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Magnetic, transport, and x-ray diffraction measurements on single-crystal CeRhAs, the so-called Kondo
insulator, have revealed successive transitions at T 1 ⫽370, T 2 ⫽235, and T 3 ⫽165 K. Below T 1 , the unit cell is
doubled along the b and c axes. Thereby, the resistivity jumps upwards and magnetic susceptibility in all the
directions drops. Superlattice reflections at 共0,1/3,1/3兲 and 共1/3,0,0兲 appear at T⬍T 2 . The latter suddenly
increases below T 3 where a transport gap is enhanced. These observations indicate that the gap formation is
intimately related to lattice modulations.
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A class of rare-earth compounds containing unstable 4 f
electrons has a 共pseudo兲 gap in heavy-electron bands at the
Fermi level in the coherent ground state.1–3 Canonical systems YbB12 and Ce3 Bi4 Pt3 with cubic structures possess a
well-defined gap of the order of the Kondo temperature. The
gap formation is therefore thought to originate from the
Kondo coupling between conduction electrons and localized
4 f spins. However, an incomplete gap was observed in
orthorhombic systems CeNiSn and CeRhSb, where Ce atoms
form a zigzag chain along the a axis of the -TiNiSi-type
structure.2,4 Anisotropic hybridization of 4 f wave functions
with a half-filled conduction band was proposed to be responsible for the incomplete gapping.5 Narrow pseudogaps
at the Fermi level give rise to a significantly enhanced thermopower of the order of 100  V/K at low temperatures.6 – 8
For this reason, Kondo insulators or semiconductors have
attracted much attention as potential thermoelectric
materials.9
The compound CeRhAs, being isostructural to CeNiSn
and CeRhSb, was first synthesized by Yoshii et al. in a polycrystalline form.10 The intermediate-valence state of this
compound was indicated by the weak temperature dependence of the magnetic susceptibility with a broad maximum
at around 450 K. Furthermore, the electrical resistivity
showed activation-type behavior with an energy gap of 144
K. This behavior contrasts with the metallic behavior in the
resistivity of single crystals of CeNiSn and CeRhSb.2 Recent
studies of CeRhAs by photoemission spectroscopy11,12 revealed the development of a gap of 50– 60 meV on cooling
below approximately 210 K. It was claimed that the gap
magnitude for CeRhSb and CeRhAs derived from the photoemission spectra can be scaled with the Kondo temperature, T K⫽360 K and 1200 K, respectively. Thus, CeRhAs
was classified into the class of Kondo insulators where the
local Kondo coupling is essential for the gap formation.
In this paper, we report the magnetic, transport, and structural properties of single-crystal CeRhAs. Our experimental
results show that the gap formation in the electronic density
of states is associated with periodic lattice distortions.
Single-crystal samples have been grown by the Bridgman
0163-1829/2002/66共4兲/041103共4兲/$20.00

technique. Pieces of As and a premelted CeRh1.02 ingot in the
nominal stoichiomerty of 1:1.02:1 were loaded in a tungsten
crucible, which was then shielded by an argon-arc welder.
The crucible was heated to 1650 °C and cooled slowly to
grow a single crystal. The samples obtained at the bottom of
the crucible were characterized by a metallographic examination and electron-probe microanalysis. Thereby, an impurity phase of CeRh1.8As of less than 1% was detected. Stacking faults perpendicular to the orthorhombic a axis was
viewed by optical microscopy. The single-crystal nature for
lumps of 3 mm in diameter was verified by using Laue diffraction method.
The electrical resistivity and Hall coefficient were measured by conventional methods on bar-shaped single-crystal
samples. The measurements of thermopower and thermal
conductivity were done with unoriented crystals of 4 mm in
length that is minimum to produce an appropriate temperature gradient along the sample by using our measurement
system. Magnetic susceptibility was measured by using a
quantum design magnetometer. Several pieces of crystals
with the total weight of 2 g were used for specific-heat measurements at temperatures between 0.5 and 70 K using a
quasiadiabatic heat-pulse method. The specific-heat data between 0.4 and 300 K were obtained on a disk-shaped sample
by using an ac method. The absolute value was determined
by the use of the value measured by the quasiadiabatic dc
method. The powder x-ray diffraction patterns were recorded
at various temperatures from 3 K to 290 K by a rotatinganode diffractometer using Cu K ␣ radiation. Single-crystal
x-ray diffraction measurements were performed with Mo K ␣
radiation between 50 and 400 K.
Figure 1共a兲 displays the magnetic susceptibility  of
CeRhAs in a field of 1 T applied along the three principal
axes. We note that anisotropy in  with respect to the field
direction is smaller than 10% in the whole temperature
range. In addition to a broad maximum centered at T 
⫽510 K, one notes three distinct anomalies at T 1 ⫽370, T 2
⫽235, and T 3 ⫽165 K, respectively, and an upswing below
30 K. The broad maximum is a characteristic of a Ce-based
valence-fluctuating system. The decrease of  in all the di-
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FIG. 1. 共a兲 Temperature dependence of the magnetic susceptibility of single-crystal CeRhAs measured in a field of 1 T applied
along the three principal axes. 共b兲 Temperature dependence of the
specific heat C. The inset shows C/T vs T 2 .

