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An antiferromagnetic �AFM� ground state and a possible high-field ordered state in magnetic fields H
�1 T of a filled-skutterudite compound CeOs4Sb12 were investigated by the muon spin rotation and relaxation
method. In a zero applied field, a spontaneous local field due to the weak AFM ordering was observed below
�1.6 K. The magnetic volume fraction gradually increases below 1.6 K with decreasing temperature, sug-
gesting that this phase is sensitive to sample quality. The magnitude of the ordered dipole moment in the AFM
state was estimated to be in the range of 0.11–0.17 �B /Ce at 0.1 K. In a field of 2 T applied along the �001�
direction, clear anomalies in the muon Knight shift and linewidth were observed at �1.5 K, consistent with
the phase-transition scenario into the high-field ordered state suggested from specific-heat, resistivity, elastic,
and NMR anomalies. The possibility of multipole ordering in the high-field phase was discussed.
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I. INTRODUCTION

A filled-skutterudite structure leads to a great variety of
physical properties depending on the combination of con-
stituent elements. Many filled-skutterudite compounds have
been synthesized and several novel phenomena related to the
unique crystal structure have been reported.1–6 Among them,
a series of cerium-based compounds CeT4X12 �T: Fe, Ru, and
Os, X: P, As, and Sb� is characterized by the hybridization
gap caused by mixing between 4f electrons and conduction
electrons.7 The main conduction band is constructed by p
orbitals of pnictogen atoms surrounding the Ce ion and a
large coordination number of the pnictogen atoms results in
strong p-f hybridization.8

CeOs4Sb12 is expected to be metallic from trends in the
energy gap in the CeT4X12 series as a function of the lattice
constant.7 In fact, a marked increase in resistivity was ob-
served below 50 K in a zero applied field �ZF�.7,9 Excitations
of tens of millielectron volt were detected by optical conduc-
tivity and inelastic neutron-scattering measurements at low
temperatures, indicating the formation of a hybridization
gap.10,11 On the other hand, the electronic specific-heat coef-
ficient �=92–180 mJ /K2 mol �Refs. 9 and 12� suggests a
heavy-fermion behavior at low temperatures. Recently, an
electronic structure near the Fermi energy was studied in
detail by photoemission spectroscopy and a model to explain
these contradictory features was proposed13 on the basis of
symmetry-dependent hybridization.8

Another interesting feature of CeOs4Sb12 is an anomalous
phase diagram of the low-temperature ordered state. Specific
heat shows a small jump at �0.9 K in ZF and a magnetic
entropy �0.05R ln 2 �Ref. 12� is released. An increase in the
NQR linewidth and suppression of the nuclear-spin-lattice
relaxation rate T1

−1 were detected by 123Sb-NQR. These were
ascribed to a spin-density wave �SDW� or charge-density
wave transition.14 Finally, an antiferromagnetic �AFM� re-

flection with a wave vector q= �100� was observed by neu-
tron diffraction, providing evidence for spontaneous AFM
ordering.15 The wave vector implies that the Fermi-surface
instability of the filled skutterudite with a nesting vector q
= �100� is closely related to the ground state of CeOs4Sb12.

8

The magnitude of the ordered dipole moment was estimated
to be 0.07�2� �B /Ce from neutron-diffraction intensity.16

The AFM reflection intensity shows a gradual increase below
1.6 K, which is considerably higher than the Néel tempera-
ture TN determined from the specific-heat anomaly. This be-
havior was ascribed to the distribution of TN owing to the
inhomogeneity of samples.

The phase-transition temperature determined from
specific-heat and resistivity anomalies is gradually enhanced
with increasing magnetic field H above �1 T and exhibits a
reentrant behavior above �7 T.7,12 The disappearance of the
AFM reflection in �0H�1 T �Ref. 16� suggests a different
order parameter above �1 T from that in low magnetic
fields. A 121Sb nuclear-spin-lattice relaxation rate divided by
temperature 1 / �T1T� exhibits a significant reduction below
the phase-transition temperature T� of the possible high-field
phase in �0H�1 T.17 Namiki et al. mentioned the possibil-
ity of antiferroquadrupole �AFQ� ordering based on the re-
semblance of the characteristic phase diagram to that of typi-
cal AFQ ordering.18–20 However, a magnetic entropy release,
�0.06R ln 2 at 4 T,12 below T� is extremely small in com-
parison with that of the usual AFQ ordering. Moreover,
specific-heat, resistivity, elastic constant, and the 1 / �T1T�
anomalies at T� become less distinctive with increasing mag-
netic field.7,12,17,21 Thus, further investigations by means of
microscopic probes are required to elucidate the nature of the
unusual state at low temperatures.

