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Closing the hybridization charge gap in the Kondo semiconductor
SmBg with an ultrahigh magnetic field

Daisuke Nakamura®,!-2" Atsushi Miyake ,! Akihiko Tkeda®,!:3 Masashi Tokunaga R

Fumitoshi Iga ,% and Yasuhiro H. Matsuda

1.t

'The Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan
2RIKEN Center for Emergent Matter Science (CEMS), Hirosawa, Wako, Saitama 351-0198, Japan
3Department of Engineering Science, University of Electro-Communications, Chofu, Tokyo 182-8585, Japan
4Institute of Quantum Beam Science, Ibaraki University, Mito, Ibaraki 310-8512, Japan

® (Received 9 August 2021; revised 10 May 2022; accepted 16 May 2022; published 6 June 2022)

We have investigated the high-frequency magnetoresistance of Kondo semiconductor SmBg under ultrahigh
magnetic fields generated by the electromagnetic flux-compression technique. The semiconductor-metal transi-
tion due to closing of the hybridization charge gap was observed at approximately 180 T. The critical magnetic
field observed is substantially higher than that reported previously. At temperatures below around 10 K, another
transition was observed at a lower field (approximately 80 T). We suggest that the observed 80-T transition
relates with the energy scale of quasiparticles such as the spin polaron in the in-gap state.
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I. INTRODUCTION

In materials with strong electron correlation, the nontriv-
ial energy-band structure beyond the single-electron picture
gives rise to exotic properties. For example, itinerant and
localized electrons close to the Fermi level hybridize at low
temperatures (Kondo hybridization), forming a nonmagnetic
Kondo singlet. At the same time, a narrow energy gap can
open through electron correlation, causing a metal to semi-
conductor transition in certain f electron based materials that
have been termed Kondo semiconductors [1,2] such as SmBg,
YbB]z, and Ce3Bi4Pt.

SmBg is a typical Kondo semiconductor, with a cubic
CsCl-type crystal structure [3]. Its hybridization gap has been
estimated to be 5-20 meV [4-7]. This relatively large range
reflects a difficulty of evaluating the energy gap because of the
complex electronic band structure around the hybridization
gap [8]. Two f-electron states (I'; and I'g) hybridize with
that of the conduction electron in the vicinity of the Fermi
level, inducing two hybridization gaps [9] (see also Supple-
mental Material [10] for the schematic band structure; also see
Refs. [8,11-19]). In addition, the valence of the Sm ion fluctu-
ates between 3+ (47, magnetic) and 2+ (4 f°, nonmagnetic),
giving an intermediate valence state of ~ 2.6+ (at 300 K)
or ~ 2.5+ (at 5 K) [20,21]. Furthermore, a termination atom
sensitive topological surface state [6,22] hinders the extraction
of the bulk electronic band structure by surface-sensitive tech-
niques such as angle-resolved photoemission measurements
or scanning- tunneling microscopy.

Investigating the magnetoresistance in high magnetic fields
can help to understand the complicated electronic states. Ap-
plied magnetic fields shift the energy bands by the Zeeman
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effect; eventually, a field-induced semiconductor to metal
(S-M) transition takes place, closing the hybridization gap.
Considering the hybridization gap of SmBg (5-20 meV), an
ultrahigh magnetic field exceeding 100 T is probably neces-
sary for the energy gap to close, because the Zeeman energy
of a free electron at 100 T is 12 meV. A magnetic field induced
S-M transition has been predicted to occur at 107-125 T,
extrapolating the measured low-field magnetoresistance up to
33 T [11,12]. Another study reported an unusual successive
semiconductor-metal-semiconductor transition at 4 K [13]:
Four-terminal DC resistivity measurement in a field of up
to 145 T showed that the magnetoresistance continuously
decreased up to 86 T, and then quadratically increased with
further increase in the magnetic field. Such a “reentrant” semi-
conducting state seems to contradict the picture of Zeeman
shift induced gap closure. In addition, such a reentrant semi-
conducting phase was not observed with the pressure-induced
S-M transition [14]. Thus, the details of the magnetic field
induced S-M transition in SmBg remain unclear.

II. EXPERIMENT

In the present work, a single crystal of SmB¢ was grown
by the floating-zone method using an image furnace with four
xenon lamps [23]. The DC electrical resistivity ppc in the
absence of a magnetic field was measured with 10 Hz AC bias
mode of Physical Properties Measurement System (PPMS).
The standard four-terminal AC electrical resistivity with a
50-kHz bias voltage was measured under high magnetic fields
up to 55 T, which were generated by a nondestructive (ND)
pulsed magnet (pulse duration of 35 ms). The magnetic field
was applied parallel to the (100) axis of the SmBg crystal and
perpendicular to the current path [(100)//BLI].

