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Single crystals of the filled-skutterudite compound NdOs4Sb12 have been investigated by means of electrical
resistivity, magnetization, and specific heat measurements. The NdOs4Sb12 crystals have the LaFe4P12-type
cubic structure with a lattice parameter of 9.3 Å. Possible heavy-fermion behavior is inferred from specific heat
measurements, which reveal a large electronic specific heat coefficient ��520 mJ/mol K2, corresponding to
an effective mass m*�98me. Features related to a ferromagnetic transition at �0.9 K can be observed in
electrical resistivity, magnetization, and specific heat. Conventional Arrott-plot analysis indicates that
NdOs4Sb12 conforms to mean-field ferromagnetism.
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I. INTRODUCTION

The filled skutterudite compounds have the chemical for-
mula MT4X12, where M is an alkali �Na or K�, alkaline earth
�Ca, Sr, Ba�, lanthanide, or actinide atom; T is a transition-
metal atom �Fe, Ru, Os�; and X is a pnictogen atom �P, As,
Sb�. The compounds crystallize in a LaFe4P12-type structure

with the space group Im3̄.1 Due to the strong hybridization
between f and conduction electrons and their unique crystal
structure, the lanthanide- and actinide-based filled skutteru-
dite materials display a wide range of strongly correlated-
electron phenomena, such as BCS-like superconductivity
�e.g., PrRu4Sb12�,2,3 heavy fermion behavior �e.g.,
PrFe4P12�,4 heavy fermion superconductivity �e.g.,
PrOs4Sb12�,5,6 ferromagnetism �e.g., PrFe4Sb12�,7 metal-
insulator transitions �e.g., PrRu4P12�,8 Kondo-insulator be-
havior �e.g., UFe4P12 and CeFe4P12�,9 valence fluctuation be-
havior �e.g., YbFe4Sb12�,10,11 and non-Fermi-liquid behavior
�e.g., CeRu4Sb12�.12,13

Previous studies have shown ferromagnetic ordering in
Nd-based filled skutterudites. Measurements of NdFe4Sb12
revealed ferromagnetic order below 16.5 K with a Nd or-
dered moment of 2.04�B and a Fe collinear moment of
0.27�B.14 Lower ferromagnetic transition temperatures were
found in NdFe4P12 at 2 K,15 NdRu4P12 at 1.6 K,16

NdRu4Sb12 at 1.3 K,2,3 and NdOs4Sb12 at 0.8 K.16 Since
NdOs4Sb12 displays ferromagnetism with a low Curie
temperature and its neighboring compound PrOs4Sb12
shows heavy fermion behavior and unconventional
superconductivity,6,17–20 possibly involving triplet spin pair-
ing of electrons, there is a strong likelihood that PrOs4Sb12 is
near a ferromagnetic quantum critical point. Thus, by thor-

oughly characterizing the physical properties of NdOs4Sb12,
a deeper insight into the unusual behavior of PrOs4Sb12 may
be attained. Earlier studies of the compound NdOs4Sb12 only
reported the results of structural refinement21 and the value
of the Curie temperature.16 In this report, we present a de-
tailed investigation of NdOs4Sb12 single crystals, including
measurements of x-ray diffraction, electrical resistivity, mag-
netization, and specific heat. We also discuss possible heavy
fermion behavior in this Nd-based filled skutterudite com-
pound.

II. EXPERIMENTAL DETAILS

NdOs4Sb12 single crystals were grown in a molten Sb flux
as described previously,17 using high purity Nd, Os �3.5N�,
and Sb �6N�. X-ray powder diffraction measurements were
performed with a Rigaku D/MAX B x-ray machine on a
powder prepared by grinding several single crystals, which
indicated single phase NdOs4Sb12 with a minor impurity
peak of Sb ��10% �. The crystals had a LaFe4P12-type BCC
structure,1 with a lattice parameter a=9.30 Å. Two single
crystals of similar dimension were selected for single crystal
x-ray diffraction measurements. The data were collected on a
four-circle Nonius Kappa diffractometer at 296 K using Mo
K� radiation ��=0.071 073 nm�. No absorption corrections
were necessary because of the rather regular crystal shape
and small dimensions of the investigated crystals. The struc-
ture was refined with the SHELXS-97 program.22

