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The filled skutterudite compound SmOs4Sb12 was prepared in single-crystal form and characterized using
x-ray diffraction, specific-heat, electrical resistivity, and magnetization measurements. The SmOs4Sb12 crystals
have the LaFe4P12-type structure with lattice parametera=9.3085 Å. Specific-heat measurements indicate a
large electronic specific-heat coefficient of<880 mJ/mol K2, from which an enhanced effective massm*

<170me is estimated. The specific-heat data also suggest crystalline electric fieldsCEFd splitting of the
Sm3+J=5/2 multiplet into a G7 doublet ground state and aG8 quartet excited state separated by,37 K.
Electrical resistivityrsTd measurements reveal a decrease inrsTd below ,50 K that is consistent with CEF
splitting of ,33 K between aG7 doublet ground state andG8 quartet excited state. Specific-heat and magnetic
susceptibility measurements display a possible weak ferromagnetic transition at,2.6 K, which could be an
intrinsic property of SmOs4Sb12 or possibly due to an unknown impurity phase.

DOI: 10.1103/PhysRevB.71.104402 PACS numberssd: 75.30.Mb, 71.27.1a, 75.50.Cc

I. INTRODUCTION

The family of filled skutterudite compounds exhibits a
variety of interesting strongly correlated electron phenomena
and have potential for thermoelectric applications. These
phenomena include, for example, superconductivity in
LaFe4P12,

1 heavy-fermion superconductivity in PrOs4Sb12,
2

ferromagnetism in SmFe4P12,
3 Kondo-insulating behavior in

CeOs4Sb12,
4 and valence fluctuations in YbFe4Sb12.

5 The
filled skutterudites have the chemical formulaMT4X12 where
M =alkali metal, alkaline-earth, lanthanide, or actinidesTh or
Ud; T=Fe, Ru, or Os;X=P, As, or Sb. The unit cell for these
compounds consists of 34 atoms crystallized in a

LaFe4P12-type structure with theIm3̄ space group.6

The only Sm-based filled skutterudites to be characterized
at low temperatures are all three phosphides and SmFe4Sb12;
of these, only SmFe4P12 has been studied in single-crystal
form.3,7–14These studies have revealed that SmFe4P12 is fer-
romagnetic below 1.6 K, SmRu4P12 has a metal-insulator
transition at 16 K, SmOs4P12 is an antiferromagnet below
4.6 K, and SmFe4Sb12 is ferromagnetic below 45 K. Experi-
ments on SmFe4P12 have also uncovered heavy-fermion and
Kondo-lattice behavior, with a Kondo temperature of about
30 K and an electronic specific-heat coefficient of
,370 mJ/mol K2.3,9 By 7 T, the magnetization of SmFe4P12
at 1.8 K does not saturate and only reaches a value of
0.15mB/ f.u., which is much less than the Sm3+ free ion
value of Msat=gJJ mB=0.71mB/ f.u. This behavior was at-
tributed to screening of the magnetic moment due to the

Kondo effect. Similar to SmFe4P12, the compound
SmFe4Sb12 has also been found to be ferromagnetic; how-
ever, unlike the magnetization of SmFe4P12, SmFe4Sb12 is
characterized by a saturation magnetization at 5 K ofMsat
=0.7 mB/ f.u., which agrees with the Sm3+ free ion value.
After taking into account the contribution from the FeSb3
polyanions, the effective magnetic moment of SmFe4Sb12
was found using Van Vleck’s formula to bemeff
=1.6±0.2mB/ f.u., in good agreement with the calculated
value ofmeff=1.66mB/ f.u.14

X-ray diffraction, specific-heat, magnetization, and elec-
trical resistivity measurements on the compound SmOs4Sb12
have been performed.15 These measurements revealed the
presence of crystalline electric field effects, heavy-fermion
behavior, and magnetic order. Analysis of the magnetization
using scaling theory and modified Arrott plots shows signs of
a ferromagnetic component to the magnetic order.

II. EXPERIMENTAL DETAILS

Single crystals of SmOs4Sb12 were grown in a molten Sb
flux. Stoichiometric amounts of SmsCERAC 99.9%d and Os
sColonial Metals 99.95%d were combined with an excess of
Sb sCERAC 99.999%d in the atomic ratio 1:4:20 and placed
in a carbon coated quartz tube, which was then evacuated
and filled with 150 Torr Ar prior to being sealed. The sealed
tube was placed in a box furnace, heated to 1050 ° C for
48 h, and then cooled to 700 ° C at 2 ° C/h. The resulting
crystals were cubic and tended to form in large intercon-
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nected clusters, with most of them much less than 1 mm in
dimension. A small batch of ultra-high purity single crystals
were also produced using SmsAMES 99.99%d, Os sAlfa
Aesar 99.999%d, and SbsCERAC 99.999%d. However, these
single crystals were only used as a subsequent check for
impurities.

