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Metals can be defined as materials with a Fermi surface or as materials exhibiting metallic conduction (i.e.,
dp/dT > 0). Usually, these definitions both hold at low temperatures, such as liquid-helium temperatures, as
the Fermi energy is sufficiently larger than the thermal energy. However, they may not both hold in correlated
electron systems where the Fermi energy is reduced by renormalization. In this paper, we demonstrate that
although the resistivity of CeFe,Al;( increases with decreasing temperature below ~20 K, CeFe, Al is a metal
with a Fermi surface. This assertion is based on the observation of Shubnikov—de Haas oscillations and a Hall
resistivity that changes sign with the magnetic field, which requires the coexistence of electron and hole carriers.
Our analysis of Shubnikov—de Haas and magnetotransport data indicates that the Fermi energies are as small as
~30 K and that, despite the increasing carrier mobility with decreasing temperature as in conventional metals,
the loss of thermally excited carriers leads to nonmetallic conduction below ~20 K. Furthermore, we investigate
how this anomalous metal transforms to a more conventional metal with metallic conduction with the application

of high pressure and a high magnetic field.

DOI: 10.1103/PhysRevB.107.155118

I. INTRODUCTION

Rare-earth and actinide compounds are fertile ground for
correlated electron systems. Their two contrasting ground
states are heavy-fermion metals and Kondo insulators. The
f electrons of rare-earth and actinide elements are nearly
localized at high temperatures; however, they hybridize
with conduction electrons at low temperatures. Hybridization
results in heavy quasiparticles at the Fermi level in the heavy-
fermion metals, while the Fermi level falls in the hybridization
gap in the Kondo insulators [1]. The relevant energy scales
are subject to renormalization due to electronic correlations;
therefore, the Fermi energy and hybridization gap in these
compounds can be much smaller than in typical metals and
semiconductors. Between these two opposite ground states is
a third intriguing ground state, namely, Kondo semimetals. In
Kondo semimetals, the hybridization gap fails to fully open,
leaving small Fermi pockets. The most documented Kondo
semimetal is CeNiSn. CeNiSn was initially thought to be a
Kondo insulator; however, as the sample quality improved,
the increase in resistivity at low temperatures was suppressed
[2]. Finally, the existence of a Fermi surface was proved by
Shubnikov—de Haas (SdH) oscillations [3]. Theoretically, it
was argued that the hybridization gap vanished along cer-
tain directions in the Brillouin zone [4]. Kondo insulators
and semimetals have attracted renewed interest because they
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may serve as novel topological materials with strong elec-
tronic correlations [5—7]. In this study, we demonstrate that
CeFe, Al is a Kondo semimetal.

CeFe, Al crystallizes in a centrosymmetric orthorhombic
structure (space group Cmcm, No. 63) [8]. The magnetic sus-
ceptibility exhibits Curie—Weiss behavior down to 100 K with
an effective moment of 2.78 pp, approximately corresponding
to the free Ce’" value (2.54 uup). The susceptibility exhibits
a broad maximum at 70 K, suggesting a Kondo temperature
of Tx ~ 360 K [9]. No magnetic order was detected in muon
spin rotation («SR) measurements down to 45 mK [10]. The
resistivity has a logarithmic temperature dependence down to
70 K, where it exhibits a broad maximum [9]. This behavior is
typical of dense Kondo systems. The resistivity then exhibits
an increase below 20 K [see Fig. 1(a)]; therefore, CeFe,;Al;q
was regarded as a Kondo insulator [9]. An energy gap of
15 K was estimated from an Arrhenius plot between 10 and
20 K in [9]. A Schottky-like anomaly at 30 K observed in
specific-heat data also supports a gap opening [9]. However,
it should be noted that a finite Sommerfeld coefficient y of 14
mJ/(mol K?) was observed as T — 0 [9]. The Drude weight
observed at a low temperature of 10 K in an optical study
[11], a large Knight shift [12], and a spin-lattice relaxation
rate 7] following Korringa’s law below 20 K [13] reported
in nuclear quadrupole/magnetic resonance measurements fur-
ther suggest that the hybridization gap is not fully open but is
a pseudogap with a finite density of states at the Fermi level.
It was reported that a moderate pressure of 20 kbar caused
the low-temperature resistivity to be metallic (dp/dT > 0)
[14].

©2023 American Physical Society
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FIG. 1. Shubnikov—de Haas oscillations in CeFe,Al;( at ambient pressure. (a) Temperature dependence of the resistivity along the three
axes of CeFe,Aljy. Samples al, b4, and c3 were used for 7 || a, b, and c, respectively. (b) Magnetic-field dependence of the resistivity in
sample a3 for B || b and c. The top inset displays the oscillatory part Ap normalized by the smooth background p,, which was fitted to a
third-order polynomial. The B || b curve is offset for clarity. The bottom inset displays the Fourier transform of Ap/py versus 1/B in the field
range 5-17.5 T. Temperature dependence of the oscillation amplitude for (c) F =28 T and (d) F = 54 T for B || b. Solid lines are fits to the
temperature reduction factor Ry ,. (e) Magnetic-field dependence of the oscillation amplitude of F = 54 T for B || b. The solid line is a fit to
the Dingle reduction factor R ,. (f) Color plot of the Fourier amplitude versus field angle measured from the b axis to c. Measurements were
performed every 5°. The white circles indicate peaks in the Fourier amplitude spectra. The solid line is a fit to an ellipsoidal Fermi pocket,

while the dashed line is the expected second harmonic.

In this paper, we present comprehensive magnetotrans-
port measurements for CeFe,Al;y and demonstrate that it
is a Kondo semimetal, not a Kondo insulator. We observe
clear SdH oscillations, which serve as clear evidence for a
Fermi surface. We also observe that the Hall resistivity at
low temperatures changes sign as the magnetic field increases.
This indicates the coexistence of electrons and holes and
thus implies an intrinsic semimetallic electronic structure with
overlapping electron and hole bands. Based on SdH data
and multicarrier analysis of resistivity and Hall resistivity
data, we demonstrate that the Fermi energies are as small as
~30 K and ascribe the nonmetallic behavior (dp/dT < 0)
below ~20 K to the loss of thermally excited carriers. We
further demonstrate that there is no metal-insulator phase
transition separating the nonmetallic-conduction state and a
conventional metallic-conduction state by performing high-
pressure and high-magnetic-field measurements. We show
that nonmetallic conduction smoothly transforms into metallic

conduction without phase transition as high pressures or high
magnetic fields are applied.