Electrical resistivity ��T ,H� was measured using the
standard four-wire technique in a Quantum Design Physical
Properties Measurement System �PPMS� and in a 3Heu 4He
dilution refrigerator in fields up to 8 T. The low temperature

PHYSICAL REVIEW B 72, 094410 �2005�

1098-0121/2005/72�9�/094410�9�/$23.00 ©2005 The American Physical Society094410-1

http://dx.doi.org/10.1103/PhysRevB.72.094410


�0.02–2.6 K� and high-field �8–18 T� ��T ,H� measure-
ments were performed in the National High Magnetic Field
Laboratory at Los Alamos National Laboratory, Los Alamos,
NM. The electrical current applied to the sample was perpen-
dicular to the applied magnetic field, which was along the
�001� direction, in all ��T ,H� measurements. Measurements
of ��T , P� were made under hydrostatic pressures up to
28 kbar in a beryllium-copper piston-cylinder clamp23 and a
4He cryostat. The pressure was determined inductively from
the pressure-dependent superconducting transition of a Pb
manometer.

DC magnetic susceptibility from 2 to 300 K was mea-
sured in a Quantum Design Magnetic Properties Meas-
urement System �MPMS� SQUID magnetometer. The
magnetization M�H ,T� measurements were carried out in a
3He Faraday magnetometer with a gradient field of
�0.05–0.1 T/cm in external fields up to 5.5 T and at tem-
peratures between 0.4 and 2 K. For the Faraday magnetome-
ter measurements, several single crystals �total mass of
21.3 mg� were combined in a mosaic fashion and measure-
ments were performed with magnetic field applied along the
�001� axis. Specific heat C�T� of multiple single crystals �to-
tal mass of 42.15 mg� was measured between 0.5 and 70 K
in a 3He calorimeter using a semiadiabatic heat-pulse tech-
nique.

III. RESULTS AND DISCUSSION

A. Single crystal structural refinement

Structural refinement was performed on x-ray diffraction
data collected from single crystals of NdOs4Sb12; the results
are listed in Table I. The thermal displacement parameters Uii
of the Nd atoms are isotropic and have large values com-
pared with the Uii for the Os and Sb atoms, a common fea-
ture in the filled skutterudites. The Nd sites are fully occu-
pied, which is not always the case for filled skutterudites,
such as Pr0.73Fe4Sb12 and Eu0.95Fe4Sb12.

7,24 If the NdOs4Sb12
crystal is considered to be a simple Debye solid with the Nd

atoms behaving like Einstein oscillators, the thermal dis-
placement and the Einstein temperature �E are related by

U =
	2

2mNdkB�E
coth��E

2T
� , �1�

where mNd is the atomic mass of Nd. For NdOs4Sb12, �E is
estimated as �45 K, which is close to the values found for
thallium-filled antimony skutterudites such as Tl0.22Co4Sb12,
Tl0.5Co0.35Fe0.5Sb12, Tl0.8Co3FeSb12, and Tl0.8Co4Sb11Sn.25,26

B. Magnetic properties

The dc magnetic susceptibility 
dc�T� of NdOs4Sb12 was
measured at 500 Oe and is displayed in Fig. 1�a�. The 
dc

−1�T�
data �Fig. 1�b�� exhibit different slopes at high and low
temperatures. The linear slope of 
dc

−1�T� between 65 and
300 K yields a Curie constant �CCW	�NA�eff

2 � / �3kB��
�1.85 cm3 K/mol, a negative Curie-Wiess temperature
��CW��−43 K, and a effective moment �eff�3.84�B,
which is close to the Nd3+ free-ion value of 3.62�B. The
Curie-Weiss fit to the low-temperature range of 
dc

−1�T� �Fig.
2�c�� gives CCW�0.69 cm3 K/mol, a positive �CW�1 K,
and a value of �eff�2.35�B. The curvature in 
dc

−1�T� is due
to the influence of the crystalline electric field �CEF�, and the
positive �CW from the low-temperature fit indicates ferro-
magnetic order developing below 1 K.