The quality of the single crystals was determined by x-ray
powder diffraction measurements, which were performed
with a Rigaku D/MAX B x-ray machine on a powder pre-
pared by grinding several-single crystals. Single crystal
structural analysis was performed on two single crystals with
similar dimensions. Inspection with an AXS-Gadds texture
goniometer assured the high quality of the specimens prior to
x-ray intensity data collection. For the data collection, a four-
circle Nonius Kappa diffractometer equipped with a CCD
area detector employing graphite monochromated MoKa ra-
diation sl=0.071073 nmd was used. Orientation matrix and
unit cell parameters were derived using theDENZO

program.16 No absorption corrections were necessary be-
cause of the regular crystal shape and small dimensions of
the investigated crystals. The structure was refined with the
aid of theSHELXS-97program.17

Specific heatCsTd measurements were made between 0.6
and 70 K in a semiadiabatic3He calorimeter using a standard
heat pulse technique. Many single crystals were combined
for a total mass of 49.34 mg which were attached to the
thermometersCernoxd/heater sapphire platform with about
7.44 mg of Apiezon N grease. The electrical resistivityrsTd
of several samples with dimensions of,130.530.5 mm
was measured using a four probe technique from
1.1 to 300 K. MagnetoresistancersH ,Td measurements
were made using a four probe ac technique in fields up to
9 T in the 2 to 300 K temperature range in a Quantum De-
sign Physical Properties Measurement System and in mag-
netic fields up to 18 T down to,0.05 K using3Heu4He
dilution refrigerators at UCSDs0–8 Td and the National
High Magnetic Field Laboratory at Los Alamos National
Laboratory s8–18 Td. All of the resistivity measurements

were made with a constant current of 100–300mA, perpen-
dicular to the applied magnetic field. Magnetization mea-
surements were made with Quantum Design superconduct-
ing quantum interference device magnetometers in the
temperature range 1.7 to 300 K in magnetic fields up to 5 T.
Measurements of the dc and ac magnetic susceptibility
xdcsTd andxacsTd, respectively, and the isothermal magneti-
zation MsHd were made on a 5.37 mg single crystal with
dimensions,0.631.1631.18 mm mounted such that the
field was applied along the long axis of the crystal.

III. RESULTS

A. Single-crystal structural refinement

Analysis of the x-ray powder diffraction pattern indicated
single phase SmOs4Sb12 with a minor impurity peak of
OsSb2 s&5%d. Table I lists the results of a structural refine-
ment performed on x-ray-diffraction data taken from two
SmOs4Sb12 single crystals. The structural refinement indi-
cated that SmOs4Sb12 has a LaFe4P12-type structure,6 with a
lattice parametera=9.3085 Å and a unit cell volume of
806.6 Å3. The Sm site was found to be fully occupied and
Sm was found to have large isotropic thermal displacement
parametersUii relative to those of Os and Sb. The values of
Uii for Sm are consistent with the“rattling” behavior of the
filled skutterudite compounds.18

B. Specific heat

Displayed in Fig. 1sad is a plot of the specific heat divided
by temperatureC/T vs T of SmOs4Sb12 between 0.6 and
25 K. Two features are readily apparent in the data repre-
sented by the open circles in Fig. 1sad. The first feature, a
hump which peaks at,2 K, can be associated with the onset
of ferromagnetic order when corroborated byxacsTd and
MsHd measurements described later in this article. The fer-
romagnetic ordering temperaturesCurie temperatured was
approximated by taking the maximum negative slope ofC/T,

TABLE I. Single-crystal structural data for SmOs4Sb12 sLaFe4P12-type, space groupIm3̄; No. 204d taken atT=296 K, with a scattering
angle range of 2°,2u,80°.

