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Unusual magnetism of NpO2: A study with resonant x-ray scattering
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Département de Recherche Fondamentale sur la Matie`re Condense´e, Commissariat a` l’Énergie Atomique-Grenoble,
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The ground state of NpO2 has remained unresolved since the first evidence for a transition at low tempera-
ture was found in specific-heat experiments 45 years ago. Recently, muon spin relaxation measurements have
shown the presence of magnetic ordering with an estimated ordered moment of<0.1mB /Np. Using a small
(,1 mg! single crystal and photons tuned to theM4 absorption edge of Np, we have observed the Bragg
scattering from the ordered antiferromagnetic moments in NpO2 below TN525 K. The magnetic structure is
similar to that found in UO2, except that the moments in NpO2 are aligned parallel to the magnetic wave
vector, rather than perpendicular to it as in UO2. No tetragonal distortion of the cubic crystal structure is found
at TN , suggesting that the magnetic structure is tripleq. The significance for our understanding of the magnetic
ground state in NpO2 is discussed. An additional feature of these experiments, on an almost-perfect single
crystal using a third-generation undulator beamline, is that we see strong effects arising from the interplay of
sample absorption and the finite coherence of the incident photons that limits the full widths at half maxima of
the diffraction peaks and modifies their integrated intensities. The observations are consistent with a recent
theoretical treatment.@S0163-1829~99!02145-1#
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I. INTRODUCTION

The actinide ion in the dioxides is known to be tetravale
~the Mössbauer isomer shift gives unambiguous evidence
this in the case of Np—see below!, and, since these materia
are semiconductors, it is assumed that the 5f states may be
treated aslocalized. Using crystal-field theory the Np41:5 f 3

configuration is expected to have twoG8 quartets and aG6
doublet. Since it is a Kramers ion, with an odd number off
electrons, the ground state should order magnetically. T
it was not surprising that when the first specific-heat m
surements were reported some 45 years ago1 on NpO2 ~to-
gether with those on UO2), the large lambdalike anomal
found at 25 K was associated with magnetic order. In 19
susceptibility measurements showed2 a clear maximum,
again at 25 K, and a paramagnetic effective moment
;3mB /Np ~as expected!, so that the inferred antiferromag
netic ~AF! order simply awaited a direct confirmation b
Mössbauer and neutron methods. This followed rapidly
UO2, but for NpO2 30 years of frustration were to follow.

The corroborating experiments with the Mo¨ssbauer and
neutron probes did not give the expected answers. Two
dependent neutron investigations3 ~on polycrystalline
samples! reported no evidence for magnetic order and ga
an upper limit of about 0.4mB /Np atom. The following year
~1968! Mössbauer experiments4 suggested that ordering oc
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curred, but that the magnetic moment was only 0.01mB /Np
atom; a value completely at variance with all experience
that time. A renewed attempt, using single-crystal neutr
diffraction experiments searched in vain for extra reflectio
involving magnetism, the last reported paper was publis
in 1987.5 These experiments were difficult because the v
ume of the largest available single crystal of NpO2 is about
0.6 mm3. Further Mössbauer studies6 concluded that the
small broadening of the linewidth could be explained assu
ing a dynamical internal distortion of the oxygen sublattic
with no ordered moment below 25 K. However, a search
anharmonic effects in NpO2 at low temperature by neutro
diffraction5 showed no observable deformation of either t
neptunium or oxygen restoring potential at low temperatu
and this excluded a dynamical distortion model.