In this paper, we report on ZF, longitudinal-field �LF�, and
transverse-field �TF� positive muon spin rotation and relax-
ation ��SR� measurements in single-crystalline CeOs4Sb12,
in order to investigate the AFM ground state and the possible
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ordered state in high magnetic fields from a microscopic
point of view. �SR is highly sensitive to local magnetic
fields at interstitial sites where implanted muons are local-
ized. The local magnetic state of the AFM ground state was
studied by ZF-�SR and LF-�SR with randomly oriented
single crystals and TF-�SR with aligned single crystals in
TF of 0.02 T applied along the �001� direction. We also in-
vestigated the possible high-field ordered state using the
TF-�SR method in TF of 2 T applied along the �001�
direction. Our results clearly demonstrate an intrinsic
magnetic ordering with a small ordered dipole moment
�0.11–0.17 �B /Ce� in the low-field phase and are consistent
with the other experimental results in �0H�1 T which sug-
gest the existence of the high-field phase.

II. EXPERIMENTAL RESULTS

Single-crystalline samples of CeOs4Sb12 were prepared
using the Sb-flux method. ZF- and LF-�SR measurements
were carried out below 3 K down to 0.1 K at the �M3
beamline, PSI, Switzerland, and below 100 K down to 10.8
K at the D1 area, J-PARC MUSE, Japan, in order to inves-
tigate the AFM ground state. At J-PARC MUSE, a pulsed
muon beam with a double-pulse structure at an interval of
0.60 �s is delivered to the experimental area. Single-
crystalline samples were randomly oriented and glued with
Apiezon N grease on the silver cold finger of a 3He-4He
dilution refrigerator at PSI and of a 4He gas flow cryostat at
J-PARC MUSE. Spin-polarized positive muons were im-
planted into the samples and the asymmetry of positron
emission owing to �-e decay was recorded as a function of
time t. ZF- and LF-�SR data AP�t� were obtained, with A
representing full asymmetry and P�t� the projection of the
muon spin-polarization vector onto an axis of positron detec-
tors.

TF-�SR measurements below 3.0 K down to 0.1 K were
performed at the M15 beamline, TRIUMF, Canada. Single
crystals were glued with GE varnish on the �111� plane of a
single-crystalline GaAs wafer,22 which was mounted on the
silver cold finger of the 3He-4He dilution refrigerator with
Apiezon N grease. Positive muons were implanted into the
samples with the initial spin-polarization direction perpen-
dicular to the �001� direction and TF was applied along the
�001� direction. The TF-�SR data were taken at magnetic
fields of 0.02 and 2 T to investigate the AFM ground state
and the possible high-field ordered state. We describe the
results below.

A. AFM ground state

1. ZF and LF �SR

Typical ZF-�SR spectra below 3.0 K are shown in Fig. 1.
The background signal from the silver cold finger has been
subtracted. In the paramagnetic state, nearly temperature-
independent relaxation was observed, primarily due to the
nuclear dipole moment of 121Sb and 123Sb. The ZF spectra in
the paramagnetic state can be expressed by the following
function:

AP�t� = Ae−�tGKT�t� , �1�

GKT�t� =
1

3
+

2

3
�1 − �2t2�exp�−

1

2
�2t2� , �2�

where A is the total asymmetry of the signal from the
samples, � and � are relaxation rates, GKT�t� is the static ZF
Kubo-Toyabe function, which suitably describes muon spin
relaxation in dense nuclear spin systems.23 The relaxation
rates � ,� obtained for ZF data above 2 K using Eq. �1� are
shown in Fig. 2. The double-pulse structure is taken into
account to analyze the data above 10.8 K obtained at J-PARC
MUSE. Details of data analysis for the double-pulsed �SR
are given in the Appendix. �, which dominates the trend of
AP�t�, is almost constant between 2 and 100 K, while �
exhibits a slight increase with decreasing temperature. This
behavior in � is presumably related to f-electron dynamics.