II. EXPERIMENTAL METHODS

A. Sample preparation

Single crystals of CeFe,Al;p were grown by an Al self-flux
method as described in [15]. The starting materials were 3N
(99.9% pure) Ce, 4N Fe, and 5N Al. We employed a starting
molar ratio of Ce:Fe:Al = 1:2:20-30. Figure 2(a) shows a
photograph of a grown single crystal. The phase purity of
grown crystals was confirmed by a powder x-ray pattern of
crashed crystals [Fig. 2(b)]. The lattice parameters determined
from single-crystal x-ray diffraction were a = 9.0090(3) A,
b = 10.2373(7) A, and ¢ = 9.0731(8) A, which are consistent
with a previous report [16]. The crystallographic axes of the
samples used in this study were determined by using a back-
reflection Laue method [Figs. 2(c)-2(e)].
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FIG. 2. Al-flux grown CeFe,Alj. (a) Photograph of sample a3.
(b) Powder x-ray diffraction pattern of crashed crystals (exp.) com-
pared to simulation (calc.). (c)-(e) X-ray Laue patterns for sample
a3.

B. Magnetotransport measurements

The electrical contacts were spot-welded and reinforced
with silver conducting paint. We used a 20-T superconduct-
ing magnet equipped with a dilution refrigerator with a base
temperature of 0.03 K and a 17-T superconducting magnet
with a “He variable temperature insert at the National Institute
for Materials Science, Tsukuba, Japan, and a 45-T hybrid
magnet with a *He insert at the National High Magnetic Field
Laboratory in Tallahassee, Florida, United States. To exclude
crystals with Al inclusions, we measured the resistivity versus
temperature curves down to 0.03 K at the smallest possible
field and the resistivity versus field curves around zero field at
0.03 K for all samples. Since the superconducting magnet had
a residual field of approximately 0.03 T, we carefully reduced
the field at the sample position to less than 0.001 T (10%
of B., of Al) by applying a small current to the magnet for
the resistivity versus temperature measurements. In addition,
we measured commercial Al foil together with the samples
to ensure that the superconducting transition of Al could be
detected with the used setup. All the results presented in this
paper were obtained using samples that exhibited no trace of
a superconducting transition and thus were Al-inclusion free.
The used samples are listed in Table I. The sample names (al,
a3, etc.) are composed of the longest direction along which
the electrical current was applied and the sample number. For

TABLE 1. Samples. [ is the distance between two voltage con-
tacts, and w and ¢ are sample width and thickness.

I xwxt £(0.05 K) p(290 K)

Current direction Sample (mm?) (m2 cm) (M2 cm)
Ia al  0.70 x 0.56 x 0.22 2.1 0.46
a3 0.32 x0.38 x0.18 1.0 0.38
all 048 x048x0.22 1.9* 0.39
Ib b4 0.56 x 0.48 x 0.16 1.1 0.19
I|c c3 0.68x0.72x0.12 025 0.25

“Measured at 1.4 K.

the simultaneous resistivity and Hall resistivity measurements
presented in Figs. 3(a)-3(d) and 4(a) and 4(b), measurements
were performed in both positive and negative fields, and
experimental signals o and p;," were symmetrized and
antisymmetrized to obtain true p and pp, respectively; that
is, p(B) = [p™P(B) + p**P(~B)]/2 and pp(B) = [py;"(B) —
;" (—B)1/2. For the SAH data presented in Figs. 1(b) and
5(b) and the high-field data presented in Figs. 6(a) and 6(b),
measurements were performed in positive fields.

C. High-pressure generation

We used a piston-cylinder-type pressure cell made of
NiCrAl alloy. The pressure-transmitting medium was Daphne
7474 (Idemitsu Kosan), which remains liquid up to 37 kbar
at room temperature and ensures highly hydrostatic pres-
sure generation in the investigated pressure range [17]. The
pressure was determined from the resistance variation of the
calibrated manganin wires.

III. RESULTS

A. Shubnikov-de Haas oscillation at ambient pressure

Figure 1(a) presents the temperature dependence of the a-,
b-, and c-axis resistivities measured on samples al, b4, and c3.
Consistent with a previous single-crystal study [18], the resis-
tivity increased below ~20 K for all three axes. The increase
in resistivity continued down to 0.04 K, the lowest mea-
surement temperature. Nevertheless, we observed clear SdH
oscillations. Figure 1(b) presents the magnetoresistance for
two field orientations, B || b and B || ¢, measured on sample a3
at T = 0.04 K. The positive magnetoresistance indicates that
the magnetoresistance was dominated by the orbital motion of
carriers. SAH oscillations were already visible in the raw data
before background subtraction. The top left inset displays the
oscillatory part Ap normalized by a smooth background py,
which is given by a third-order polynomial. The bottom right
inset displays the Fourier transform of Ap/py versus 1/B in
the field range 5-17.5 T. Clear peaks in the Fourier spectra
indicate that the oscillations were periodic in 1/B in this field
range and therefore that the magnetic fields in this range and
at these orientations did not alter the electronic band structure
except for trivial Zeeman energy shifts.