SmOs4Sb12

Crystal size 84384356 mm3 Lattice parametera fÅg 9.3085s2d Densityr fg/cm3g 9.767

Reflection in refinements 447ø4ssF0d of 482 Number of variables 11 RF
2 =SuF0

2−Fc
2u /SF0

2 0.0207

Goodness of fit 1.284

Sm in 2a s0, 0, 0d; Thermal displacements fÅ2g Interatomic distancesfÅg
Occupancy 1.00s2d Sm: U11=U22=U33 0.0552s6d Sm–12 Sb 3.4824

Os in 8c s1/4, 1/4, 1/4d; Thermal displacements fÅ2g Interatomic distancesfÅg
Occupancy 1.00s1d Os: U11=U22=U33 0.0019s1d Os–6 Sb 2.6241

Sb in 24g s0, y, zd; y: 0.15589s3d Thermal displacements fÅ2g Interatomic distancesfÅg
z: 0.34009s3d Sb: U11 0.0019s1d Sb–1 Sb 2.9022

Occupancy 1.00s1d U22 0.0037s1d 1 Sb 2.9771

U33 0.0063s1d 2 Os 2.6241

1 Sm 3.4824
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which occurs at 2.6 K. This feature is not as well defined as
that expected for a typical ferromagnetic transition and may
be due to the presence of an impurity phase. However, this
hump is similar to a broad feature in the specific heat of
PrFe4Sb12 that is associated with the occurrence of magnetic
order.19

The second feature observed in the specific-heat data is a
Schottky-like anomaly centered at,10 K. The data between
3.5 and 20 K were fitted by an equation containing elec-
tronic, lattice, and Schottky terms. These results are also dis-
played in Fig. 1sad. The Debye temperatureQD<294 K in-
ferred from the fit is typical for a filled skutterudite
compound, while the resultant electronic specific-heat coef-
ficient g<880 mJ/mol K2 is extremely large. It is important
to note that this value ofg is fairly insensitive to the Debye
temperatureQD and the splittingDE of the crystal field lev-
els, changing by less than 5% for various reasonable values
of QD andDE. The effective massm* can be estimated from
g using the relation

g =
p 2sZ/VdkB

2m*

"2kF
2 , s1d

whereZ is the number of charge carriers per unit cell,V is
the unit cell volume, andkF=s3p 2Z/Vd1/3 is the Fermi wave
vector using a spherical Fermi surface approximation. We
assume thatZ=2, since there are two formula units per unit
cell and in each formula unit, Sm3+ contributes three elec-
trons and each of thesOsSb3d−1 polyanions contributes one
hole. Equations1d yields m* <170me, whereme is the free
electron mass, revealing that SmOs4Sb12 is a heavy-fermion
compound.

The magnetic contribution to the entropySmag shown in
Fig. 1sbd was determined by subtracting the electronic and
lattice contributions fromC/T, extrapolating to zero tem-
perature, and then integrating overT. At the ,2.6 K mag-
netic transition, the magnetic entropy was found to be
,94 mJ/mol Ks1.6% ofR ln 2d and it only reaches a value

of ,4.2 J/mol K by 25 K, where the Schottky contribution
is in its high-temperature tail and significantly reduced.

C. Electrical resistivity

Electrical resistivity measurements were performed on
several single crystals of SmOs4Sb12. Figure 2 displays the
room-temperature normalized electrical resistivity
r /rs294 Kd vs T for two representative samples. Samples A
and B both exhibit metallic behavior with residual resistivity
ratio sRRRd values of 12.7 and 19.1, respectively, and room-
temperature resistivity rs294 Kd values of 313 and
379 m V cm, respectively. At low temperatures, there is a
broad hump inrsTd between 6 and 40 K for sample A and a
kink in rsTd at ,12.5 K for sample B. These features occur
well aboveTmag<2.6 K determined fromCsTd, as well as
from xacsTd and MsH ,Td data presented later. The sample
dependence of the electrical resistivity along with the high
room-temperature resistivity values indicate the presence of
atomic disorder.

The temperature and magnetic field dependencies of the
electrical resistivity for SmOs4Sb12 are shown in Figs. 3 and

FIG. 1. sad Plot of C/T vs T
sopen circlesd and a fit to the data
ssolid lined that includes an elec-
tronic term slong dashed lined, a
lattice contributionsshort dashed
lined, and a Schottky anomalyssee
text for detailsd. Also displayed is
the magnetic contributionCmag/T
sfilled circlesd, determined by sub-
tracting the electronic and lattice
terms fromC/T. sbd Magnetic en-
tropy Smag of SmOs4Sb12 as a
function of T.

FIG. 2. Electrical resistivityr vs temperatureT for SmOs4Sb12

samples A and B. The low-temperature behavior is shown in the
inset.
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4. Figure 3sad displays the electrical resistivity of SmOs4Sb12
from 2 to 300 K in fields up to 9 T. In general, the resistivity
increases with increasing field at all temperatures. The shoul-
der in rsTd, which is observed at,30 K, becomes more
prominent as the magnetic field increases. The behavior of
the low-temperaturersHd data above 4 T for SmOs4Sb12 is
very similar to that of LaOs4Sb12; however, below 4 T, the
rsHd data exhibit a rapid increase withH whose origin is not
understood.