On account of the alpha activity of transuranium e
ments, it is natural that much more work has been done
uranium and its compounds. UO2 orders antiferromagneti
cally (TN530.8 K! with 1.74mB /U atom,7 and the ordering
is accompanied by aninternal distortion of the oxygen cube
that surrounds the cation.8 There is noexternal distortion
from the cubic structure; i.e., the unit cell remains cub
belowTN . The magnetic structure is of type I with the ma
netic wave vectorq5^001&, the magnetic components ar
aligned perpendicular toq, (m'q). The lack of any externa
distortion belowTN , and any field dependence of the ma
15 187 ©1999 The American Physical Society
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15 188 PRB 60D. MANNIX et al.
netic structure, suggests that UO2 has a triple-q magnetic
structure.9 Inelastic neutron scattering probing the cryst
field states10 may also be interpreted as arising from
triple-q configuration. A strong dynamic Jahn-Teller intera
tion is inferred from the neutron experiments10 as proposed
previously from an analysis of the Raman scattering
Allen11 and the susceptibility by Sasaki and Obata.12 There
have been many ideas on why the ordered moment in Np2,
if indeed it does exhibit long-range antiferromagnetic ord
might be so small. Solt and Erdos,13 making use of two es-
sential elements of our understanding of UO2, assume~a!
that the crystal-field potentials are the same in UO2 and
NpO2 apart from factors relating to the differentf-electron
count, and~b! that there is a distortion of the oxygen ca
around the Np ions, which is a consequence of quadrup
ordering@as found in UO2 ~Ref. 8!#. The first hypothesis ha
been substantiated by inelastic scattering experiments
NpO2;14 the second is not proven unambiguously, althou
indirect evidence for a lattice deformation is given by t
observation that the ground-state quartet is split into t
doublets below 25 K.14

One sensitive method to detect small moments is m
spin relaxation.15 Indeed, a signal, characteristic of an an
ferromagnetic state, was observed in NpO2 below 25 K.16

Moreover, in comparing with the signal from UO2, the au-
thors suggested that the AF structure of NpO2 was like that
of UO2, type I, that the transition was second-order~as op-
posed to the first-order transition known to occur in UO2),
and that the ordered moment was;0.1mB /Np ion.

II. EXPERIMENTAL METHOD AND RESULTS

The experiments reported here have used resonant x
magnetic scattering~RXMS! to examine the antiferromag
netic structure of NpO2. This technique exploits the larg
enhancementof the magnetically sensitive signal that occu
when the photon energy is tuned to theM edges in actinide
materials.17 The experiments were performed on the ID
undulator beamline18 of the European Synchrotron Radiatio
Facility ~ESRF!, Grenoble, France. A double crysta
Si~111!, monochromator selected the appropriate x-ray
ergy of the NpM4 edge of 3.845 keV. Harmonics of highe
incident energy are eliminated by the use of silicon mirro
The use of a closed-cycle refrigerator limited the base te
perature to;9 K. The crystal used for this work was flu
grown in Karlsruhe. It is a thin (,0.25 mm! platelet of
;0.730.5 mm2 ~mass 0.73 mg! with the @001# axis perpen-
dicular to the exposed face. Since, when working in an o
laboratory such as the ESRF, the crystal must be totally
capsulated for safety reasons and normal optical meth
cannot be used for alignment, orienting, and finding the cr
tal in the beam is nontrivial. In the special facilities
Karlsruhe the crystals are oriented and glued onto a sm
(232 mm2) ~111! Ge wafer and then sealed in a Cu caps
with a Be window. Alignment of the sample is performed
follows: we first find the~333! Bragg reflection from the Ge
support wafer, and, by raster scans of the wafer across
beam~slit aperture 0.0530.05 mm2), determine the position
of the sample as there is a strong reduction of the Br
intensity when the photon beam is absorbed by the sam
This spatially locates the sample. Because of the strong
-

-

y

r,

ar

on
h

o

n

ay

-

.
-

n
n-
ds
-

ll
e

he

g
le.
b-

sorption that occurs at theM edges all reflections must b
found in Bragg geometry~i.e., scattering from the expose
face! and most of the work reported here is confined to
specular geometry involving scans around reciprocal lat
points of the type (00L), but some off-specular position
were also examined. The incident aperture for most of
experiments was 0.230.2 mm2, close to the focal spot size
of ID20, making full use of the high brilliance of the undu
lator source. The beam flux at 3.845 keV is estimated a
31011 photons/sec. The crystal was of excellent quality w
a mosaic of 0.01°.