For B || b, two frequency peaks appeared at F = 28(4)
and 54(4) T. The SdH frequency F is related to the Fermi-
surface cross-sectional area A as F = (h/2mwe)A. It should
be noted that the higher frequency is twice the lower
frequency within the experimental accuracy. Figures 1(c)
and 1(d) plot the temperature dependences of the peak
amplitudes of the two frequencies. According to the Lifshitz-
Kosevich formula, the temperature dependence is described
by Ry, =rX/sinh(rX), where X = K(m*/m,)T/B, K =
2m%kgm,/(eh) (= 14.69 T/K), and r is the harmonic number
[19]. We temporarily assumed r = 1 for both frequencies,
fit Ry, to these dependences (black lines), and obtained
the effective masses of m* = 0.91(9)m, and 2.1(2)m, for
the two frequencies. The latter is twice the former within
the experimental accuracy. This confirms that the higher
frequency is the second harmonic (r = 2) of the lower fre-
quency. By combining these two effective masses, the most
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FIG. 3. Magnetotransport data for CeFe,Al;( at ambient pressure. (a) Resistivity and (b) Hall resistivity of sample a3 at T = 0.04 K for
I || a and B || b. Brown lines represent the experimental data, while dash-dotted lines are fits to the two-carrier model. Gray dashed lines
are fits to the three-carrier model, which almost completely overlap the brown experimental lines. (c¢) Resistivity and (d) Hall resistivity of
sample all measured at various temperatures (indicated). Colored lines represent the experimental data, while gray dashed lines are fits to the
three-carrier model, which almost completely overlap the colored lines. (e) Carrier density, (f) mobility, and (g) conductivity determined from
the three-carrier fits as a function of temperature. The black solid (up to 20 K) and dashed (above 20 K) line in (e) exhibits activation-type

behavior with an excitation energy E,, = 28 K.

probable estimate is m* = 1.01(5)m, for B || b (sample a3).
Figure 1(e) presents the magnetic-field dependence of the
second-harmonic amplitude as a Dingle plot for B || . The
magnetic-field dependence is given by Rp, = exp(—rXp),
where Xp = K(m™*/m,)Tp/B [19]. The Dingle temperature 7p
is defined as Tp = /i/(2wkgt), where 7 is the scattering time;
therefore, X can be written as Xp = 7 /(|t|B) using the mo-
bility u. The solid line is a fit of this Dingle reduction factor
to the experimental data points. From its slope, we obtained a
Dingle temperature T of 1.01(6) K (t = 1.20 x 1072 s) ora
mobility |u| of 2.12(7) x 10° cm? V~! s7! (sample a3).

For B | ¢, only one frequency was observed at F =
46(4) T [Fig. 1(b), bottom right inset]. From a similar analy-
sis, we obtained m* = 1.87(6)m,, Tp = 0.98(5) K, and || =
2.2(1) x 103 em?>V~!s~! (sample a3).

Figure 1(f) presents the magnetic-field-angle dependence
of the Fourier spectra, where the angle 6§ was measured from
B || b. The SdH measurements were performed every 5° of 6.
The white circles indicate the frequency peaks of the Fourier
spectra. The black line is a fit to F(0) = F(0)/(a®sin*> 0 +
cos? 9)'/2, which holds for an ellipsoidal Fermi pocket, while
the dashed line represents the expected second-harmonic
frequency. From this fit, the Fermi pocket is estimated to oc-
cupy 2.2 x 107 or 2.8 x 10~ of the Brillouin zone volume

depending on whether the pocket is oblate (short axis || ¢) or
prolate (long axis || b), which yields 4.3 x 10~ or 5.5 x 10~
carriers per pocket. These values correspond to a carrier
density of 1.0—1.3 x 10'® cm™3 (sample a3) if we assume
a single pocket in the Brillouin zone. It is instructive to
estimate the Sommerfeld coefficient y associated with this
carrier density. For simplicity, we assumed m* = m,; then,
we obtained y = 0.2mJ/(mol K?), which is two orders of
magnitudes smaller than the reported value of 14 mJ/(mol K?)
[9].

We estimated the Fermi energy of this pocket by assum-
ing a quadratic dispersion Er = hzk%/(Zm*) and A = ks
Using the F and m* values for B || b (B || ¢), we obtained
Er = 37(7) K [33(4) K; sample a3].

For sample al, smaller SdH frequencies were observed;
the fundamental frequency and associated effective mass were
F =12(3) T and m* = 1.4(2)m,, respectively, for B || b and
23(5) T and 2.5(3)m,, respectively, for B || c¢. The carrier den-
sity was estimated as 0.3-0.5 x 10'® cm~>. The Fermi energy
was Ep = 12(5) K irrespective of B || b or c. Considering the
very small Fermi energies and carrier densities of samples a3
and al, their differences are likely ascribable to either slight
differences in their chemical compositions or impurity and
defect concentrations.
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FIG. 4. Pressure variation of resistivity and Hall resistivity in CeFe,Alo. (a) Resistivity and (b) Hall resistivity as a function of magnetic
field applied along the b axis at various pressures (indicated). The temperature was 0.22 K for P = 16.7 kbar and 0.03 or 0.04 K for the other
pressures. (c) Carrier density, (d) mobility, and (e) conductivity determined from the three-carrier fits as a function of pressure.

B. Magnetoresistivity and Hall resistivity at ambient pressure

In this section, we analyze the magnetoresistivity and Hall
resistivity. Figures 3(a) and 3(b) present the magnetic-field
dependence of the resistivity o and Hall resistivity pgy at
T = 0.04 K for sample a3 (brown solid lines). The current
was applied along the a axis, while the magnetic field was ap-
plied along the b axis. The Hall resistivity was positive at low
fields but became negative at high fields. This nonmonotonic
behavior indicates that there are multiple carriers and that the
major carrier is an electron with low mobility that dominates
at high fields.

Before proceeding with the analysis, we consider a possi-
ble anomalous Hall effect contribution from skew scattering,
which can be significant in Ce compounds. According to
[20], the Hall constant from skew scattering is given by
R = y % pmag. Where y is typically ~0.08 KT~ for Ce
compounds [20]. The reduced magnetic susceptibility is given
by ¥ = x/C, where C is the Curie constant. Using a value
of x &~ 1 x 1073 emu/mol for B || b at low temperatures [18]

and the Curie constant for a free Ce ion, we obtained ¥ ~
1 x 1073 K~!. To estimate the upper bound on R;}‘ew, we
used the total resistivity p ~ 2 mQ cm at B = 10 T [Fig. 3(a)]
instead of pyae. Then, we obtained R;l,‘ew ~ 0.2 uR2cm T,
corresponding to py &~ 0.002 m2cm at B = 10 T. This value
is negligible compared to the magnitudes of the experimental
Hall resistivities (Figs. 3 and 4).