rections with decreasing temperature from T 1 to 30 K
amounts to 30% of the value at the maximum. The abrupt
decrease at T 1 indicates the onset of the gap formation in the
electronic density of states. For the two steps at T 2 and T 3 ,
neither hysteresis on cooling and heating nor field dependence up to 5 T was observed within the resolution limit of
our apparatus. This fact together with the very weak anisotropy may exclude the possibility of ordinary magnetic transitions. Instead, the drop at T 1 and T 3 resembles the type of
anomaly one expects from a charge-density wave 共CDW兲
transition13 or a spin-dimerization transition.14
The specific-heat data in Fig. 1共b兲 possess a hump at
around T 2 and a cusp at T 3 . This fact confirms that the
anomalies at T 2 and T 3 in  (T) are associated with some
sort of phase transitions. The low-temperature data are replotted as C/T vs T 2 in the inset. We used the fitting functions expressed by C/T⫽ ␥ ⫹ ␤ T 2 ⫹ ␣ /T 3 , where the last
term represents the nuclear quadrupole contribution from the
As nucleus in this compound. The fit gives the electronic
specific-heat coefficient ␥ ⫽3.0 mJ/K2 mol. This magnitude
suggests the presence of residual density of states at the
Fermi level, although the ␥ value is one order of magnitude
smaller than those reported for CeNiSn and CeRhSb, 45 and
20 mJ/K2 mol, respectively.15,16 It should be noted that the
previous estimation of ␥⬃0 for a polycrystalline sample was
made from a linear extrapolation of the data contaminated
with a large peak at 6 K, which originates from an impurity
phase with trivalent Ce ions.10
Figure 2 displays the temperature dependence of the
electrical resistivity , Hall coefficient R H , thermopower

FIG. 2. Temperature dependence of the electrical resistivity,
Hall coefficient, thermopower and thermal conductivity for single
crystals of CeRhAs. The inset shows the hysteretic behavior of
resitivity near the transition at T 3 ⫽165 K.

S, and thermal conductivity . The ratio  (T⫽1.5 K)/  (T
⫽300 K) is 40–100, being one order of magnitude larger
than the value reported for a polycrystalline sample.10 Three
steplike anomalies in  (T) are observed at T 1 ,T 2 , and T 3 ,
respectively. An important observation is the strong anisotropy in  (T);  a is several times larger and exhibits different
behavior than  b and  c . Both  b and  c jump at T 1 while
 a jumps at T 3 and  c drops there. As is shown in the inset,
hysteretic behavior was observed on cooling and heating
through T 3 , indicative of a first-order transition. From the
activated behavior between 110 and 150 K, the energy gap
for  a is estimated to be 282 K, being twice that for  b and
 c . The saturated behavior below 20 K is consistent with the
presence of residual carriers as inferred from the specificheat measurement. The significant increase of R H on cooling
from 300 K indicates the steady decrease in the carrier density with a sudden decrease at T 3 . The value of R H at 4.5 K
corresponds to a carrier density 1.8⫻10⫺4 / f.u. based on the
assumption of a single-type of carrier.
The curve of S(T) for an unoriented crystal exhibits a
huge maximum of 138 V/K at 40 K in addition to three
anomalies at T 1 , T 2 , and T 3 . The steady increase of S(T) on
cooling below T 3 well corresponds to the substantial increase
in both  (T) and R H(T) and also to the decrease in  (T).
These observations suggest the development of the gap in the
electronic density of states below T 3 . This coincides with the
significant enhancement of  (T). Such enhancement of  (T)
is attributable to the increase of the phonon contribution to .
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FIG. 3. Temperature dependence of the lattice parameters of
CeRhAs determined by powder x-ray diffraction measurements.

