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NMR investigation of quadrupole order parameter in

actinide dioxides
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O-NMR have been performed to investigate the order parameters in actinide dioxides. In the antiferro-magnetic ordered
state of UO,, magnetic dipole and electric quadrupole order parameters have been extracted individually through the
microscopic hyperfine interactions with 'O nuclei. We have also detected the development of the quadrupole order
parameter in the exotic multipolar ordering state of NpO,. The large value of the critical exponent suggests the secondary

character of the quadrupole ordering in NpO..
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1. Introduction

Actinide dioxides (An02: An = U, Np and Pu etc. )
represent possibly the most intensely studied series of any
actinide compounds. However, their surprisingly varied
physical properties continue to be of interest. UO, exhibits
an antiferro-magnetic (AFM) phase transition atzl' =30.8
K. The magnetic structure has been determined to be the
transverse triple-q type, with an ordered moment of 1.74
pr/U atom [1-5]. This phase transition also causes an
internal distortion of the oxygen cubes that surround the U
cations [6,7]. Furthermore, the presence of an anisotropic
Eg 5charge distribution at U site have been reported from

U NMR study [5]. Recent resonant x-ray scattering
(RXS) measurements have confirmed the long-range
nature of such 5f antiferro-quadrupolar (AFQ) ordering
[8].

The low-temperature phase transition also appears at
T0=26K in NpO,. The nature of this phase transition,
however, has posed a challenge for both theory and
experiment for half a century [9-13]. Recently, J.A.Paixao,
et al, have reported that the results of their RXS
experiments are well accounted for assuming a triple-q
longitudinal AFQ structure [14]. They proposed, further,
that the AFQ order could be driven by the ordering of
magnetic octupoles of I'c symmetry. This I'c antiferro-
octupolar (AFO) orderea ground state has™also been
corroborated by recent microscopic calculations based on
the j-j coupling scheme [15,16].

The quadrupolar ordering is triple-q in nature in both
dioxides. The orientation of the electric quadrupoles is
transverse in UO2 [5,8], and longitudinal in NpO, [14,17].
In the previous work, we have reported that the quadrupole
ordering is possible to detect lby means of NMR through
the hyperfine interaction with ~ " O nuclei [18]. In this brief
paper, we present a detailed analysis of the temperature
dependence of the quadrupole order parameter in UO2 and

Np02. We shown that the large value of the critical
exponent suggests a secondary character of the
quadrupolar ordering in NpOz.

2. Results and discussion

Fig. 1 (a) shows a temperature dependence of the
internal field Hint’ corresponding to the temperature
dependence of the AFM order parameter in the ordered
state of U02. The Hint is obtained from the width of 17O—
NMR spectrum forming a rectangular shape below TN'

The rectangular shape is a typical powder pattern spectrum
in the AFM ordered state for the sites for which the
internal field Hint is smaller than the applied external field

Hoy[19.  The AFM

discontinuously just below TN’ suggesting a st order-like

order parameter appears

phase transition in UOz.

In Fig. 1(a), we also plot the recent RXS results [8]. In
the RXS measurement, the integrated intensity | of the
magnetic scattering is related to the square of the

magnetization density. Hence, we plot the Il/2 of the (112)
reflection in 6—7 polarization channel, which is also
regarded to represent the development of the AFM order
parameter. As seen in the figure, the NMR and RXS data
follow a single curve below TN' This confirms that both

quantities reflect the same order parameter in U02.

Next we discuss the AFQ order parameter, which
appears as a secondary effect of the AFM order. In the
ordered state of U02, we have observed temperature
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dependent oscillatory behavior on spin-echo decay M(7).
This spin-echo oscillation of M(t) indicates the emergence
of an axially symmetric electric field gradient (EFG) at O
sites [20]. The electric quadrupole frequency VQ is then

obtained from the oscillation frequency at each
temperature. We show the temperature dependence of o)

in Fig. 1(b). A non-zero o rises up discontinuously just

below T

NE and reaches a value

~93 kHz at low

temperatures.
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Fig. 1. The temperature dependence of (a) the internal
field Hint and (b)the quadrupole frequency vq obtained

from *’O-NMR in UO, [5]. These are plotted with the
RXS data ( see text ) [8].