For quantitative analysis, we used a simple multicarrier
model. We assumed that the density, charge, and mobility of
the ith carrier were given by n;, g;, and u;, respectively. In our
formalism, ¢; and u; have a sign (4 for holes and — electrons).
We then assumed that the conductivity of the ith carrier in
the xy plane normal to the applied field was described by the

conductivity tensor
1 M l'B
—wB 1)

where we took x parallel to the current. We calculated the total
conductivity tensor & = ), &' and then the resistivity tensor

_ niqifti
1+ (uiB)?

Al

ey
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FIG. 5. Pressure variation of Shubnikov—de Haas oscillations in
CeFe,Alj. (a) Temperature dependence of the resistivity of sample
a3 at various pressures [indicated by the same color coding as in
(b)]. Measurements were performed while a top-loading probe was
inserted into a dilution refrigerator. (b) SdH oscillations of sample
a3 for B || b as a function of 1/B at various pressures (indicated).
The curves are offset for clarity. (c) Corresponding Fourier spectra
(offset for clarity). (d) F3? of frequency peaks marked in (c) as
a function of pressure (solid and open circles). Red and blue lines
indicate the pressure dependence of the minor hole and electron (el)
densities, respectively, determined from the multicarrier analysis of
the magnetotransport data.

p =671, We fit p(B) and py (B) simultaneously, using n;, gi,
and p; as fitting parameters.

We first attempted to use a two-carrier model (i = 1 and
2) but found that it could not explain the experimental data.
The dash-dotted lines in Figs. 3(a) and 3(b) display the least-
squares fitting results of the two-carrier model. We therefore
used a three-carrier model (i = 1, 2, and 3), which provided
excellent results. The gray dashed lines in Figs. 3(a) and 3(b)
display the three-carrier fit to the data and almost completely
overlap the brown experimental lines. The fits indicate the
existence of minor hole (h) and electron (el) carriers and a
major electron carrier (e2). For the minor hole and electron,
[ (10" cm™), wi(cm?V~'s71)] =[1.162(3), 1690(3)]
and [1.196(4), —1336(4)], respectively, for sample a3 (the
errors are numerical fitting errors). These carrier densities
and mobilities are in reasonable agreement with the values
deduced from the SdH data. This indicates that the observed
SdH frequency was due to either the minor hole or electron.
It is unclear why the other minor carrier was not observed

P S
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FIG. 6. Magnetic-field dependence of the resistivity up to 45 T
in CeFe, Aljy. (a) a-axis resistivity as a function of the magnetic field
for B || b (dashed lines) and c (solid lines). (b) b-axis resistivity as a
function of the magnetic field for B || ¢ (dashed lines) and a (solid
lines). Measurements in a hybrid magnet were performed in the field
range 11.5-45 T; measurement temperatures are indicated by the
line colors. Results of measurements at 7 = 0.03 K in a dilution
refrigerator up to 17.5 T are also presented for comparison.

in the SdH oscillations; however, this may have been due
to an undesirable Fermi pocket shape or spin splitting [19].
Alternatively, the frequencies from the two minor carriers may
have been too close to be resolved (i.e., the observed SdH
oscillations are a superposition of the two close frequencies).
For the major electron, [1; (10" cm™3), u; (em?> V~!'s71)]
= [53.3(7), —47.8(7)]. The carrier density corresponds to
0.0110(2) electron per formula unit. Because of the much
smaller mobility of the major electron carrier than that of the
minor carriers, it is reasonable that SdH oscillations due to
this carrier were not observed. However, the existence of a
major carrier with a low mobility is supported by the reported
Sommerfeld coefficient of 14 mJ/(mol K?). We assumed a
spherical Fermi pocket and m™ = 20m, for this carrier, as the
mobility was more than 20 times smaller than that of the minor
carriers. Then, we obtained a Fermi energy of 30 K and a
Sommerfeld coefficient of 15 mJ/(mol K?) for this carrier
(sample a3).
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Since sample a3 was measured using a dilution refrigerator,
high-temperature measurements were impossible. We there-
fore measured another sample, sample all, from 7 = 1.4 to
120 K in a “He variable-temperature insert [Figs. 3(c) and
3(d)]. The current was applied along the a axis, while the
magnetic field was applied along the b axis. The colored solid
curves in Figs. 3(c) and 3(d) represent the experimental data,
while the dashed curves represent the three-carrier fitting re-
sults, which almost completely overlap the former. Although
the Hall resistivity remained positive in the measured field
range for T > 40 K, the use of the three-carrier model was
justified because the fit parameters evolved smoothly up to
120 K [Figs. 3(e)-3(g)]. By switching to a two- (or one-)
carrier model, unphysical jumps will occur in the parame-
ters. Furthermore, even at T = 120 K, the three-carrier model
produces a 20% smaller x? value than that produced by the
two-carrier model. The fitted curves for T > 40 K, as extrap-
olated, turned negative at fields higher than the measured field
range.

At T=14 K, [n (10"® cm™3), u; (em?>V~-ls™hH] =
[0.359(1), 1213(2)], [0.275(1), —1176(3)], and
[58.4(3), —44.6(2)] for the three carriers (sample all). The
carrier densities of the minority carriers were in reasonable
agreement with those estimated from the SdH oscillations of
sample al.

Figures 3(e)-3(g) present the temperature variation of the
density, mobility, and zero-field conductivity o; = n;q;u; for
the three carriers in sample all. Although the resistivity
increased with decreasing temperature below ~20 K, the
magnitude of the mobility || increased with decreasing tem-
perature down to 4 K for the minor hole and electron carriers
and down to 10 K for the major-electron carrier [Fig. 3(f)].
The mobilities were approximately constant below those tem-
peratures. However, the carrier density decreased for all three
carriers as the temperature was lowered [Fig. 3(e)], leading to
a decrease in the conductivity of each carrier below 7' ~ 20 K
[Fig. 3(g)]. Therefore, the resistivity increase below ~20 K is
ascribed to the rapid decrease in the carrier density [Fig. 3(e)].