The heavy fermion behavior inferred from the specific-
heat measurements is also reflected in the electrical resistiv-
ity. The electrical resistivity of a typicalf-electron heavy-
fermion compound has a relatively weak temperature
dependence at high temperatures and then decreases rapidly
with decreasing temperature below a characteristic “coher-
ence temperature,” until, at the lowest temperatures, the re-
sistivity varies asT2. The T2 dependence is indicative of
Fermi-liquid behavior and is strong enough to be readily
observable in most heavy-fermion compounds. In order to
ascertain whether the resistivity of SmOs4Sb12 follows this
T2 dependence at low temperatures, power-law fits of the
form r=r0f1+sT/T0dng swherer0 is the residual resistivity
andT0 is a characteristic temperatured were made to thersTd

data in the temperature range from,0.05 to ,10 K up to
8 T and from,0.02 to 2.6 K from 10 to 18 TfFig. 3scdg.
The fits show that the exponentn is approximately 2 up to
4 T, consistent with Fermi-liquid behavior, and then de-
creases with increasing field, possibly indicating a cross over
to field-induced non-Fermi-liquid behavior. The value ofT0
determined from the power-law fits varies between,7 and
8 K, and may be associated with the peak observed in the
derivative of the resistivitydr /dT vs T, shown in Fig. 3sdd,
which occurs around 7.5 K at all fields between 0 and 9 T.
This low value of the scaling temperatureT0 is consistent
with the large value ofg.

The coefficientA f=r0/ sT0
2dg of theT2 term in the electri-

cal resistivity is often found to follow the Kadowaki-Woods
sKWd relation A/g2=1310−5 mV cm mol2 K2 mJ−2 swhere
g is the electronic specific heat coefficientd.20 For
SmOs4Sb12, the power-law fits to the electrical resistivity
result in anA/g2 ratio of ,0.5310−6 mV cm mol2 K2 mJ−2

at 0 T, which is,20 times smaller than the value expected
from the KW relation. However, Tsujiiet al. recently
found a different empirical relation A/g2<0.4
310−6 mV cm mol2 K2 mJ−2, from studies of several Yb-
based compoundsssuch as YbCu5, YbAl3, and YbInCu4d,
some Ce-based compoundssCeNi9Si4 and CeSn3d, and some

FIG. 3. Electrical resistivity
rsTd at various fields for
SmOs4Sb12 sSample Ad. sad
rsT,Hd for 2 KøTø300 K and
0 TøHø9 T. sbd rsT,Hd for
0.02 KøTø2.5 K and 0 TøH
ø18 T. scd r−r0 vs T on a log-
log scale. The lines are power law
fits to the data of the formr
=r0f1+sT/T0dng. sdd dr /dT vs T
at fields up to 9 T showing a peak
at ,7.5 K for all fields.
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transition metalsssuch as Fe, Pd, and Osd.21 To explain this
new relation, Tsujiiet al. suggested a relation to the ground-
state degeneracy of the system, which has been developed
further by Kontani in the form of a generalized Kadowaki-
Woods relation.21,22TheA/g2 value for SmOs4Sb12 seems to
be in much better agreement with this new relation and,
thereby, consistent with the behavior of several other heavy-
fermion compounds.

D. Magnetization and magnetic susceptibility

Inverse dc magnetic susceptibilityxdc
−1 vs T data for

SmOs4Sb12 are shown in Fig. 5. Since Sm3+ ions have rela-
tively low-energy angular momentum states above the
Hund’s ruleJ=5/2 ground state, a simple Curie-Weiss law

was unable to describe the data. Previous work23 has shown
that xsTd for Sm compounds can often be reasonably well
described without considering CEF splitting by the equation

xsTd = SNA

kB
DF meff

2

3sT − uCWd
+

mB
2

d
G , s2d

whereNA is Avogadro’s number,meff is the effective mag-
netic moment,uCW is the Curie-Weiss temperature,mB is the
Bohr magneton, andd=7D /20, whereD is the energysex-
pressed in units of Kd between the Hund’s ruleJ=5/2
ground state and theJ=7/2 first excited state. Equations2d
consists of a Curie-Weiss term due to theJ=5/2 ground-
state contribution and a temperature-independent Van Vleck
term due to coupling with the first excitedJ=7/2 multiplet.
The theoretical Sm3+ free ion moment ismeff=gJfJsJ
+1dg1/2 mB=0.845mB/ f.u., wheregJ=0.286 is the Landég
factor andJ=5/2. Thebest overall fit of Eq.s2d to thexdc

