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ANISOTROPIC THERMOELECTRIC PROPERTIESOF CeRhAs WITH SUPERSTRUCTURES�T. Takabatake, T. Suemitsu, T. Sasakawa, J. Kitagawa, K. UmeoDepartment of Quantum Matter, ADSM, Hiroshima UniversityHigashi-Hiroshima 739-8530, JapanM. Nakajima, K. Iwasa and M. KohgiDepartment of Physis, Tokyo Metropolitan University, Tokyo 192-0397, Japan(Reeived July 10, 2002)We report thermoeletri, magneti and strutural properties of theso-alled Kondo semiondutor CeRhAs. The resistivity �(T ) along thethree prinipal axes exhibits step-like anomalies at T1 = 370; T2 = 235and T3 = 165 K, respetively, and inreases by two orders of magnitude onooling to 1.5 K. Below T1 an abrupt drop in the magneti suseptibilityalong all the axes is assoiated with the ell doubling along the b- and -axes,suggesting a harge-density-wave transition. Below T3 the inrease in thethermopower is strongest along the a-axis with a maximum of 186 �V/K at35 K. The thermoeletri �gure of merit beomes largest along the -axiswith the maximum value of 1:0� 10�3/K, being omparable with that ofCePd3.PACS numbers: 75.30.Mb, 71.27.+a, 72.15.JfFormation of a narrow pseudogap in the so-alled Kondo semiondutorssuh as CeNiSn, CeRhSb, Ce3Bi4Pt3 and YbB12 has been the subjet ofintense researh in the �eld of strongly orrelated f -eletron systems [1℄.The origin of the gapping at the Fermi level in heavy-eletron bands wasattributed to anisotropi hybridization of 4f wave funtions with a half-�lled ondution band [2,3℄. Reently, it has been proposed that the preseneof a narrow pseudogap may satisfy the requisite for a high �gure of meritfor thermoeletri appliation [4℄. In fat, these ompounds exhibit ratherlarge thermopower of 40-150 �V/K at temperatures below the gap formationtemperature [5, 6℄.� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1303)



1304 T. Takabatake et al.CeRhAs shares with the Kondo semimetals CeNiSn and CeRhSb thesame orthorhombi "-TiNiSi-type struture [7℄. It was lassi�ed into avalene-�utuating system beause the magneti suseptibility exhibits abroad maximum at 450 K. The maximum value of 1�10�3 emu/mol is sev-eral times smaller than those for CeNiSn and CeRhSb. This fat indiatesthe hybridization between the 4f eletron and the ondution band inCeRhAs to be muh stronger than in CeNiSn and CeRhSb. Furthermore, thesemionduting behavior of the eletrial resistivity with ativation energyof 80 K plaed this ompound in the lass of Kondo semiondutor [7℄.Reently, we have sueeded in growing single rystalline samples ofCeRhAs by using Bridgman tehnique [8℄. X-ray di�ration experimentshave revealed three phase transitions. Below T1 = 370 K, a superlattiere�etion appears at q1=(0 1/2 1/2). This means that the unit ell of theorthorhombi struture is doubled along the b- and -axes. At T2 = 235 K,muh weaker re�etions appear at q2=(0 1/3 1/3) and q3=(1/3 0 0) [9℄, theindexes of whih are based on the "-TiNiSi struture. The latter intensitysuddenly inreases below T3 = 165 K, where the zig-zag hain along thea-axis shrinks and the resistivity along the three prinipal axes strongly in-rease. These observations suggested that the gap formation is intimatelyrelated to the strutural transformations with lattie modulations [8℄.We report here the anisotropi behavior in the eletrial resistivity �,thermopower S and thermal ondutivity � of single rystal CeRhAs in rela-tion to the magneti and strutural properties. It is found that the transportproperties are highly anisotropi although the magneti suseptibility � isessentially isotropi. The methods of the rystal growth and of the transportand magneti measurements are reported elsewhere [8℄.The simultaneous ourrene of superlattie formation and distint ano-malies in �(T ) is demonstrated in Fig. 1. There are three anomalies in � atT1, T2, and T3, respetively, and an upswing below 30 K. On ooling fromT1 to 30 K, the derease of � in all the diretions amounts to 30% of thevalue at the maximum. The abrupt derease at T1 is a lear indiation of theonset of the gap formation in the eletroni density of states. It is noteworthythat the gap formation is assoiated with the development of the superlattiere�etion at q1. The �(T ) has a terrae in the temperature range between T2and T3, where this re�etion stops growing. On ooling from T3 to 30 K, thegradual derease in �(T ) well orresponds to the re-inrease of the intensityof the superlattie re�etion. This good orrespondene orroborates theidea that the ell doubling along both the b- and -axes is responsible forthe gapping in the eletroni density of states. For the phase transition atT1, the sudden derease in the eletroni density of states assoiated with thesuperlattie formation is harateristi of a harge-density-waves (CDW's)transition. Although three-dimensional strutures are unfavorable to the