Below 1.6 K, the shape of the ZF spectra suddenly varies
from that in the paramagnetic state. The Gaussian-shaped
fast relaxation component appears and the fractional weight
of this signal gradually increases with decreasing tempera-
ture. At our lowest temperature of 0.1 K, the ZF spectrum
consists of the fast relaxation component and an exponential-
shaped slow relaxation component with relative amplitude
�2:1. These facts suggest that the magnetic volume fraction

FIG. 1. �Color online� ZF-�SR spectra at several temperatures.
The background signal has been subtracted.

FIG. 2. The temperature dependence of ZF relaxation rates �
�solid square� and � �solid circle� in the paramagnetic state. The
solid lines are guides for the eyes.
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gradually increases below 1.6 K with decreasing temperature
and almost the whole volume of the samples is in the AFM
state at 0.1 K. It is difficult to extract temperature variation in
relaxation parameters below 1.6 K from the ZF spectra since
magnetic and paramagnetic parts in the slow relaxation com-
ponent cannot be distinguished. Such analysis will be carried
out later using low-TF data.

Figure 3 shows AP�t� in several LFs at 0.1 K. The back-
ground signal from the silver cold finger has been subtracted.
The fast relaxation component in ZF gradually fades away
with increasing LF HLF and is replaced with a nearly con-
stant component. This behavior is evidence for a static local
field Bloc at the muon site. All the ZF and LF spectra can be
suitably explained by the following function:

AP�t� = A1e−�2t2 + A2e−�t, �3�

where A1 and A2 are partial asymmetries of the fast and slow
relaxation components, respectively, and � and � are relax-
ation rates. The LF dependence of the relative amplitude of
the nearly constant component A2 /A shown in Fig. 4 is con-
nected with the magnitude of the local field. When Bloc as-
sumes a unique value with isotropic distribution, the LF de-
pendence of A2 /A is explained by the following function:

A2

A
=

3

4
−

1

4x2 +
�x2 − 1�2

16x3 log
�x + 1�2

�x − 1�2 , �4�

x =
�0HLF

Bloc
. �5�

We adopted this model to analyze A2 /A�HLF� and a satisfac-
tory fit was obtained, as shown in Fig. 4. From this analysis,
the magnitude of the local field at 0.1 K was estimated to be
4.5�2� mT.

2. TF �SR

Typical TF-�SR spectra in a field of 0.02 T are shown in
Fig. 5. The background signal from the diamagnetic muo-
nium in GaAs has been subtracted.24 In the paramagnetic
state above 2 K, nearly temperature-independent relaxation,
mainly due to the nuclear dipole moment of 121Sb and 123Sb,
was observed. A fast relaxation component ascribed to the
weak AFM ordering emerges below �1.6 K, the fractional
weight of which, pm, increases with decreasing temperature.
The relaxation rate of the remaining slow relaxation compo-
nent is comparable in magnitude to that in the paramagnetic
state, suggesting that part of the samples remains paramag-
netic below �1.6 K. These facts again imply some distribu-
tion of TN in our samples.

FIG. 3. �Color online� LF-�SR spectra at 0.1 K at several LFs.
The background signal has been subtracted. The solid curves are the
best fits with Eq. �3�.

FIG. 4. The LF dependence of A2 /A at 0.1 K. The solid line is
the best fit with Eq. �4�.

FIG. 5. �Color online� TF-�SR spectra at several temperatures.
The background signal has been subtracted. The broken curves
�black� are the best fits with Eq. �6�. Contributions from the mag-
netic and paramagnetic component are shown by the dashed curves
�green� and solid curves �red� drawn over the broken curves,
respectively.
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We use the following function to analyze data based on
this physical picture:

AP�t� = A�pme−�	t�
−�n
2t2 + �1 − pm�e−�n

2t2� � cos��t + 
� ,

�6�

where A is the total asymmetry of the signal from the
samples, 
 is the exponent of the relaxation function for the
magnetic component, � is the angular frequency, 
 is the
initial phase, and 	 and �n are relaxation rates attributed to
the magnetism of electron and nucleus, respectively. Here we
ignore a possible difference in angular frequency between
the magnetic and paramagnetic components, which is not
noticeable in the present case �as shown later�.

