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KONDO PROPERTIES IN (Ce1�xLax)Cu5In�M.B. Thoula Thokonte, P. de V. du PlessisShool of Physis, University of the WitwatersrandPrivate Bag 3, P O Wits 2050, Johannesburg, South AfriaA.M. StrydomDepartment of Physis, Rand Afrikaans UniversityJohannesburg, South AfriaA. Czopnik and D. KazorowskiInstitute of Low Temperature and Struture ResearhPolish Aademy of Sienes, P.O. Box 1410, 50-950 Wroªaw, Poland(Reeived July 10, 2002)(Ce1�xLax)Cu5In alloys have been investigated by X-ray di�ration,spei� heat, eletrial transport and magneti suseptibility measurements.Resistivity �(T ) measurements enabled the extration of the Kondo tem-perature TK(x) for the di�erent alloys. The monotoni derease of TK withinrease in x has been interpreted in terms of the ompressible Kondo modelgiving jJN(EF)j = 0:063 � 0:005 (J is the strength of the on-site Kondointeration and N(EF) the density of states at the Fermi level). Magne-toresistivity measurements interpreted within the single-ion Bethe ansatzdesription orroborate the magnitude of TK found in the �(T ) measure-ments.PACS numbers: 72.15.Qm, 75.20.HrCeCu5In exhibits Kondo lattie properties with a spei� heat  oe�-ient of 200 mJ mol�1 K�2, and a resistivity �(T ) showing a maximum atTm = 35 K with a Fermi-liquid-like AT 2 dependene at low temperatures.No evidene of magneti order was observed down to 0.1 K. The in�ueneof substituting La for Ce in this ompound is reported in the present paper.� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1309)



1310 M.B. Thoula Thokonte et al.Samples were prepared by ar-melting on a water-ooled opper hearth ina high-purity argon atmosphere. X-ray di�ration spetra indiate that allalloys in the (Ce1�xLax)Cu5In series (0 � x � 1) retain the orthorhombiCeCu6-type struture of the CeCu5In parent ompound. A Vegard's law-likelinear inrease of unit ell volume with x was observed amounting to 1.8%between CeCu5In and LaCu5In.
(Ce1−−−−xLax)Cu5In
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Fig. 1. (a) Spei� heat of Ce1�xLaxCu5In, and onentration dependene of the� oe�ient (inset). (b) Eletrial resistivity of Ce1�xLaxCu5In. Solid linesindiate �ts as desribed in the text.Results of spei� heat measurements are given in Fig. 1(a). Theseindiate the onventional C=T =  + �T 2 dependene for all alloys above10 K, as well as a sharp upturn in C=T at the lowest temperatures signallingheavy-fermion behaviour. -values as derived from the linear portions of theC=T vs T 2 plots are shown in the inset to Fig. 1(a) to sale aurately withCe onentration (1�x). For CeCu5In a value of  = 206 mJ mol�1 K�2 isobtained in agreement with earlier studies [1℄.Measurements of �(T ) for several alloys of the system (Ce1�xLax)Cu5Inare shown in Fig. 1(b). Alloys with 0 � x � 0:2 show oherent Kondobehaviour at low temperatures with the �(T ) maximum ranging from Tm =33 K for CeCu5In to Tm = 19 K for the x = 0:2 alloy. At higher temperaturesfor all alloys in the series, �(T ) � � lnT as is to be expeted for inoherentKondo sattering. The data in this region have been �tted to�(T ) = �0 + �ph � CK ln� TTK� ; (1)where the Bloh�Grüneissen (BG) formula was used for the eletron-phonon



