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We report thermoele tri , magneti and stru tural properties of the
so- alled Kondo semi ondu tor CeRhAs. The resistivity (T ) along the
three prin ipal axes exhibits step-like anomalies at T1 = 370; T2 = 235
and T3 = 165 K, respe tively, and in reases by two orders of magnitude on
ooling to 1.5 K. Below T1 an abrupt drop in the magneti sus eptibility
along all the axes is asso iated with the ell doubling along the b- and -axes,
suggesting a harge-density-wave transition. Below T3 the in rease in the
thermopower is strongest along the a-axis with a maximum of 186 V/K at
35 K. The thermoele tri gure of merit be omes largest along the -axis
with the maximum value of 1:0  10 3 /K, being omparable with that of
CePd3 .
PACS numbers: 75.30.Mb, 71.27.+a, 72.15.Jf
Formation of a narrow pseudogap in the so- alled Kondo semi ondu tors
su h as CeNiSn, CeRhSb, Ce3 Bi4 Pt3 and YbB12 has been the subje t of
intense resear h in the eld of strongly orrelated f -ele tron systems [1℄.
The origin of the gapping at the Fermi level in heavy-ele tron bands was
attributed to anisotropi hybridization of 4f wave fun tions with a halflled ondu tion band [2,3℄. Re ently, it has been proposed that the presen e
of a narrow pseudogap may satisfy the requisite for a high gure of merit
for thermoele tri appli ation [4℄. In fa t, these ompounds exhibit rather
large thermopower of 40-150 V/K at temperatures below the gap formation
temperature [5, 6℄.
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CeRhAs shares with the Kondo semimetals CeNiSn and CeRhSb the
same orthorhombi "-TiNiSi-type stru ture [7℄. It was lassied into a
valen e-u tuating system be ause the magneti sus eptibility exhibits a
broad maximum at 450 K. The maximum value of 110 3 emu/mol is several times smaller than those for CeNiSn and CeRhSb. This fa t indi ates
the hybridization between the 4f ele tron and the ondu tion band in
CeRhAs to be mu h stronger than in CeNiSn and CeRhSb. Furthermore, the
semi ondu ting behavior of the ele tri al resistivity with a tivation energy
of 80 K pla ed this ompound in the lass of Kondo semi ondu tor [7℄.
Re ently, we have su eeded in growing single rystalline samples of
CeRhAs by using Bridgman te hnique [8℄. X-ray dira tion experiments
have revealed three phase transitions. Below T1 = 370 K, a superlatti e
ree tion appears at q1 =(0 1/2 1/2). This means that the unit ell of the
orthorhombi stru ture is doubled along the b- and -axes. At T2 = 235 K,
mu h weaker ree tions appear at q2 =(0 1/3 1/3) and q3 =(1/3 0 0) [9℄, the
indexes of whi h are based on the "-TiNiSi stru ture. The latter intensity
suddenly in reases below T3 = 165 K, where the zig-zag hain along the
a-axis shrinks and the resistivity along the three prin ipal axes strongly inrease. These observations suggested that the gap formation is intimately
related to the stru tural transformations with latti e modulations [8℄.
We report here the anisotropi behavior in the ele tri al resistivity ,
thermopower S and thermal ondu tivity  of single rystal CeRhAs in relation to the magneti and stru tural properties. It is found that the transport
properties are highly anisotropi although the magneti sus eptibility  is
essentially isotropi . The methods of the rystal growth and of the transport
and magneti measurements are reported elsewhere [8℄.
The simultaneous o urren e of superlatti e formation and distin t anomalies in (T ) is demonstrated in Fig. 1. There are three anomalies in  at
T1 , T2 , and T3 , respe tively, and an upswing below 30 K. On ooling from
T1 to 30 K, the de rease of  in all the dire tions amounts to 30% of the
value at the maximum. The abrupt de rease at T1 is a lear indi ation of the
onset of the gap formation in the ele troni density of states. It is noteworthy
that the gap formation is asso iated with the development of the superlatti e
ree tion at q1 . The (T ) has a terra e in the temperature range between T2
and T3 , where this ree tion stops growing. On ooling from T3 to 30 K, the
gradual de rease in (T ) well orresponds to the re-in rease of the intensity
of the superlatti e ree tion. This good orresponden e orroborates the
idea that the ell doubling along both the b- and -axes is responsible for
the gapping in the ele troni density of states. For the phase transition at
T1 , the sudden de rease in the ele troni density of states asso iated with the
superlatti e formation is hara teristi of a harge-density-waves (CDW's)
transition. Although three-dimensional stru tures are unfavorable to the
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Fig. 1. Temperature dependen e of magneti sus eptibility and superlatti e ree tions orresponding to ell doubling along the b- and -axes of single rystal
CeRhAs.
formation of CDW's, a few ompounds su h as CuV2 S4 and Er5 Ir4 Si10 have
been reported to undergo CDW transitions [10, 11℄.