In the antiferromagnetic phase atT510 K a strong reso-
nant peak (;38 000 counts/sec! corresponding to the~003!
reflection was found; the intensity of this peak as a funct
of the scattered wave vector along the specular rod~i.e., a
longitudinal oru –2u scan! and its temperature dependen
are shown in Fig. 1. The peak may be identified as aris
from a long-range AF structure of the Np magnetic mome
both by its temperature and energy dependence~not shown!.
In comparison with UO2, in which the transition is strongly
first order, the transition in NpO2 appears continuous, th
ordering wave vector being the same in both cases, vizq
5^001&.

Using the RXMS technique one is unable to determine
magnitudeof the magnetic moments.19 However, the mo-
ment directions can be determined.20 Representing the scat
tering of the beam~incident wave vectork i , final wave vec-
tor k f! in matrix form so that

amplitude aS s→s p→s

s→p p→p
D , ~1!

wheres andp represent the polarization of the photon bea
in standard notation, Hill and McMorrow20 give expressions
for the different possible scattering processes. Limiting o
discussion to the dipole terms, which are known to domin

FIG. 1. Normalized temperature dependence of the~001! ~open
triangles! and ~003! ~open circles! magneticBragg intensities. The
straight line corresponds to the exponentb50.5, which is the
molecular-field value, withTN525.3(1) K. The inset shows dat
for the specular~003! reflection at 10 K as a function of the
momentum-transfer componentL.
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the scattering at actinideM edges,17 the term appearing at th
magnetic wave vector6q is given by

f n51.E1
X RES 5 iF (1)S 0 z1cosu1z3 sinu

z3sinu2z1cosu 2z2 sin 2u D ,

~2!

whereF (1) gives the strength of the scattering and depe
on overlap integrals between core and intermediate stat19

The thermal evolution of the signal may be associated w
the temperature dependence of the ordered moment.21 The
termsz1 , z2, andz3 are components of a unit vector alon
the direction of the magnetic moment, such thatz3 is the
component along the scattering vectorQ ~defined by k i
2k f), z1 is the component in the scattering plane perp
dicular to Q ~defined byk i1k f), and z2 is the component
perpendicular to the scattering plane~defined by2k i3k f).
In the experiment the scattering plane is@100#3@001# and
Qi@001# for specular reflections. The incident polarization
s, so that the only term expected in the cross section is
in s→p and has an amplitude proportional toz1 cosu
1z3 sinu.

At these incident photon wavelengths (l53.22 Å! the
amount of reciprocal space accessible is limited, but a c
parison of the~001! and~003! reflections is sufficient to tel
whether the projected components of the magnetic mom
are parallel toq or lie in the scattering plane perpendicular
q. These are the only two possibilities allowed on symme
arguments as the symmetry of the magnetic cell must
tetragonal~or lower!. With miq the expected scattering am
plitude should change as (z3 sinu), whereas withm'q the
amplitude should change as (z1 cosu). Since the~003! inten-
sity is observed to be greater than that at the~001! position
our initial estimate is that the configuration ismiq. However,
after standard corrections for the Lorentz factor, beam fo
print, and absorption, the integrated intensities devia
strongly from the expected (cosu)2 dependence predicte
above. Furthermore, thewidth @hereafter used to mean fu
width at half maximum~FWHM!# of the ~001!, ~002!, and
~003! reflections were all markedly different even thou
over this region ofQ space the instrumental resolution
essentially constant.

III. PROBE COHERENCE EFFECTS
ON THE MEASUREMENTS

When the beam coherence of the incident radiation
proaches the length scale of the sample correlation len
and/or the absorption length a more careful interpretation
the data is required.22 In particular, at the actinideM edges
the role of absorption is crucial as has been verified by p
forming scans as a function of the incident photon ener
which changes the absorption length in a systematic wa23

Here we are not concerned with energy space, but, as a
sequence of having a crystal of high perfection, must exa
ine more carefully the effects in diffraction space when p
forming q scans away from the Bragg peak. For the sake
simplicity we shall confine our discussions to longitudin
scans, i.e., parallel to the momentum transferQ. To avoid the
problems of absorption, we have used 8-keV photons
measure the width of the Bragg charge reflections from
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crystal and find for the specular~006! a value of 631024

reciprocal lattice units~rlu!. Neglecting resolution effects
this shows that the longitudinal coherence length of the be
and/or the spatial correlation length of the atomic order
the crystal is at leastz;0.3 mm, and may be longer.

