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Hybridization gaps and antiferromagnetic gap in the Kondo semiconductors
CeT,Alyy (T = Fe and Os) observed by break-junction tunneling spectroscopy
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CeOs,Al; exhibits Kondo semiconducting properties, yet orders antiferromagnetically at a rather high
temperature, Ty = 28.5 K. We have performed break-junction tunneling measurements on single crystals of
CeOs,Aljp and the nonmagnetic Kondo semiconductor CeFe,Al;o. Upon cooling CeFe,Al,, two hybridization
gaps successively appear in the tunneling spectra, while another gap opens in CeOs,Al,o below Ty. For both
compounds, the ratio of the two hybridization gap widths is approximately 4, in agreement with the hybridization
gap model for the crystal-field ground state of Ce* with |J.) = |# 3/2). Furthermore, we found that the gap
widths are well scaled by the Kondo temperature among Ce-based Kondo semimetals/semiconductors with

orthorhombic structures.
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Rare-earth based Kondo insulators/semiconductors
(KIs/KSs) have attracted renewed interest after the
introduction of the concept of topological Kondo insulators
[1]. Although the surface state of KIs/KSs is in debate,
the bulk state is generally understood as a renormalized
semiconducting state which is derived from the hybridization
of localized 4 f electrons with conduction bands [2]. A
gap opens in the renormalized band as the temperature is
decreased below a coherence temperature. When the wave
function of the crystal-field ground state of the 4 f electron
has no distribution along a certain direction, the hybridization
gap is closed in that direction [3,4]. Compounds realizing
such states are, for example, CeNiSn and CeRhSb with
an orthorhombic structure [5,6], which are called “failed”
KSs or Kondo semimetals. Recently, a tetragonal compound
CeRuySng has been classified into this class [7]. Neither of the
KSs ordered magnetically as the 4 f local moment is screened
by the Kondo effect at low temperatures.

An orthorhombic compound CeFe,;Al;y has been clas-
sified as a KS because the electrical resistivity shows a
thermal activation-type behavior [8]. However, isostructural
compounds CeT,Aljp with T = Ru and Os have been found
to undergo an antiferromagnetic (AFM) order at Ty = 27 and
28.5 K, respectively, although a hybridization gap opens far
above Ty [9-11]. Itis noted here that the Kondo temperature T
increases from 90 K for 7 = Ru, 135 K for T = Os, to 220 K
for T = Fe, which was estimated as three times that of 7, the
temperature at the maximum in the magnetic susceptibility
[12]. For the three compounds, imperfect gapping of the
density of states was suggested by the substantial values of
the Sommerfeld coefficient of the specific heat, approximately
10 mJ/K? mol [8-11].

The hybridization gaps in CeT,Al;o have been observed
by several methods. Optical conductivity measurements, for
example, revealed a gap magnitude 2A of 55, 45, and 35 meV
for T = Fe, Os, and Ru, respectively [13,14]. Thereby, no
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anisotropy was observed in the magnitude with respect to the
orthorhombic principal axes. Interestingly, a charge-density-
wave (CDW)-like gap opens at 20 meV along the b axis as
the temperature is decreased below 39 and 32 K for 7 = Os
and Ru, respectively, whose temperatures are higher than the
Tx’s. From this fact, it was proposed that the CDW-like gap
leads to an unusual AFM order at lower temperatures. A study
of photoemission spectroscopy (PES) has revealed double gap
structures for the three compounds [15]. For T = Fe, gaps at
the binding energies of A; = 30 meV and A, = 6 meV were
observed on cooling below 120 and 10 K, respectively. For
T = Os (Ru), in addition to the gap A; =25 (20) meV at
T < 70 K, another gap structure at 10 meV is manifested at
10 K. The 10 meV gap was attributed to a decrease in the
density of states induced by the AFM order. We therefore
denote it as Aar instead of A, as it was called in the original
paper [15].

