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We have studied U12xNpxRu2Si2 alloys withx50.1, 0.5, and 1.0 using resonant x-ray magnetic scattering.
For the x51 neptunium compound we have confirmed previous neutron scattering results, but with much
higher count rates and improvedq resolution. Using the element specificity of the method, we have found that
the temperature dependence of the uranium and the neptunium moments differ in the mixed U12xNpxRu2Si2
solid solutions and we present some tentative explanations for this behavior. In principle, by measuring the
responses at the individualM edges we are able to determine the ratio of the magnetic moments on the two
magnetic species in the random alloys. The observed variation of intensity versus energy is compared to a
calculation of ax50.50 alloy using a localized model and a coherent superposition of U41 and Np31 ions. The
agreement between theory and experiment is reasonable, suggesting a ratiomU /mNp;0.25 in this alloy. Since
mNp is known to be 1.5mB for 0.10<x<1, the uranium moment is;0.4mB . This is much larger than 0.02mB

known to exist in URu2Si2 (x50). The increase is a consequence of the molecular field of the ordered Np31

moments and is consistent with the crystal-field model proposed for the U41 ground state.
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I. INTRODUCTION

The U12xNpxRu2Si2 solid solutions for all x crystallize in
the tetragonal ThCr2Si2 structure, with space grou
I4/mmm. The x50 compound URu2Si2 (a54.131 Å,
c59.574 Å) is a well known heavy fermion superconduc
with TN517.5 K andTc51.2 K.1,2 It orders in a simple
antiferromagnet structure with propagation vectorq5~0 0 1!
and the direction of the moments along thec axis. The crys-
tal and magnetic structures are displayed in Fig. 1. The
dered moment of URu2Si2 is only about 0.02mB ~Ref. 2!
compared to a normal uranium moment in an alloy of at le
1mB . There is a considerable jump in specific heat atTN and
a major difficulty is how to reconcile this jump with such
small moment. It has therefore been argued that the
order parameter is not the magnetic moment but one of qu
rupole nature.3–5 The electronic specific heat has been e
mated to be between 23 and 180 mJ/(mol K2) ~Ref. 2!. The
valence state of uranium is still an open question. Broho
et al.6 interpreted their inelastic neutron scattering data
assuming that the two lowest lying states are nonmagn
PRB 610163-1829/2000/61~2!/1375~11!/$15.00
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singlets. The valence state must then be 41(5 f 2). In con-
trast, a 31 valence state (5f 3) has an uneven number o
electrons and all levels are at least twofold degenerate
nonmagnetic singlet ground state can also be the basis
explaining the low value of the ordered magnetic moment
small moment is achieved by applying an internal or exter
field on the singlet ground state and inducing a moment
mixing the wave functions with those of higher~magnetic!
states.7 Fåk et al.,2 however, state that the data of Brohol
et al.6 could equally well be explained with a scheme whe
the two lowest states are doublets. Santini and Amoret3,8

have used a model with a U41 valence state to explain mag
netization data obtained by Sugiyamaet al.9 amongst others.
A number of metamagnetic transitions are observed9 above
about 36 T ending with a ferromagnetic state above 39.6
The uranium moment approaches 2mB as the field is raised
close to 60 T. However, a major difficulty with assuming
5 f 2 configuration is that band structure calculations of t
electronic state based on the local spin density approxi
tion generally give slightly less than 3 5f electrons associ-
ated with the uranium atom in such intermetal
1375 ©2000 The American Physical Society
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1376 PRB 61E. LIDSTRÖM et al.
compounds10,11 indicating that a 31 valence state may be
closer description of the uranium electronic configuration

Thex51 compound NpRu2Si2 (a54.137 Å,c59.593 Å!,
orders antiferromagnetically atTN527.5 K and has been
studied with neutron scattering and Mo¨ssbauer
spectroscopy.12 The structure is incommensurate with
propagation vectorq5(00k) and the moments along thec
axis; k increases from 0.760~5! close toTN , to 0.865~5! at
T51.3 K. A third-order harmonic magnetic satellite w
observed with neutron scattering at 1.3 K showing that
structure squares up with decreasing temperature. The am
tude of the first harmonic was found to be 1.7(2)mB .

To obtain additional information on the ground state
URu2Si2, perturbing the system through alloying is a pote
tially fruitful approach. A number of studies have been p
formed with substitutions of the uranium or the rutheniu
~for references, see Ref. 13!. Of the possible substitutions o
the uranium site, that with neptunium~the next element afte
uranium! is the most gentle due to the closeness of
atomic size and chemical properties. The U12xNpxRu2Si2
series with 0.1,x,1.0 has been studied with Mo¨ssbauer
spectroscopy by Zwirneret al.14 and the transport propertie
have been examined by Wastinet al.13 Some of these data
are summarized in Fig. 2. As shown in Fig. 2~a!, the nep-
tunium magnetic moment stays almost constant aro
1.5mB for all x>0.1. This is somewhat surprising, given th
difference in the moments of the two parent compounds.
moment is always aligned along thec axis. The Ne´el tem-
perature, Fig. 2~b!, varies smoothly with the neptunium con
tent and the isomer shift stays constant over the series,
2~c!. By comparing the isomer shift to that of the referen
compound NpAl2, taking into account the fact that the alloy
are metallic,15 it is found that the neptunium is in the Np31

valence state in the whole series. Finally, the unit cell v
ume, Fig. 2~d!, is almost constant as a function ofx. Neutron
scattering has been used to examine thex50.9 sample.16 At
this doping the order changes from incommensurate to c
mensurate and the total moment is consistent withmU
<0.5mB . The neutron intensities are, of course, proportio
to the averagemoment in the material and are not eleme
specific.