For analysis of data above 2 K in the paramagnetic state,
�2 minimization fits were carried out on condition of pm=0.
The relaxation rate �n and the muon Knight shift K���
−�0� /�0 were obtained from the fits, as shown with the solid
circles in Figs. 6�b� and 6�c�, where �0 is the zero-shift an-
gular frequency. We regard an angular frequency of the back-
ground signal from the diamagnetic muonium in GaAs as �0,
the Knight shift of which is within �10 ppm.25 The relax-
ation rate �n was set to be 0.122 �s−1 through fits of the data
below 2 K, which is an average of �n above 2 K. The value
of 
 was determined to be 1.31 from a fit of the lowest
temperature data and was fixed through the other fits. Satis-
factory fits were obtained with the reduced �2 ranging from
0.93 to 1.05. It should be noted that a single-component fit
with pm=1 results in nearly twice as large �2 as that with our
two-component model. The best fits are indicated by broken
curves �black� in Fig. 5 with contributions from the magnetic
and paramagnetic component expressed by dashed curves
�green� and solid curves �red�, respectively. All the param-
eters extracted by the fits are shown in Fig. 6 with the open

circles as functions of temperature. The magnetic volume
fraction pm shows a gradual increase below �1.6 K. This
temperature is rather higher than TN=0.9 K determined
from the specific-heat anomaly but coincides with the tem-
perature at which the AFM reflection intensity starts to rise
with decreasing temperature. The relaxation rate 	 ascribed
to the ordered dipole moment is 0.74�2� �s−1 at 0.1 K. This
is only about six times larger than the �n attributed to the
nuclear dipole moment, suggesting that the ordered dipole
moment is considerably small in magnitude. It should be
noted that no significant change in K was detected from
2.8 K down to 0.1 K. This is probably responsible for the
insufficient experimental accuracy with regard to � in such a
low field.

B. Possible high-field ordered state

The TF-�SR spectra in a field of 2 T exhibit a clear beat
structure, indicating that the spectra consist of a sum of sev-
eral oscillatory signals with different frequencies. Fast
Fourier-transform �FFT� spectra of the TF-�SR signals are
shown in Fig. 7 in the form of a frequency shift f − f0, where
f0 is the zero-shift frequency. A Gaussian apodization func-
tion, exp�−t2 /2�apod

2 �, was multiplied on AP�t� before the
FFT to suppress unessential oscillations in the FFT spectra.
The apodization constant �apod=1.5 �s was chosen. A two-
peak structure is clearly seen in the frequency domain, both
in the paramagnetic and the possible high-field ordered state.
This indicates that a ferromagnetic �FM� component of field-

FIG. 6. The temperature dependence of �a� the magnetic volume
fraction pm, �b� the relaxation rate 	 and �n, and �c� the muon
Knight shift K deduced from the TF-�SR spectra in a field of 0.02
T using �2-minimization fits with Eq. �6�. The solid lines are guides
for the eyes.

FIG. 7. �Color online� FFT spectra of the TF-�SR signals re-
corded in a field of 2 T at several temperatures in the form of
frequency shift f − f0. The apodization constant �apod=1.5 �s was
set to suppress unessential oscillations in the spectra. The inset
shows the FFT spectrum at 3.0 K transformed on condition of
�apod=5.0 �s. The solid curve indicates the best fit with Eq. �7�
converted into the frequency space. The dashed curves express con-
tributions from each component.
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induced �FI� dipole moment dominates the local field at the
muon site in the possible high-field ordered state as well as
in the paramagnetic state. In order to examine the peak struc-
ture in detail, a FFT spectrum at 3.0 K with a larger �apod of
5.0 �s is shown in the inset of Fig. 7. The higher-frequency
peak has an asymmetric feature and can be decomposed to
two signals: a sharp background signal from the diamagnetic
muonium in GaAs �f0� and a broad signal which shows small
negative shift �f1�. On the other hand, the lower-frequency
peak �f2� can be regarded as a single Gaussian. In addition, a
signal of minute amplitude �f3� is found on the high-
frequency side. Thus, we analyze the TF-�SR spectra in a
field of 2 T using the following function:

