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SINGLE-CRYSTAL GROWTHAND DE HAAS�VAN ALPHEN EFFECTIN Yb4Sb3�M. Shirakawa, M. Ona, H. Aoki, A. OhiaiCenter for Low Temperature Siene, Tohoku UniversitySendai, 980-8578, Japanand H. HarimaThe Institute of Sienti� and Industrial Researh, Osaka UniversityIbaragi, Osaka 567-0047, Japan(Reeived July 10, 2002)Yb4Sb3 is known to show a valene �utuation state, whih is onsid-ered to relate with the high temperature phase of Yb4As3. To larify aneletroni state of Yb4Sb3, we tried to grow its high-quality single rystaland measure the de Haas�van Alphen e�et. The residual resistivity ratioof the obtained single rystal was 500 and �ve dHvA branhes were de-teted. Their ylotron e�etive masses were in the range from 1.8m0 to10m0.PACS numbers: 71.18.+y, 75.30.Mb1. IntrodutionYb4As3 has been intensively investigated as a typial one-dimensionalantiferromagnet [1℄. However, the origin of the harge ordering whih alignsmagneti Yb3+ ions along the [111℄ diretion has not been understood sofar. Madelung energy alulations [2, 3℄ suggest that another arrangementhas lower energy than that of the atual one. As Sm4Bi3 [4℄ and Eu4As3 [5℄,whih show the same harge ordering as that of Yb4As3, have quite di�erentmagneti properties ompared to that of Yb4As3, the magneti interationmay be exluded as the origin of the harge ordering formation. On theother hand, it is a harateristi ommon to these three ompounds that thehole arriers of low density dominate the ondution properties. Therefore,to understand the origin of the harge ordering, the investigation of theireletroni strutures will be important.� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1157)



1158 M. Shirakawa et al.The eletroni strutures of the harge ordered state for Yb4As3 andSm4Bi3 have been rather lari�ed by the Shubnikov�de Haas e�et (SdH).However those of their high temperature phases, whih have been onsideredto be a thermal valene �utuating state, are not lear, beause its temper-ature range is too high to detet the quantum osillation e�et suh as theSdH e�et.Yb4Sb3 [6℄ seems to be an appropriate andidate to investigate the hightemperature phase of Yb4As3. Beause the substitution of Sb for As inYb4As3 dereases the harge ordering temperature, and the harge orderingtransition disappears in Yb4Sb3. Yb4Sb3 is believed to be a valene �utu-ating ompound haraterized by the broad peak of the magneti susepti-bility around 240K [6℄ and relatively large eletroni spei� heat oe�ient(-value) of 40 mJ/molK2 [7℄.In this study, we grew high quality single rystals of Yb4Sb3, and then weinvestigated the eletroni struture of Yb4Sb3 by the de Haas�van Alphen(dHvA) e�et.2. Sample preparetion and experimental detailsSingle rystals of Yb4Sb3 were grown by the Bridgman method using atungsten ruible. Ytterbium metal of 4N-purity and antimony of 6N-puritywere used as raw materials. X-ray di�ration patterns revealed that singlerystals have the ubi anti-Th3P4 struture with the lattie onstant of9.321Å, whih is in good agreement with the previous report [6℄. To observethe quantum osillation suh as the dHvA e�et, very high quality singlerystal is desired. The residual resistivity ratio of the obtained sample is 500.The dHvA e�et was measured by the onventional �eld modulationtehnique. A 3He-4He dilution refrigerator with a 17T superonduting mag-net were used for the measurement.3. Experimental resultsFigure 1(a) shows a fast Fourier transformation spetrum of the dHvAosillations for the magneti �eld along the [110℄ diretion. Five dHvAbranhes, their harmonis and their summations have been observed for thisdiretion and they are denoted by �, �, , Æ and �. Figure 1(b) shows theangular dependene of the dHvA frequenies. Another branh, whih itsmagnitude of dHvA frequeny is almost same as the  branh, is denotedby 0. We think the same Fermi surfae ontributes for  and 0 branh inomparison with other branhes and the band alulation desribed later.Table I displays the ylotron e�etive masses estimated from the tem-perature dependene of the dHvA amplitude for the magneti �eld along the[110℄ diretion.
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Fig. 1. (a) A fast Fourier tranformation spetrum of Yb4Sb3 for the �eld along the[110℄ diretion. (b) Angular dependene of the dHvA frequenies of Yb4Sb3.TABLE IThe ylotron e�etive masses of Yb4Sb3 for the magneti �eld along the [110℄ diretion.Branh F [T℄ m� [m0℄ Branh F [T℄ m� [m0℄� 1656 1.8 Æ 4860 4.9� 4247 4.0 � 6448 10.5 4553 4.34. Disussions and summaryFigure 2 shows the band struture of Yb4Sb3 alulated by using anFLAPW method within the LDA. In the alulation, we used the lattieonstant 9.321Å and u = 0:069 for Yb-site (16 site in I�43d #220) in theanti-Th3P4 struture.

