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We use neutron scattering to study the Pr3+ crystalline electric field �CEF� excitations in the filled skutteru-
dite PrOs4As12. By comparing the observed levels and their strengths under neutron excitation with the
theoretical spectrum and neutron excitation intensities, we identify the Pr3+ CEF levels and show that the
ground state is a magnetic �4

�2� triplet, and the excited states �1, �4
�1�, and �23 are at 0.4, 13, and 23 meV,

respectively. A comparison of the observed CEF levels in PrOs4As12 with the heavy fermion superconductor
PrOs4Sb12 reveals the microscopic origin of the differences in the ground states of these two filled
skutterudites.
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I. INTRODUCTION

The Pr-based filled skutterudites �FSs� have the formula
PrT4X12, where T is one of the transition metals Fe, Ru, or
Os, and X is a pnictogen �P, As, or Sb�.1–3 The notably
mounting interests and efforts in the study of the FS com-
pounds are motivated by the remarkable diversity of their
electronic and magnetic ground states, including multipole
ordering,4,5 small gap insulators,6,7 conventional
superconductivity,8 unconventional superconductivity,9,10

and magnetic ordering.11–15 Despite the large differences in
their physical properties, these compounds are governed by
only a few parameters, including the interaction between the
conduction and the 4f shell electrons �the c-f coupling� and
the effect of the crystalline electric field �CEF� potential on
the Pr3+ 4f electrons.4–15 For example, transport and bulk
magnetic measurements on the heavy fermion supercon-
ductor PrOs4Sb12 suggested either a �1 singlet ground state
or a �3 nonmagnetic doublet ground state.9,10 Inelastic neu-
tron scattering experiments on PrOs4Sb12 showed that the
Pr3+ CEF levels include a �1 singlet ground state and a low-
lying �4

�2� magnetic triplet excited state at 0.6 meV.17–19 This
rules out the quadrupolar Kondo effect, which arises only
from a nonmagnetic doublet ground state,16 as the micro-
scopic origin for the observed heavy fermion superconduc-
tivity.

The FS compounds belong to the space group Im3̄.3 The
rare earth atoms are located at the corners and body center of
the cubic lattice, each of which is surrounded by a simple
cube of 8 transition metal atoms at the 8c sites �Fig. 1�a��
and by an icosahedron of 12 pnictogen atoms at the 24g
Wyckoff sites �Fig. 1�c��. Owing to their unique structure, a
subtle modification on composition can result in a different
CEF scheme and thus a completely different ground state.
However, a general understanding is desirable as to how the
compositions influence the CEF levels. In PrOs4As12, in
which the pnictogen Sb in PrOs4Sb12 is replaced by As, the

material displays quite different correlated electron
properties.13,14 The temperature dependence of the electrical
resistivity reveals Kondo lattice behavior, which is not ob-
served in PrOs4Sb12.

20 Specific heat measurements indicate
an enhanced electronic specific heat coefficient of �
�1 J /mol K2 for T�1.6 K and 0�H�1.25 T.13 The com-
pound exhibits several ordered phases at temperatures below
2.3 K and fields below about 3 T.21 The ground state has
been determined to be antiferromagnetic �AF� by neutron
scattering experiments.14 A determination of the Pr3+ CEF
level scheme in PrOs4As12 and its microscopic origin is cru-
cial for understanding why its ground state is different from
that in PrOs4Sb12. The outcome will lead to a more general
understanding of how the structures and compositions in Pr-
based FSs can influence their CEF levels and ground states.

II. EXPERIMENT

PrOs4As12 single crystals were grown using the molten
metal flux method described in Ref. 13 and crushed into fine
powder. Our neutron scattering experiments were carried out
on the cold neutron triple-axis spectrometer SPINS at the
NIST Center for Neutron Research �NCNR� and on the HET
chopper spectrometer at ISIS �Rutherford Appleton Labora-
tory�, as described previously.22 We reference positions in
reciprocal space at wave vector Q= �qx ,qy ,qz� in Å−1 using
�H ,K ,L� reciprocal lattice units notation, where �H ,K ,L�
= �qxa /2� ,qya /2� ,qza /2�� for the cubic PrOs4As12 cell �a
=8.5319 Å�.13 We used a 3He-4He dilution refrigerator for
the field-dependent experiments. The nature of observed
CEF excitations were confirmed in large temperature
�0.08–200 K� and magnetic field �0–11 T� ranges.