Higher magnetic fields up to 320 T with the dura-
tion time of several microseconds were generated by the
electromagnetic flux-compression (EMFC) technique [15]. A
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FIG. 1. Transport properties of SmB¢ samples. (a) Temperature
(T') dependence of the DC electrical resistivity ppc (bottom panel)
and of d(log ppc)/d(1/T) (upper panel). The dotted guidelines are
used for the evaluation of two energy scales, A; and A,. Arrows
indicate reciprocals of measurement temperatures in high-field ex-
periments. The characteristic temperature 7* = 12.5 K corresponds
to the local minimum of d(log ppc)/d(1/T). The inset shows an
enlarged view at low temperatures. (b) Normalized AC magnetore-
sistance p/po measured up to 55 T at different temperatures, with
extrapolations to higher field intensities.

small-scale “compact-EMFC” instrument with a maximum
energy of 2 MJ was used in this work. The high-frequency
electrical resistivity was measured using a recently developed
contactless radio-frequency (rf) impedance-measurement
method, the “self-resonant spiral coil” technique [16]. The
measurement sample was mounted on a self-resonant spiral
probe coil so that the (100) axis was parallel to the magnetic

field axis [see the inset of Fig. 2(a)]. An rf voltage tuned
around 700 MHz was applied to the probe coil. The return rf
signal was converted to electrical resistivity. Details of signal
processing are described in the Supplemental Material [10]
and Ref. [16]. The sample temperature T,; was measured just
before the magnetic field generation using a calibrated RuO,
resistive thermometer.

II1. RESULTS

The temperature dependence of ppc in the absence of a
magnetic field is shown in the bottom panel of Fig. 1(a). The
residual resistivity ratio [RRR = ppc(1.8 K)/ppc(300 K)]
was 92 500, which is comparable to that of other high-quality
SmBg crystals grown by the floating-zone method [24] and
significantly larger than that of samples grown by the Al-flux
method [12,13,25]. At ~ 4 K, ppc saturated as shown in the
inset, owing to topological surface conduction. In a previous
work [26], a significant resistivity difference among samples
of different thicknesses was observed only at temperatures
lower than ~6 K. In addition, according to local/nonlocal
transport measurement [27], most of the bias current (~90%)
flows in the bulk state at 6 K. Thus, it can be said that the
resistivity starts to be affected by the surface state only below
~6 K. To reveal the bulk nature, we performed the magne-
toresistance measurements above 6.5 K in this work.

In Fig. 1(b), the AC magnetoresistance measured using a
ND pulsed magnet is presented. Under magnetic fields up to
55 T and temperatures below 35 K, the magnetoresistance
was negative, similar to previous high-field studies [11,12].
Here, p, is defined as the electrical resistivity under zero mag-
netic field. p(B)/po between 16 and 35 K nearly overlapped,
approaching zero near 180 T when we use p(B) o -B/?
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FIG. 2. Results of contactless radio-frequency (rf) impedance measurements up to 320 T. (a) Time evolution of (top) magnetic field B and
(bottom) rf probe signal V;; at the initial temperature 6.5 K. The inset is a schematic view of the measurement probe. (b)—(d) Magnetic-field
dependence of the rf electrical resistivity (red, green, and brown curves) at (b) 6.5, (c) 16, and (d) 24 K. The AC magnetoresistances with
50 kHz up to 55 T are also presented for comparison (black curves). (e) Enlarged view of (b—d) around the field-induced metallic state. The
semiconductor to metal transition fields are indicated by arrows, which correspond to B, shown in (a). The horizontal dashed line indicates the

DC resistivity at 300 K in the absence of the field from Fig. 1(a).
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as an extrapolation curve similar to Refs. [11,12]. On the
other hand, p(B)/py at 6.5 K decreases more rapidly. A
tiny kink was observed around 45 T, and we used a linear
function to extrapolate p(B > 45 T); it approached —100% at
approximately 90 T. Although this is a rough estimation of
the transition field, the previous high-field studies reported a
transition field close to ours [13,25].

The results of the EMFC experiments (at temperatures
above 6 K, where the electrical resistivity was dominated by
the bulk electronic state) are shown in Fig. 2. Around the
peak magnetic field, an extrinsic-noise spike appeared in the
high-frequency probe voltage Vi; it arose from destructive
deformation of the EMFC magnet close to the measurement
probe. In Fig. 2(a), Viy gradually decreases and reaches a
minimum (at B; ~ 80 T). After that, it increases again and
saturates at B, ~ 180 T. V,(¢) values measured under differ-
ent conditions are shown in the Supplemental Material [10].