−1sTd
data, shown in Fig. 5, results in the parametersuCW=
−0.99 K, d=300 K, and meff=0.63mB/ f.u.. The value of
meff=0.63mB/ f.u. is somewhat less than the theoretical Sm3+

free ion value ofmeff=0.845mB/ f.u., while d=300 K yields
D=20d /7=850 K, which is much less than theD,1500 K
value estimated for free Sm3+ ions.24 However, low values of
D have previously been inferred from the fits toxdcsTd data
for other Sm-based compounds such as SmRh4B4.

23

The magnetic properties of SmOs4Sb12 were also charac-
terized by measuringxacsTd and MsH ,Td at low tempera-
tures. ThexacsTd datasFig. 5, insetd exhibit a peak indicative
of a magnetic transition atTC=2.66 K, whereTC is defined
as the temperature of the midpoint of the change inxac on the
paramagnetic side. The results of isothermalMsHd measure-
ments, made in the vicinity of the transition, are shown in
Fig. 6. The magnetic transition can clearly be seen in the
MsHd isotherms where the approximately linear behavior at
5 K becomes nonlinear at lower temperatures and hysteretic
at 2 K sFig. 6, insetd. These results reveal that some type of
magnetic order with a weak ferromagnetic component occurs
below 2.66 K. At 2 K, the remnant magnetizationMR is
,0.015s1d mB/ f.u. and the coercive fieldHC is ,2.5s1d

FIG. 4. Electrical resistivityrsHd at various temperatures for
SmOs4Sb12 ssample Ad along withrsHd at 1.5 K for LaOs4Sb12. sad
rsH ,Td for 0 TøHø9 T and 0.02 KøTø40 K. sbd rsH ,Td for
0 TøHø18 T and 0.02 KøTø2.75 K. The rsHd data for
LaOs4Sb12 ssolid circlesd at 1.5 K sshifted upwards by adding
20 mV cmd for comparison with the low-temperaturersHd data of
SmOs4Sb12.

FIG. 5. Inverse dc magnetic susceptibilityxdc
−1, measured at

0.5 T, vs temperatureT sfilled circlesd for SmOs4Sb12. The line
represents a fit of a Curie-Weiss law with a temperature-
independent Van Vleck term using Eq.s2d to thexdc

−1sTd data. The
inset shows the temperature dependence of the ac magnetic suscep-
tibility xac. The arrow denotes theTC of SmOs4Sb12 sdefined as the
midpoint of the transition on the paramagnetic sided.

FIG. 6. MsHd isotherms between −5 T and 5 T for SmOs4Sb12

at 2, 3, 4, and 5 K. The inset displays the low-field behavior of the
2 K isotherm.
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310−3 T. Even though saturation is not achieved at 2 K,
which is only,0.5 K away fromTC, a magnetization value
M of ,0.122s1d mB/ f.u. is obtained at 5 T which is only
17% of the theoretical value ofMsat=gJJ mB=0.71mB/ f.u.

Arrott plots were constructed in an attempt to determine
the Curie temperatureTC, the spontaneous magnetization
MS, and the initial susceptibilityx0. An Arrott plot consists
of M2 vs sH /Md isotherms, whereM is magnetization andH
is the internal field. In general, theM2 vs sH /Md isotherms
form a series of lines for a ferromagnetic compound that are
parallel nearTC, whereTC corresponds to the isotherm that
passes through the origin. However, in the case of
SmOs4Sb12, theM2 vs sH /Md isotherms are strongly curved,
as shown in the inset to Fig. 8. To overcome this difficulty,
theMsH ,Td data were analyzed using a modified Arrott plot,
M1/b vs sH /Md1/g swhere b and g are critical exponentsd,
which is based on the Arrott-Noakes equation of state.25 To
construct the modified Arrott plot, it was necessary to deter-
mine the critical exponentsb andg. This was accomplished
by estimating the value of the critical exponentd using the
relation M ,H1/dsT=TCd and plottingd lnsm0Hd /d lnsMd vs
m0H for all the measured isotherms. The isotherm with the
slope closest to zero was found to be the one forT=2.6 K,
and the average value ford lnsm0Hd /d lnsMd above m0H
=0.05 T for this isotherm givesd=1.82s5d. These values
were then analyzed using scaling theorysFig. 7d, from which
uMu / utub is plotted as a function ofuHu / utubd where t=sT
−TCd /TC; on this plot, the isotherms collapse onto two uni-
versal curves with the isotherms forT.TC on one branch
and those forT,TC on the other. Based on this scaling
analysis, values ofb=0.73s5d and d=1.82s5d were deter-
mined, whileg=0.60s5d was obtained from the Widom scal-
ing relationd=1+g /b.26 The resulting value ofTC from the
scaling analysis is 2.60s5d K, which agrees well withTC de-
termined fromxacsTd measurements on the same crystal.