The estimated incident beam longitudinal coheren
length parallel tok i is given byj5l/(Dl/l);3mm at the
resonant energies of these experiments, and about half
value at 8 keV. Since the spatial perfection of the crysta
of the same order of magnitude, removing the resolut
function of the instrument is not straightforward and acco
must be taken of the beam coherence. In principle, we can
measure a correlation length greater than the beam co
ence. The last length scale of importance is that given by
absorption, and is defined by 1/m as the distance throug
which the beam intensity suffers a 1/e attenuation on passing
through the sample. With a photon energy of 8 keVm
;4000 cm21 for uranium with a density of 19 g/cm3; UO2
and NpO2 have actinide densities of;10 g/cm3 so that for
these materials 1/m;5 mm. At 8 keV the absorption length
is sufficiently long that it does not significantly reduce t
beam intensity within a single coherence volume. Howev
as the resonant energy is approached, the absorption gr
increases. At theM absorption edges in UO2 the values ofm
approach 53104 cm21 and 93104 cm21 at theM4 andM5
edges, respectively.24 These high values translate into 1/m
values of 0.20mm and 0.11mm, respectively. The absorp
tion lengths then become theshortest length scale in the
problem, and it is the shortest length scale that determ
the shape and form of the peaks in both energy andq space.

As shown in Ref. 22, when the absorption on the length
one atomic spacing, i.e.,ma, wherea is the plane spacing, is
small, but the total absorption within the diffracting volum
of the crystal is large, which is the case here, then the in
sity as a function ofq and energyE is given by

I ~q,E!aF G2

G21~DE2E!2G
3F11e22m* Na2e2m* Na$2 cos~qNa!%

m*
2
1q2 G , ~3!

where G is the effective inverse lifetime of the scatterin
process,DE the energy step between the initial and interm
diate state of the resonant process,E the incident photon
energy,q is the wave-vector offset from the Bragg conditio
and

m* 5
m

2 S 1

sina
1

1

sinb D . ~4!

Herea andb are the incident angle and exit angle from t
face of the crystal in which the planes ofd spacea are
arranged perpendicular to the surface normal. For spec
reflections, in whicha5b, this simplifies tom* 5m/sina.
As q is small, we will assume that cos(qa) is close to one.

At the resonant energy the first factor of Eq.~3! is con-
stant, and we focus on the specular wave-vector profile of
diffraction peaks@i.e., I (q,E5Eres) in Eq. ~3!#. Considering
the incidentbeamas a sum ofrays, where, with each ray
there is associated a coherent diffraction volume,22 one sees
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that for a given reflection, magnetic or charge, the measu
intensity profile may be considered to arise from two disti
contributions. First, there is the~coherent! diffraction process
of a given ray, second there is the incoherent summa
over the individual diffracted rays collected in the detector
a given setting of the spectrometer. The conventio
analysis,25 for monochromatic sources and monocrystalli
samples, assumes that the ray coherence volume is s
ciently large that it may be removed from consideration a
that the scattering is dominated by finite-size effects of
sample~e.g., mosaic block dimension! and the instrumenta
resolution function~i.e., the angular distribution of the ray
within the beam!. The measured profile is then represen
by a convolution, at the level of intensities, of sample
sponse function and spectrometer resolution function.
sorption is likewise treated at the level of intensities. T
gives a correctionlinear in the optical path traversed by th
beam. In Bragg reflection geometry, from a semi-infin
sample, the absorption correction may then be represente
the response of a nonabsorbing sample of thickness give
the characteristic absorption length.

In the case of strong absorption, when 1/m is the shortest
length scale in the problem, this approach fails. It fails
give account of the diffraction profile at a given Bragg poi
it fails to account for the relative intensities between Bra
points, and it fails to describe the absorption process c
rectly. In this limit the observed intensity may no longer
represented by the convolution of sample and spectrom
response functions and the width of the diffraction peaks
wave-vector space becomes a measure of the characte
absorption length. This is apparent from Eq.~3! since, in the
extreme limitm* Na→` when the exponential terms in th
numerator are negligible, one has

I res~q!aF 1

m*
2
1q2G . ~5!

