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Magnetic, transport, and x-ray diffraction measurements on single-crystal CeRhAs, the so-called Kondo
insulator, have revealed successive transitions, at370, T,= 235, andT ;=165 K. BelowT}, the unit cell is
doubled along thé andc axes. Thereby, the resistivity jumps upwards and magnetic susceptibility in all the
directions drops. Superlattice reflections (6t1/3,1/3 and (1/3,0,0 appear atT<T,. The latter suddenly
increases below ; 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 unstalfle 4 technique. Pieces of As and a premelted CeRmgot in the
electrons has gseudd gap in heavy-electron bands at the nominal stoichiomerty of 1:1.02:1 were loaded in a tungsten
Fermi level in the coherent ground staté.Canonical sys- crucible, which was then shielded by an argon-arc welder.
tems YbB, and CgBi,Pt; with cubic structures possess a The crucible was heated to 1650 °C and cooled slowly to
well-defined gap of the order of the Kondo temperature. Theyrow a single crystal. The samples obtained at the bottom of
gap formation is therefore thought to originate from thethe crucible were characterized by a metallographic exami-
Kondo coupling between conduction electrons and localizeghation and electron-probe microanalysis. Thereby, an impu-
4f spins. However, an incomplete gap was observed imity phase of CeRhgAs of less than 1% was detected. Stack-
orthorhombic systems CeNiSn and CeRhSb, where Ce atoniisg faults perpendicular to the orthorhombic axis was
form a zigzag chain along tha axis of thee-TiNiSi-type  viewed by optical microscopy. The single-crystal nature for
structure®* Anisotropic hybridization of 4 wave functions lumps of 3 mm in diameter was verified by using Laue dif-
with a half-filled conduction band was proposed to be re-fraction method.
sponsible for the incomplete gappindNarrow pseudogaps The electrical resistivity and Hall coefficient were mea-
at the Fermi level give rise to a significantly enhanced thersured by conventional methods on bar-shaped single-crystal
mopower of the order of 10QV/K at low temperature§-8  samples. The measurements of thermopower and thermal
For this reason, Kondo insulators or semiconductors haveonductivity were done with unoriented crystals of 4 mm in
attracted much attention as potential thermoelectridength that is minimum to produce an appropriate tempera-
materials’ ture gradient along the sample by using our measurement

The compound CeRhAs, being isostructural to CeNiSrsystem. Magnetic susceptibility was measured by using a
and CeRhSb, was first synthesized by Yostial.in a poly-  quantum design magnetometer. Several pieces of crystals
crystalline form!® The intermediate-valence state of this with the total weight 62 g were used for specific-heat mea-
compound was indicated by the weak temperature depersurements at temperatures between 0.5 and 70 K using a
dence of the magnetic susceptibility with a broad maximumguasiadiabatic heat-pulse method. The specific-heat data be-
at around 450 K. Furthermore, the electrical resistivitytween 0.4 and 300 K were obtained on a disk-shaped sample
showed activation-type behavior with an energy gap of 144y using an ac method. The absolute value was determined
K. This behavior contrasts with the metallic behavior in theby the use of the value measured by the quasiadiabatic dc
resistivity of single crystals of CeNiSn and CeRi{3®ecent method. The powder x-ray diffraction patterns were recorded
studies of CeRhAs by photoemission spectrosébffyre-  at various temperatures fro3 K to 290 K by arotating-
vealed the development of a gap of 50—-60 meV on coolinganode diffractometer using €, radiation. Single-crystal
below approximately 210 K. It was claimed that the gapx-ray diffraction measurements were performed with Kip
magnitude for CeRhSb and CeRhAs derived from the phoradiation between 50 and 400 K.
toemission spectra can be scaled with the Kondo tempera- Figure Xa) displays the magnetic susceptibility of
ture, Tx=360 K and 1200 K, respectively. Thus, CeRhAs CeRhAs in a field of 1 T applied along the three principal
was classified into the class of Kondo insulators where thexes. We note that anisotropy jwith respect to the field
local Kondo coupling is essential for the gap formation.  direction is smaller than 10% in the whole temperature

In this paper, we report the magnetic, transport, and strucrange. In addition to a broad maximum centeredTat
tural properties of single-crystal CeRhAs. Our experimental=510 K, one notes three distinct anomaliesTat 370, T,
results show that the gap formation in the electronic density=235, andT;=165 K, respectively, and an upswing below
of states is associated with periodic lattice distortions30 K. The broad maximum is a characteristic of a Ce-based
Single-crystal samples have been grown by the Bridgmawalence-fluctuating system. The decreasecdh all the di-
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FIG. 1. (a) Temperature dependence of the magnetic suscepti-
bility of single-crystal CeRhAs measured in a field of 1 T applied
along the three principal axe&) Temperature dependence of the

specific heaC. The inset show€/T vs T2.

rections with decreasing temperature from to 30 K

amounts to 30% of the value at the maximum. The abrupt
decrease &f, indicates the onset of the gap formation in the S and thermal conductivityc. The ratiop(T=1.5 K)/p(T

electronic density of states. For the two step§ aandTs,
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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 a;= 165 K.