The critical exponents determined from the scaling analy-
sis were then used to construct the modified Arrott plots,
shown in Fig. 8. With the correct critical exponents for
SmOs4Sb12, the isotherms in the modified Arrott plot were
linear and parallel close toTC in the high-field region from
0.15 to 3 T. Linear fits to theM1/b vs sH /Md1/g data were

made in this field range as shown in Fig. 8; the intercepts of
the fits were then used to determine the Curie temperature
TC, the initial susceptibilityx0, and the spontaneous magne-
tization MS for each isotherm. The value ofTC from the
modified Arrott plots agrees well with the scaling analysis
result ofTC=2.60s5d K to within ,0.1 K. A Curie-Weiss fit
of x0

−1sTd fFig. 9sadg resulted in uCW=2.5 K and meff

=0.4 mB/ f.u. These values are not in agreement with the ear-
lier fit to the xdc

−1sTd data using Eq.s2d since thexdc
−1sTd data

were fit from 2 to 300 K while thex0
−1sTd data were fit only

nearTC.

IV. DISCUSSION

A. Crystalline electric field analysis

In the presence of a cubic crystalline electric fieldsCEFd,
the sixfold degenerate Sm3+ J=5/2 multiplet splits into aG7
doublet and aG8 quartet. Although it has been shown that the
filling atom sSmd in the filled skutterudites experiences tet-

FIG. 7. Scaling plotuMu / utub vs uHu / utubd for SmOs4Sb12. The
line is a guide to the eye. FIG. 8. Modified Arrott plot for SmOs4Sb12. The inset shows the

conventional Arrott plot for SmOs4Sb12 using the the critical expo-
nents from the molecular field approximationsb=1/2 andg=1d.

FIG. 9. sad Spontaneous magnetizationMS
1/b vs T along with a

linear fit ssolid lined and extrapolation to 0 Ksdashed lined. sbd
Inverse initial susceptibilityx0sTd−1 vs T along with a Curie-Weiss
fit slined.
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rahedral CEF splitting,27 cubic CEF splitting was used in-
stead for simplicity. The best fit to theC/T data for
SmOs4Sb12, obtained by scaling the CEF Schottky contribu-
tion by 0.58, resulted in aG7 ground state and aG8 excited
state separated byDE<38 K. The scaling that was necessary
could imply that most of the entropy of the 4f electrons in
SmOs4Sb12 is associated with the Schottky-like anomaly
while the rest resides within the heavy quasiparticles and
magnetic ordering.

The zero-field electrical resistivityrsTd of SmOs4Sb12 is
shown in Fig. 10sad ssample Ad. The resistivityrsTd has an
approximately linear-T dependence between 50 and 300 K
and drops rapidly below,50 K. To determine if the feature
below 50 K was due to CEF splitting of the Sm3+J=5/2
multiplet, it was necessary to subtract a lattice contribution
rlat and an impurity contributionrimp s,21 mV cmd from the
resistivity data, yielding an incremental resistivityDr swhere
Dr=r−rlat−rimpd. Usually,rlat is estimated from an isostruc-
tural nonmagnetic reference compound; in the case of
SmOs4Sb12, LaOs4Sb12 was used. However, above 100 K,
rsTd of LaOs4Sb12 exhibits a significant amount of negative
curvature, which is common in La-based compoundsssuch
as LaAl2d.28,29The curvature is generally less pronounced in
Y- and Lu-based compounds, which have empty and filled
4f-electron shells, respectively. However, since the com-
pounds YOs4Sb12 and LuOs4Sb12 have not yet, to our knowl-
edge, been prepared, an estimate ofrlat for SmOs4Sb12 was
made from 2 to 300 K. This estimate was derived by shifting
the linearly T-dependent resistivity of SmOs4Sb12 above
100 K, where theT dependence was assumed to be com-
pletely due to electron-phonon scattering, such that it

matched smoothly with the resistivity of LaOs4Sb12 below
100 K. These data were then combined to representrlat from
2 to 300 K in Fig. 10sad. After subtracting this estimated lat-
tice contribution,Dr was plotted as shown in Fig. 10sbd and
compared with the calculated resistivity due solely tos-f
exchange scatteringsrmagd from the Sm3+ 4f energy levels in
the CEF. The exchange scattering contributionrmag for
SmOs4Sb12 was calculated for CEF splitting of the Hund’s
rule J=5/2 multiplet for Sm3+, similar to a procedure de-
scribed elsewhere for PrOs4Sb12,

