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We have investigated the de Haas—van Alphen effect in the Pr-based heavy-fermion superconductor
PrOsSb;,. The topology of Fermi surface is close to the reference compound,Spsand well explained
by the band-structure calculation based on the FLARW potential linearized augmented-plane-wat®A
(local-density approximation+U method, where the f4electrons are localized. We have confirmed a highly
enhanced cyclotron effective mass (2.4—mg) which is apparently large compared to the usual Pr-based
compounds.
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The Pr-based compounds in the fiIIed. skuttgrudites hz’;lV@xperiment on PrQ§b12,13 which is the most powerful tool
attracted much attention because of their exotic propertieso clarify the Fermi-surfacéFS) topology and to determine
such as metal-insulator transition B =60 K in PrRuP,t  the cyclotron effective mass. The experimental result is com-
and unusual heavy-fermiofHF) behavior in PrigP;,.>~*  pared with the band-structure calculation based on the
The quadrupolar interaction is thought to be a key mechaFLAPW (full potential linearized augmented-plane-wave
nism to explain such anomalous behaviors. Especially fokDA (local-density approximation+U method.

PrFgP,,, both the extraordinarily enhanced effective mass Single crystals of PrQSh;, and the reference LagBb,
(m#=81m) and the nonmagnetic low-field ordered stateWere grown by Sb-self-flux method basically same as in
below 6.5 K are inferred to originate from the quadrupolarRefS. 14 and 15, using high-purity elements, 499.99%
interaction®=5 pure-Pr, 4N-La, 3N-Os, and 6N-Sb. The typical forms of the

Recently, PrOgShy, was reported to exhibit superconduc- s[ngle c_rystals were cubic or rectangular shape with a Ia_1rgest
tivity below Tc=1.85 K&7 From the large specific-heat diMension of about 3 mm. The crystal structure of filled
jump atTe, AC/Tc~500 mJ/K mol, Baueret al. claimed skutteruq_lte, belonging to the space g_rdupB.(Th, #20.4)'
that Progs,bl is (t:he first exampl,e of the Pr. based HE V&S verified by the powder-neutron-diffraction experiments

2 - .
7 . . performed by VEGA at KEK Tsukuba, Japan. The lattice
superponductcﬁ". They also mferreq that the quadrupolar N" constant of PrOsSh;, obtained from the Rietveld refinement
teraction plays an important role in the HF superconductiv

: . , o o is a=9.30311 A, which is close to the reported valfe.
ity, since the magnetic susceptibility, specific h€gT), and  practional coordinates of Sb at the 24g site are determined as

inelas_tic-_neutron-scattering measurements suggest the crys;pLo, y=0.3405,z=0.1561,which is used in the band-
electric-field (CEF) ground state to be a non-Kramers dou- giyyctyre calculation. The residual resistivily and the re-
blet carrying quadrupole moments. The recent Sb-NQRsiqual resistivity ratiodRRR) of the present samples apg
(nuclear quadrupole resonafcaeasurement on Pr¢g8b, =g wQcm and RRR:55 for PrOsShy,, and po
have revealed that the temperatilirdependence of nuclear- =2.8 ;40 cm and RRR=100 for LaOgSh;,. The dHVA ex-
spin-lattice-relaxation rate T{ shows neither a coherence periments were performed in a top loading dilution refrigera-
peak norT? like power-law dependence beloW..® The  tor cooled down to 30 mK with a 17 T superconducting
muon-spin-relaxation measurements suggest an isotropic smagnet. The dHvVA signals were detected by means of the
perconducting(SC) energy gap, while the anisotropy of conventional field modulation method with a low frequency
thermal conductivity against the magnetic-field directions in-(f~10 Hz).
dicates that the SC energy gap has point nd8eSuch Figure 1 showga) the typical dHVA oscillations ancb)
unusual properties cannot be consistently explained neithdéhe fast Fourier-transformatiofFFT) spectra in PrOsSb;,
by a conventional isotropic nor by any anisotropic gap sufor the field H along (100 direction. The oscillations be-
perconductivity reported until now, suggesting some type ofome detectable just aboudc,=2.2 T and a faint peak
HF superconductivity of this compoufid! In the normal anomaly appears ati,~4.4 T, indicating a slight slope
state above-4.5 T, Aoki et al. reported an anomalous field- change in the field dependence of magnetizafib(H).’
induced ordered phas@lOP) based on the specific-heat This fieldH, almost agrees with the phase boundary of FIOP
measurements; possibly a quadrupolar ordeting. determined by theC(T) measurement in the magnetic
In order to understand these unusual properties, it is edields!? Above H, a small spin splitting is observed in the
sential to determine the electronic structure of this compoundHVA frequencies reflected as beats in the oscillations, which
and to directly confirm the highly enhanced effective massis frequently observed in the magnetic matertdiShe three
In this paper, we report the de Haas—van AlphdhlvA)  fundamental dHvA branches, 3, andvy are identified.
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) o ) FIG. 3. Energy-band structure in Pr{3%,,.
FIG. 1. (a) Typical dHVA oscillations andb) the FFT spectra in