Kondo Properties in (Ce1�xLax)Cu5In 1311sattering term �ph = 4���6T 5G(�=T ) and the last term desribes the ino-herent Kondo sattering. In the BG formula a value of the Debye tempera-ture � = 149 K was used for all alloys in the series while the eletron-phononoupling onstant � was allowed along with �0, CK and TK to vary in aleast-squares �t alulation of the experimental data vs Eq. (1). The Kondotemperatures thus derived derease monotonially through the alloy seriesfrom TK = 35 K for CeCu5In to 8:6 K for the x = 0:8 alloy. This variationis desribed in terms of the ompressible Kondo lattie model [2℄TK(x) = TK(x = 0) exp ��q (V � V0)V0 jJN(EF)jx=0� ; (2)where V and V0 are the volumes of the unit ell for the alloy and parentompound, respetively, J is the on-site Kondo interation, N(EF) is thedensity of states at the Fermi level and the onstant q takes on values between6 and 8. A plot of TK as obtained from Fig. 1(b) versus (V � V0)=V0 asobtained from our X-ray measurements, is given in Fig. 2(a). The solid linerepresents a least-squares �t of the data against Eq. (2). Using q = 6 thisyields jJN(EF)j = 0:063� 0:005 for CeCu5In whih may be ompared with0.09 for CeCu6 [3℄.
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Fig. 2. (a) Volume dependene of the Kondo temperature TK for Ce1�xLaxCu5Inobserved experimentally (points) and �tted to the ompressible Kondo model (line).(b) Magnetoresistivity of Ce0:5La0:5Cu5In. The experimental data are �tted to thesingle-ion spin-1/2 Bethe ansatz desription (see text).In Fig. 2(a) magnetoresistivity measurements for (Ce0:5La0:5)Cu5In arepresented for various �xed temperatures. The data have been �tted to the



1312 M.B. Thoula Thokonte et al.single-ion, spin�12 Bethe ansatz desription [4℄�(B)�(B = 0) = " 12j + 1 sin2� �nf2j + 1� 2jX̀=0 sin�2(�n`)#�1 (3)for whih an exat solution exists. This is onsidered appropriate notwith-standing that the Ce+3 ion has j = 5=2, beause the rystal eletri �eldfor orthorhombi symmetry results in an e�etive j = 12 moment for thelow-temperature ground state [5℄. �(B)=�(B = 0) is determined by theharateristi �eld B? whih has the temperature dependene [6℄B?(T ) = B?(0) +�kBTg�K� = kB(TK + T )g�K : (4)Least-squares �ts of the experimental data to Eq. (3) give values of B? asplotted in the inset to Fig. 2(b). These are in aordane with the linearT�dependene given by Eq. (4). Values of TK = 12:5(7) K and a muhredued moment �K = 0:15(1) �B for the Kondo ion ompared to the free-ion moment (2:54 �B) are obtained. The value of TK is in good agreementwith that obtained from the �(T ) data for this alloy. It is also noted that forthe onentrated Ce alloys the position of the low-temperate peak in �(T )drops from Tm = 33 K for CeCu5In to Tm = 19 K for the x = 0:2 alloy.Thus the approximate relation Tm � TK is obeyed for this material.Finally, magneti suseptibility measurements (not shown) have beenperformed for several ompositions of (Ce1�xLax)Cu5In. No evidene ofmagneti order is observed for any of these down to 1.8 K. All the alloysfollow the Curie-Weiss relation �(T ) = C=(T � �p) above 100 K with ��ptaking values in the range 40�70 K. The e�etive magneti moment variesbetween 2.54 and 2:67 �B whih is in agreement with the expeted momentvalue of 1:54 �B for the Ce3+ ion.REFERENCES[1℄ M. Kasaya, N. Satoh, T. Miyazaki, H. Kumazaki, Physia B 206, & 207, 314(1995).[2℄ M. Lavagna, C. Laroix, M. Cyrot, J. Phys. F: Met. Phys. 13, 1007 (1983).[3℄ T. Kagayama, G. Oomi, Transport and Thermal Properties of f-eletron Sys-tems, eds G. Oomi et al., Plenum Press, New York 1993, p. 155.[4℄ P. Shlottmann, Z. Phys. B51, 223 (1983).[5℄ B. Cornut, B. Coqblin, Phys. Rev. B5, 4541, (1972).[6℄ B. Batlogg, D.J. Bishop, E. Buher, B. Golding Jr, A.P. Ramirez, Z. Fisk,J.L. Smith, H.R. Ott, J. Magn. Magn. Mater. 63/64, 441 (1987).


