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bstract

The ground-state symmetries of Np ions in the low temperature phase of NpO2 are discussed with reference to the results of resonant X-ray
cattering experiments suggesting the occurrence of long-range multipolar order with electric quadrupole secondary order parameter. Two models
ave been proposed in the literature: one based on a �4 doublet (in D3d point group), the other on a �5 (�6) singlet. We show, through a theoretical
roup analysis, that the �4 doublet is not compatible with the available experimental data. Our analysis supports the hypothesis of a singlet ground
tate.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The low-temperature properties of NpO2 have recently
ttracted much attention due to some peculiar aspects of its
agnetic ground-state [1–9]. A convincing picture has become

vailable only in the last 5 years, after the key indication of a
ime-reversal breaking order parameter below T0 � 25 K [10],
he absence of crystallographic distortions [1], and the proposal
f a magnetic octupole as primary order parameter [11].

The origin of the controversy about the ground-state prop-
rties aroused from the absence of a sizeable magnetic dipole
rder, as indicated by negative Mössbauer spectroscopy, and
eutron diffraction results [3]. The existence of a static magnetic
eld distribution around the Np ions in the ordered phase was
evealed by �SR experiment [10]. This experimental evidence
aved the way to the hypothesis that higher-order magnetic
ultipoles could play the role of order parameter at the tran-
ition. Quadrupole magnetic moments being excluded, because
p positions are inversion centres, magnetic octupole moments
ere considered [11] and in particular the components trans-
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orming like �2 (singlet) and �5 (triplet) in octahedral fields.
he first possibility is maintained in Ref. [11] and appears com-
atible with a �4 doublet ground-state in D3d. The second type
f symmetry for the octupole has been advanced in Refs. [2,3]
nd assumes a �5 (�6) singlet ground-state.

In this brief report we restate the theoretical analysis of the
round-state symmetry, from the perspective of the D3d local
ymmetry at Np4+-sites, which is now universally accepted after
he results of Refs. [2,9], trying to clarify some subtleties related
o time-reversal symmetry. This also opens the way to a straight-
orward identification of the allowed order parameters and a
irect classification of the possible ground states. The analysis
upports the conclusions reported in Ref. [12], where a singlet
round state was proposed for NpO2 on the basis of specific heat
easurements.
While the symmetry of the primary order parameter is now

nown, it must be noticed that direct experimental evidence
bout its true nature is still lacking. In the following we will con-
ider the ordering of magnetic octupoles (which is the most com-
only accepted for NpO2 today), but similar results and consid-
rations could be made for any kind of odd-rank magnetic multi-
ole distinct from the dipole. We have recently proposed a inelas-
ic neutron scattering experiment to clarify this situation, based
n the theoretical analysis of the ground-state dynamics [13].

mailto:roberto.caciuffo@ec.europa.eu
dx.doi.org/10.1016/j.jallcom.2006.11.055
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. Symmetry analysis

In the high-temperature phase, NpO2 crystallises in the
m3̄m space group. The (0 0 3) Bragg reflection in such a
roup is forbidden by symmetry at all orders, even in reso-
ant conditions. Therefore, its detection at Np M4 edge in the
ow-temperature phase [1] shows that the local symmetry of
p4+-ions below T0 is a subgroup of the cubic group m3̄m (Oh).
s described in Ref. [2], the only maximal nonisomorphic sub-
roup of Fm3̄m that is non-symmorphic and simple cubic is
n3̄m, which has the same diffraction pattern as Fm3̄m for both
p and O atoms, thus explaining why usual diffraction is not

ensitive to any symmetry-lowering below T0. The Np ions are
ccommodated at positions 4b, with reduced local symmetry

¯m (D3d), that allows for both �� and �� RXS reflections at
0 0 3). Therefore, in what follows, we shall directly exploit the
haracter table of D3d (double) group, instead of Oh, in order
o derive the ground state symmetry and the allowed octupolar
omponents (see e.g., pp. 522–523 of Ref. [14]).

The seven degenerate components of the octupole magnetic
oment in spherical symmetry SO(3) split, in D3d symme-

ry, into two doublets �3, two singlets �2 and one singlet �1,
he latter corresponding to the totally symmetric irreducible

epresentation of L = 3 in D3d. However the experimental evi-
ence of the absence of dipolar long-range order forces us
o consider only those components of magnetic octupole not
elonging to the same representations as the dipole, otherwise
his latter would be induced as secondary order parameter. This
onstraint, which in Oh symmetry selects four out of seven
ctupolar components, is much more restrictive in the case
f D3d symmetry, as only one octupolar component has the
esired property, the one belonging to the totally symmetric
epresentation �1. This latter can be written in terms of spher-
cal harmonics with quantization axis along the trigonal [1 1 1]
irection: O ∝ Y33 + Y3–3. Following the convention of Ref.
14] we have chosen the two-fold axis of D3d along y. Therefore
ts expression in terms of equivalent angular momentum opera-
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y Ĵx, where we introduced the symmetrized

orm Ĵ2
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y )/3. When we re-express

his quantity according to the quantization axis usually adopted
n the literature, i.e. the one along the original four-fold axis
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f the cubic group, we recover back in a simple fashion the

epresentation used in Ref. [2]: O ∝ Ĵz′ Ĵ2
y′ − Ĵz′ Ĵ2

x′ + permu-
ations of (xyz). The rotation matrix from the non-primed to
he primed reference system is expressed in terms of the three

rthonormal vectors �v1 =
(
−1/

√
6, −1/

√
6, 2/

√
6
)