Although the crystal structure of NdOs4Sb12 has tetrahe-
dral symmetry �Th�,27 this is only a slight deviation from
cubic symmetry �Oh�. Thus, to simplify the CEF analysis,
only Oh symmetry was considered. In an ionic �localized�
model with cubic symmetry, the Nd3+ tenfold degenerate J
=9/2 Hund’s rule ground state multiplet splits into a �6 dou-
blet and two �8 ��8

�1� ,�8
�2�� quartet states. In the treatment of

Lea, Leask, and Wolf,28 these energy levels and their corre-
sponding wave functions in cubic Oh symmetry can be pa-
rametrized by the variables xLLW and W, where xLLW is the
ratio of the fourth- and sixth-order terms of the angular mo-
mentum operators and W is an overall energy scale. The CEF

TABLE I. Single crystal structural data measured at T=296 K for NdOs4Sb12. The crystal structure is LaFe4P12-type with the space group

Im 3̄ �No. 204�. The range of x-ray scattering angle is 2° �2�80°.

NdOs4Sb12

Crystal size 64�78�84 �m3 Lattice parameter a �Å� 9.3075�2� Density � �g/cm3� 9.745

Reflection in refinements 473�4��F0� of 482 Number of variables 11 RF
2 =
�F0

2−Fc
2� /
F0

2 0.0186

Goodness of fit 1.255

Nd in 2a �0, 0, 0�; Thermal displacement �Å2� Interatomic distances �Å�
Occupancy 1.00�1� Nd: U11=U22=U33 0.0482�5� Nd–12 Sb 3.4831

Os in 8c �1/4 ,1 /4 ,1 /4�; Thermal displacement �Å2� Interatomic distances �Å�
Occupancy 1.00�1� Os: U11=U22=U33 0.0025�1� Os–6 Sb 2.6239

Sb in 24g �0, y, z�; y: 0.15597�3� Thermal displacement �Å2� Interatomic distances �Å�
z: 0.34017�3� Sb: U11 0.0026�1� Sb –1 Sb 2.9033

Occupancy 1.00�1� U22 0.0044�1� –1 Sb 2.9752

U33 0.0065�1� –2 Os 2.6239

–1 Nd 3.4831
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contribution to the molar magnetic susceptibility can be de-
termined from the expression29


CEF�T� = NAgJ
2�B

2�

i

�i�Jz�i��2

kBT
pi − 2 


i,j��i�

�i�Jz�j��2

Ei − Ej
pi� ,

�2�

where NA is Avogadro’s number, gJ is the Landé g-factor, �B
is the Bohr magneton, pi=e−Ei/�kBT� /Z is the thermal popula-
tion probability �Z is the partition function�, and the Ei’s are
the energies of the multiplets. However, the occurrence of
ferromagnetic order in NdOs4Sb12 requires the presence of a
molecular field constant � to account for the effective field,
with 
−1=
CEF

−1 −�.
The low-temperature value of �eff �2.35�B� indicates that

the ground state of Nd3+ is either �6 or �8
�2�. A wide range of

xLLW values with a �6 ground state can fit the 
�T� data
reasonably well �−1�xLLW�0.1�. For a �8 ground state, a
good fit to the 
�T� data is only found for xLLW�−0.4. All
the fits imply that the splitting between the ground and first
excited states is greater than 120 K. When compared with
the ��T� data �to be discussed later�, the best fits are �I�
xLLW=−0.1, W=3.9, and �II� xLLW=−0.4, W=−7.2, corre-
sponding to the following level schemes: �I� �6�0 K�, �8

�1�

��180 K�, �8
�2��420 K� and �II� �8

�2��0 K�, �8
�1��220 K�,

�6�600 K�, with �=1.39 Nd-mol/cm3 and an effective
ground state moment �2.31�B for both schemes. These fits
are displayed in Figs. 1�a� and 1�b�. The Heisenberg intera-

FIG. 1. �a� DC magnetic susceptibility 
dc versus temperature T
from 0 to 10 K measured at 500 Oe. Fits of 
dc�T� to a CEF model
in which the ground state is either �6 �dashed line� or �8

�2� �solid
line�. Below 10 K, these two lines overlap. �b� 
dc

−1 versus T from
0 to 300 K. Fits of 
dc�T� and 
dc

−1�T� to a CEF model in which the
ground state is either �6 �dashed line� or �8

�2� �solid line�.

