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DE HAAS�VAN ALPHEN EFFECT IN HEAVYFERMION SUPERCONDUCTOR PrOs4Sb12�H. Sugawaray, S. Osaki, S.R. Saha, Y. Aoki, H. SatoGraduate S
hool of S
ien
e, Tokyo Metropolitan UniversityMinami-Ohsawa, Ha
hioji, Tokyo 192-0397, JapanY. Inada, H. Shishido, R. Settai, and Y. 	OnukiGraduate S
hool of S
ien
e, Osaka UniversityToyonaka, Osaka, 560-0043, Japan(Re
eived July 10, 2002)We have su

eeded in observing the de Haas�van Alphen (dHvA) ef-fe
t in PrOs4Sb12. The Fermi surfa
e topology is similar to the referen
e
ompound LaOs4Sb12, indi
ating the lo
alized 
hara
ter of 4f -ele
trons.The 
y
lotron e�e
tive mass, enhan
ed by about four times 
ompared withLaOs4Sb12, is a dire
t eviden
e of the strong ele
tron 
orrelation in this
ompound.PACS numbers: 71.18.+y, 71.27.+a, 75.20.Hr, 75.30.Mb1. Introdu
tionFilled skutterudite 
ompounds RT4X12 (R=rare-earth; T=Fe, Ru andOs; X=P, As and Sb) have attra
ted mu
h attention be
ause of their inter-esting anomalous physi
al properties, su
h as metal-insulator transition inPrRu4P12 [1℄ and unusual heavy fermion (HF) behavior in PrFe4P12 [2�4℄.In the latter, extraordinarily enhan
ed e�e
tive mass (m�
 = 81m0) and alarge di�eren
e of the Fermi surfa
e (FS) topology with LaFe4P12 have been
on�rmed by the de Haas�van Alphen (dHvA) experiments [4℄. It is believedthat the large 
�f hybridization originated from the unique 
rystal stru
tureof �lled skutterudite 
reates su
h anomalous properties.Re
ently, PrOs4Sb12 was reported to show super
ondu
tivity below TC =1:85 K [5℄. The large spe
i�
 heat jump at TC, �C=TC� 500 mJ/K2� mol,� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.y e-mail: sugawara�phys.metro-u.a
.jp(1125)



1126 H. Sugawara et al.suggests the strong ele
troni
 
orrelation in this 
ompound, that is the �rstexample of a Pr-based HF-super
ondu
tor. To understand the unusual prop-erties, the knowledge of ele
tri
al stru
ture is essential. In this paper, wereport the �rst dHvA experiment in PrOs4Sb12, whi
h is the most powerfultool to 
larify the FS pre
isely along with dire
t eviden
e of an enhan
ede�e
tive mass. 2. ExperimentalSingle 
rystals of PrOs4Sb12 and referen
e LaOs4Sb12 were grown by aSb-self-�ux method with ex
ess Sb ( ratio R:Os:Sb=1:4:20) [5℄. High-puritymaterials, 4N (99.99% pure)-Pr, 4N-La, 3N-Os and 6N-Sb, were used for the
rystal growing. Typi
al single 
rystals were of 
ubi
 or re
tangular shapewith a largest dimension of about 3 mm. The residual resistivity �0 andthe residual resistivity ratio (RRR) of the present samples are �0 = 8�
�
mand RRR = 55 for PrOs4Sb12, and �0 = 2:8�
�
m and RRR = 100 forLaOs4Sb12, indi
ating high quality of the samples. The dHvA experimentswere performed in a top loading dilution refrigerator system with a 17 Tsuper
ondu
ting magnet 
ooled down to 30 mK. The dHvA signals weredete
ted by means of the 
onventional �eld modulation method with a lowfrequen
y (� 10 Hz). 3. Results and dis
ussionFig. 1 shows (a) the typi
al dHvA os
illations and (b) its fast Fouriertransformation (FFT) spe
tra both in LaOs4Sb12 and PrOs4Sb12.
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Fig. 1. (a) The typi
al dHvA os
illations and (b) its fast Fourier transformation(FFT) spe
tra both in LaOs4Sb12 and PrOs4Sb12.