AP�t� = 	
i=1

3

Aie
−�i

2t2 cos��it + 
� + A0e−�0
2t2 cos��0t + 
� ,

�7�

where Ai, �i, and �i are the partial asymmetry, relaxation
rate, and angular frequency of the signal f i, respectively. The
last term represents the background signal from the diamag-
netic muonium in GaAs.26 In a high magnetic field of 2 T,
the FM component of the FI dipole moment dominates over
�i as well as ��i��i−�0, and it is difficult to distinguish a
contribution from the nuclear dipole field to �i. Also note
that the splitting of the signal in this condition is not due to
the phase separation discussed in the AFM ground state, but
due to symmetry lowering caused by the FI dipole moment,
since that was observed in the paramagnetic state. The partial
asymmetries, �A1 ,A2 ,A3 ,A0�= �0.077,0.067,0.004,0.016�,
were determined by the fit of the data at 3.0 K and set to be
constant through the other fits. Since the intensity of the
signal f3 is one order of magnitude smaller than that of the
other signals, f3 can probably be ascribed to a misaligned
portion of the samples. We will not discuss this signal further
since the statistics of the data are not high enough to discuss
the parameters of such a small signal.

Satisfactory fits with the reduced �2 ranging from 0.94 to
1.14 were obtained using Eq. �7�. Note that the assumption
of the phase separation is not necessary in this case in order
to receive a good reduced �2 unlike the AFM ground state.
The muon Knight shift of the signal f i was derived from the
following relation: Ki= ��i−�0� /�0. The Knight shifts of the
two main signals, K1 and K2, are plotted in Fig. 8. These
show a clear anomaly at �1.5 K, which roughly agrees with
T� determined from the specific-heat and resistivity
anomalies.7,12 Figure 9 shows the temperature dependence of
�1 and �2. A significant increase is found below T� in both
�1 and �2. These results are consistent with the phase-
transition scenario in high magnetic fields H�1 T. It should
be noted that our microscopic and static data are complemen-
tary to dynamical information provided by T1

−1 measurements
of 121Sb NMR.17

III. DISCUSSION

In this section we describe the implications of the ZF-,
LF-, and TF-�SR results in the AFM ground state at 0.02 T
and the TF-�SR results in the possible high-field ordered
state at 2 T, respectively.

A. AFM ground state

We demonstrated in Sec. II A that relaxation attributed to
the magnetism of electrons develops below �1.6 K. The
static nature of the local field at the muon site was mani-
fested by LF-�SR. Thus, we conclude that a spontaneous
magnetic ordering occurs below �1.6 K, which is consistent
with the AFM reflection observed by neutron diffraction.16

The magnitude of the local field Bloc was estimated to be
4.5�2� mT at 0.1 K. On the other hand, no clear muon spin
precession owing to the spontaneous field was found in the
�SR spectra, despite the simple wave vector q= �100� of the
AFM reflection, suggesting inhomogeneity of the ordered
state. In contrast, a distinct muon spin precession was ob-
served by ZF-�SR measurements in the weak FM ordering
phase of isomorphic SmOs4Sb12.

27 This is probably related to
the distribution of TN suggested by the gradual change in pm,
as shown in Fig. 6�a�. Our result indicates possible spatial

FIG. 8. The temperature dependence of K1 �open circle� and K2

�solid circle� deduced from the TF-�SR spectra in a field of 2 T
applied along the �001� direction with Eq. �7�. The solid lines are
guides for the eyes.

FIG. 9. The temperature dependence of �1 �open circle� and �2

�solid circle� extracted from the TF-�SR spectra in a field of 2 T
applied along the �001� direction with Eq. �7�. The inset is the �2

versus K2 plot. The solid lines are guides for the eyes.
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distribution of sample quality which influences low-
temperature phases, at least the AFM ground state in low
fields. The low-field region of the phase diagram based on
macroscopic measurements should be carefully reexamined.