FIG. 2. �a� Magnetization M
versus magnetic field H isotherms
and the saturation magnetization
Msat determined from M versus H
isotherms below the Curie tem-
perature �C. �b� M2 versus H /M
isotherms �Arrott plot� for
NdOs4Sb12. �c� Inverse initial
magnetic susceptibility �open
circles� determined from M2=0
intercepts of M2 versus H /M iso-
therms, compared to the 
dc

−1�T�
data �pluses�. The line is a Curie-
Weiss fit. �d� H /M =0 intercepts
of M2 versus H /M isotherms plot-
ted versus T. Positive values cor-
respond to the spontaneous mag-
netization Msp.
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tion strength between a Nd ion and its eight nearest neigh-
bors is estimated to be 0.522 K from �.

Isothermal magnetization measurements M�H�, displayed
in Fig. 2�a�, were made above and below the Curie tempera-
ture ��C�. In the paramagnetic state, the M�H� isotherms
between 2 and 5 K can be fit well by a Brillouin function
with effective J=2.7 that includes a temperature shift of 1 K
due to ferromagnetism. The M�H� isotherms in the vicinity
of �C were used to construct a conventional Arrott plot con-
sisting of M2 versus H /M isotherms, shown in Fig. 2�b�. The
isotherms in the Arrott plot are linear and parallel in the
vicinity of �C for H�1 T, indicating that NdOs4Sb12 is a
mean-field ferromagnet. The intercepts of the linear fits to
the �H /M� axis �� the inverse initial magnetic susceptibility�
agree well with the low-temperature 
dc

−1�T� data �Fig. 2�c��.
The intercepts of the linear fit to the M2 axis are shown in
Fig. 2�d�, where zero identifies �C=0.93 K. Below �C, the
intercept of the M2 axis corresponds to the square of the
spontaneous magnetization �Msp

2 �, which levels off and re-
sults in a small value of Msp�0.7�B/ f.u. However, a linear
extrapolation of the negative M2-axis intercept back to zero
temperature yields a much larger value of �1.76�B/ f.u.,
which is comparable to the saturation magnetization Msat of
�1.73�B/ f.u. determined directly from the M�H� data of
NdOs4Sb12 �Fig. 2�a��. The value of Msat is also consistent
with the saturation magnetization found in NdFe4P12
�1.72�B/ f.u.�.15

C. Electrical resistivity

Low-temperature electrical resistivity ��T� data for
NdOs4Sb12 in various magnetic fields from 0 to 18 T are
shown in Figs. 3�a� and 3�b�. The zero-field residual resistiv-
ity ratio RRR	��300 K� /��0.02 K� of �45 indicates that
the single crystal studied is of good metallurgical quality
�Figs. 3�a� and 3�d��. A shoulder occurs in the zero-field ��T�
curve at �1.2 K, below which ��T� has a sharp drop, indi-
cating the development of an ordered state. The temperature
Td at which this drop occurs is defined as the intercept of two
lines, one of which is a linear fit to the data above the tran-
sition while the other is a linear fit to the data below the
transition. The upper and lower limits of the transition are
defined as the temperatures midway between Td and the tem-
peratures at which the data deviate from the linear fits.
Shown in Fig. 3�c� is the field dependence of Td, which in-
creases with increasing field up to 6 T, and is no longer
observed in the ��T� data at higher fields. The temperature Td

correlates with the onset of ferromagnetic order at 0.9 K de-
termined from magnetization and specific heat measure-
ments. Displayed in Fig. 3�d� are the high-temperature
��T ,0 T�H�9 T� data for NdOs4Sb12, which show a slight
increase in ��T� with increasing field.