In this limit the width givesno information on the spatia
correlations in the material since these are tied toN in the
numerator. Further, sincem* depends on the scatterin
angle, see Eq.~2!, the widths of the diffraction profiles ac
quire an angular dependence over and above that give
the standard footprint@proportional to 1/sin(a)# and Lorentz
@1/sin(u)# corrections for specular scans in the Bragg geo
etry. Thus, finally we may write

TABLE I. Calculated intensities as a function of the two po
sible moment directions for the two specular reflections as m
sured at theM4 resonant energy in NpO2. CaseA corresponds to
the standard relationship, whereas caseB corresponds to that deve
oped above and expressed in Eq.~6!. The intensities have bee
normalized to that of the strongest reflection in each case.
observed ratioI (001)/I (003)50.04(1).

miq m'q
hkl A B A B

~001! 16 5 100 100
~003! 100 100 16 49
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I res~q!aS 1

sina sinu D F 1

m*
2
1q2G . ~6!

~Recall that the scans here are longitudinal in reciprocal
tice units—the term sinu then replaces the more standa
sin 2u in the Lorentz factor.! We may now calculate the in
tensity ratios of the~001! and ~003! magnetic Bragg reflec-
tions for the different moment directions, and these valu
both for the standard relationship and that based on Eq.~6!
are given in Table I.

From this table and the observed ratio we conclude t
miq. Moreover, the intensities fitonly with the formulas
~caseB) taking into account the coherence of the beam a
the large absorption, as discussed above. We have also
amined the~102! off-specular reflection. Its intensity is som
50% of the~003!. This is more complex to calculate withi
the probe coherence model. The intensity is compatible w
the miq configuration, but not withm'q, since in this latter
case the~102! reflection would have an intensity of less tha

FIG. 2. The fluorite crystal structure of NpO2 is shown. The
larger circles represent oxygen, and the 8 oxygen atoms surro
ing the Np atom on the top face are shown. The arrows indicate
components of the magnetic structure propagating along the@001#
axis. This is a simple1212 ~type-I! alternating sequence o
ferromagnetic planes. The real magnetic structure is triple-q, i.e., all
three equivalent̂001& components exist simultaneously.

a-

e

TABLE II. Parameters deduced by fitting Eq.~3! to the line
shapes of both charge~002! and magnetic~001! and ~003! Bragg
reflections~as shown in Fig. 3!. Dobs is the observed FWHM, which
is independent of temperature.N is the total number of atomic
planes andL is the deduced correlation length. The errors on
deduced quantities in the table are between 5% and 10%, ex
where marked as referring to the least significant digit.

(hkl ) sinu Dobs 104 m N L
(103 rlu! (Å 21) ~Å!

M4 edge ~001! 0.297 3.1~2! 4.0 335 6200
~002! 0.593 1.35~10! 3.9 990 9100
~003! 0.890 0.96~5! 4.8 1100 6700

M5 edge ~002! 0.623 1.73~8! 6.4 940 8200
~003! 0.934 1.58~8! 8.0 1100 6400
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FIG. 3. Intensity at the NpM
resonances for two charge an
two magnetic reflections as
function of the wave-vector offse
from the Bragg position. The solid
lines are the result of taking into
account the interplay betwee
sample absorption and the finit
coherence of the incident photon
as described in the text, and in Eq
~3!. The parameters from the fit
are given in Table II.
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5% of the~003! for both the standard and coherence mode
Note that the wave vectorq5@100# at the~102! reflection.

The magnetic structure, as deduced so far in our exp
ments, of NpO2 is shown in Fig. 2. It is very similar to tha
in UO2, except that the moment directions are along
propagation vector in NpO2 and perpendicular to it in UO2.
We shall show later that the correct magnetic structure
NpO2 is almost certainly tripleq, so that the illustration in
Fig. 2 is of one component of this structure.