Another powerful method to probe hybridization gaps
in KIs/KSs is tunneling spectroscopy. Scanning tunneling
spectroscopy (STS) revealed a well-defined hybridization gap
in the prototypical KI, SmBg¢ [16,17]. However, STS requires
a clean and flat surface, which is often very difficult to obtain,
except for layered compounds. A simpler and low-cost method
is break-junction tunneling spectroscopy (BJTS), in which a
clean junction can be prepared in situ by cracking a single
crystalline sample at liquid helium temperature [18]. Thereby,
an insulating area in the crack works as a tunneling barrier
for the semiconductor-insulator-semiconductor (SIS) junction.
The differential conductivity d1/dV measured as a function
of the bias voltage V provides a direct probe of the energy gap
at every temperature. In fact, this method revealed a V-shaped
gap in the Kondo semimetals CeNiSn and CeRhSb [18,19] as
well as an AFM gap in Ce(Fe,Co), [20].

When the junction is composed of SIS, a symmetric
tunneling spectrum is observed with respect to the bias voltage
V. The peak-to-peak voltage difference VPP in the d1/dV
spectrum is equal to 4A /e, where e is the electron charge and
A is defined as the energy difference from the Fermi level at
the middle of the gap to the bottom of the upper hybridized
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FIG. 1. (Color online) Temperature dependences of electrical re-
sistivity p along the principal axes of single crystals of (a) CeFe, Al
and (b) CeOs,Al,o. The inset shows the thermal activation behaviors
of the resistivity.

band. The value of A for KSs observed by the BJTS is two to
five times larger than that observed by optical conductivity and
PES [21,22], the reason for which remains unsolved. Since the
d1/dV for a SIS junction is the convolution of the densities of
states for both electrodes, the value d1/dV at zero bias [zero
bias conductance (ZBC)] is proportional to the square of the
density of states at the Fermi level [23]. The ZBC observed in
the cubic KS Ce;BigPt; is smaller than 10% of the peak value
at 4.2 K [24], whereas that for the Kondo semimetals CeNiSn
and CeRhSb is larger than 60% of the peak values due to the
partial gapping [18]. In this Rapid Communication, we have
employed the BJTS to study the gap formation in CeT;Al;g
(T = Fe, Os). We report herein the results of BJTS obtained
on the single crystals and discuss the results in comparison
with previous BJTS measurements on CeNiSn, CeRhSb, and
CeRhAs [25].

Single crystalline samples of CeT>Al;o (T = Fe, Os) and
LaOs;Al;jy were grown using an Al self-flux method as
reported previously [11,26]. Figure 1 shows the temperature
variations of electrical resistivity p(7) along the three axes.
The anisotropy is stronger than that in previous reports [11,26],
suggesting a higher quality of the present samples. LaOs;Al;g
without 4 f electrons is a normal metal, which was used as a
reference in the BJTS measurements. For T = Fe, the thermal
activation behavior described by p(T) = pgexp(A/2kgT),
where kg is Boltzmann’s constant, is most pronounced along
the a axis. The plot of In p,(T) vs 1/T in the inset gives
Ay/kg =139 K and A,/kg =13 K in the two regions,
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respectively. For T = Os, the data of p(T') along the a, b, and ¢
axes obey the Arrhenius law in the two regions with A/ kg =
56, 83, and 65 K, and A,/ kg = 14,7, and 9 K, respectively.

For the BJITS measurements, we used single crystals shaped
into a plate of 3 x 2 x 0.5 mm? long along each principal axis.
In order to crack it perpendicularly in the middle, a groove
was cut into the surface. The plate was mounted on a flexible
substrate, and an adjustable force was applied from its back
to make a crack at 4 K. In the heating process, the spectra of
d1/dV versus the bias voltage V for the SIS junction have been
recorded using standard lock-in techniques by increasing and
decreasing V applied along each axis. Because of the different
thermal expansions between the sample and the substrate,
the junction became unstable at elevated temperatures, yet
reproducible spectra were observed up to 70 K in different runs.

Typical spectra of tunneling conductance d1/dV measured
along the three axes for CeT,Al;y (T = Fe, Os) are shown in
Figs. 2(a)-2(c) and 3(a)-3(c), respectively, where each spec-
trum is shifted vertically for clarity. The junction resistance
Ry strongly depends on the thickness of the insulating barrier
d, because Ry ox exp(d) [23]. The values of Ry at 5 K in the
high-bias range were 6-170 €2 for T = Fe and 22-250 2 for
T = Os, which are 100-1000 times larger than the sample
resistance Rs = 10-100 m$2 measured before breaking. This
relation satisfies the condition to measure the tunneling current
in the insulating barrier. We found that the variation in Rj
among the junctions results in a large difference in both the
absolute value of dI/dV and the shape of the spectrum.
Nevertheless, there are common structures. In the spectra for
T = Fe at high temperatures, there are shoulders at £300 mV,
from which the shoulder-to-shoulder voltage is denoted as
Vi = 600 mV. At low temperatures, distinct peaks appear at
£75 mV, from which V; is given as 150 mV. We discuss the
temperature dependences of V; and V, later.