The temperature dependent EFG suggests the
development of an anisotropic charge distribution
associated with the secondary AFQ order below TN' In

addition to the electric contribution, however, a lattice
contribution to the EFG is also important in the case of
U02. Neutron experiments reported the oxygen

displacement of 0.014 A from their equilibrium position
below TN [6,7]. From the point charge calculation, the

lattice contribution due to this oxygen displacement is
estimated to be 3.0 kHz [S]. The value is still three times
smaller than the experimental value of 9.3 kHz, which
indicates the dominance of the electronic contribution to
the EFG.

1/2

In Fig.1 (b), we also plot the RXS data. The |"'~ of
the (112) reflection in c—0c polarization channel and the
(014) Bragg reflection are regarded to represent the
development of the AFQ order and the internal lattice
distortion, respectively [8]. As seen in the figure, the NMR
and RXS data agree on the temperature dependence with
each other.
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Fig. 2. The temperature dependence of NMR vq in NpO,
[18], plotted with the RXS data (see text ) [22,23].

Next we turn to the multipolar ordered state of NpOz.

The development of the AFQ order parameter has been
also observed in this ordered state [17,18]. Figure 2 shows
the temperature dependence of v below T,. The v values
are obtained from the oscillation behavior of M(t), in the
same way as UO, [18]. A non-zero v rises up
continuously below T, and reaches a value of VQ~5.7 kHz,

which is smaller than the value of v ~9.3 kHz in UO,.
In the case of NpO,, the EFG is dominated by the

electronic contribution, since the phase transition is not
accompanied by any structural distortions [21,22]. From
the angular dependence of oscillations ( not shown ), we
have identified the principal axis of the EFG to be along
the cubic crystal axes, which is in good accord with the
longitudinal triple-q AFQ structure in NpO2 [18].
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Fig. 3. The temperature dependence of 0 in NpO2 with

logarithmic scale. The solid line represents the curve
with the critical exponent of 5=0.6.

In the same figure, we also plot the I'? of the (001)
and (003) reflection reported from RXS measurements
[22, 23]. These reflection were initially suggested to be of
magnetic origin. However, they are now regarded as
signaling the development of the AFQ order parameter. As
shown in Fig. 2, the NMR and RXS data follow a single
curve below T,

In Fig. 3, we plot the temperature dependence of vq
with logarithmic scale. The solid line represents the curve
with the critical exponent of $=0.6. The value is much
larger that the theoretical value of ~0.37 from the 3D
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Heisenberg model characterized by a three-component
order parameter and short-range interactions [24]. In terms
of the ordinary Landau theory for a continuous phase
transition, a secondary order parameter varies as the
square of a primary order parameter and hence having the
critical exponent of ~2f [25]. The large value of the
critical exponent thus strongly suggests the secondary
character of the AFQ order parameter in NpO, [23]. Since
the AFM order is absent, the magnetic octupo%e is a likely
candidate for the primary order parameter below TO'
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Fig. 4. Comparison of the magnetic and electric order

parameters in actinide dioxides. Here the Hjy; and vq are

plotted as a function of reduced temperature, i.e.,

t=(T-Ty)Ty for UO, and t=(T-Tp)T, for NpO,,

respectively. The solid and dotted lines represent the

curve with the critical exponent of £=0.6 ( experiment)
and 0.37 ( 3D Heisenberg model ).

3. Summary

In summary, we compare the temperature dependence
of the order parameters in UO, and NpO,. In Fig.4, the
NMR data are plotted as a function of reduced
temperature. It is shown that the order parameter appears
discontinuously in UO,, while it rises up continuously in
NpO,. Furthermore, it is appeared that the development of
the AFQ order parameter is rather gradual compared with
the AFM order parameter in UQO,. This confirms that the
AFQ order develops as a secondary effect of the primary
AFM order. In NpO,, on the other hand, magnetic order
parameter has not been detected so far. However, the large
value of the critical exponent suggests that the AFQ order
appears as a secondary effect of the primary magnetic
octupolar ordering in NpO,.
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