We now return to a detailed consideration of the li
shapes at theM4 andM5 edges. Assuming the spectra to
dominated by the absorption effect, the measured line sh
at theM4 and M5 edges have been fitted with the full fo
mula Eq.~3! to extract values ofm and N. The values are
given in Table II and representative peaks at both theM4 and
M5 edges are shown in Fig. 3. The role of the spectrom
resolution~at the level of intensities! has been estimated fo
lowing Appendix C of Ref. 22 and found negligible.

From Table II one deduces a value ofm5(4.260.4)
31024 Å 21 at the M4 edge and m5(7.260.8)
.

ri-

e

f

es

er

31024 Å 21 at theM5 edge. The magnetic correlation rang
is deduced to be slightly smaller than the value for the cha
peaks; 6400 Å in comparison with 8700 Å . This reduced
magnetic correlation length is most likely related to an av
age domain dimension perpendicular to the sample surf
The correlation length of the charge peaks may be limited
the mosaic block dimension or the probe coherence lengt
is not possible to distinguish the two effects at this level. W
find no temperature dependence to the widths.

IV. STRUCTURAL BEHAVIOR

A major question in NpO2 is whether there is a structura
distortion at TN . Inelastic neutron scattering14 showed a
splitting of the ground stateG8 quartet below TN that was
attributed to a structural distortion, either external~i.e., a
reduction in the total symmetry; for example, from cubic
tetragonal! or internal @as found in UO2 ~Ref. 8!#. Using
8-keV photons together with a Ge analyzer we have mo
tored the position and width of the~006! charge reflection as
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a function of temperature. The position of this reflecti
gives the lattice parameter as shown in Fig. 4~a!. The width
is shown in Fig. 4~b! and does not change on passing throu
TN . Our conclusion is that anyexternal distortion is u(a
2c)/au,1024. In particular, with the magnetic symmetr
~see Fig. 2! we would anticipate a tetragonal distortion. Th
would result in a splitting~or at least a broadening of th
FWHM! of the charge~006! reflection. It is this absence o
any change in the FWHM on passing throughTN that sug-
gests there is no tetragonal distortion and hence a tripq
magnetic structure in NpO2. The triple-q configuration has
cubic symmetry.9 These measurements have been made w
8-keV photons that have a penetration sufficiently grea
probe more than one possible magnetic domain.

Internal distortions may be either homogeneous or inh
mogeneous. The former correspond to the normal mode
the oxygen cube and, if present, give rise tochangesin the
intensities of the fluorite-structure peaks. No new reflectio
will appear. In our x-ray experiment it is difficult to measu
any such changes, and we rely on the neutron examina5

that gave an upper value of;0.008 Å for any such defor-
mation. On the other hand, inhomogeneous deformatio
such as observed in UO2, result from combinations of nor
mal modes and give rise to superstructure reflections.
have examined a number of positions in reciprocal spa
~005!, ~105!, ~205!, ~104!, and ~114!, at which internal dis-
tortions of the oxygen tetrahedra might give rise to sup
structure peaks belowTN . Any ‘‘extra’’ intensity was esti-
mated at<1028 of the charge intensities. Based on t
magnitude of the internal distortion in UO2 we would expect
‘‘extra’’ intensity at the level of;1025 of the charge peaks

FIG. 4. ~a! The variation with temperature of the lattice param
eter, measured at the charge~006! reflection with 8-keV photons
and a Ge analyzer. The solid line is the fit to Eq.~7! as described in
the text.~b! Width of the~006! reflection as a function of tempera
ture.
h
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e
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so our sensitivity is some three orders of magnitude low
translating into an amplitude of;0.03 times less than the
oxygen shift in UO2, which gives an upper limit of 4
31024 Å . This is 100 times smaller than the zero-poi
motion. Of course, in setting these limits one should
aware that the searches can never be made exhaustively
the whole Brillouin zone, and in this case were constrain
to positions corresponding touqu51, corresponding to the
magnitude of the magnetic wave vector.