It is a consequence of the increase of phonon mean free path
due to the reduction of charge carriers as for phonon
scatterers.17 From the knowledge of  (T), S(T), and  (T),
we evaluate the thermoelectric figure of merit Z⫽S 2 /   . If
the data of  b are used for  (T), Z has a maximum of 1.0
⫻10⫺3 K⫺1 at 120 K, which is comparable with that of the
typical valence fluctuating Ce compound CePd3 .9 For the
better evaluation of Z, we need to measure S(T) and  (T)
along each principal axis.
X-ray powder diffraction patterns of CeRhAs at temperatures from 4 K to 290 K were analyzed by assuming the
orthorhombic -TiNiSi-type structure.18 Temperature variations of lattice parameters are plotted in Fig. 3. On cooling,
only the a-axis parameter strongly decreases with passing
through a plateau. The temperatures at the stepwise changes
well correspond to T 2 and T 3 , respectively, where marked
anomalies are manifested in magnetic and transport properties. It should be recalled that in the crystal structure of
CeRhAs, the Ce atoms form a zigzag chain along the a axis.
The shrink along the a axis on cooling would enhance the
hybridization between Ce 4 f electron states and the conduction band. In fact, for the isostructural compound CeNiSn,
it has been reported that uniaxial-pressure applied along
the a axis enhances the hybridization and increases the gap
magnitude.19
In order to study whether the unusual change in the a-axis
parameter is caused by a structural transformation, we performed single-crystal x-ray diffraction measurements. The
result at 290 K revealed that the unit cell is doubled along
the b and c axes. The superlattice reflection at q 1
⫽(0 1/2 1/2) disappears on heating above T 1 , as is shown in
Fig. 4. In addition, two types of superlattice peaks grow below T 2 , which are described by modulation wave vectors
q 2 ⫽(0 1/3 1/3) and q 3 ⫽(1/3 0 0), respectively. The intensity of the satellite peak at q 2 suddenly vanishes below T 3 ,
thereby the other peak at q 3 develops. The stepwise temperature dependence confirms the transition at T 3 to be of the
first order, as inferred from the hysteretic behavior in the
resistivity. However, the specific-heat data exhibit a rather
broad anomaly at around T 3 . The broad feature might be due
to the temperature cycle that is inevitable for the ac specificheat measurement.20 It should be noted that the observed
peak intensity for (⫹1/3,k,0) is much weaker than that for

FIG. 4. Temperature dependence of intensities for three sets of
satellite reflections of CeRhAs single crystal observed by x-ray diffraction measurements.

(⫺1/3,k,0), where k is an integer. This asymmetry cannot be
explained by taking account of solely the lattice modulation
but suggests the modulation of charge density as found in
CeP and CeSb, where the layers of Ce ions with two different 4 f -electron orbital states periodically stack along one
crystallographic direction.21
Let us consider the relation between the superstructures
and anomalies observed in bulk properties. The most significant change occurring below T 1 ⫽370 K is the sudden drop
in  (T), indicative of the onset of gap formation in the density of states. Thereby, lattice dimerization occurs along the b
and c axes. The jump in  b and  c at T 1 as well as the
increase of R H is consistent with the gap formation. However, photoemission11 and electron-tunneling22 measurements suggested the gap opening below T 2 rather than T 1 . It
should be recalled that these techniques are sensitive to the
surface state. If the lattice dimerization is weak on the surface due to strain, then the gap formation temperature may
be depressed. In fact, no superlattice peaks were observed
by x-ray diffraction measurements on powdered samples at
290 K.
Below T 2 , the simultaneous development of two superlattice peaks is reminiscent of the unusual CDW transition in an
intermetallic compound Er3 Ir4 Si10 with a three-dimensional
structure.23 The Er ions with localized magnetic moments
form a chain along the tetragonal c axis. Along this direction
an incommensurate CDW develops at 155 K, which then
locks into a commensurate one below 55 K. For CeRhAs,
however, the sudden increase of  (T) at T 2 in all the directions is at variance with a CDW transition because the development of CDW’s gap over a portion of the Fermi surface
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should result in a decrease of  (T). Instead, both the increase in  (T) and the drop in R H below T 2 are indicative of
suppression of the gap. In Fig. 4, the intensity of superlattice
reflection at q 1 ⫽(0 1/2 1/2) stops increasing on cooling from
T 2 to T 3 where the lattice modulation with q 2 ⫽(0 1/3 1/3) is
present. This fact suggests that the lattice modulation with q 2
interrupts the development of energy gap associated with the
lattice modulation with q 1 .
Below the first-order transition at T 3 , on the other hand,
all the anomalies observed in magnetic and transport properties except for the drop in  c (T) are consistent with the
further development of energy gap. It should be recalled that
threefold modulations along the b and c axis vanish below
T 3 . The drop in  c (T) can be explained if the mobility of
carriers along the c axis is enhanced by the disappearance of
the c-axis modulation.
The combination of the data of lattice parameter and of
satellite peaks indicates that the development of the modulations with q 1 and q 3 results in a significant contraction along
the Ce zigzag chain. As a consequence of strong volume
dependence of hybridization between the 4 f states and
conduction-electron states, the contraction should promote
development of the gap according to the hybridization-gap
model.5 The 4 f electrons in CeRhAs are in an intermediatevalence state, and they are more strongly hybridized with
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