the FFT analysis exhibited in b. We mention that the mass differences
between 6 = -0.2° and 6 = 10.9° are ignored here, since the frequency shifts are within 5%. The fit fails to
capture the field dependence of the amplitude as well as the shape of the peaks in the raw data. The three

components with the frequencies Fy, F, and F3 are displayed separately with a vertical offset for clarity.
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Extended Data Fig. 6. The back-projected SAH frequencies in the KM state of YbB, (See Supple-
mentary Information). a, The field dependence of the slope of the Landau diagram shown in Fig. 1¢ for
the spin-up (up triangles) and spin-down (down triangles) branches. Both branches generally track the be-
haviour of Bg—ﬁ — M, where M is the sample magnetization shown in Extended Data Fig. 1d. b, The slopes
presented in a, which can be regarded as the “measured” SdH frequencies, exhibit a field dependence that
can be fitted by the function F,(B) = FyB?/(B — B*)? (deep red dashed curve), where B* = goH* = 41.6 T
and Fy = 56.5T (see Extended Data Table 1). An example “true” SAH frequency Fyn, = FoB/(B — B) is
derived from the expression of Fy,(B) using the “back projection” approach and is denoted by the black solid
curve. We emphasize that this expression for Fyy is exactly the same as the result of the correspondence

principle, i.e., Eq. 3 (see Methods).
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Extended Data Table 1. The angular dependence of F (the slope of the Landau diagrams shown in Fig. 2a),
the I-M transition field yoHyy and the location of the PDO resonance minimum LgHpi,. The values of
UoHy\ are determined as the onset of the “dip” feature on the PDO resonance during the upsweeps shown
in Fig. 1a. In this criterion, the transition field is slightly lower than that determined by the magnetization

and magnetostriction measurements (see Extended Data Fig. 1¢ and d).

6(°) Fo (T) HoH1m (T) HoHmin (T)
0.2 56.5+0.5 46.1 46.8
5.2 57.5+0.4 46.1 46.8
10.9 61.6+0.3 46.3 47.1
15.5 67.6£0.6 46.7 47.6
20.7 79.7£0.5 474 48.3
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