The temperature dependence of the major electron
(e2) density can be fitted to activation-type behavior
n = ng + ny exp(—E./kgT). The solid line in Fig. 3(e) is a
fit to the data up to T = 20 K, while the dashed line is an
extrapolation to higher temperatures. The obtained excitation
energy is E,, = 28(1) K (the error is a numerical fitting error).

C. Pressure dependence

In this section, we report SdH and magnetotransport
measurements under high pressure, which show that the non-
metallic conduction smoothly transforms into a conventional
metallic conduction without a phase transition as the carrier
number continuously increases with pressure.

We first examine the pressure evolution of SdH oscilla-
tions. Figure 5(a) presents the temperature dependence of the
resistivity of sample a3 (I || a) measured at various pressures
up to P = 20.3 kbar. The p versus T curves were recorded
while a top-loading probe was inserted into a dilution refrig-
erator; thus, the temperature could not be measured accurately
due to the temperature difference between the sample and
thermometer. Accordingly, the curves exhibit many kinks.

Nevertheless, it is clear that the low-temperature resistivity
increase was suppressed as the pressure was increased. The
resistivity was metallic (dp/dT > 0) at low temperatures at
P = 9.4 kbar (light blue) and above, consistent with a previ-
ous report [14].

Figure 5(b) presents the SdH oscillations for B || b at var-
ious pressures measured on sample a3. The O-kbar data are
the same as the B || b curve in the top inset of Fig. 1(b) but
are plotted as a function of 1/B. The corresponding Fourier
spectra are provided in Fig. 5(c). In general, as the pressure
increased, the oscillations became faster [Fig. 5(b)], and major
frequency components increased [Fig. 5(c)]. The pressure of
2.7 kbar appeared to be an exception: the oscillation [or-
ange curve in Fig. 5(b)] appeared to be slower than that at
P = 0 kbar. However, there was a frequency peak at F =
84 T in the spectrum [Fig. 5(c)], which was higher than
the two frequencies at P = 0 kbar. Therefore, the trend of
increased carrier density with increased pressure was likely
observed. Figure 5(d) plots F3/> as a measure of the carrier
density for frequency peaks observed at each pressure. The
solid and open circles correspond in Figs. 5(c) and 5(d). We
determined the effective mass for most of the observed fre-
quencies. The masses ranged from ~1m, to 2m,, except for
3.3m, for the F = 211(8) T peak at P = 5.8 kbar, which was
most likely a second harmonic of the F = 104(8) T peak.
No clear increasing or decreasing trend with pressure was
observed.

We now analyze the pressure variation of the magneto-
transport data. Figures 4(a) and 4(b) present the transverse
magnetoresistivity and Hall resistivity (colored solid curves)
measured on sample a3 with B || bat T = 0.03 or 0.04 K ex-
cept for P = 16.7 kbar, where measurements were performed
at T =0.22 K. We used the same three-carrier model as
above, and the fitting results are indicated by dashed gray
curves, which almost completely overlap the experimental
curves. Figures 4(c)—4(e) display the carrier density, mobil-
ity, and conductivity obtained from the fits. The pressure of
2.7 kbar was again somewhat peculiar: the carrier density
of the hole (red) had a local minimum, while that of the
major electron (e2, green) had a local maximum. Except for
these carrier densities, the carrier densities generally increased
with pressure. The magnitude of the hole mobility (red)
decreased with pressure, while that of the major-electron mo-
bility (green) increased. That of the minor-electron mobility
(blue) was approximately constant. Despite these variations
in mobility, all the conductivities increased with pressure
[Fig. 4(e)] except for the hole conductivity (red), which had
a local minimum at 2.7 kbar.

Figure 5(d) compares the carrier densities of the minor
hole and electron with F3/? from the SAH data. The left
and right vertical scales were adjusted so that the black
F3/2 point and blue electron density overlap at P = 0 kbar.
Figure 5(d) demonstrates that the increase in carrier density
with pressure inferred from the SdH data and that observed
from the magnetotransport data are in reasonable agreement
with respect to the minority carriers. This correspondence
confirms that the observed SdH oscillations are intrinsic to
CeFe,Aly: if the SdH oscillations were from impurities or
inclusions in samples, no such correspondence would be
observed.
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D. Magnetic-field-induced metallization

Last, we present the magnetoresistivity data up to a
magnetic field of 45 T, which again shows a smooth
transformation from the nonmetallic-conduction state to a
metallic-conduction state with increasing field. Figures 6(a)
and 6(b) present the transverse magnetoresistivity measured
on samples al and b4, respectively. Since measurements up
to 45 T were performed with a hybrid magnet, low-field data
below 11.5 T were lacking. We therefore added resistivity data
up to 17.5 T measured at 7 = 0.03 K in a dilution refrig-
erator. The low-field behavior was generally consistent with
a previous report [18]. For sample al (I || a), the resistivity
started decreasing above ~37 T for B || b (dashed curve) and
above ~21 T for B || ¢ (solid curve) at T = 0.4 K [Fig. 6(a)].
This indicates that magnetic fields of these strengths in these
directions caused nontrivial changes in the electronic band
structure, such as a new band crossing the Fermi level. The
temperature dependence of the resistivity remained nonmetal-
lic even at B =45 T applied along the ¢ axis. For sample
b4 (I || b), the resistivity started decreasing above ~11 T for
B || ¢ (dashed curve) at T = 0.03 K [Fig. 6(b)]. The resistivity
at T = 0.4 K exhibited a fairly large decrease as the field
was increased to 45 T; however, the temperature dependence
remained nonmetallic. As the field was applied along the a
axis, the resistivity at 7 = 0.03 K (solid curve) started de-
creasing at ~1 T and exhibited a pronounced decrease with
increasing field. Furthermore, the temperature dependence
was inverted at B ~ 27 T; namely, the apparently nonmetallic
state (dp/dT < 0) at low fields transformed into a conven-
tional metallic state (dp/dT > 0) at high fields without phase
transition.