PrOsSh;,. an almost spherical sheet, which slightly projects along the
(100 direction centered at thE point. The 49th band gives
Figure 2 shows the angular dependence of dHVA fre-a round cubic sheet centeredlapoint and a multiply con-
quency in PrOgShy, along with that in LaOgSh;,. a- and  nected one whose main parts are centered at the N points.
B-branches have been observed over the whole field dire¢rigure 5 shows the angular dependence of the calculated
tions in the cubic symmetry, indicating closed FSs. ThedHvA frequencies, which reasonably well explains all the
branchy observed only in the limited angular ranges cen-observed dHvA branches. A slight disagreement in the abso-
tered at(100) suggests a part of the multiply connected one.lute values is probably ascribed to the assumption oflthe
The striking resemblance of the angular dependence dinglet ground state and/or the effect beyond the LBA
dHVA frequencies between PrgB, and LaOgShy, indi-  treatment. BranclB originates from the 48th-band spherical
cates the closeness of FS topology between the two conFS, branche is due to the 49th-band round cube FS, and
pounds, and evidences the well localized nature foklec-  branchy originates from the extremal orbit surrounding the
trons in PrOgShy,. N point of the part of multiply connected one. Many other
In order to assign the origin of dHVA branches, the band-dHvA branches predicted in the band-structure calculation
structure calculation is carried out using an FLAPW and
LDA +U method, in which the # electrons in PrQsShy, is
treated as localized. Here, we assumelihesinglet to treat
the localized 42 electrons with the cubic symmetry. The
details of the calculation are described in Refs. 19 and 20.
Figures 3 and 4 show the calculated energy-band structure
and the FS in PrQ$h;,, respectively. The FS is composed
of the 48th and 49th band hole sheets. The 48th band forms
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PrOsSb;,. The dHVA branches indicated by the closed marks ar

identified by the experiments.

due to the large curvature facto#$ of these branches; i.e.,
for H|[(100, |A”|=0.08 for the y branch, whereasA”|
=2.72 for the dHVA branch exhibiting the frequency ef

=0.71x10° T.

cal FS'’s. The estimated value 6f150 mJ/K¥ mol is still a
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origin may be hidden in the difference of the measuring con-
ditions, such as magnetic field and temperature; the Sommer-
feld coefficient in the specific heat was estimated at O T, and
aroundT close to the Schottky-like peak at 3 K, while the
dHVA measurements were made at high fields of 3—17 T and
lower temperatures of 30—400 mK. If the peak is associated
with the nearby magnetic CEF excited state situated about 8
K above the ground stafet? an additional enhancement of
effective mass could be expected from the magnetic instabil-
ity. As another origin, the spin-splitting effect should not be
discarded. In the present experiments, we have estinnated
only for the larger amplitude spin direction, since the insuf-
ficient experimental resolution prevents to determine the
masses for the higher frequencieg’ and 8’ as shown in
FIG. 5. Angular dependence of the theoretical dHvA branches ir|:ig_ 1(b)]. Only for B branch with the large amplitude, we

€ould roughly estimaten; of the higher-frequency branch

B', which is about 20% enhanced compared with that of the
lower oneB. The larger mass enhancement for the higher-
have not been observed in the present experiments. That caéequency branch might explain the discrepancy of the mass
be understood as a large reduction of the dHvA amplitudenhancement between the Sommerfeld coefficientrahd