, �v2 =
−1/

√
2, −1/

√
2, 0

)
, and �v3 =

(
1/

√
3, 1/

√
3, 1/

√
3
)

as

αβ = (�vβ)α, and transformed vectors are given by: r′
α =

αβrβ.
When we analyze how the �8 ground-state quartet of Oh

ranches into D3d, we find that it splits into a doublet �4 and
couple of Kramers-related singlets �5 and �6. Even though

hey belong to two different representations of the D3d double
roup, the latters are degenerate in presence of time-reversal
ymmetry, and their degeneracy splits only when time-reversal
s broken (see e.g., p. 159 of Ref. [14]). Therefore, if there is
o magnetic order, we would get just two energy levels, one for
4 states, the other for �5 and �6 states. In order to understand

he characteristics of each state, and to help visualizing their
ehavior under time-reversal symmetry, it is useful to write them
own explicitly. Choosing the natural quantization direction in
3d along the three-fold symmetry axis, we have the following

xpressions for the four states in terms of the basis ‖J = 9/2, Jz〉
14]:
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Notice that we chose the phase convention of Ref. [14] for
ime-reversal, such that the action on spherical tensors ||J, Jz〉
rings the phase (−)J−Jz , besides making the complex con-
ugate. Therefore the time-reversal of |�5〉 is |�6〉 and in the
oublet subspace |�4〉 we have chosen the two states |�(1)

4 〉 and

�
(2)
4 〉 in such a way that they are the time-reversed one of the

ther. Of course, in the presence of a time-reversal symmetry
hey are degenerate and any linear combination of the two could
qually well describe the |�4〉-subspace: the degeneracy of the
�

(1)
4 〉 and |�(2)

4 〉 states is lifted only in a magnetic dipole ordered
hase, but persists if time reversal is broken by the totally sym-
etric representation �1 of magnetic octupole. We point out

hat our choice of reference frame, albeit different from that
ommonly used for cubic systems [4,8], can express the same
hysics in a more convenient way (for example the numerical

oefficients can be fixed by symmetry considerations only).

A discussion on the role of finite spin-orbit interaction in
etermining localized 5f-electron wavefunctions has to keep into
ccount the influence of J-mixing and intermediate coupling.
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ig. 1. Specific heat of NpO2 as a function of temperature, without (from Ref.
12]) and with applied magnetic field (9 T). Inset: calculated difference between
he two data sets.

owever, we have recently proposed a perturbative procedure
15] which allows to retain the usual crystal-field formalism. As
xpected, the transformed effective Hamiltonian maintains the
ubic symmetry and all of the following qualitative considera-
ions hold their validity.

. Discussion and conclusions

There are several interesting perspectives that can be derived
rom the explicit form of the states. In first place, we can easily
xclude a �4 ground-state in presence of a time-reversal sym-
etry breaking. In fact, in the case of magnetic dipole order

he double degeneracy would be lifted and only one of �
(1)
4

nd �
(2)
4 would be low-lying. However, each of this states car-

ies a net dipolar moment given by ±(0.222 × 7/2 + 0.342 ×
/2 − 0.912 × 5/2)� = ±1.84�, against the experimental evi-
ence of absence of magnetic moment. The only way to avoid
his is to suppose that the coefficient of �4 states can be cho-
en arbitrarily with the constraint that the ground state has zero
ipolar moment. The �

(1)
4 and �

(2)
4 states remain degenerate if

ime reversal symmetry is broken by magnetic octupolar order,
hile the application of an external magnetic field would remove

he degeneracy and a non-zero magnetic dipole moment would

ppear. We have verified that this possibility is excluded by per-
orming low temperature specific-heat measurements with and
ithout the application of a 9 T magnetic field [12] (Fig. 1). The

esults show no significant variation between the two data sets;
ompounds 444–445 (2007) 278–280

oreover, the obtained magnetic entropy curve is not compat-
ble with a residual degeneracy of the ground state persisting
elow T = 0.7 K [12].

Therefore, we can safely suppose that the ground state of Np
n the low-temperature phase is |�5〉 (|�6〉). The structure of the
5 ground state is such that the average value of any compo-
ent of the magnetic moment Ja (a = x, y, z) is zero: in fact,
n one hand both states with ±Jz appear with the same weight
nd therefore 〈�5|Jz|�5〉 = 0. On the other hand, the raising and
owering operators J± cannot connect the different Jz compo-
ents, which differ by 3� (9/2, 3/2, −3/2, −9/2). This property
s interesting because it shows that only trilinear objects JaJbJc

e.g., the odd-rank magnetic multipoles) can have expectation
alues different from zero. As it turns out, the symmetry of the
rimary order parameter also leads to the ordering of the �5
lectric quadrupoles [8] as secondary order parameter, which is
onfirmed by resonant X-ray scattering experiments [2].
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