Fig. 2. Calulated eletroni band struture of Yb4Sb3.As shown in �gure 2, the bands that onsist of the 5d-harater of Ybare loated around the high-energy region far from the Fermi level. Nearthe Fermi level, the hybridized bands that onsist of the 5p-harater of Sband 4f -harater of Yb are loated. These hybridized bands form six Fermi



1160 M. Shirakawa et al.surfaes with the hole harater. Therefore the band alulation suggestsone more Fermi surfae whih is not deteted in our measurement. Thissuggestion is also supported by the experimental results. Assuming thatthe observed �ve Fermi surfaes have spherial shape, their total volume isestimated as 1:05� 1024/m3. Sine Yb4Sb3 has two holes per the primitiveell as suggested by the band alulation, the volume of the Fermi surfaeshould be ompared to that of the �rst Brillouin zone. In the meanwhile,as this rystal struture has no inversion symmetry, the spin degeneray issolved. Therefore, the volume of the Fermi surfae should be redued to half.The redued volume is 86% of the �rst Brillouin zone. On the other hand,the -value estimated from the dHvA measurement is 31.6 mJ/molK2, whihis about 80% of that estimated by the spei� heat measurement. Theseresults suggest that there are six Fermi surfaes as predited by the bandalulation. Furthermore, the obtained ylotron e�etive mass is of thesame order as those estimated by the band alulation. Therefore we thinkthat the band alulation may well reprodue the outline of the eletronistruture of Yb4Sb3. Consequently, the 4f eletrons of Yb4Sb3 seem tohave rather itinerant harater. This is in a marked ontrast to the loalizedharater of 4f eletron in the high temperature phase of Yb4As3 and itsrelated ompounds.In summary, we grew the single rystals of Yb4Sb3 whih is onsideredto relate with the high temperature phase of Yb4As3. From the dHvA mea-surement and the band alulation, observed Fermi surfaes are onsideredto have spherial shapes and hole harater. Relatively heavy ylotronmass implies the hybridized bands that onsist of the 5p-harater of Sb and4f -harater of Yb exist. REFERENCES[1℄ M. Kohgi, K. Iwasa, J.-M. Mignot, A. Ohiai, T. Suzuki, Phys. Rev. B56,11388 (1997).[2℄ B. Lorentz, Phys. Status Solidi (b) 125, 375 (1984).[3℄ H. Iyetomi, H. Higashi, Y. Nemoto, T. Goto, J. Phys. So. Jpn. 71, Suppl. p.306 (2002).[4℄ A. Ohiai, D.X. Li, Y. Haga, O. Nakamura, T. Suzuki, Physia B 186-188,437 (1993).[5℄ A. Ohiai, Y. Shima, M. Shirakawa, Physia B 312-313, 362 (2002).[6℄ A. Ohiai, T. Suzuki, T. Kasuya, J. Phys. So. Jpn. 59, 4129 (1990).[7℄ H. Aoki, A. Ohiai, T. Suzuki, R. Helfrih, F. Steglih, Physia B 230-232,698 (1997).


