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SINGLE-CRYSTAL GROWTHAND DE HAAS�VAN ALPHEN EFFECTIN Yb4Sb3�M. Shirakawa, M. Ona, H. Aoki, A. O
hiaiCenter for Low Temperature S
ien
e, Tohoku UniversitySendai, 980-8578, Japanand H. HarimaThe Institute of S
ienti�
 and Industrial Resear
h, Osaka UniversityIbaragi, Osaka 567-0047, Japan(Re
eived July 10, 2002)Yb4Sb3 is known to show a valen
e �u
tuation state, whi
h is 
onsid-ered to relate with the high temperature phase of Yb4As3. To 
larify anele
troni
 state of Yb4Sb3, we tried to grow its high-quality single 
rystaland measure the de Haas�van Alphen e�e
t. The residual resistivity ratioof the obtained single 
rystal was 500 and �ve dHvA bran
hes were de-te
ted. Their 
y
lotron e�e
tive masses were in the range from 1.8m0 to10m0.PACS numbers: 71.18.+y, 75.30.Mb1. Introdu
tionYb4As3 has been intensively investigated as a typi
al one-dimensionalantiferromagnet [1℄. However, the origin of the 
harge ordering whi
h alignsmagneti
 Yb3+ ions along the [111℄ dire
tion has not been understood sofar. Madelung energy 
al
ulations [2, 3℄ suggest that another arrangementhas lower energy than that of the a
tual one. As Sm4Bi3 [4℄ and Eu4As3 [5℄,whi
h show the same 
harge ordering as that of Yb4As3, have quite di�erentmagneti
 properties 
ompared to that of Yb4As3, the magneti
 intera
tionmay be ex
luded as the origin of the 
harge ordering formation. On theother hand, it is a 
hara
teristi
 
ommon to these three 
ompounds that thehole 
arriers of low density dominate the 
ondu
tion properties. Therefore,to understand the origin of the 
harge ordering, the investigation of theirele
troni
 stru
tures will be important.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1157)
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troni
 stru
tures of the 
harge ordered state for Yb4As3 andSm4Bi3 have been rather 
lari�ed by the Shubnikov�de Haas e�e
t (SdH).However those of their high temperature phases, whi
h have been 
onsideredto be a thermal valen
e �u
tuating state, are not 
lear, be
ause its temper-ature range is too high to dete
t the quantum os
illation e�e
t su
h as theSdH e�e
t.Yb4Sb3 [6℄ seems to be an appropriate 
andidate to investigate the hightemperature phase of Yb4As3. Be
ause the substitution of Sb for As inYb4As3 de
reases the 
harge ordering temperature, and the 
harge orderingtransition disappears in Yb4Sb3. Yb4Sb3 is believed to be a valen
e �u
tu-ating 
ompound 
hara
terized by the broad peak of the magneti
 sus
epti-bility around 240K [6℄ and relatively large ele
troni
 spe
i�
 heat 
oe�
ient(
-value) of 40 mJ/molK2 [7℄.In this study, we grew high quality single 
rystals of Yb4Sb3, and then weinvestigated the ele
troni
 stru
ture of Yb4Sb3 by the de Haas�van Alphen(dHvA) e�e
t.2. Sample preparetion and experimental detailsSingle 
rystals of Yb4Sb3 were grown by the Bridgman method using atungsten 
ru
ible. Ytterbium metal of 4N-purity and antimony of 6N-puritywere used as raw materials. X-ray di�ra
tion patterns revealed that single
rystals have the 
ubi
 anti-Th3P4 stru
ture with the latti
e 
onstant of9.321Å, whi
h is in good agreement with the previous report [6℄. To observethe quantum os
illation su
h as the dHvA e�e
t, very high quality single
rystal is desired. The residual resistivity ratio of the obtained sample is 500.The dHvA e�e
t was measured by the 
onventional �eld modulationte
hnique. A 3He-4He dilution refrigerator with a 17T super
ondu
ting mag-net were used for the measurement.3. Experimental resultsFigure 1(a) shows a fast Fourier transformation spe
trum of the dHvAos
illations for the magneti
 �eld along the [110℄ dire
tion. Five dHvAbran
hes, their harmoni
s and their summations have been observed for thisdire
tion and they are denoted by �, �, 
, Æ and �. Figure 1(b) shows theangular dependen
e of the dHvA frequen
ies. Another bran
h, whi
h itsmagnitude of dHvA frequen
y is almost same as the 
 bran
h, is denotedby 
0. We think the same Fermi surfa
e 
ontributes for 
 and 
0 bran
h in
omparison with other bran
hes and the band 
al
ulation des
ribed later.Table I displays the 
y
lotron e�e
tive masses estimated from the tem-perature dependen
e of the dHvA amplitude for the magneti
 �eld along the[110℄ dire
tion.