The magnetic-field dependence of the rf resistivity con-
verted from V¢, o (B), at different temperatures is presented
in Figs. 2(b)-2(d). The magnetoresistance up to 55 T from
Fig. 1(b) is also presented for comparison. The values of
pre(B) at 16 and 24 K are in good agreement with the AC
magnetoresistance up to 55 T, and continuously decrease up
to ~180 T. However, p(B) at 6.5 K is qualitatively dif-
ferent [Fig. 2(b)]: it increases with the field up to Bj, and
then gradually decreases. The saturation field (B;) at 6.5
K seems to be comparable to those at higher temperatures,
that is, By ~ 180 T. The peak in pf at By ~ 80 T is repro-
ducible, which is confirmed by an independent experiment at
7.2 K (see Supplemental Material [10] for the additional data
at 7.2 K).

IV. DISCUSSION

First, sample characteristics are compared with those of
flux-grown samples, because the different crystal growth
methods of SmBg might cause different electronic excitations
depending on the quality of crystal. In SmBe, a crystal grown
by the floating-zone method used in this work, tends to intro-
duce Sm vacancies [28], whereas that grown by the Al-flux
method is contaminated by impurities from remnant flux [29].
However, possibly due to the refinement of the crystal growth
technique, our sample shows similar characteristics to that
of crystal grown by the Al-flux method. For the magnetic
property, we confirmed that the magnitude of the Curie tail
in the magnetic susceptibility below 20 K was quantitatively
in good agreement with that in flux-grown crystals [17] (see
Supplemental Material [10] for the magnetic susceptibility
data). For the transport property, a resistance plateau below
4 K has not clearly appeared in the previous report using a
floating-zone sample [30]. In contrast, our samples exhibit a
clear resistance plateau below 4 K as shown in the inset of
Fig. 1(a), similar to flux-grown crystals. Therefore, it is not
unreasonable to conclude that intrinsic phenomena in SmBg
are observed in the present study.

There seem to be two distinct temperature regions de-
fined by differing electronic transport properties of SmBg,
corresponding to the two broad hump structures [Fig. 1(a),
top] in the temperature dependence of d(log ppc)/d(1/T);
their boundary is at 7* = 12.5 K. From the bottom panel of

Fig. 1(a), it is clear that log ppc increases linearly with (1/7)
in a large portion of each regime (17-33 K and 5.5-9.0 K), but
with different slopes. Accordingly, there are two energy scales
(A; = 13.5meV and A, = 10 meV), assuming a thermal ac-
tivation type conduction process, p  exp(-A/2kgT). Two
different energy scales in p(7") have also been reported pre-
viously [12]. For a different magnitude of p(B)/po across T*
shown in Fig. 1(b), similar behavior is also reported in other
high-field experiments using flux-grown samples [11,12]
(also see Supplemental Material [10] for the comparison of
p(T)/po with different B values). These indicate that the
existence of two distinct states across 7* is an intrinsic phe-
nomenon in SmBg independent of the crystal growth method.
As shown in Fig. 2(e), the rf resistivity approaches the
value in the temperature-induced metallic state (at 7 = 300 K
and B = 0 T, the horizontal dotted line) around B, ~ 180 T.
Therefore, we consider B, to be the S-M transition field where
the hybridization charge gap closes. Hence, we term B, as
By hereafter. As shown in Fig. 2(e), Bpyp exhibits no strong
temperature dependence (also see Supplemental Material [10]
for the data at 7.2 K). The continuous decrease in p(B) up
to Byyp at 16 and 24 K indicates a gradual suppression of
the hybridization gap by the Zeeman-shift energy E, = pis B,
where the magnetic moment per = gymyup (g is the Landé g
factor; my is the magnetic quantum number of the total angular
momentum J; ug is the Bohr magneton). It was experimen-
tally observed in YbB, [31] that the Zeeman shift of the local
moment of f electrons effectively explains the hybridization
gap closure proportional to B. The Kondo hybridization in
SmBg takes place between the d and I'; or I'g orbitals, re-
sulting in two hybridization gaps [9] [A(I'7) > A(I'g)] (See
Supplemental Material [10] for the schematic band structure).
When g;m; = 0.665 for the I'g state [32] and By, = 180 T
are used, A(I'g) is evaluated to be 2meg By, = 13.9 meV,
which is close to the previous evaluation (5-20 meV [4-7]).
However, the S-M transition field has been evaluated to
be 85-90 T at 4 K in previous high-field studies [13,25].
This value is close to B; ~ 80 T in Fig. 2(b). Therefore, it
is likely that the transition field reported in previous works
corresponds to B; in the present work. We suppose that an
anomalous transport property showing B; takes place only
at temperatures below the characteristic temperature 7*. As
shown in Figs. 2(b)-2(d), a notable difference between o
and the AC magnetoresistance is observed only at 6.5 K, in
agreement with there being a boundary around 7* ~ 12.5 K.
Here, we would like to discuss the dynamical character
of the electrical resistivity and impedance of SmBg. The
frequencies of the rf impedance measurement (~700 MHz),
AC magnetoresistance measurement using the ND magnet
(50 kHz), and previous high-field studies (DC [13], 274.5 kHz
[25]) differ substantially. In the absence of a magnetic
field, the frequency dependence of the resistivity in SmBg
has already been investigated [18]. Interestingly, a notable
decrease in high-frequency resistivity was observed below
10 K (~ T*). The temperature variations of the electrical re-
sistivity at different frequencies are illustrated in Fig. 3(a),
based on Refs. [4,18].
It is worth considering how low-temperature resistiv-
ity behaves as a function of frequency. According to
Ref. [18], the Debye relaxation type spectrum pp(w = 27 f)
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FIG. 3. Electronic conduction in SmBg. (a) p(T) with different
frequencies based on Refs. [4,18]. (b) Assumed magnetic field evo-
lution of p(f) below critical temperature 7*. The curve for B = 0 is
depicted based on Ref. [18]. (c) The spin polaron coupled with the
valence fluctuation.