III. RESULTS AND DISCUSSION

Figure 2 summarizes the neutron scattering intensity from
PrOs4As12 on HET at temperatures between 1.5 and 200 K.
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Since the CEF magnetic scattering decreases with increasing
Q whereas the intensity of phonons increases with Q, a com-
parison of the neutron intensities in the low- and high-angle
detectors can distinguish between magnetic and phonon scat-
terings. Figure 2�a� shows the scattering function at T
=1.5 K and T=200 K with an incident neutron beam energy
of Ei=32 meV. Comparison of the low- and high-angle data
reveals two clear CEF excitations at 13 and 23 meV, with

phonons at �20 meV. Measurements with Ei=12 and
50 meV showed no evidence of additional CEF excitations at
energy transfers between 2 and 8 meV or above 25 meV
�Figs. 2�b� and 2�c��.

To search for CEF excitations at energies below 2 meV,
we carried out high resolution measurements using SPINS.
At T=0.32 K, energy scans at Q= �1.2,0 ,0� showed a clear
peak at 0.4 meV; this mode decreases and becomes broader
on warming to 2.5 and 6 K �Fig. 3�a��. Figure 3�b� shows
that the energy of the �0.4 meV mode is the weak Q depen-
dence and decreases in intensity with increasing Q, thus con-
firming its magnetic nature. Figure 3�d� reveals that the elas-
tic intensity also decreases on warming from 0.08 to 4 K.
This reduction of intensity in the elastic channel with in-
creasing temperature is also observed in the HET data, evi-
dencing that the ground state is a magnetic multiplet.

Figures 4�a�–4�d� show the temperature dependence of
the low-angle scattering for Ei=32 meV. The CEF peak in-
tensities do not change significantly with temperature be-
tween 1.5 and 5 K. At 50 K, the intensity in the elastic chan-
nel has undergone a substantial decrease, and the 13 meV
peak has shifted to 10 meV. On further increasing the tem-
perature to 100 and 200 K, the intensities at 0, 13, and
23 meV continue to decrease, whereas the scattering at
10 meV increases.

The theoretical description of the Pr3+ CEF levels in
PrOs4As12 is complicated by the presence of important con-
tributions from two sets of neighboring ions, Os and As. The
Pr3+ ion in Pr-based FS has a 4f2 configuration, which in
Russell–Saunders coupling has a ninefold degenerate 3H4
ground state. This degeneracy is lifted by the CEF interac-
tion, which we assume to be dominated by the 12 nearest
neighbor pnictogens �As� and the 8 next nearest neighbor Os
ions; the distances to these ions are dPr-As=3.23 Å and
dPr-Os=3.69 Å.

FIG. 1. �Color online� �a� The cube of eight
Os ions surrounding the central Pr3+ ion in
PrOs4As12. These give an Oh-symmetric CEF. �b�
The corresponding spectrum of Oh-symmetry
Pr3+ CEF levels. �black: singlet; blue �dark gray�:
doublet; red �light gray�: triplet�. The relative
coupling x that gives singlet-triplet degeneracy is
shown by the dashed vertical. �c� The 12 nearest
neighbor As ions surrounding the central Pr3+ in
PrOs4As12, giving a reduced symmetry �Th� CEF.
�d� The corresponding As-only Th-symmetry Pr3+

CEF spectrum in PrOs4As12. Here, W and x are
the same as defined by Ref. 25.

FIG. 2. �Color online� �a� Neutron inelastic scattering at T
=1.5 K �black circles� and T=200 K �blue/gray circles� with Ei

=32 meV, integrated over scattering angles from 9° to 30° �low-
angle detectors� and from 105° to 140° �high-angle detectors�. �b�
The same at Ei=12 meV; �c� Ei=50 meV. The scattering function
S�Q ,�� was normalized by comparison to a vanadium standard.
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A. Single-charge model with separate ions

Os ions form a simple cube around the Pr ions and they
alone give an Oh symmetric CEF. The arrangement of the 12
pnictogens �As� around Pr3+ forms three orthogonally inter-
sected planes where the As–As bonds are shown as solid
lines with length L and W is the length of the dashed lines in
Fig. 1�c� �b=W /L=0.4267�1�. When the four pnictogen
atoms in each of the three orthogonally intersected planes
form a square, i.e., b=W /L=1, the fourfold rotational sym-
metry is recovered and the point group symmetry becomes
Oh with the simple cubic CEF potentials �Fig. 1�c��.25 This

Oh case is treated by Lea et al.25 �see their Fig. 9�; we have
rederived their excitation spectrum as shown in Fig. 1�b�.