In order to analyze the behavior of the resistivity below
�C, the ��T� data were fit with a power-law of the form
��T�=�0+BTn. The fitting curves are plotted as dashed lines
in Fig. 4�a�. The residual resistivity �0 increases with in-
creasing field and has a linear H dependence above 8 T �Fig.
4�b��. Between 0 and 18 T, the exponent n varies from 3 to

4, which indicates that NdOs4Sb12 exhibits neither typical
Fermi-liquid �n�2� nor typical non-Fermi-liquid �n�2� be-
havior �Fig. 4�c��. Since ferromagnetic ordering occurs be-
low �C, electron-spin wave scattering was considered with
the form30

��T� = �0 + A
T

�spw
�1 + 2

T

�spw
�exp�−

�spw

T
� , �3�

where �spw is the spin-wave energy gap, which may result
either from magnetic anisotropy or from broken symmetry
due to the presence of a CEF. This formula describes the
��T ,H� data well, and the fitting curves are shown as solid
lines in Fig. 4�a�. As determined from these fits, the spin-
wave energy gap �spw is �0.75 K at 0 T, increases approxi-
mately linearly to �4.5 K as the field increases to 12 T, and
then drops to �3.4 K at 18 T �Fig. 4�d��.

Figure 5�a� displays the zero-field ��T� data, which have a
slight negative curvature at �130 K that may be related to
scattering from the CEF levels. In order to analyze the CEF
contribution to ��T� at 0 T, it is necessary to subtract a lattice
contribution �lat�T� and an impurity contribution
�imp��9.4 �� cm� from the resistivity data. Usually, �lat�T�

FIG. 3. �a� Low-temperature electrical resistivity � versus tem-
perature T for magnetic fields H between 0 and 6 T for NdOs4Sb12.
The solid lines are guides to the eye. �b� Low-temperature electrical
resistivity � versus T for magnetic fields H between 8 and 18 T for
NdOs4Sb12. The solid lines are guides to the eye. �c� Position of the
shoulder Td in ��T� �which corresponds to �C� versus H, with ver-
tical bars indicating the width of the transition at Td as described in
the text. �d� High-T resistivity � versus T at H=0, 0.5, 1, 2, 4, 6, 8,
and 9 T.
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is estimated from an isostructural nonmagnetic reference
compound; in the case of NdOs4Sb12, the resistivity of
LaOs4Sb12, which has an empty 4-f shell, was used. How-
ever, above 100 K, ��T� of LaOs4Sb12 exhibits a significant
negative curvature that is common in La-based compounds
such as LaAl2.31,32 This curvature is generally less pro-
nounced in Sc-, Y-, and Lu-based compounds, which have
completely empty or filled 4f-electron shells. However, the
compounds ScOs4Sb12, YOs4Sb12, and LuOs4Sb12 have not
yet been synthesized. Above 100 K, �lat�T� was estimated
from SmOs4Sb12, as ��T� of SmOs4Sb12 has an approxi-
mately linear-T dependence between 100 and 300 K.33 The
s-f exchange scattering effect in ��T� of SmOs4Sb12 only
appears below 80 K due to the small energy splitting
��35 K� between the ground and the first excited states in
that compound. Thus it is reasonable to assume that ��T� of
SmOs4Sb12 for 100 K�T�300 K is due to electron-phonon
scattering and use it as an estimate of the high-temperature
portion of �lat�T� for NdOs4Sb12.

The incremental resistivity ���T�=��T�−�lat�T�−�imp

�Fig. 5�b�� is best described by two energy-level schemes
that are consistent with the CEF analysis of 
�T� discussed
previously. During the CEF analysis of ���T�, it was also
found that s-f exchange scattering alone could not entirely
account for ���T�; otherwise, �imp would always be nega-
tive, which is unphysical. Thus, the effect of aspherical Cou-
lomb scattering34–36 was also considered, with the ratio be-
tween the s-f exchange scattering and the aspherical
Coulomb scattering defined as x : �1−x�. In Fig. 5�b�, the fit
curves representing the two best-fit energy schemes are plot-
ted in comparison with ���T�, which is described well by
both fits above 40 K. The departure of ���T� from the fits
below 40 K may be due to a reduction of the electron scat-

FIG. 4. �a� Low-T electrical
resistivity � versus temperature T
with power-law �dashed line� and
spin-wave �solid line� fits at vari-
ous magnetic fields for
NdOs4Sb12. �b� Residual resistiv-
ity �0 versus H. �c� Exponent n of
the power-law fit versus H. �d�
Energy gap �spw from the spin-
wave fit versus H.