o« [w?t/(1 + w?T?)]", with a typical frequency scale of 100
MHz-10 GHz, appears at low temperatures. The measurement
frequency of the rf impedance measurement in the present
work (700 MHz) is in the range where the Debye relaxation
mechanism is significant and electron-hopping conduction is
expected [18].

Using a Debye relaxation type spectrum, we assume the
magnetic-field evolution of p(f) shown in Fig. 3(b) (when
T < T¥).If the amplitude of shoulderlike pp(f) is suppressed
by increasing the magnetic field and 700 MHz is a high
enough frequency to give a positive magnetoresistance, the
steep increase in p,¢+ to By can be explained.

Inelastic neutron-scattering experiments [33] imply the ex-
istence of a spin-related quasiparticle, the energy scale of
which is smaller than the hybridization gap. The antiferromag-
netic spin-polaronic state has been plausibly suggested as the
spin-related quasiparticle for SmBy [18,34-39]. If the Sm>*
ion (J = 5/2) couples with the surrounding spins antiferro-
magnetically, a spin-polaronic state can be formed [Fig. 3(c)].
This state can be dynamically fluctuated in SmB¢ because
of the valence fluctuation of the Sm ion. When the Sm?*
ion (J = 5/2) changes to the Sm>* ion (J = 0), annihilation
of the spin polaron occurs with electron hopping, by which
the amplitude of the Debye-type electrical-resistivity spec-
trum pp(f) is enhanced. Here, it is worth noting that the Sm
valence-fluctuation timescale should be related to the typical
frequency of pp(f) (r”! = 103-10'° Hz, Ref. [18]). Although
an early theoretical study [40] estimated a much faster valence
fluctuation (on the order of 10°!3 s), the comparison between
the results of x-ray absorption and Mdssbauer spectroscopy
[20] suggests the slower timescale of an order of 10°® s, which
is comparable to 7 in pp(f). The magnitude of pp(f) can be
suppressed by the dissolution of the spin polaron into the free
electron under sufficiently high magnetic fields. Therefore,
the suppression of a spin-singlet spin polaron in the in-gap
state can be one of the possible origins of the transition found
at B;.

The temperature—magnetic field (7-B) phase diagram is
constructed based on the experimental findings in the present
study as shown in Fig. 4. The temperature evolution in
the sample during the EMFC experiments is evaluated (thin
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FIG. 4. Temperature—magnetic field phase diagram. S1: semi-
conductor dominating interband transition across the hybridization
gap; S2: semiconductor dominating in-gap quasiparticle excitation;
M’: metallic region without closing the hybridization gap; M: field-
induced metal after closing the hybridization gap. B, (closed circle)
and By, (closed square) are taken from the results of the electromag-
netic flux-compression experiments; critical temperature 7™ (closed
triangle and diamond) is taken from the nondestructive experiment
and Fig. 1(a). Each state is separated by bold guidelines for a clear
view. The thin dashed-dotted and dotted curves indicate the temper-
ature evolution during the magnetic-field pulse.