In order to evaluate the magnitude of the ordered dipole
moment, the distance between the muon and Ce ions must be
given. Candidates for the muon site in isomorphic
REOs4Sb12 �RE: rare-earth� systems have been discussed by
Aoki et al.28 in PrOs4Sb12 and SmOs4Sb12,

27 and by Shu et
al.29 in Pr1−xLaxOs4Sb12. They suggested the most probable
�0, 1

2 ,0.15� site �12e in the Wyckoff notation� in the filled-
skutterudite structure based on the magnitude of the nuclear
dipole field. In our case, the experimental value of �
�0.13 �s−1 corresponds to a field spread �1.5�10−4 T at
the muon site, due to the nuclear dipole contribution. This is
close to a calculated value of 2.0�10−4 T for the 12e site.
We therefore evaluate the magnitude of the ordered dipole
moment assuming this muon site. A classical dipole field at
the muon site in the AFM state was calculated on the as-
sumption that the AFM wave vector is q= �001� �Ref. 16�
and the direction of the ordered dipole moment is parallel to
any one of the symmetrical axes 
001�, 
110�, and 
111�.
From Bloc=4.5�2� mT at 0.1 K, the magnitude of the ordered
dipole moment was estimated to be in the range of
0.11–0.17 �B /Ce. This is somewhat larger than the value
obtained from the neutron-diffraction data, 0.07�2� �B.16

Our results are consistent with the SDW-like weak AFM
ordering scenario, suggesting strong itinerancy of 4f elec-
trons in low fields caused by p-f hybridization.

B. Possible high-field ordered state

The microscopic support of the phase-transition scenario
into the high-field ordered state was provided by our
TF-�SR measurements in a field of 2 T based on the anoma-
lies in static physical quantities, Ki and �i. These findings are
complementary to the dynamical information provided by
the T1

−1 measurements of 121Sb NMR.17

Supposing that the phase transition really occurs at T�, the
order parameter in the high-field phase should be different
from that in the low-field phase, since the AFM reflection
intensity detected by neutron diffraction decreases with in-
creasing field and disappears above �1 T.16 The FM com-
ponent of the FI dipole moment is dominant to the local field
at the muon site in this state, as was mentioned in Sec. II B.
The anomaly in Ki at around T�, as shown in Fig. 8, indicates
modulation of the FI dipole moment in the ordered state. The
linewidth, which is proportional to �i, increases significantly
below T� as expressed in Figs. 7 and 9. The anomaly in �2 is
emphasized in the �2 versus K2 plot shown in the inset of
Fig. 9, where linear behavior above 1.6 K suggests that �2 in
the paramagnetic state is primarily due to field distributions
originating from inhomogeneity of Ki. The change in the
slope at around T� implies that additional field distributions
develop in the ordered state. We decompose the relaxation
rate as �= ��n

2+��K
2 +�order

2 �1/2, where temperature-
independent �n is caused by the nuclear dipole field distri-
butions and/or inhomogeneity of the applied field, ��K��K�
originates from the inhomogeneity of K, and �order is the

additional relaxation rate which develops in the ordered
state. The magnitude of �order at 0.1 K is roughly estimated
to be 0.7 �s−1 for �1 from the temperature dependence of
�1, 0.8 �s−1 for �2 from the �2-K2 relation. These values are
comparable in magnitude with the TF relaxation rate 	 in a
field of 0.02 T in the small moment AFM state, as shown in
Fig. 6. If the order parameter of the high-field phase is non-
magnetic, the rise in �order is presumably ascribed to the
appearance of an AFM component in the FI dipole moment,
corresponding to spatial modulation of the nonmagnetic or-
der parameter30 and/or distributions of the FI moment direc-
tion due to the formation of ordered domains. On the other
hand, an ordered magnetic multipole moment can be a pri-
mary source of �order when the order parameter is magnetic.
Unfortunately, we cannot distinguish these possibilities from
our �SR data alone.