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Fig. 1. Temperature dependene of magneti suseptibility and superlattie re-�etions orresponding to ell doubling along the b- and -axes of single rystalCeRhAs.formation of CDW's, a few ompounds suh as CuV2S4 and Er5Ir4Si10 havebeen reported to undergo CDW transitions [10, 11℄.In Fig. 2 we show temperature variations of �, S, and � of CeRhAs alongthe prinipal axes. Three step-like anomalies in �(T ) are observed at T1, T2,and T3, respetively. An important observation is the strong anisotropy in�(T ); �a is several times larger and exhibits di�erent 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, whih isaused by the vanishment of the lattie modulation haraterized with q2 =(0 1/3 1/3) [8℄. From the ativated energy Ea in the range 110 < T < 150 K,the gap values Eg = 2Ea are estimated to be 282, 158, 156 K, respetively,along the a, b and  axes.The three urves of S(T ) exhibit a two-peak struture in addition tothe anomalies at T1, T2, and T3. The two-peak struture resembles thatof S(T ) for CeRhSb, where the higher- and lower-temperature peaks wereasribed to the inoherent Kondo e�et and gap formation, respetively [5℄.As T is dereased aross T3, S(T ) jumps and rises to a huge maximum of186, 70, and 125 �V/K, respetively, along the a, b, and  axes at round35�45 K. The steady inrease of S(T ) for 50 < T < 100 K an be expressedby using the equation, S(T ) = kB(EF �EV)=jejkBT , whih is appliable fora non-degenerate p-type semiondutor with a top of the valene band atEV below the Fermi level EF [12℄. A �t to the data of Sa(T ) gives a valueof 130 K for 2(EF � EV), being omparable with the gap energy estimatedfrom the ativation energy of the resistivity.
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Fig. 2. Temperature dependene of the eletrial resistivity, thermopower and ther-mal ondutivity for single rystals of CeRhAs.The thermal ondutivity � of intermetalli ompounds is in generalassumed as a sum of the eletroni ontribution �el and lattie ontribu-tion �ph. We estimated �el using the Wiedemann�Franz law, �el = L0T=�,where L0 is the Sommerfeld value of 24.5 nW
/K2. In the lowest frameof Fig. 2, we plot thus alulated �el(T ), whih is less than 40% of � at300 K and rapidly dereases on ooling. Although the size of jump in �at T3 is omparable with that in �el;, the jump in �a ontradits the dropin �el;a. Therefore, both the jump in �a and the signi�ant enhanementof �(T ) along the three axes for T < T3 are attributed to the enhanementof �ph. It should be realled that muh weaker enhanement of �(T ) wasobserved for CeNiSn and CeRhSb below the gap formation temperature,15 and 20 K, respetively [13, 14℄. The enhanement was attributed to theprolonged phonon lifetime due to the redution of the eletron-phonon sat-tering rate as a result of the derease in the eletron density of states. Morepronouned enhanement of �(T ) in CeRhAs re�ets the muh lower den-sity of harge arriers in the gapped state. In fat, the arrier density inCeRhAs at 4 K is 1.8�10�4/f.u. [8℄, being one order of magnitude smallerthan that in CeNiSn and CeRhSb. Then, the phonon-mean-free-path in



Anisotropi Thermoeletri Properties of : : : 1307the gapped state of CeRhAs would be determined by the phonon-phononsattering, whereas that in CeNiSn and CeRhSb possessing residual hargearriers is still governed by the eletron-phonon sattering. The alulationof �(T ) by taking aount of the e�et of gap formation on the eletron-phonon sattering rate will be given in a separate paper [15℄. To explain thereason why �a(T ) is smaller than �b(T ) and �(T ), we need to take aountof the phonon sattering by staking faults perpendiular to the a axis inthe rystal used for the present study.From the knowledge of �(T ), S(T ), and �(T ), we have evaluated thethermoeletri �gure of merit Z = S2=�� along the three prinipal axes. Theresults 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 1.0�10�3 K�1 at120 K. This value is omparable with that of the typial valene �utuatingCe ompound CePd3 [16,17℄. If partial substitution of onstituent elementsin CeRhAs ould redue the resistivity with keeping the large thermopowerintat, then the �gure of merit would be further inreased.
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Fig. 3. Temperature dependene of thermoeletri �gure of merit of CeRhAs.In summary, we have found the sudden derease in the magneti susep-tibility of CeRhAs along all the diretions on ooling below T1 = 370 K. Thisphase 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 stronginrease in �(T ), S(T ) and �(T ). The inrease in �(T ) and S(T ) is mostsigni�ant along the hain of Ce atoms. These observations indiate that thegap formation in CeRhAs is a phase transition driven by the instability ofboth the lattie and eletroni struture. The sharp transition is essentiallydi�erent from the rossover from a metalli state to a semimetalli statefound in the Kondo semiondutors CeNiSn and CeRhSb. Further studiesare neessary to eluidate the relation between the strutural instability andthe possible nesting of the Fermi surfae of the hybridized band in CeRhAs.
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