It might be informative to compare Prg&b,, with an-
other Pr-based filled skutterudite superconductor P8R
as shown in Table #? The localized character off4elec-
trons, namely, the closeness of the FSs with those in

As the most attractive information, we have estimated the ary,Sh,,, has been confirmed also in P8, based on
cyclotron effective massn; from the temperature depen- the dHvA experiment® On the contrary, the mass enhance-
dence of the dHvA amplitude. The comparison of dHVA fre-ment is quite small in PrR@b;,, which is in sharp contrast
quencies andn; between these compounds is given in Tableto that in PrOgShy,. For PrOsSb;,, the CEF ground state
1.2 In contrast with the closeness of the FS topology, thewas inferred to be a non-Kramers doublet carrying quadru-
cyclotron effective masses are up te6 times enhanced pole momentS:” On the other hand, Takeda and Ishikawa
compared to those in La@B8b;,. The mass enhancement is inferred PrRySh, to have thd’; singlet ground stat& On
apparently larger than those in the ordinary Pr-based conthe T compared with the La references, the two compounds
pounds such as Pgrand PrSB8 although it is not so large have different sensd; for PrOsSh, is higher than that for
as that in PrEgP;,.% For the comparison with the mass en- La reference, that is unusual if we take into account that
hancement estimated from the specific-heat measuremermrOsgSh;, contains the magnetic element Pr. It should be
we simply estimate the Sommerfeld coefficient from the FSalso noted that the superconductivity observed in RERy
volume andm? in the present experiments assuming spheriis the ordinary BCS typ&?* These facts naturally indicate

the essential role of the mass enhancement associated with

factor of 2 or more smaller than that in the specific-heat4f electrons in the superconductivity of PyS#,,.

In summary, we have directly confirmed the heavy mass
in PrOs,Sh;, by the dHVA experiment, indicating PreXb, »

We have no definitive explanation for this discrepancyto be the first member of HF superconductor as Pr com-
only from the present information. Nevertheless, a possiblg@ound. However, the well localized character éfelectrons,

measurement; Bauet al. estimated the Sommerfeld coeffi-

cient of PrOgSh, to be 350—750 mJ/&Kmol.®

TABLE I. Comparison of the dHVA frequendy and the cyclotron effective mass; between PrOsSh,

and LaOgSb;.

PrOsSh;, (Exper) PrOsSh;, (Theor) LaOs,Sh;»

Field direction ~ Branch F(X10°T) m® (mg) F(X10®°T) mf (mg) F(X1GT) m* (my)
H[l(100) a 2.61 4.1 1.91 0.88 2.79 25

B 1.07 2.5 1.27 0.45 1.02 0.71

y 0.71 7.6 0.93 0.79 0.74 2.8

HH(llO) o 3.24 4.9 2.68 1.82 3.55 41

B 0.89 3.9 1.13 0.39 0.95 0.65

HH(lll} a 3.00 5.8 2.32 1.27 3.23 2.8

B 0.86 2.4 1.13 0.38 0.94 0.65
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TABLE II. Comparison of the superconducting critical temperatlirgg superconducting specific-heat
jump AC divided by T¢ (AC/T¢), Sommerfeld coefficient, and effective mas$ in RT,Shy, (R=La, Pr,

T=Ru, 0s.

PrOsSh;, LaOs,Sh;» PrRuy,Sh;, LaRu,Sh;,
Tc (K) 1.8% 0.74 1.04 3.58
AC/T¢ (mJI/KZ mol) 500 84 1106 8
Sommerfeld coefficient (mJAmol) 350~ 7501 36,956° 59 3r
my /mq for y branch 7.6 2.8 1.6 1.4

8References 6 and 7.
bReference 22.
‘Reference 14.

evidenced in the closeness of the FS to those in L8G)s,

dreference 15.
®Reference 23.

with the non-Kramers doublet CEF ground state is thought to
be responsible for the HF superconductivity in Pj8Is,.

indicates the uniqueness of this compounds compared to the

typical HF superconductors such as YBnd CeColg,?>?

where the itineranf-electron model is applicable. From the
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