FM or AFM dipole ordering is unlikely from the H-T
phase diagram, where the phase boundary T��H� of the high-
field ordered state exhibits dT� /dH�0 behavior in low fields
and reentrant behavior above �7 T.7,12 Such a phase dia-
gram is found in AFQ ordering in CeB6,18 PrPb3,19 and
TmTe,20 and possible octupole ordering in SmRu4P12 �Ref.
5� �only the dT� /dH�0 behavior was confirmed�, suggest-
ing a possibility of high-order multipole ordering in
CeOs4Sb12. The AFQ ordering seems incompatible with the
elastic constant in H � �001�, which shows no clear anomaly
at T� in high magnetic fields.21 Meanwhile, a recent angle-
resolved specific-heat study revealed that the specific-heat
anomaly at T� is markedly suppressed in the case of
H � �001�, in comparison with other field directions.31 There-
fore, elastic constant measurements in magnetic fields ap-
plied along the other field directions are necessary in order to
discuss quadrupole interactions in high magnetic fields. An-
other possibility, a magnetic octupole ordering, is not incon-
sistent with our results, producing a local field at the muon
site which results in the increase in �order.

32–35 In any case,
multipole degrees of freedom which belong to the �67 quartet
are required for the high-order multipole ordering scenario,
although no clear crystal-field excitation has been detected.36

The high-field ordered state in CeOs4Sb12 might be a new
class of multipole ordering in f-electron systems with itiner-
ant character. In order to identify the order parameter in the
high-field phase, detailed field-angle-resolved measurements
are required.

IV. CONCLUSIONS

The AFM ground state and the possible high-field ordered
state in H�1 T of the filled-skutterudite compound
CeOs4Sb12 were investigated by means of the �SR method.
In ZF, a spontaneous local field due to the weak AFM order-
ing was observed below �1.6 K. The magnetic volume frac-
tion gradually increases below 1.6 K with decreasing tem-
perature, suggesting that this phase is sensitive to sample
quality. Supposing that the AFM wave vector is q= �001� and
the direction of the ordered dipole moment is parallel to any
one of the symmetrical axes 
001�, 
110�, and 
111�, the
magnitude of the ordered dipole moment in the AFM state
was estimated to be in the range of 0.11–0.17 �B /Ce. In a
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field of 2 T applied along the �001� direction, clear anomalies
in the muon Knight shift and linewidth were observed at
�1.5 K, consistent with the phase-transition scenario into
the high-field ordered state suggested from specific-heat, re-
sistivity, elastic, and NMR anomalies. The possibility of
multipole ordering in the high-field phase was discussed on
the basis of the H-T phase diagram, which is consistent with
our observations.
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APPENDIX: ANALYSIS OF DOUBLE-PULSED
�SR DATA AT J-PARC MUSE

The muon beam at J-PARC MUSE has a double-pulse
structure which depends on a time structure of the primary
proton beam. The interval of the double pulses � at J-PARC
MUSE is 0.60 �s. One must take into account the double-
pulse structure in order to analyze the data obtained without
a single-pulse extraction procedure using special devices.

Many muon spin relaxation theories have been developed
to explain �SR spectra obtained by using continuous or
single-pulsed muon beams. Thus, we here show the relation
between the asymmetry of the conventional �SR, A0�t�, and
that of the double-pulsed �SR, ADP�t�.

A0�t� can be extracted from the number of positron events
detected by a forward counter placed upstream, NF

0�t�
=NF

0e−t/���1+A0�t��, and a backward counter positioned
downstream, NB

0�t�=NB
0e−t/���1−A0�t��, for the continuous or

single-pulsed muon beam as follows:

A0�t� =
NF

0�t� − �NB
0�t�

NF
0�t� − �NB

0�t�
, �A1�

� = NF
0 /NB

0 , �A2�

where ��=2.2 �s is the muon lifetime.
The double-pulsed muon beam at J-PARC MUSE is com-

posed of two single pulses with equal intensity at the interval
�. Therefore, ADP�t� is expressed as

ADP�t� =
NF

0�t� + NF
0�t + �� − ��NB

0�t� + NB
0�t + ���

NF
0�t� + NF

0�t + �� + ��NB
0�t� + NB

0�t + ���

=
A0�t� + e−�/��A0�t + ��

1 + e−�/��
, �A3�

where the origin of time is chosen at the center of the second
pulse. Thus, the theoretical relaxation function GDP�t� to fit
the double-pulsed �SR data is described as the same form
using that for conventional �SR data G0�t�, i.e.,

GDP�t� =
G0�t� + e−�/��G0�t + ��

1 + e−�/��
. �A4�

Note that the above discussion does not take account of
the effect of pulse width. This should be treated carefully
when the relaxation rate is comparable to the inverse of the
pulse width.
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