30 which was based on work
by Andersenet al.31 Since Sm3+ has a magnetic ground state
and, in order to simplify the analysis, a contribution to the
CEF resistivity due to aspherical Coulomb scattering was not
considered. The fit of the calculatedrmagsTd to the DrsTd
data was quite good, except below,7 K, where the discrep-
ancy may be due to the ferromagnetic phase transition that
occurs at,2.6 K or the development of the coherent heavy
Fermi liquid ground state. Based on this fit, a splitting of
,33 K between theG7 doublet ground state andG8 quartet
excited state was inferred. In general, the splitting that results
from the CEF fit ofrmagsTd to theDrsTd data is in reasonable
agreement with the values38 Kd determined from specific
heat measurements. However, the possibility that the drop in
the resistivity below,50 K is due to the development of the
coherent heavy Fermi liquid, rather than CEF splitting of the
Sm3+ J=5/2 multiplet, cannot be ruled out.

The fit of Eq.s2d to thexdc
−1sTd data yielded a good overall

description of thexdcsTd data without incorporating CEF ef-
fects. Fits that considered CEF effects in addition to the split-
ting between theJ=5/2 andJ=7/2 multiplets snot shownd
did not vary significantly from the results of Eq.s2d. Follow-
ing the modified Arrott plot analysis, it was also found that
the value ofmeff determined from the fit to thex0

−1sTd data is
in good agreement withmeff=0.41mB/ f.u. arising from aG7
ground state and is much less thanmeff=0.77mB/ f.u. associ-
ated with aG8 ground state. However, a linear fit toMS

1/bsTd
fFig. 9sbdg resulted in a value of 0.087s1d mB/ f.u. for Msat at
T=0 K, which is,37% ofMsat=gJkJzl for a G7 ground state
at T=0 K. In addition, the failure of CEF-based fits to ad-
equately describe thexdc

−1sTd data may suggest that the CEF-
based fit toC/T is inappropriate. The Schottky-like anomaly
at 10 K, taken to be a strong indicator of crystal field split-
ting, may conceivably be due to a complex temperature de-
pendence ofg, which can occur when the value ofg is
greatly enhanced,32 as is observed in SmOs4Sb12.

B. Weak ferromagnetism

The low value of the magnetic entropy at the transition,
the lack of features in the electrical resistivity at the transi-
tion, the low nonsaturating magnetization, and the unex-
plained critical exponents seem to suggest that the ferromag-
netism is either unconventional, or due to an unknown
impurity phase. Although an impurity phase may be respon-
sible for the ferromagnetism, it should be noted that many
compounds exhibit similar behavior, including the itinerant
ferromagnets ZrZn2, Ni3Al, and Sc3In,33–36 many other
heavy-fermion systems such as CeNi0.875Ga3.125, YbRhSb,
and Ce5Sn3,

37–39 and the heavy-fermion-filled skutterudite

FIG. 10. sad Zero-field electrical resistivityr and the estimated
rlat+rimp vs T for SmOs4Sb12 ssample Ad, whererimp,21 mV cm.
sbd Drs=r−rlat−rimpd vs T compared with a fit of the resistivity due
to s-f exchange scattering of electrons from theG7 doublet ground
state and theG8 quartet excited state separated by,33 K due to the
CEF ssolid lined. The fit gives a good description of theDrsTd data
from 7 to 300 K. The inset shows the quality of the fit at low
temperatures.
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SmFe4P12.
3 For instance, the low value of the magnetic en-

tropy at the transitions,0.016R ln 2d and the small size of
the feature due to magnetic ordering inC/T of SmOs4Sb12
are consistent with the behavior observed in weak itinerant
ferromagnets such as Sc3In.40,41 Similar behavior is also ob-
served in several heavy-fermion systems such as
CeNi0.875Ga3.125, YbRhSb, Ce5Sn3, and SmFe4P12.

37–39These
heavy-fermion systems all show anomalies inC/T, although
the magnetic entropy at the phase transitions of each of these
systems ranges froms0.1 to 0.35dR ln 2. The lack of features
in the electrical resistivity at the transition is also consistent
with the weak itinerant ferromagnets ZrZn2, Ni3Al, and
Sc3In,42–44 as well as SmFe4P12.