dashed-dotted and dotted curves in Fig. 4) by considering the
Joule heating under adiabatic conditions:

2 t
T(t) = T + R—/ 1 [dB(T)]dt,
& Jo pBMOIC,IT(T)]I| drt

where R is the effective sample radius and C, is the
temperature-dependent specific heat of SmBg [41] (see Sup-
plemental Material [10] for the detailed evaluation of the
Joule heating effect). Other temperature-induced boundary
points were evaluated from p(7) using the PPMS and ND
pulsed magnet (see also Supplemental Material [10] for the
estimation of 7). For a comparison with the transition field
in the previous high-field studies using samples grown by the
Al-flux method [11-13]; see Supplemental Material [10]. By
connecting the boundary points, four independent states (S1,
S2, M/, and M) are defined in the T-B phase diagram. A finite
magnetocaloric effect, which is ignored in the calculation
of sample temperature during the magnetic field pulse, may
cause a slight modification of the phase diagram.
Semiconducting state S1 is phenomenologically char-
acterized by frequency-independent magnetoresistance and
metallization at Bpy,. We know that By, can be described as
kg Tx /2 e (Tx: Kondo temperature), because the hybridiza-
tion gap A should be comparable to kgTx. Using peg =
0.665 up (expected in the I'g state [32]) and the empiri-
cal relationship Tx ~ 37T, max = 180 K [23], Bpy, becomes
kgTx /2herr = 192 T, which is roughly in good agreement
with the experimental value of 180 T obtained in this work.
Since the Kondo hybridization is expected to collapse at
fields beyond By, relocalization of f electrons possibly leads
to magnetization saturation, and the high-field M phase is
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likely to be a normal paramagnetic metal. A considerably
small change in A(T) at temperatures well below Tx (~0.3%
at T/Tx = 0.22, evaluated from the guideline in Fig. 4) was
also observed in another Kondo semiconductor (YbB, [42]),
suggesting that a weakly temperature-dependent A(7") could
be a common feature in Kondo semiconductors.

The low-temperature semiconducting state S2 exhibits
frequency-dependent magnetoresistance, and becomes metal-
lic in the low-frequency transport at B; although the
hybridization gap is still open. If spin-singlet in-gap quasipar-
ticles such as the spin polaron are dominantly excited in the
state S2, the magnetization should increase at the transition
field B;. Such a “metamagnetic transition” has been observed
in several valence-fluctuating Kondo metals [43-45]. There-
fore, to unveil the detailed properties of quasiparticles in the
S2 phase, it is necessary to investigate whether a metamag-
netic jump takes place at B .

Finally, the results obtained for SmBg are briefly compared
with those for another correlated semiconductor, FeSi, which
has an S-M transition field of 270 T [46]. As in SmBg, the
in-gap states of FeSi dominate electron conduction at low
temperatures. However, there are notable discrepancies be-
tween the magnetoresistance of SmB¢ and FeSi. The p(B)
values at ~700 MHz and ~50 kHz are practically the same
in FeSi, and the magnetic-field region dominating the in-gap
state continuously shrinks toward 80 K [46], in contrast to
the domelike state S2 shown in Fig. 4. These facts imply that
the quasiparticle in the in-gap state of FeSi is qualitatively
different from that of SmBg. The most striking difference be-
tween the two materials is the nature of the electrons involving
the orbital hybridization: Sm(5d)-Sm(4 f) electrons for SmBg
and Fe(3d)-Si(3p) electrons for FeSi. The localization nature
is significant in 4f electrons, resulting in more significant
correlation and intermediate valence-related properties.

In summary, we have investigated the high-frequency mag-
netoresistance of SmBg under ultrahigh magnetic fields up
to 320 T generated by an electromagnetic flux-compression
generator and a temperature—magnetic field phase diagram
was established. Significant frequency dependence of the ex-
citation was observed in the low-temperature semiconducting
state lower than 7* = 12.5 K, indicating in-gap quasiparticles
such as a spin-polaronic state became dominant. A transi-
tion field (B; ~ 80 T) of the low-temperature semiconducting
state occurs due to the suppression of in-gap quasiparticles
without closing the hybridization gap. On the other hand,
another temperature-independent semiconductor-metal tran-
sition was observed around 180 T, where the hybridization
gap closes. This transition field intensity is substantially larger
than those reported in previous studies, which should be qual-
itatively distinct from each other. The field-induced metallic
phase above 180 T is probably a paramagnetic normal-metal
phase where the Kondo hybridization is suppressed and the
localized nature of the 4 f electrons is restored.
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