de Haas�van Alphen E�e
t in Heavy Fermion Super
ondu
tor. . . 1127For LaOs4Sb12, there are at least three dHvA frequen
y bran
hes de-noted as �, � and 
. 2�, 3� and 4� are the �-bran
h harmoni
s. Theresults are in good agreement with the band stru
ture 
al
ulation [6℄. Thefrequen
y bran
hes of PrOs4Sb12 [Fig. 1 (b)℄ show good agreement withthose of LaOs4Sb12, indi
ating the shapes of FS are 
lose to ea
h other. Theresult suggests a well lo
alized 
hara
ter of 4f -ele
trons in PrOs4Sb12. Notethat the small spin-splitting in dHvA frequen
ies is observed in PrOs4Sb12,whi
h originates from up- and down-spin bands split by the ex
hange inter-a
tion with the indu
ed magneti
 moment.From the temperature dependen
e of the dHvA amplitude A, we 
anestimate the 
y
lotron e�e
tive mass m�
 for �-bran
h as shown in Fig. 2.
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Fig. 2. The semi-logarithmi
 plot of the redu
ed dHvA amplitude A vs temperaturefor �-bran
h in PrOs4Sb12. � in the verti
al-axis label is a 
onstant � = 2�2
kB=e~.The m�
 was estimated at around 133 kOe.The m�
 is found to be enhan
ed by about four times 
ompared withLaOs4Sb12. Data of the dHvA frequen
y and m�
 for �-bran
h are listed inTable I for LaOs4Sb12 and PrOs4Sb12. From the 
omparison of the Som-merfeld 
oe�
ient between LaOs4Sb12(39mJ/K2�mol [7℄) and PrOs4Sb12(500mJ/K2�mol [5℄), the observed m�
 is too small for PrOs4Sb12. If we sim-ply estimate from the FS volume and m�
 in the present experiments assum-ing a spheri
al FS, the Sommerfeld 
oe�
ient should be � 20mJ/K2�mol.This large dis
repan
y suggests the existen
e of other FS(s) with heavy mass.The large e�e
tive mass � 50m0 was also inferred from the slope of the up-



1128 H. Sugawara et al. TABLE IComparison of the dHvA frequen
y F and the 
y
lotron e�e
tive mass m�
 for�-bran
h between LaOs4Sb12 and PrOs4Sb12 for Hkh100i.LaOs4P12 PrOs4P12Bran
h F (�107 Oe) m�
(m0) F (�107 Oe) m�
(m0)� 1.02 0.71 1.07 2.5per 
riti
al �eld near TC [5℄. Under the present experimental 
onditions, thedHvA signal for su
h a heavy FS is hardly observable. The lo
alized 
har-a
ter of 4f -ele
trons in PrOs4Sb12 is the same as for PrRu4Sb12 for whi
hex
ellent agreement of the dHvA bran
hes with LaRu4Sb12 was 
lari�ed [8℄.However, the large mass enhan
ement in PrOs4Sb12 is in sharp 
ontrastto PrRu4Sb12; i.e., m�
 = 1:5 � 1:8m0 and the mass enhan
ement 
om-pared with LaRu4Sb12 is almost negligible. For PrOs4Sb12 and PrFe4P12,the 
rystal �eld (CEF) ground state of Pr3+ is believed to be the �3 non-magneti
 doublet with quadrupole moments, while the �1 singlet is inferredfor PrRu4Sb12. Therfore, the quadrupolar intera
tion is thought to play animportant role for the HF behavior and also the HF-super
ondu
tivity.The authors are grateful to Prof. H. Harima for helpful dis
ussions. Thiswork was supported by the Grant-in-Aid for S
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