In the spectrafor T = Os, we find three common structures.
First, the shoulders at £200 mV are denoted as V. On cooling
below 30 K, another structure appears and develops into peaks
at £100 mV, which are denoted as Var because they develop
at T < Tn. On further cooling below 20 K, the third structure
manifests itself as peaks at £50 mV, which are denoted as
V,. For comparison, we show tunneling spectra of the normal
metal LaOs,Aljy without 4 f electrons in Fig. 3(d). The flat
V-shaped spectra reflect that the tunneling probability in the
metallic state increases with an increase of the bias voltage.
The temperature independent spectrum is in contrast to those
of CeT»Aljy (T = Fe, Os), confirming that 4 f electrons are
indispensable for the gap opening.

The temperature dependences of the peak-to-peak voltage
differences VPP = V|, V5, and Vap for T = Fe and Os are
plotted in Figs. 4(a) and 4(c), respectively. The energy scale for
T = Feis 1.5 times larger than in 7 = Os, which is consistent
with the higher Tk in the former. The increase in V, occurs on
cooling below 30 and 20 K, respectively, whose temperatures
agree with those of the minimum in p,(7) in Fig. 1. The
rapid increase of Vg below Ty does not affect the temperature
variation of V}, and conversely the development of V;, does not
disturb the increase of Vag, suggesting the independence of the
AFM order from hybridization gaps. It should be reminded that
the energy gap A from the Fermi level to the bottom of the
higher hybridization band is equal to eV /4 observed for the SIS
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FIG. 2. (Color online) (a)-(c) Temperature variations of the tunneling conductance d1/dV vs the bias voltage V for CeFe,Al,, measured
for break junctions with currents along the orthorhombic principle axes. Curves are shifted vertically for clarity. The widths between the

shoulders and between the inner peaks of the spectra are denoted as V; and V,, respectively.
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FIG. 3. (Color online) (a)—(c) Temperature variations of the tunneling conductance d1/dV vs the bias voltage V for CeOs,Al;, measured
for break junctions with currents along the orthorhombic principle axes, and (d) for the metallic reference LaOs,Al;o. Curves are shifted
vertically for clarity. The widths between the shoulders, between the peaks, and between the inner peaks of the spectra are denoted as V;, V5,

and Vg, respectively.
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FIG. 4. (Color online) (a), (c) Temperature dependences of the
gap widths Vj, V,, and Vg for CeFe,Al;y and CeOs,Alj, respec-
tively, measured with currents along the orthorhombic principal axes.
(b), (d) Temperature dependences of zero bias conductance d/dV
(V = 0), normalized by a value at 50 K. The data for LaOs,Al,, are
presented for comparison.

junction. In both systems with 7 = Fe and T = Os, the values
of eV;/4 (i =1, 2, and AF) are respectively several times
larger than A; observed in the PES and optical conductivity
measurements [13—15], while the temperature dependences
are similar. Such a discrepancy in the gap values has been
reported in other KSs and Kondo semimetals [18,19,25]. One
possible scenario is that the tunneling electrons do not suffer
from renormalization of the energy scale. Another possibility
concerns the experimental determination of the gap energy.
The gap edge essentially has a singularity or a peak in the
electronic density of states in the cases of charge-density-wave
or superconducting transitions [13,27]. However, the density
of states (DOS) intensity of the hybridization gap edge is
considered to be broadened and weak as compared with the
apparent gap structures in the ordered states. This could be
the reason why it is hard for the hybridization gap edge
to be probed by the surface sensitive measurements, except
for the present in situ BITS. Since no apparent hybridization
gap-edge peak structures were observed in the PES and optical
conductivity data of KSs [13-15,21,22], it is premature to
make any conclusion about the difference in gap sizes.