In Fig. 2 we show temperature variations of , S , and  of CeRhAs along
the prin ipal axes. Three step-like anomalies in (T ) are observed at T1 , T2 ,
and T3 , respe tively. An important observation is the strong anisotropy in
(T ); a is several times larger and exhibits dierent behavior than b and
 . The relation, a > b and  , is opposite to the ase of CeNiSn, where
a is smallest at low temperatures. At T3 , a jumps but  drops, whi h is
aused by the vanishment of the latti e modulation hara terized with q2 =
(0 1/3 1/3) [8℄. From the a tivated energy Ea in the range 110 < T < 150 K,
the gap values Eg = 2Ea are estimated to be 282, 158, 156 K, respe tively,
along the a, b and axes.
The three urves of S (T ) exhibit a two-peak stru ture in addition to
the anomalies at T1 , T2 , and T3 . The two-peak stru ture resembles that
of S (T ) for CeRhSb, where the higher- and lower-temperature peaks were
as ribed to the in oherent Kondo ee t and gap formation, respe tively [5℄.
As T is de reased a ross T3 , S (T ) jumps and rises to a huge maximum of
186, 70, and 125 V/K, respe tively, along the a, b, and axes at round
3545 K. The steady in rease of S (T ) for 50 < T < 100 K an be expressed
by using the equation, S (T ) = kB (EF EV )=jejkB T , whi h is appli able for
a non-degenerate p-type semi ondu tor with a top of the valen e band at
EV below the Fermi level EF [12℄. A t to the data of Sa (T ) gives a value
of 130 K for 2(EF EV ), being omparable with the gap energy estimated
from the a tivation energy of the resistivity.
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Fig. 2. Temperature dependen e of the ele tri al resistivity, thermopower and thermal ondu tivity for single rystals of CeRhAs.
The thermal ondu tivity  of intermetalli ompounds is in general
assumed as a sum of the ele troni ontribution el and latti e ontribution ph . We estimated el using the WiedemannFranz law, el = L0 T=,
where L0 is the Sommerfeld value of 24.5 nW /K2 . In the lowest frame
of Fig. 2, we plot thus al ulated el (T ), whi h is less than 40% of  at
300 K and rapidly de reases on ooling. Although the size of jump in 
at T3 is omparable with that in el; , the jump in a ontradi ts the drop
in el;a . Therefore, both the jump in a and the signi ant enhan ement
of (T ) along the three axes for T < T3 are attributed to the enhan ement
of ph . It should be re alled that mu h weaker enhan ement of (T ) was
observed for CeNiSn and CeRhSb below the gap formation temperature,
15 and 20 K, respe tively [13, 14℄. The enhan ement was attributed to the
prolonged phonon lifetime due to the redu tion of the ele tron-phonon s attering rate as a result of the de rease in the ele tron density of states. More
pronoun ed enhan ement of (T ) in CeRhAs ree ts the mu h lower density of harge arriers in the gapped state. In fa t, the arrier density in
CeRhAs at 4 K is 1.810 4 /f.u. [8℄, being one order of magnitude smaller
than that in CeNiSn and CeRhSb. Then, the phonon-mean-free-path in
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the gapped state of CeRhAs would be determined by the phonon-phonon
s attering, whereas that in CeNiSn and CeRhSb possessing residual harge
arriers is still governed by the ele tron-phonon s attering. The al ulation
of (T ) by taking a ount of the ee t of gap formation on the ele tronphonon s attering rate will be given in a separate paper [15℄. To explain the
reason why a (T ) is smaller than b (T ) and  (T ), we need to take a ount
of the phonon s attering by sta king faults perpendi ular to the a axis in
the rystal used for the present study.
From the knowledge of (T ), S (T ), and (T ), we have evaluated the
thermoele tri gure of merit Z = S 2 = along the three prin ipal axes. The
results of Z (T ) are presented in Fig. 3. The smallest value for (T ) along the
-axis leads to the largest value of Z with a maximum of 1.010 3 K 1 at
120 K. This value is omparable with that of the typi al valen e u tuating
Ce ompound CePd3 [16, 17℄. If partial substitution of onstituent elements
in CeRhAs ould redu e the resistivity with keeping the large thermopower
inta t, then the gure of merit would be further in reased.
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Fig. 3. Temperature dependen e of thermoele tri gure of merit of CeRhAs.
In summary, we have found the sudden de rease in the magneti sus eptibility of CeRhAs along all the dire tions on ooling below T1 = 370 K. This
phase transition originates from the doubling of the unit ell along the b- and
-axes. Below T3 = 165 K, the transport gap manifests itself in the strong
in rease in (T ), S (T ) and (T ). The in rease in (T ) and S (T ) is most
signi ant along the hain of Ce atoms. These observations indi ate that the
gap formation in CeRhAs is a phase transition driven by the instability of
both the latti e and ele troni stru ture. The sharp transition is essentially
dierent from the rossover from a metalli state to a semimetalli state
found in the Kondo semi ondu tors CeNiSn and CeRhSb. Further studies
are ne essary to elu idate the relation between the stru tural instability and
the possible nesting of the Fermi surfa e of the hybridized band in CeRhAs.
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