FIG. 5. �a� Zero-field resistivity � and the estimated �lat+�imp

versus temperature T for NdOs4Sb12, where �imp�9.4 �� cm. �b�
Temperature dependence of the incremental resistivity ��
=�−�lat−�imp and CEF fits for two different ground states: �6

�dashed line� and �8
�2� �solid line�, where x / �1−x� is the ratio of s-f

exchange to aspherical Coulomb scattering for NdOs4Sb12.
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tering, resulting from the development of the coherent
heavy-fermion ground state in NdOs4Sb12 as the temperature
is lowered. The ��H� isotherms are displayed in Fig. 6�a� and
qualitatively agree with the ��H� isotherms generated using
the cubic-CEF parameters determined from the zero-field fits
to ���T� �Figs. 6�b� and 6�c��.

Measurements of ��T� were performed from 1 to 300 K
under nearly hydrostatic pressure P between 0 and 28 kbar
�Fig. 7�. In Fig. 7 it can clearly be seen that the pressure-
induced change in the high-T electrical resistivity is much
more pronounced than the resistivity change induced by high
field �Fig. 3�c��, in the pressure and temperature ranges of
this investigation. However, at low temperatures, the value of
Td is more strongly influenced by an increase in field H �Fig.
3�b�� than by variation of P �Fig. 7�b��.

D. Specific heat

Specific heat divided by temperature C /T versus T data
for NdOs4Sb12 are shown in Fig. 8�a�. The data reveal a
pronounced peak at �0.8 K that correlates well with the
magnetic ordering temperature �C inferred from the shoul-
der of ��T�, the divergence of 
dc�T�, and the Arrott-plot
analysis. No obvious Schottky anomaly associated with CEF
energy splitting was observed in the C�T� data below 20 K.
This is consistent with the fact that all the fits to the dc
magnetic susceptibility data imply that the CEF splitting be-
tween the ground and first excited states is greater than
120 K. The Schottky anomaly due to 120 K CEF splitting
would exhibit a peak at �40 K and make a negligible con-
tribution to C�T� 20 K. Such a peak would also be difficult to
resolve against the large lattice background.

In Fig. 8�a�, the specific heat of LaOs4Sb12 is displayed in
comparison with that of NdOs4Sb12, where the electronic
specific heat coefficient � and the Debye temperature �D of
LaOs4Sb12 are �36 mJ/mol K2 and �280 K, respectively.
After the specific heat of nonmagnetic LaOs4Sb12 �an esti-
mate of the lattice heat capacity of NdOs4Sb12� is subtracted
from the specific heat of NdOs4Sb12, the difference divided
by temperature �C /T is plotted against T2 and shown in the
inset of Fig. 8�a�. The value of � for NdOs4Sb12 estimated
from the �C /T versus T2 plot ranges from �436 to
�530 mJ/mol K2. Below 13 K, �C /T versus T2 is not con-
stant, which could be due to a difference between the actual
lattice heat capacities of NdOs4Sb12 and LaOs4Sb12. Never-
theless, the curvature in C /T versus T2 of NdOs4Sb12 �inset
of Fig. 8�b�� and the magnetic transition occurring at �1 K
cause difficulties in the analysis of the data using the typical
formula C /T=�+�T2. Since we have strong evidence
against the possibility of a CEF Schottky contribution from
the analysis of the 
�T� data, the curvature in C /T versus T2

is possibly due to either the rattling motion of the Nd atoms

FIG. 6. �a� Isotherms of elec-
trical resistivity � versus magnetic
field H for NdOs4Sb12. �b� and �c�
Calculated � versus H isotherms
including the effects of s-f ex-
change and aspherical Coulomb
scattering using the CEF param-
eters determined from zero-field
data.