In the order of B || b, ¢, and a, the onset field of nega-
tive magnetoresistance decreased, and the magnitude of the
negative magnetoresistance increased. This correlates with the
anisotropy of magnetic susceptibility, which increases in the
same order [18].

IV. DISCUSSION

The quantum oscillation originates from Landau quantiza-
tion of the orbital motion of charged carriers in magnetic fields
[21]. In accord with this, our analyses of the SdH oscillations
and magnetotransport data indicated that the observed oscil-
lations are due to either the minor hole (h) or electron (el)
carrier.

Previously, it was reported that a Kondo insulator SmBg
exhibited quantum oscillations [22,23]. However, in those
reports the connection between the observed oscillations and
charged carriers was unclear, and the origin of the oscillations
is highly debated [24].

Some theories suggested that the quantum oscillation
could be observed in insulators without a Fermi surface
[25,26]. Those theories argued that the temperature depen-
dence of the oscillation amplitude would deviate from the
Lifshitz-Kosevich formula describing the quantum oscillation
in metals with a Fermi surface: Ref. [25] suggested that the
amplitude might have a maximum at a temperature set by
a hybridization gap or that it might exhibit a characteristic
steep increase at the lowest temperatures, while Ref. [26]

e2 h el

Eh

Eex 74\
el i [V
------- EFe2 EFe1

FIG. 7. Schematic of the electronic structure near the Fermi level
deduced from the experimental results.

suggested that the temperature dependence of the amplitude
might have an unusual two-plateau feature. However, we saw
no such features in our data. The temperature dependences
of the oscillation amplitudes observed in the present study
nicely follow the Lifshitz-Kosevich formula as exemplified in
Figs. 1(c) and 1(d). Furthermore, the fact that the effective
mass of the second harmonic is twice that of the fundamental
and the satisfactory Dingle plot shown in Fig. 1(e) conform
to the Lifshitz-Kosevich formula and corroborate that the
observed Shubnikov—de Haas oscillations are due to charged
carriers on the Fermi surface.

Figure 7 presents a schematic of the electronic structure
near the Fermi level deduced from the experimental results,
displaying light electron (el) and hole (h) bands. The Fermi
energy of either band E¢! or E}t, was estimated to be 33(4)—
37(7) K for sample a3 and 12(5) K for sample al. The Fermi
energy of the other band can be assumed to be similar in
size. In addition, there was a heavy electron band (e2) whose
Fermi energy Ef* was estimated to be 30 K (32 K) for
sample a3 (sample all) when m* = 20m, was assumed. The
activation-type behavior of the carrier concentration indicates
the existence of states with a large density of states at an
energy E,. = 28(1) K (sample all) below the Fermi level.
These states may be a hole band with an effective mass even
larger than that of the heavy electron band or incoherent states,
as they do not appear in the magnetotransport data.

We note that the Zeeman energy of an electron spin cor-
responds to 20 K at B = 30 T, which is close to the energy
scales mentioned above. Therefore, it is reasonable to assume
that the magnetic-field-induced metallization is caused by the
Zeeman energy.

The present results indicate that CeFe,Al) is an intrinsic
metal with overlapping electron and hole bands. However,
as the Fermi energies are small, the carrier densities are not
constant and vary with temperature even in *He or lower
temperature ranges. The apparent nonmetallic conduction ob-
served below 20 K at ambient pressure is ascribed to the rapid
decrease in carrier density with decreasing temperature. As
the band overlap and thus the carrier densities are increased
by the application of high pressure or a high magnetic field
(via Zeeman energy in the latter case), nonmetallic conduction
smoothly transforms into conventional metallic conduction
without phase transition.

The conclusion that CeFe,Alg is an intrinsic metal is
consistent with a previous optical study [11], which found
that although the effective carrier density decreased with de-
creasing temperature, a finite Drude weight still existed at
T =10 K. This conclusion is also consistent with nuclear
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quadrupole/magnetic resonance measurements reporting a
pseudogap instead of a full gap [12,13].

Usual density-functional-theory band calculations yield a
large Fermi surface in CeFe,Aljy [27], which is inconsistent
with the transport data. A recent dynamical-mean-field-theory
(DMFT) study showed that the Ce 4 f and conduction electron
states hybridized as temperature was lowered [27]. Although
the Fermi volume was reduced, the hybridization gap did
not open fully, and CeFe,Al;( remained a metal with several
bands crossing the Fermi level at 7 = 150 K (the lowest tem-
perature of the calculations) [27]. The metallic ground state is
consistent with our conclusion, but the DMFT Fermi surface
is still far larger than the observed tiny Fermi pocket, whose
volume is only ~10~* of the Brillouin zone. The temperature
of 150 K may not be sufficiently low for direct comparison
with the present results, as the resistivity maximum indicating
the onset of coherence is located at ~70 K for polycrystals [9]
and ~40 K for a single crystal with I || a [Fig. 1(a)]. Calculat-
ing and comparing electronic structures at lower temperatures
with the present experimental results would be of interest: this
comparison would clarify whether the ground-state electronic
structure is topologically trivial or not.

The size of the pseudogap was estimated in various stud-
ies. For example, an optical study [11] reported a gap size
of 55 meV, while nuclear quadrupole/magnetic resonance
studies reported gap sizes of 110 and 70 K [12,13]. A pho-
toemission spectroscopy study reported a gap size of 60 and
12 meV [28]. In addition, a spin gap of 12.5 meV was ob-
served in inelastic neutron scattering measurements [10]. It
is unclear how these gap sizes are related to the presently
determined electronic structure.

Finally, we comment on recent studies of Ce;BisPd;. It
was postulated that Ce;BisPd; is a Weyl-Kondo semimetal
based on specific-heat data [29]. A DMFT study also pro-
posed that it is a topological nodal-line semimetal [30]. In
contrast, Ce;BisPd; was assumed to be a Kondo insulator in

a magnetotransport study [31]. The authors of [31] observed
field-induced metallization similar to what we observed in
CeFe,Aljo for B || a [Fig. 6(b)] and argued that it might be
associated with quantum criticality. In addition, they observed
an activation-type temperature dependence of the carrier den-
sity similar to what we observed in CeFe, Al [Fig. 3(e)]. The
present investigation of CeFe,Al;y suggests that more thor-
ough studies are necessary to determine whether Ce;BisPd;
is a topological semimetal or a Kondo insulator.