We point out that there is no significant difference in
Vi(T) with respect to the current directions along the a,
b, and c axes. The current direction may deviate from the
crystalline axis after the sample was broken. However, an
optical microscopic examination of the samples used for the
BJTS measurements indicated that the crack was made just
underneath the groove cut perpendicular to the long direction.
However, it is not certain whether the electrons in the local
area tunnel perpendicular to the bulk crack when the surface is
reconstructed. Furthermore, if the electrons tunnel through a
small area, then the direction of momentum could be changed
according to the uncertainty principle [28].

Next, we discuss the ratio V;/V,, which is equal to 4 at 5 K
for both systems. This value agrees with the calculated one
in the ¢ — f hybridization gap model assuming a crystal-field
ground state of |J;) = |+ 3/2), where J; is the z component
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FIG. 5. (Color online) ¢ — f hybridization gap widths 2A; and
2A, as a function of Tx measured by the break-junction tunneling
technique on orthorhombic Kondo semiconductors, 1: CeNiSn [18],
2: CeRhSb [18], 3: CeOs,Al,g, 4: CeFe,Alo, and 5: CeRhAs [24].

of the total angular momentum J = 5/2 [3,29]. Indeed,
the analysis of anisotropic magnetic susceptibility and x-ray
absorption spectra indicated that the crystal-field ground state
of the 4 f state in the systems with 7 = Fe and T = Os is
dominated by |J;) = |+ 3/2) when the ¢ axis is taken as the
quantization axis [30].

We now turn attention to the ZBC (=dI/dV at V =0)
in the tunneling spectra shown in Figs. 2 and 3. The values
of ZBC at various temperatures are normalized by the value
at 50 K, and the variations of ZBC(T)/ZBC(T = 50 K) are
represented in Figs. 4(b) and 4(d). For LaOs, Al without a
gap, the normalized ZBC (NZBC) keeps a constant value of
1.0. The NZBC for T = Fe reaches a maximum at around 30 K
and decreases with the concomitant development of V,. The
NZBC for T = Os gradually decreases, bends at 35 K, and
shows a hump at around 20 K. The decrease in NZBC below
15 K coincides with the development of V,. The magnitude of
NZBC at 5 Kiis approximately 0.5, which is smaller than 0.7 for
T = Fe. As mentioned above, the NZBC is proportional to the
square of the density of states at the Fermi level. Therefore,
the stronger reduction in NZBC for T = Os means a larger
decrease in the density of states in the process of opening
three gaps Vi, Var, and V5.

We look into the relation between the gap values and Tk for
the KSs and Kondo semimetals. Note that the gap value 2A in
the density of states is given by half of the voltage difference
VPP that is observed in the tunneling spectra. In Fig. 5, we plot
the data of 2A for CeT, Al (T = Fe, Os) together with those
reported for orthorhombic systems CeNiSn, CeRhSb [18], and
CeRhAs [25] as a function of Tk. The linear relations indicate
that 2A; and 2A, are scaled by Tx. It should be mentioned
that the data for the cubic system Ce;BisPt; (2A = 85 mV
and Tx = 240 K) [24] fall down on the line of 2A, in
Fig. 5. The lack of data of 2A; for CeNiSn and CeRhSb
may be attributed the fact that the highest bias was lower
than 100 mV in previous BJTS measurements. It is necessary
to extend the bias range to detect the presence of 2A;. In
any event, the scaling of the two gaps with Tx is consistent
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with the calculation by the dynamical mean-field theory for
the periodic Anderson model with k-dependent ¢ — f mixing
for the crystal-field ground state |J;) = |+ 3/2) [29]. It is
worth noting that the AFM order CeOs,Al;y does not break
the scaling, although A, opens below 7. We comment that the
scaling of charge gaps and spin gaps with Tk has been pointed
out also for Ce-filled skutterudites with a cubic structure
by means of PES and inelastic neutron scattering, although
their crystal-field ground states have not been well established
[31,32].

In conclusion, our BJTS measurements on CeT,Aljg
(T = Fe, Os) have probed that two hybridization gaps open
successively on cooling in both systems and an AFM gap opens
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for T = Os. The opening of the AFM gap does not affect the
hybridization gaps, indicating the weak interplay between the
two phenomena. It is demonstrated that the magnitudes of two
hybridization gaps are scaled to Tx among the orthorhombic
KSs and Kondo semimetals. In order to further investigate the
relation between the AFM order and hybridization gaps, we
plan to do BJTS measurements on CeOs,Al;g doped with 5d
electrons and holes.
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