=300 K) is 40-100, being one order of magnitude larger

neither hysteresis on cooling and heating nor field deperthan the value reported for a polycrystalline samfi@hree
dence up to 5 T was observed within the resolution limit ofsteplike anomalies ip(T) are observed at,T,, andTs,

our apparatus. This fact together with the very weak anisotrespectively. An important observation is the strong anisot-
ropy may exclude the possibility of ordinary magnetic tran-ropy in p(T); p, is several times larger and exhibits different

sitions. Instead, the drop & andT; resembles the type of
anomaly one expects from a charge-density wa&eB®W)

transitiort® or a spin-dimerization transitioff.

The specific-heat data in Fig.(d) possess a hump at
aroundT, and a cusp afl;. This fact confirms that the
anomalies aff, and T3 in x(T) are associated with some

behavior tharp, andp.. Both p, andp. jump atT; while
pa jumps atT5 andp, drops there. As is shown in the inset,

hysteretic behavior was observed on cooling and heating

through T3, indicative of a first-order transition. From the
activated behavior between 110 and 150 K, the energy gap
for p, is estimated to be 282 K, being twice that fgy and

sort of phase transitions. The low-temperature data are rep.. The saturated behavior below 20 K is consistent with the
plotted asC/T vs T2 in the inset. We used the fitting func- presence of residual carriers as inferred from the specific-

tions expressed byC/T=y+ BT+ al/T3, where the last

heat measurement. The significant increasBpbn cooling

term represents the nuclear quadrupole contribution from thésom 300 K indicates the steady decrease in the carrier den-
As nucleus in this compound. The fit gives the electronicsity with a sudden decrease . The value ofR, at 4.5 K

specific-heat coefficieny=3.0 mJ/K¥ mol. This magnitude

corresponds to a carrier density X.80 %/ f.u. based on the

suggests the presence of residual density of states at tlssumption of a single-type of carrier.
Fermi level, although the value is one order of magnitude
smaller than those reported for CeNiSn and CeRhSb, 45 arfiuge maximum of 138V/K at 40 K in addition to three

20 mJ/K mol, respectively™>'® It should be noted that the anomalies al;, T, andT;. The steady increase 8{T) on
previous estimation oy~0 for a polycrystalline sample was cooling belowT; well corresponds to the substantial increase
made from a linear extrapolation of the data contaminatedh both p(T) and Ry4(T) and also to the decrease {T).

with a large peak at 6 K, which originates from an impurity These observations suggest the development of the gap in the
electronic density of states beldly. This coincides with the
Figure 2 displays the temperature dependence of thsignificant enhancement @{T). Such enhancement @{T)

phase with trivalent Ce ion'S.

electrical resistivityp, Hall coefficient Ry, thermopower
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The curve of S(T) for an unoriented crystal exhibits a

is attributable to the increase of the phonon contributior. to
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Itis a consequence of the increase of phonon mean free path o 3000~ -
due to the reduction of charge carriers as for phonon 5 2000'_ % ]
scatterers! From the knowledge 0p(T), S(T), and «(T), E I ]
we evaluate the thermoelectric figure of metit S?/p«. If 31000 e ¢ o 6 T
the data ofp,, are used foip(T), Z has a maximum of 1.0 0‘ . N
x 10 3 K~ 1 at 120 K, which is comparable with that of the 0 100 200 300 400
typical valence fluctuating Ce compound CgPdor the T(K)
better evaluation oZ, we need to measur®(T) and «(T) B
along each principal axis. FIG. 4. Temperature dependence of intensities for three sets of

X-ray powder diffraction patterns of CeRhAs at tempera_satel_lite reflections of CeRhAs single crystal observed by x-ray dif-
tures fran 4 K to 290 K were analyzed by assuming the fraction measurements.
orthorhombice-TiNiSi-type structure® Temperature varia-
tions of lattice parameters are plotted in Fig. 3. On cooling(—1/3k,0),wherek is an integer. This asymmetry cannot be
only the a-axis parameter strongly decreases with passing@xplained by taking account of solely the lattice modulation
through a plateau. The temperatures at the stepwise changest suggests the modulation of charge density as found in
well correspond toTl, and Ts, respectively, where marked CeP and CeSb, where the layers of Ce ions with two differ-
anomalies are manifested in magnetic and transport propeent 4f-electron orbital states periodically stack along one
ties. It should be recalled that in the crystal structure ofcrystallographic directioA®
CeRhAs, the Ce atoms form a zigzag chain alongatlais. Let us consider the relation between the superstructures
The shrink along thex axis on cooling would enhance the and anomalies observed in bulk properties. The most signifi-
hybridization between Cefdelectron states and the conduc- cant change occurring beloW; =370 K is the sudden drop
tion band. In fact, for the isostructural compound CeNiSn,in x(T), indicative of the onset of gap formation in the den-
it has been reported that uniaxial-pressure applied alongity of states. Thereby, lattice dimerization occurs alongithe
the a axis enhances the hybridization and increases the gagnd ¢ axes. The jump irp, and p. at T, as well as the
magnitude® increase ofRy is consistent with the gap formation. How-