The lattice thermal expansion aboveTN is typical for a
solid and can be modeled by the relationship

a~T!5a0H 11
aTE

2 FcothS TE

2TD21G J , ~7!

which is obtained from the Gru¨neisen approximation for the
anharmonic effects, and the Einstein model for the const
volume specific heat;a0 is the lattice parameter atT50, TE
is the Einstein temperature, anda is the linear thermal ex-
pansion coefficient forT@TE . These parameters shou
only be considered as qualitative; the range of investiga
temperature being too small to allow a quantitative analy
A disagreement with data taken at much high
temperature26 is not significant. The solid line in Fig. 4~a!
shows the values obtained from Eq.~7! for TE5106 K and
a5331026 K21. It is evident that an anomalous contra
tion of the unit cell occurs on cooling belowTN , correspond-
ing to a relative volume variationDV/V51.8(2)31024.

A similar, but smaller, volume contraction has been o
served in UO2, where a discontinuityDV/V of about 7
31025 has been measured atTN using strain-gauge
techniques.27 This effect has been attributed to magnetoel
tic interactions and is predicted to be proportional to t
expectation value of theTxy quadrupolar operator.11 The re-
sults shown in Fig. 4~a! can therefore be taken as eviden
that quadrupolar ordering accompanies the establishmen
AF order in NpO2.

V. CONCLUSIONS

Our experiments have made a major step forward in
derstanding the antiferromagnetism of NpO2. Although the
RXMS technique cannot give the ordered moment, the va
seems reasonably well established between 0.01 and 0.1mB
from 237Np Mössbauer spectroscopy and muon experime
Furthermore, it appearslong range in extent ~in fact our
lower limit is ;6000 Å for the spatial magnetic correlation
and they may be longer!, so different to that found, and als
involving a small moment, in URu2Si2,28 where the magnetic
correlation length extends only;400 Å .

Our findings are in good agreement with those repor
by muons.16 The AF structure has the same wave vector a
is of the triple-q type as found in UO2, but the moment
direction is different. The transition atTN is continuous in
NpO2 whereas discontinuous in UO2. To obtain an almost
zero moment in the framework of the Solt and Erd¨s
model,13 the magnetic moment must lie parallel toq, as we
have found. However, the calculations in Ref. 13 were p
formed assuming a single-q model for the magnetic structur
and a monoclinic distortion of the oxygen cage. If the ma
netic structure is triple-q, as we suggest, then the argumen
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leading to a small moment may not necessarily apply. Mo
over, there is no measurable monoclinic distortion. Th
even though we now know that AF order exists, in our vie
the explanation of the small ordered moment remains un
swered.

In these experiments, using an undulator beam from
third-generation synchrotron source and an extremely g
crystal, we have encountered an interesting situation in
the probe coherence length of the photon beam isgreater
than the absorption length of the photon at the resonant
ergies. This leads to some unusual effects; notably that
cannot perform a convolution of the sample and probe
sponse functions to obtain the measured response.
FWHM’s of the diffraction peaks vary as a function of Brag
angle in a way incompatible with the instrumental resolutio
and the intensities calculated using standard formulas do
agree with our expectations. These inconsistencies are
solved by using formulas recently developed in Ref. 22
which the probe coherence of the photon beam is inclu
explicitly. The fits to the line shapes, as shown in Fig. 3, a
excellent over more than two decades in intensity.

Historically, NpO2 was the first of the so-called ‘‘smal
y

.

n

-

-
,

n-

a
d

at

n-
e
-
he

,
ot
e-

d
e

5 f moment systems’’ to be discovered. Recently, this p
nomenon has arisen again inmetallic heavy-fermion sys-
tems, such as UPt3 , URu2Si2.15,29 In these cases magnet
moments may be imagined to be quenched by the Ko
interaction, i.e., via an interaction between the pseudolo
ized f electrons and the conduction-electron states. Such
interaction is unlikely in semiconducting NpO2, so that the
answer must lie elsewhere. To our knowledge the only ot
similar system~in the sense that crystal-field effects are mo
important than Kondo interactions! with small magnetic mo-
ments is UPd3.30 In this material there is a small ordere
moment and complicated quadrupolar ordering. Hopefu
our experiments, and those using muons, on NpO2 will
stimulate new thoughts on an old problem.
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