In summary, we observed clear SdH oscillations and a
change in sign of the Hall resistivity with the magnetic field
in CeFe,Al;y at ambient pressure. The former is evidence
of a Fermi surface, while the latter indicates an intrinsic
semimetallic electronic structure with overlapping electron
and hole bands. We therefore concluded that CeFe,Al;q is a
Kondo semimetal and not an insulator as previously thought.
Analysis of the resistivity and Hall resistivity indicated that
the Fermi energies were as small as ~30 K, and we ascribed
the apparently nonmetallic conduction behavior to the loss
of thermally excited carriers. We also demonstrated that the
nonmetallic behavior at low temperatures smoothly trans-
formed into metallic behavior without phase transition as high
pressures or high magnetic fields were applied. Finally, the
topological character of the ground-state electronic structure
remains to be examined in future work.

ACKNOWLEDGMENTS

This work was supported in Japan by JSPS KAKENHI
(Grants No. 22H04485, No. 22K03537, No. 18K04715,
No. 22HO01173 No. 21K03470 No. 21H01033, and No.
22K19093). A portion of this work was performed at the
National High Magnetic Field Laboratory, which is supported
by National Science Foundation Cooperative Agreement No.
DMR-1644779 and the state of Florida.

[1] G. Aeppli and Z. Fisk, Kondo insulators, Comments Condens.
Matter Phys. 16, 155 (1992).

[2] G. Nakamoto, T. Takabatake, H. Fujii, A. Minami, K. Maezawa,
I. Oguro, and A. A. Menovsky, Crystal growth and characteri-
zation of the Kondo semimetal CeNiSn, J. Phys. Soc. Jpn. 64,
4834 (1995).

[3] T. Terashima, C. Terakura, S. Uji, H. Aoki, Y. Echizen, and
T. Takabatake, Resistivity, Hall effect, and Shubnikov—de Haas
oscillations in CeNiSn, Phys. Rev. B 66, 075127 (2002).

[4] H. Ikeda and K. Miyake, A theory of anisotropic semiconductor
of heavy fermions, J. Phys. Soc. Jpn. 65, 1769 (1996).

[5] M. Dzero, K. Sun, V. Galitski, and P. Coleman, Topological
Kondo Insulators, Phys. Rev. Lett. 104, 106408 (2010).

[6] P-Y. Chang, O. Erten, and P. Coleman, Mobius Kondo insula-
tors, Nat. Phys. 13, 794 (2017).

[7]1 H.-H. Lai, S. E. Grefe, S. Paschen, and Q. Si, Weyl-Kondo
semimetal in heavy-fermion systems, Proc. Natl. Acad. Sci.
USA 115, 93 (2018).

[8] V. M. T. Thiede, T. Ebel, and W. Jeitschko, Ternary aluminides
LnT,Al;( (Ln=Y, La-Nd, Sm, Gd-Lu, and T=Fe, Ru, Os) with

YbFe,Aljy type structure and magnetic properties of the iron-

containing series, J. Mater. Chem. 8, 125 (1998).

Y. Muro, K. Motoya, Y. Saiga, and T. Takabatake, Formation

of a hybridization gap in a cage-like compound CeFe,Al,, J.

Phys. Soc. Jpn. 78, 083707 (2009).

[10] D. T. Adroja, A. D. Hillier, Y. Muro, J. Kajino, T. Takabatake,
P. Peratheepan, A. M. Strydom, P. P. Deen, F. Demmel, J. R.
Stewart, J. W. Taylor, R. I. Smith, S. Ramos, and M. A. Adams,
Competing 4 f-electron dynamics in Ce(Ru,_,Fe,),Aljp (0 <
x < 1.0): Magnetic ordering emerging from the Kondo semi-
conducting state, Phys. Rev. B 87, 224415 (2013).

[11] S.-I. Kimura, Y. Muro, and T. Takabatake, Anisotropic elec-
tronic structure of the Kondo semiconductor CeFe, Al studied
by optical conductivity, J. Phys. Soc. Jpn. 80, 033702 (2011).

[12] S.C.Chen and C. S. Lue, ” Al NMR study of the mixed valence
compound CeFe,Al;o, Phys. Rev. B 81, 075113 (2010).

[13] Y. Kawamura, S. Edamoto, T. Takesaka, T. Nishioka, H. Kato,
M. Matsumura, Y. Tokunaga, S. Kambe, and H. Yasuoka, >’ Al-
NQR/NMR study of Kondo semiconductor CeFe,Al,, J. Phys.
Soc. Jpn. 79, 103701 (2010).

[9

—

155118-9


https://doi.org/10.1143/JPSJ.64.4834
https://doi.org/10.1103/PhysRevB.66.075127
https://doi.org/10.1143/JPSJ.65.1769
https://doi.org/10.1103/PhysRevLett.104.106408
https://doi.org/10.1038/nphys4092
https://doi.org/10.1073/pnas.1715851115
https://doi.org/10.1039/a705854c
https://doi.org/10.1143/JPSJ.78.083707
https://doi.org/10.1103/PhysRevB.87.224415
https://doi.org/10.1143/JPSJ.80.033702
https://doi.org/10.1103/PhysRevB.81.075113
https://doi.org/10.1143/JPSJ.79.103701

TAICHI TERASHIMA et al.

PHYSICAL REVIEW B 107, 155118 (2023)

[14] T. Nishioka, Y. Kawamura, T. Takesaka, R. Kobayashi, H. Kato,
M. Matsumura, K. Kodama, K. Matsubayashi, and Y. Uwatoko,
Novel phase transition and the pressure effect in YbFe,Al-
type CeT,Al o (T = Fe, Ru, Os), J. Phys. Soc. Jpn. 78, 123705
(2009).