Both Oh and Th CEF interactions split the Pr3+ 3H4 ground
state into a singlet, a doublet, and two triplets.24 In the
b�1 Th-symmetry case, these multiplets are referred to as
�1 �a singlet�, �23 �a nonmagnetic doublet�, and �4

�1� and
�4

�2� �magnetic triplets�. These two triplets are linear
combinations of the Oh-symmetry triplets, mixed by the new
Th CEF interaction;24 this mixing modifies the excitation
spectrum and leads to b-dependent neutron transition inten-
sities.
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FIG. 3. �Color online� �a� Low
energy spectrum of CEF excita-
tions observed at T=0.32, 2.5, and
6.0 K using the SPINS spectrom-
eter at NCNR. �b� The wave vec-
tor dependence of the excitations
at Q= �0.8,0 ,0�, Q= �1.2,0 ,0�,
and Q= �1.7,0 ,0�. �c� The ex-
pected and observed temperature
dependences of the intensity of
the 0.4 meV mode. �d� The tem-
perature difference spectrum be-
tween 0.08 and 4 K, showing
clear reduction in magnetic elastic
scattering.

FIG. 4. �Color online� The temperature de-
pendence of the excitations observed on HET
with Ei=32 meV at �a� T=1.5, 5 K, �b� 50 K, �c�
100 K, and �d� 200 K. The lines are theoretical
results for neutron excitation intensities, from the
combined Os-As CEF model, with an arbitrary
overall scale factor.
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The Th-symmetry CEF excitation spectrum has not been
considered in detail in the literature, and the corresponding
neutron transition intensities between Th CEF levels have not
been considered at all. To aid in the interpretation of our
neutron scattering data, we carried out these CEF calcula-
tions using a point charge model. We assumed an expansion
of the perturbing CEF potential in spherical harmonics,

V��� = �
�=4,6

g� �
m=−�

�

M�mY�m��� , �1�

where the interaction strengths g4 and g6 are treated as free
parameters. The spherical harmonic moments �M�m	 are de-
termined by the positions of the 12 As ions, which we as-
signed the �scaled� coordinates x� = ��1, �b ,0�,
�0, �1, �b�, ��b ,0 , �1�. The nonzero independent mo-
ments for �=4,6 are M40=21�1−3b2+b4� /2
��1+b2�2,
M60=3
13�2−17b2+2b4� /8
��1+b2�2, and M66
=−15
3003b2�1−b2� /16
��1+b2�3. The nonzero M66 for
b�1 �Th symmetry� confirms the presence of the Bt

6 terms of
Takegahara et al. �Eq. �7� of Ref. 24�, in addition to the usual
Bc

4 and Bc
6 Oh-symmetry terms. �Note that the Th-allowed

moment M66 vanishes at the Oh-symmetry point b=1.� We
also confirmed that the other nonzero moments satisfy the
ratios quoted in Eq. �7� of Ref. 24. Unlike Takegahara
et al.,24 we do not introduce a new parameter y for the
Th-symmetry terms because they are completely determined
by g6 and the lattice parameter b in the point charge model.
This was previously noted by Goremychkin et al.17

Diagonalization of this Th CEF interaction within the Pr+3

3H4 nonet gives our results for the spectrum of CEF levels
and their associated eigenvectors. These eigenvectors depend
only on the ratio g6 /g4 and the lattice parameter b; the ener-
gies in addition have an arbitrary overall scale. Our results
for the spectrum for b=1 �Oh symmetry� and b=0.4267
�PrOs4As12 geometry� are shown in Figs. 1�b� and 1�d�, us-
ing the Lea–Leask–Wolf �LLW� normalization
conventions.25 �These conventions set our two Hamiltonian
parameters in Eq. �1� to g4= �968� /21�x and
g6= �−5808� /221��1− �x��.� Note that the b=1 and b
=0.4267 level schemes differ qualitatively, which demon-
strates the importance of the Th terms in this problem.