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Fig. 1. (a) A fast Fourier tranformation spe
trum of Yb4Sb3 for the �eld along the[110℄ dire
tion. (b) Angular dependen
e of the dHvA frequen
ies of Yb4Sb3.TABLE IThe 
y
lotron e�e
tive masses of Yb4Sb3 for the magneti
 �eld along the [110℄ dire
tion.Bran
h F [T℄ m�
 [m0℄ Bran
h F [T℄ m�
 [m0℄� 1656 1.8 Æ 4860 4.9� 4247 4.0 � 6448 10.5
 4553 4.34. Dis
ussions and summaryFigure 2 shows the band stru
ture of Yb4Sb3 
al
ulated by using anFLAPW method within the LDA. In the 
al
ulation, we used the latti
e
onstant 9.321Å and u = 0:069 for Yb-site (16
 site in I�43d #220) in theanti-Th3P4 stru
ture.

Fig. 2. Cal
ulated ele
troni
 band stru
ture of Yb4Sb3.As shown in �gure 2, the bands that 
onsist of the 5d-
hara
ter of Ybare lo
ated around the high-energy region far from the Fermi level. Nearthe Fermi level, the hybridized bands that 
onsist of the 5p-
hara
ter of Sband 4f -
hara
ter of Yb are lo
ated. These hybridized bands form six Fermi
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es with the hole 
hara
ter. Therefore the band 
al
ulation suggestsone more Fermi surfa
e whi
h is not dete
ted in our measurement. Thissuggestion is also supported by the experimental results. Assuming thatthe observed �ve Fermi surfa
es have spheri
al shape, their total volume isestimated as 1:05� 1024/
m3. Sin
e Yb4Sb3 has two holes per the primitive
ell as suggested by the band 
al
ulation, the volume of the Fermi surfa
eshould be 
ompared to that of the �rst Brillouin zone. In the meanwhile,as this 
rystal stru
ture has no inversion symmetry, the spin degenera
y issolved. Therefore, the volume of the Fermi surfa
e should be redu
ed to half.The redu
ed volume is 86% of the �rst Brillouin zone. On the other hand,the 
-value estimated from the dHvA measurement is 31.6 mJ/molK2, whi
his about 80% of that estimated by the spe
i�
 heat measurement. Theseresults suggest that there are six Fermi surfa
es as predi
ted by the band
al
ulation. Furthermore, the obtained 
y
lotron e�e
tive mass is of thesame order as those estimated by the band 
al
ulation. Therefore we thinkthat the band 
al
ulation may well reprodu
e the outline of the ele
troni
stru
ture of Yb4Sb3. Consequently, the 4f ele
trons of Yb4Sb3 seem tohave rather itinerant 
hara
ter. This is in a marked 
ontrast to the lo
alized
hara
ter of 4f ele
tron in the high temperature phase of Yb4As3 and itsrelated 
ompounds.In summary, we grew the single 
rystals of Yb4Sb3 whi
h is 
onsideredto relate with the high temperature phase of Yb4As3. From the dHvA mea-surement and the band 
al
ulation, observed Fermi surfa
es are 
onsideredto have spheri
al shapes and hole 
hara
ter. Relatively heavy 
y
lotronmass implies the hybridized bands that 
onsist of the 5p-
hara
ter of Sb and4f -
hara
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