FIG. 7. Electrical resistivity � versus temperature T for
NdOs4Sb12 at various pressures P up to 28 kbar. Inset �a�: Ex-
panded view of the resistive ferromagnetic transitions. Inset �b�:
Temperature of the drop in ��T� due to the onset of ferromagnetism
Td �approximately corresponding to the Curie temperature �C� ver-
sus P with vertical bars indicating the width of the transition.
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or a narrow peak in the density of electronic states near
Fermi energy, such as a Kondo resonance.37 However, we do
not consider the application of the resonance level model
�RLM�37 to be appropriate, because the magnetization data
above �C are fit well by a Brillouin function and no obvious
Kondo effect is observed in the ��T� data of NdOs4Sb12. In
the previous specific heat studies of the Tl0.22Co4Sb12 filled
skutterudite compound, Sales et al.25 found that the differ-
ence in heat capacity between Tl0.22Co4Sb12 and the unfilled
skutterudite compound Co4Sb12 can be accurately described
by a quantized oscillator �Einstein model� with an Einstein
temperature �E of 55 K. Since the x-ray structural refine-
ment at room temperature for NdOs4Sb12 indicates a small
�E�45 K associated with the Nd atoms, it can be assumed
that the Nd atoms partially act like Einstein oscillators with a
mixing ratio r, and the lattice contribution to the specific heat
can be expressed as Clat=CEin+CDeb,

CEin = r�3R
��E/T�2e��E/T�

�e��E/T� − 1�2 � , �4�

CDeb = �17 − r� ·
12�4

5
R� T

�D
�3

, �5�

where R is the universal gas constant, �D represents the
Debye temperature, and r�1. The effective Debye contribu-
tion is �17−r� /r times bigger than that of the Einstein-like
Nd rattling motion due to the participation of the rest of the
atoms in the unit cell. Below 20 K, a least-squares fit of
Cel+Clat to the C�T� data was performed, where Cel=�T is
the electronic specific heat, from which estimated values of
�, �D, �E, and r were derived. The fitting curve is plotted in
Fig. 8�b� along with the C�T� data of NdOs4Sb12 as a com-
parison. The values obtained for �, �D, �E, and r are esti-
mated as 520 mJ/mol K2, 255 K, 39 K, and 0.48, respec-
tively. The value of �D is close to the Debye temperature of
LaOs4Sb12, the value of �E is comparable to that determined
from the x-ray data, and the value of � is close to that esti-
mated from the simple subtraction of the LaOs4Sb12 specific
heat data, suggesting that NdOs4Sb12 is possibly a heavy
fermion compound.

The temperature dependence of the magnetic entropy Smag
was derived from the integration of �C /T versus T and is
shown in Fig. 9�a�, where �C	C−Cel−Clat. The magnetic
entropy �Smag� in NdOs4Sb12 reaches 0.69R ��R ln 2� at
0.85 K and levels off at a value of �1.14R ��R ln 3�. The
magnetic entropy reaches �74% of its full value at �C, and
a noticeable magnetic contribution persists up to �3 K, re-
vealing the existence of magnetic fluctuations above �C. It

FIG. 8. �a� Zero-field C versus T for NdOs4Sb12 and LaOs4Sb12

below 20 K. Inset: �C /T versus T2 below 20 K, where �C
	C�NdOs4Sb12�−C�LaOs4Sb12�. The extrapolated values of the
two dashed lines at 0 K set the lower and upper limits of
��NdOs4Sb12�−��LaOs4Sb12�. �b� A comparison between C of
NdOs4Sb12 and a fit of Cel+Clat, where Cel=�T and Clat is com-
posed of CDeb and CEin as described in the text. The electronic
specific heat coefficient �, the Debye temperature ��D�, the Ein-
stein temperature ��E�, and the coupling constant r for the Einstein
oscillator are estimated as 520 mJ/mol K2, 255 K, 39 K, and 0.48
respectively. Inset: C /T versus T2 for NdOs4Sb12 below 20 K for
NdOs4Sb12.

FIG. 9. �a� Incremental specific heat �C ��C	C−Cel−Clat�
�left axis� and the magnetic entropy Smag �right axis� versus tem-
perature T. �b� Logarithmic plot of the power-law fit �dotted line�
and the anisotropic-spin-wave fit �dashed line� to the incremental
specific heat �C�T� after the electronic and lattice contributions
have been removed �in a very limited measuring range below �C�.
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has been argued for the antiferromagnetic system
Gd1−xYxNi2Si2 that magnetic fluctuations can contribute to
C�T� at temperatures up to five times the Néel temperature.38

Thus, we cannot completely rule out the possibility that the
short range magnetic correlations near the ferromagnetic
transition temperature regime give rise to enhancement of
the specific heat of NdOs4Sb12.