We find that the Oh singlet and doublet energy eigenvec-
tors are unmodified by the Th interaction, consistent with
Takegahara et al.24 The singlet eigenvector �in a Jz

tot basis�
is �	1�=
7 /12�0�+
5 /24��4�+ �−4�� and the two doublet
states are �	23a�=−
5 /12�0�+
7 /24��4�+ �−4�� and �	23b�

=
1 /2��2�+ �−2��, consistent with earlier �numerical�
results.24,25 The singlet and doublet energy eigenvalues in
our conventions are modified by the Th interaction. In
terms of the LLW variable x �Ref. 25� and our parameter
b, they are E1=−�16 /13�1+b2�2��91x�1−3b2+b4�
−20�1− �x � ��2−17b2+2b4�� and E23=−�16 /13�1
+b2�2��13x�1−3b2+b4�+16�1− �x���2−17b2+2b4��. The cor-
responding analytic results for the two Th triplet states for
general b are quite complicated, so we only present numeri-
cal results for these states.

The neutron transition intensities are defined by Iif
= �
f �Jz

tot�i��2, as introduced by Birgeneau.26 �There is an im-
plicit sum over initial and final magnetic quantum numbers.�
Our Th-symmetry results for these quantities are shown in
Fig. 5�a�. The values in the limits x= �1 �no �=6 term,
hence Oh symmetry� implicitly check Birgeneau’s numerical
Oh results; see the off-diagonal entries in his Table 1�e�.
These Oh limits are indicated on the vertical axis of Fig. 5�a�.

Next, we compare the observed CEF levels and their neu-
tron excitation intensities to the well-known LLW CEF re-
sults for Oh symmetry �Fig. 1�b�� and our calculated CEF
predictions for PrOs4As12 under Th symmetry �Figs. 1�d� and
5�a��. Both Oh and Th CEF spectra have x values that can
accommodate a magnetic triplet ground state and a nearly
degenerate singlet first excited state �vertical lines in Figs.
1�b� and 1�d��. However, it is evident that the Oh scheme
cannot explain the data because the observed 0.4 meV tran-
sition �4

�2�→�1 is incorrectly predicted to have zero intensity
due to the Oh symmetry. While in the Th scheme the relative
neutron excitation strengths of the higher levels �at 13 and
23 meV� predicted in Fig. 1�d� seem to be in good agreement
with observation at low temperatures, the As CEF alone pre-
dicts an incorrect spectrum of levels �Fig. 1�d��, with the
triplet �4

�1� being the highest excitation. The calculated neu-
tron transition intensity shown in Fig. 5�a� cannot explain the
observed intensity at higher temperatures. As temperature in-
creases, the excited states get populated and the excitations
from the ground state at 13 and 23 meV start to decrease in
intensities. Meanwhile, the new excited-state transitions start
to increase. If �4

�1� instead of �23 is the highest level, the
intensity at 12.6 meV would not increase but that at
22.6 meV would because the �1 to �23 transition is not al-
lowed even in Th symmetry. Goremychkin et al.17 showed
that the highest level in the same Sb material is the �23
doublet.

B. Combined Os-As crystalline electric field model

The twin constraints of having the �23 level at the top of
the spectrum and having a large �4

�2�↔�1 neutron excitation

FIG. 5. �Color online� �a� The theoretical neu-
tron transition intensity for As CEF alone with
b=0.4267. �b� Neutron excitation intensities pre-
dicted by the combined Os-As CEF model.
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strength requires both Os and As terms in the CEF interac-
tion. We therefore introduce a combined Os-As Hamiltonian,

H = H�Os� + H�As� . �2�

Although this model nominally has four parameters �g4
Os, g6

Os,
g4

As, and g6
As�, only three are independent; g4

Os and g4
As cannot

be distinguished because they are summed into a single co-
efficient of the Oh-symmetry �=4 interaction. For this rea-
son, we introduce combined Oh-symmetry Os-As coeffi-
cients g4=g4

Os+g4
As and g6=g6

Os+g6
As, which we normalize

according to LLW conventions. As the �=6Th-symmetry
terms from H�As� in the CEF are proportional to g6

As alone,
the strengths g6

Os and g6
As can be distinguished. We param-

etrize these two �=6 interactions using the total
Oh-symmetry g6 and a Th /Oh relative strength r6, which is
the ratio of the coefficients of Y62 to Y60 in the CEF
potential. The energy levels of this Hamiltonian are
E4�2�=−6g4−8g6− f , E1=28g4−80g6, E4�1�=−6g4−8g6+ f ,
and E23=4g4+64g6, where f = ��20g4+12g6�2+960r6

2g6
2�1/2.