[15] T. Takesaka, K. Oe, R. Kobayashi, Y. Kawamura, T. Nishioka,
H. Kato, M. Matsumura, and K. Kodama, Semiconducting be-
havior in CeFe,Al;y and CeRu,Alj, single crystals, J. Phys.:
Conf. Ser. 200, 012201 (2010).

[16] Y. Muro, K. Yutani, J. Kajino, T. Onimaru, and T. Takabatake,
Anisotropic ¢—f hybridization in the Kondo semiconductor
CeFe,Alj, J. Korean Phys. Soc. 63, 508 (2013).

[17] K. Murata, K. Yokogawa, H. Yoshino, S. Klotz, P. Munsch,
A. ITrizawa, M. Nishiyama, K. lizuka, T. Nanba, T. Okada, Y.
Shiraga, and S. Aoyama, Pressure transmitting medium Daphne
7474 solidifying at 3.7 GPa at room temperature, Rev. Sci.
Instrum. 79, 085101 (2008).

[18] H. Tanida, M. Nakamura, M. Sera, A. Kondo, K. Kindo,
T. Nishioka, and M. Matsumura, Collapse of anisotropic hy-
bridization gap below 20 k in Kondo semiconductor CeFe, Al
by pressure and magnetic field, J. Phys. Soc. Jpn. 83, 084708
(2014).

[19] D. Shoenberg, Magnetic Oscillations in Metals (Cambridge
University Press, Cambridge, 1984).

[20] A. Fert and P. M. Levy, Theory of the Hall effect in heavy-
fermion compounds, Phys. Rev. B 36, 1907 (1987).

[21] L. Landau, Diamagnetismus der metalle, Z. Phys. 64, 629
(1930).

[22] G.Li, Z. Xiang, F. Yu, T. Asaba, B. Lawson, P. Cai, C. Tinsman,
A. Berkley, S. Wolgast, Y. S. Eo, D.-J. Kim, C. Kurdak, J. W.
Allen, K. Sun, X. H. Chen, Y. Y. Wang, Z. Fisk, and L. Li, Two-
dimensional Fermi surfaces in Kondo insulator SmByg, Science
346, 1208 (2014).

[23] B. S. Tan, Y.-T. Hsu, B. Zeng, M. C. Hatnean, N. Harrison,
Z. Zhu, M. Hartstein, M. Kiourlappou, A. Srivastava, M. D.

Johannes, T. P. Murphy, J.-H. Park, L. Balicas, G. G. Lonzarich,
G. Balakrishnan, and S. E. Sebastian, Unconventional Fermi
surface in an insulating state, Science 349, 287 (2015).

[24] S. M. Thomas, X. Ding, F. Ronning, V. Zapf, J. D. Thompson,
Z. Fisk, J. Xia, and P. E. S. Rosa, Quantum Oscillations in Flux-
Grown SmB¢ with Embedded Aluminum, Phys. Rev. Lett. 122,
166401 (2019).

[25] J. Knolle and N. R. Cooper, Quantum Oscillations without a
Fermi Surface and the Anomalous de Haas—van Alphen Effect,
Phys. Rev. Lett. 115, 146401 (2015).

[26] L. Zhang, X.-Y. Song, and F. Wang, Quantum Oscillation
in Narrow-Gap Topological Insulators, Phys. Rev. Lett. 116,
046404 (2016).

[27] T.-S. Nam, J. Kim, C.-J. Kang, K. Kim, and B. 1. Min,
Temperature-dependent electronic structure and topological
property of the Kondo semimetal CeFe,Al;,, Phys. Rev. B 103,
045101 (2021).

[28] T. Ishiga, T. Wakita, R. Yoshida, H. Okazaki, K. Tsubota,
M. Sunagawa, K. Uenaka, K. Okada, H. Kumigashira, M.
Oshima, K. Yutani, Y. Muro, T. Takabatake, Y. Muraoka, and
T. Yokoya, Electronic structures of CeM,Al;y (M = Fe, Ru,
and Os) studied by soft x-ray resonant and high-resolution
photoemission spectroscopies, J. Phys. Soc. Jpn. 83, 094717
(2014).

[29] S. Dzsaber, L. Prochaska, A. Sidorenko, G. Eguchi, R. Svagera,
M. Waas, A. Prokofiev, Q. Si, and S. Paschen, Kondo Insulator
to Semimetal Transformation Tuned by Spin-Orbit Coupling,
Phys. Rev. Lett. 118, 246601 (2017).

[30] C. Cao, G.-X. Zhi, and J.-X. Zhu, From Trivial Kondo Insulator
Ce;Pt;3Bis to Topological Nodal-Line Semimetal Ce;Pd;Biy,
Phys. Rev. Lett. 124, 166403 (2020).

[31] S. K. Kushwaha, M. K. Chan, J. Park, S. M. Thomas, E. D.
Bauer, J. D. Thompson, F. Ronning, P. F. S. Rosa, and N.
Harrison, Magnetic field-tuned fermi liquid in a Kondo insu-
lator, Nat. Commun. 10, 5487 (2019).

155118-10


https://doi.org/10.1143/JPSJ.78.123705
https://doi.org/10.1088/1742-6596/200/1/012201
https://doi.org/10.3938/jkps.63.508
https://doi.org/10.1063/1.2964117
https://doi.org/10.7566/JPSJ.83.084708
https://doi.org/10.1103/PhysRevB.36.1907
https://doi.org/10.1007/BF01397213
https://doi.org/10.1126/science.1250366
https://doi.org/10.1126/science.aaa7974
https://doi.org/10.1103/PhysRevLett.122.166401
https://doi.org/10.1103/PhysRevLett.115.146401
https://doi.org/10.1103/PhysRevLett.116.046404
https://doi.org/10.1103/PhysRevB.103.045101
https://doi.org/10.7566/JPSJ.83.094717
https://doi.org/10.1103/PhysRevLett.118.246601
https://doi.org/10.1103/PhysRevLett.124.166403
https://doi.org/10.1038/s41467-019-13421-w