3 None of these compounds
shows a clear indication of a phase transition inrsTd. In the
case of the magnetization of SmOs4Sb12, the low nonsaturat-
ing moment is similar to behavior that has been observed in
the magnetization of SmFe4P12, which at 1.8 K reaches a
value around 0.14mB/ f.u. by 5 T.3 This nonsaturating mo-
ment is also observed in weak itinerant ferromagnets, such as
ZrZn2, Ni3Al, and Sc3In.33–36 The behavior of the systems
described above is not clearly understood and has been at-
tributed to either Kondo screening or itinerant electron mag-
netism.

Assuming the presence of a ferromagnetic impurity phase,
the percentage of this phase present in a sample of
SmOs4Sb12 can be estimated from the observed magnetiza-
tion. Since Sm is the only magnetic constituent in
SmOs4Sb12, it is reasonable to assume a moment of
,1 mB/ f.u. for the impurity phase. In order to produce the
magnetization observed at 2 K and 5 T, the impurity phase
would need to constitute,1% of the total mass of the crys-
tal, assuming that the molecular weight of the impurity phase
is comparable to that of Sm. Based on this, it is clear that it
would be very difficult to resolve the potential impurity
phase in x-ray powder diffraction data. To check whether the
unconventional magnetic behavior was due to impurities in
the raw materials, single crystals were grown from ultrahigh
quality materialssSm 99.99%, Os 99.999%, Sb 99.999%d.
Magnetization measurements made on these crystals did not
differ significantly from those made on previous crystals
grown from lower quality starting materials. This finding
seems to indicate that if there is an impurity phase, then a Sm
compound is the most likely candidate.

The applicability of the modified Arrott analysis to
SmOs4Sb12 indicates that the ferromagnetic ordering is not
described by mean-field critical exponentssb=0.5,d=3, and
g=1d. Deviation from mean-field behavior is not uncommon.
For instance, the magnetic interactions in a given compound
may be best described by other models, such as the 3D
Heisenberg model for whichb=0.3639, d=4.743, andg
=1.3873.45 The critical exponents determined for SmOs4Sb12
clearly do not agree with those of the 3D Heisenberg model,
or any of the other standard models.26 Other possible expla-

nations for the unconventional critical exponents include
CEF splitting,46 disorder of a single magnetic phase,47,48 or
the existence of multiple magnetic phases. In the case of
SmOs4Sb12, it seems that the presence of an impurity phase
could lead to the unusual critical exponents that have been
observed. For example, the usual mean-field critical expo-
nents of some ferromagnetic impurity could be obscured by
the presence of a large paramagnetic contribution. However,
it is also possible that the odd magnetic behavior is intrinsic
to SmOs4Sb12 and the unexplained critical exponents may
reflect some type of novel magnetic ordering. Neutron-
scattering measurements could offer insight into this possi-
bility.

V. SUMMARY

Measurements ofCsTd, rsT,Hd, MsH ,Td, andxacsTd have
been performed on the filled skutterudite compound
SmOs4Sb12. The CsTd measurements reveal a strongly en-
hanced electronic specific-heat coefficient g
<880 mJ/mol K2, indicative of a large quasiparticle effec-
tive massm* <170me. A fit of a possible Schottky anomaly
to the CsTd data indicates CEF splitting of the Sm3+J=5/2
sixfold degenerate Hund’s rule multiplet into aG7 doublet
ground state and aG8 quartet excited state separated by
38 K. The electrical resistivity has a strong temperature de-
pendence below,50 K. CEF fits to this region agree well
with the specific-heat measurements and yield an energy
splitting of ,33 K between theG7 doublet ground state and
the G8 quartet excited state. The resistivity of SmOs4Sb12
increases with field at all temperatures. Below,10 K and up
to 4 T, the resistivity exhibits Fermi-liquid behavior. Fits to
the xdc

−1sTd data using a temperature-independent Van Vleck
term yield a value ofmeff=0.634mB/ f.u. with an energy gap
D=854 K between theJ=5/2 and theJ=7/2 multiplets. The
hysteresis observed inMsHd at 2 K, the low value of the
ordered moment, and conformity of theMsH ,Td data to a
modified Arrott plot are consistent with weak ferromagnetic
order possibly due to an impurity phase. Analysis using scal-
ing theory and modified Arrott plots yield the valuesTC
<2.60s5d K and a spontaneous magnetization at 0 K of
0.087mB/ f.u.
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