In order to study whether the unusual change inafais  ever, photoemissidh and electron-tunnelif§ measure-
parameter is caused by a structural transformation, we pements suggested the gap opening belgwather thar,. It
formed single-crystal x-ray diffraction measurements. Theshould be recalled that these techniques are sensitive to the
result at 290 K revealed that the unit cell is doubled alongsurface state. If the lattice dimerization is weak on the sur-
the b and c axes. The superlattice reflection af;  face due to strain, then the gap formation temperature may
=(0 1/21/2) disappears on heating abdve as is shown in  be depressed. In fact, no superlattice peaks were observed
Fig. 4. In addition, two types of superlattice peaks grow be-y x-ray diffraction measurements on powdered samples at
low T,, which are described by modulation wave vectors290 K.
g,=(01/31/3) andg;=(1/300), respectively. The inten- Below T, the simultaneous development of two superlat-
sity of the satellite peak ai, suddenly vanishes beloiv;, tice peaks is reminiscent of the unusual CDW transition in an
thereby the other peak gt develops. The stepwise tempera- intermetallic compound Elr,Si;, with a three-dimensional
ture dependence confirms the transitionTgtto be of the  structure?® The Er ions with localized magnetic moments
first order, as inferred from the hysteretic behavior in theform a chain along the tetragonabxis. Along this direction
resistivity. However, the specific-heat data exhibit a rathelan incommensurate CDW develops at 155 K, which then
broad anomaly at arounfi. The broad feature might be due locks into a commensurate one below 55 K. For CeRhAs,
to the temperature cycle that is inevitable for the ac specifichowever, the sudden increasedfT) at T, in all the direc-
heat measuremeff. It should be noted that the observed tions is at variance with a CDW transition because the de-
peak intensity for -1/3k,0) is much weaker than that for velopment of CDW's gap over a portion of the Fermi surface

041103-3



RAPID COMMUNICATIONS

T. SASAKAWA et al. PHYSICAL REVIEW B 66, 041103R) (2002

should result in a decrease g{T). Instead, both the in- conduction-electron states compared with ttieefectrons in
crease iny(T) and the drop iRy belowT, are indicative of CeNiSn and CeRhSb. It is highly possible that the instability
suppression of the gap. In Fig. 4, the intensity of superlattic®f the 4f-electron band in CeRhAs drives the structural
reflection air, = (0 1/2 1/2) stops increasing on cooling from modulations, which in turn promote the development of the
T, to T3 where the lattice modulation wittp,= (0 1/31/3) is ~ €nerdy gap. To understand this interplay and to examine pos-
present. This fact suggests that the lattice modulationgyith Sible charge ordering, further refinement of crystal structure
interrupts the development of energy gap associated with thand studies of electronic states by microscopic techniques are

lattice modulation withg; . needed. . . . .
Below the first-order transition .. on the other hand In conclusion, experimental evidence is provided for three
3 ' _successive phase transitions in the so-called Kondo insulator

all the anomalies observed in magnetic and transport prope ~eRhAs. To the best of our knowledge, it is the first example

ties except for the drop ip.(T) are consistent with the f intermediate-valencefacompounds in which ratti
further development of energy gap. It should be recalled th ermediate-vaiencelacompounas ch superiattice
ormation is associated with opening of a gap in the density

threefold modulations along the and ¢ axis vanish below .
of states. In any events, the close relation between the gap

Ts. The drop inp(T) can be explained if the mobility of 1formation and structural modulations urges us to reconsider

carriers along the axis is enhanced by the disappearance o ; .
the c-axis modulation. the model that the local Kondo coupling plays a predominant

The combination of the data of lattice parameter and O{ole in the gap formation.
satellite peaks indicates that the development of the modula- We thank T. Ekino, M. Udagawa, C. Lee, F. Iga, P. Rog|,
tions withqg, andqs results in a significant contraction along and H. Okamura for informative discussion and Y. Shibata
the Ce zigzag chain. As a consequence of strong volumeor the electron-probe microanalysis. Powder x-ray diffrac-
dependence of hybridization between thé 4tates and tion measurements were performed at the Cryogenic Center,
conduction-electron states, the contraction should promoteliroshima University. This work was supported in part by a
development of the gap according to the hybridization-gapgGrant-in  Aid for Scientific ResearcCOE Research
model® The 4f electrons in CeRhAs are in an intermediate- 13CE2002 of MEXT, Japan and a NEDO International Joint
valence state, and they are more strongly hybridized witiResearch Grant.
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