For r6=0, these reduce to the familiar LLW Oh
spectrum. In the pure As model, r6 is determined by CEF
theory if we assume point As ions and is given
by �11
105 /4�b2�1−b2� / �1+b2��1− �17 /2�b2+b4�. For
PrOs4As12, we have b=0.4267, which gives a rather large
r6=−6.901. This drives strong level repulsion between the
two triplets, which explains why the pure As spectrum of
Fig. 1�d� differs so greatly from the Oh-symmetry �pure Os�
spectrum of Fig. 1�b�.

Our experimentally observed CEF levels are close to but
not exactly consistent with the predictions above of the
mixed Os-As model since the gap ratio �E4�1�−E4�2�� /
�E23−E4�2���0.57 is slightly below the theoretical lower
bound of 7 /12. The parameters we estimate from the mea-
sured gaps are g4�0.24 meV and g6�0.20 meV. The value
of r6 is not determined by the measured energies due to the
inconsistency mentioned above, although r6
0.5 appears

plausible. A more sensitive determination of r6 is possible
through the measurement of the inelastic neutron excitation
intensities we discuss below.

The neutron excitation intensities in this combined Os-As
Hamiltonian depend only on a single parameter �, which is
the mixing angle of the triplet energy eigenvectors when ex-
panded in an Oh-symmetry �3�, �3�� basis,

�4�1�� = + sin����3� + cos����3�� ,

�4�2�� = + cos����3� − sin����3�� . �3�

This mixing angle is related to the Hamiltonian parameters
by tan�2��=2
15r6 / �5�g4 /g6�+3�. The singlet and doublet
Oh energy eigenvectors are unchanged. The nonzero neutron
excitation intensities in terms of s=sin��� and c=cos��� are
�4

�2�↔�1= �20 /3�s2, �4
�2�↔�4

�1�=7 /2+8c2s2, �4
�2�↔�23=4

+ �16 /3�s2, �1↔�4
�1�= �20 /3�c2, �4

�1�↔�23=28 /3− �16 /3�s2,
�4

�2�↔�4
�2�= �25 /2��1− �4 /5�s2�2, and �4

�1�↔�4
�1�= �1 /2��1

+4s2�2. The calculated neutron scattering intensity of differ-
ent transitions as a function of � is shown in Fig. 5�b�. We
recover the Oh-symmetry results of Birgeneau �Table 1�e� of
Ref. 26� for s=0, c=1.

We carried out a least-squares fit of our neutron excitation
data at 1.5, 50, 100, and 200 K �Fig. 4� to the theoretical
intensities given above, which gives an estimate of the triplet
mixing angle � in PrOs4As12,

� � 22.5 ° . �4�

When combined with the values of g4 and g6 from the
spectrum, this � corresponds to r6�1.2. In this fit, the rela-
tively isolated �4

�2�→�4
�1� peak at 23 meV was used to infer

the background, which was taken to be constant plus linear.
The assumed line shapes were Lorentzians with a common
linewidth, fixed by the 23 meV peak. The calculated intensi-
ties of the individual transitions �dotted lines� and the total
intensity �solid lines� for each temperature are shown in Figs.

FIG. 6. �Color online� �a� The magnetic field
dependence of the low-lying CEF excitations at
Q= �1.2,0 ,0� and T=0.08 K. The inset shows the
field dependence of the first excited state. �b� The
difference spectrum between 0 and 11 T at Q
= �1.2,0 ,0� and T=0.08 K. The effect of an ap-
plied field is to suppress intensity at ��=0 meV
and to split the spin-triplet ground state; the latter
results in the field dependence of the 0.4 meV
peak in �a�, which may involve an intratriplet
transition. The elastic intensity suppression effect
essentially disappears for fields above 4 T. �c�
The field-induced CEF excitation at �1.1 meV is
weakly wave vector dependent and shows essen-
tially no temperature dependence between T
=0.08 and 4 K.
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4�a�–4�d�. We note that the intensity reduction at 0.4 meV on
warming from 0.32 to 2.5 K is larger than that expected
from the CEF model �Fig. 3�c��, thus suggesting that Pr-Pr
interactions below TN �=2.3 K� are important. On the other
hand, the large difference between the calculated and ex-
pected intensities around 8 meV in the 200 K data is pre-
sumably due to thermally populated phonons �Fig. 2�a��.