38–40 However, it is unlikely
that they would account for a large fraction of the enhanced
specific heat, due to the following arguments: �i� The
paramagnetic-state M�H� isotherm data �2–5 K� scale well
with a Brillouin function. The M�H� data at 2 and 3 K, and
the 
dc

−1�T� data along with the initial 
−1 from the Arrott-plot
analysis do not show obvious evidence of magnetic fluctua-
tions above 2 K �displayed in Figs. 2�a� and 2�b��. �ii� The
value estimated for ��520 mJ/mol K2� is within the upper
and lower limits of � �436–530 mJ/mol K2� estimated from
the analysis done by comparing the specific heat of
NdOs4Sb12 with that of the nonmagnetic compound
LaOs4Sb12 suggesting that our analysis is justified. �iii� The
lower limit �4 K� of the fitting range used to determine �
from the formula C=Cel+Clat is four times the Curie tem-
perature, which is safely higher than the temperature at
which the calculated Smag saturates. �iv� Heavy fermion be-
havior has been found in the neighboring compounds
PrOs4Sb12 ���600 mJ/mol K2� �Ref. 41� and SmOs4Sb12

���880 mJ/mol K2�;33 earlier studies of the related com-
pound NdFe4P12 also reported possible evidence for an en-
hanced electron mass.15,42 Considering all of these points, it
seems likely that NdOs4Sb12 displays heavy fermion behav-
ior.

Since Smag lies between R ln 2 �=0.69R� and R ln 4
�=1.39R�, it is difficult to determine conclusively whether the
�6 doublet or �8

�2� quartet is the Nd3+ ground state. If the �6
doublet is the ground state, then the extra entropy may result
from another degree of freedom, such as a tunneling mode or
off-center mode of Nd3+ ion in an Sb-icosahedron cage.43 If
the �8

�2� quartet is the ground state, the smaller entropy may
be due to an overestimated lattice contribution to the specific
heat or transfer of entropy to the conduction electron system.

Figure 9�b� displays the incremental specific heat �C�T�
after the electronic and lattice contributions have been re-
moved. Even though the range of the �C�T� data below �C

is very limited, the data were fit with spin-wave formulas
�C�T��Tn for magnetically isotropic metals and �C�T�
�T3/2 exp�−�spw/T� for magnetically anisotropic metals.44

From the first formula, the value of the exponent n�2.3 is
higher than the value of 1.5 expected from a spin wave in an
isotropic metal. The spin-wave energy gap �spw determined
from the second formula is �0.54 K, consistent with the
value of 0.75 K determined from the zero-field resistivity
data.

IV. SUMMARY

We have performed x-ray diffraction, electrical resistivity,
magnetization, and specific heat studies of NdOs4Sb12 single
crystals, which exhibit interesting strongly correlated-
electron behavior. X-ray experiments have revealed full oc-
cupancy of Nd sites and a large mean square displacement of
Nd ions in NdOs4Sb12. The compound NdOs4Sb12 exhibits
mean-field-type ferromagnetism with �C�0.9 K. The value
of � estimated from the analysis of the specific heat is large,
�520 mJ/mol K2 �m*�98me�, indicating that NdOs4Sb12 is
a possible heavy fermion compound. A cubic CEF analysis
suggests two best-fit energy level schemes: �I� �6 �0 K�, �8

�1�

�180 K�, �8
�2� �420 K�; �II� �8

�2� �0 K�, �8
�1� �220 K�, �6

�600 K�, both with a molecular field parameter �
=1.39 Nd mol/cm3. The electrical resistivity data indicate
that both s-f exchange and aspherical Coulomb scattering are
present in NdOs4Sb12. Low-temperature electrical resistivity
data suggest the possible existence of spin-wave excitations
below �C. The uncertainty in the CEF-energy-level scheme
ground state and the possible existence of spin-wave excita-
tions may be resolved by further neutron scattering experi-
ments.
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