C. Field effect on the crystalline electric field gap

If the ground state of PrOs4As12 is indeed the �4
�2� triplet,

application of a magnetic field should Zeeman split it, result-
ing in a field-dependent energy gap. There should also be a
reduction in the intensity of the zero-energy �4

�2�→�4
�2� mag-

netic scattering. Figure 6 shows that these expectations are
indeed qualitatively satisfied. The first excited state at
0.4 meV shifts toward higher energies as the applied field
increases. The field-dependent transition energy is linear
only at higher fields �between 6 and 11 T�. The drop of in-
tensity in the elastic channel is almost constant for all ap-
plied fields, as shown in the inset of Fig. 6�b�. Figure 6�c�
shows that the wave vector dependence is also present with
applied magnetic field �H=9 T�. Normally, the field splitting
of the ground state multiplet would be a very clear test of our
�4

�2� triplet assignment for the ground state. However,
PrOs4As12 is complicated by the near degeneracy of the �4

�2�

and �1 levels, which mix strongly under an applied field.
This results in a more complicated spectrum of low-lying
states, with several low-field level crossings and neutron
scattering intensities that are also modified by their field-
induced �4

�2�−�1 mixing.
Our determination of the CEF levels in PrOs4As12 reveals

the reasons for the wide range of behaviors in different FSs.
The spectrum of CEF levels is largely determined by the Oh
symmetry field of the eight nearest neighbor ions, and for
Os, the near equality of the �=4 and �=6 strengths g4 and g6
implies nearly degenerate low-lying singlet �insulator� and
triplet �AF� levels. The low temperature magnetic properties
are determined by which of these phases happens to be the
true ground state. In the CEF model, this is specified by the
two parameters g4 /g6 and r6 �Fig. 7�; in PrOs4As12, which
has a triplet ground state, we estimate g4 /g6�1.15 and r6
�1.2. The Th symmetry pnictogen CEF �proportional to r6�
acts to stabilize the triplet state and can itself lead to a triplet
ground state if r6 is sufficiently large to cross the phase
boundary shown in Fig. 7.

In principle, one can extend our approach to calculate the
ground states of other Pr FSs by determining its crystal struc-
ture and g4 /g6 ratio. The necessity of using the Th symmetry
of As rather than the Oh symmetry of pure Os form to ex-
plain the observed excitations shows that the detailed pnic-
togen geometry is important in determining the CEF levels.

Indeed, the AF-ordered ground state in PrOs4As12 can arise
from a �4

�2� triplet magnetic ground state, while the supercon-
ducting PrOs4Sb12 has a nonmagnetic �1 singlet ground
state. The nearly degenerate first excited state �1 at 0.4 meV
��4 K� and its temperature and field dependences �Figs. 4
and 6� may explain the presence of multiple transitions in the
specific heat �in C�T� /T versus T� and its field
dependence.13,14,21

IV. SUMMARY

To understand the observed Pr3+ CEF levels, one must
incorporate the As ions’ contribution to the CEF
Hamiltonian,23,24 in addition to the usual Os cubic field
terms. A comparison of our CEF calculations using this more
general Hamiltonian with our experimental results shows
that the Pr3+ CEF level scheme in PrOs4As12 consists of a
�4

�2� magnetic triplet ground state, a nearly degenerate �1
singlet excitation, and higher �4

�1� magnetic triplet and �23
nonmagnetic doublet excited states. We find that contribu-
tions in the CEF Hamiltonian due to As are important in
determining the neutron excitation intensities in PrOs4As12;
our results differ qualitatively from the predictions of the
conventional CEF Hamiltonian,25,26 and therefore provide a
microscopic understanding for its AF ground state.
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FIG. 7. �Color online� The boundary between singlet and triplet
ground states in skutterudites �E1=E4

�2�� as a function of r6 and
g4 /g6 and the observed PrOs4As12 spectrum.
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