Nonresonant magnetic x-ray scattering is many order
magnitude weaker than x-ray charge scattering. When

FIG. 1. The ThCr2Si2 crystal structure. The arrows show th
magnetic structure corresponding to a wave vectorq5@0 0 1#,
which is found for 0<x<0.90. For URu2Si2 the lattice parameters
area54.131 Å, c59.574 Å.
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x-ray energy is tuned to an absorption edge, strong enha
ments of the magnetic intensity have been observed, e
cially at the rare earthL edges~50 times! and the actinideM
edges. In the latter, an enhancement of;107 has been seen
in UAs.17 Because of the resonant process,18 the method is
element specific so that the contribution to the magnetism
each species can be probed separately.

In comparison with neutrons, limitations of resonant x-r
magnetic scattering~RXMS! are~a! that the enhancement a
the resonance is unknown, so that it is not possible to de
mine the size of the ordered moment, and~b! that because
the energy is at a resonance there is large absorption.
latter necessitates complex corrections and means tha
technique is near surface sensitive with penetration de
~for actinides at theM edges! of ;1000 Å.

To address the relationship between the resonant enha
ment and the magnetic moments we have performed theo
ical calculations, also presented in this paper. It is import
to bear in mind two aspects of this problem. The first is th
we are addressing transitions that are essentially dipol
nature, from the 3d core state to the partially filled 5f state.
Complications of quadrupole transitions are therefo
avoided; in addition, the principal magnetic signal aris
from the unfilled 5f shell in these actinide materials. Th
second simplification is that we are not attempting to pla
the calculations on an absolute scale; rather we are intere
in the ratio of the enhancement at the neptunium site in co
parison to that at the uranium site. We may then use the
that the Mössbauer hyperfine field gives the neptunium m
ment to obtain approximate values for the uranium mom
and thus compare them to the small value found in the p
(x50) compound URu2Si2.

II. EXPERIMENTAL TECHNIQUE

The work reported here was performed on the ID20 m
netic scattering beamline at the ESRF. The x-ray beam
provided by undulators that give a narrow beam with sm
divergence. It is then further concentrated by two silic

FIG. 2. The neptunium ordered moment~a!, the transition tem-
perature~b!, the isomer shift~c!, and the unit cell volume~d!, for
the U12xNpxRu2Si2 series. From Zwirneret al. ~Ref. 14! ~a!–~c!
and Wastinet al. ~Ref. 13! ~d!.
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PRB 61 1377RESONANT X-RAY MAGNETIC SCATTERING FROM . . .
mirrors providing vertical focusing, and a second crystal
the monochromator assembly, which can be curved to p
vide sagittal focusing. The mirrors cut off higher order wav
length harmonics from the undulator source. The monoch
mator crystals are made of silicon with reflecting~1 1 1!
planes and the energy width of the beam in the range use
this study was 0.52~2! eV. A monochromatic beam with a
flux of ;531011 photons/s at 3.7 keV can be concentrat
on a 0.330.2 mm2 ~horizontal3vertical! spot at the sample
position. The linear polarization of the beam is 9961%.

The U12xNpxRu2Si2 single crystals were selected fro
as-quenched bulk samples obtained as described in Ref
The crystals were oriented and mounted on 232 mm2 ger-
manium~1 1 1! wafer, and sealed under beryllium caps at t
ITU in Karlsruhe. They were loaded in a helium closed cy
refrigerator~CCR! at the ESRF. The diffractometer was us
in the vertical geometry with incomings polarization. Be-
cause of safety concerns, the samples cannot be aligned
tically. After mounting the sample assembly in the CCR
the diffractometer, a charge peak from the underlying germ
nium wafer was found. The intensity of this charge pe
from the wafer was then monitored as a function of the (x,y)
position on the germanium wafer. When the photon beam
incident on the samples there is a sharp drop in the inten
because of the absorption, and this allows the position of
small actinide samples~between 0.3 and 0.6 mm on edg
but irregular in shape! to be determined. The crystals use
NpRu2Si2 , U0.5Np0.5Ru2Si2, and U0.9Np0.1Ru2Si2 each had a
volume of about 0.1 mm3. The x51.0 and 0.5 sample
turned out to be of excellent quality, whereas thex50.1
sample consisted of a large number of grains which so
what hampered the experiment. Previous measurement
these materials13 using x-ray diffraction, metallography, an
microprobe analysis have shown them to be homogeneo

The raw data have been corrected for the absorp
caused by the beryllium (230.40 mm plus the oblique
beam path through a flat 0.2 mm sample cap!, air and Kapton
(50mm) in the beamline as well as for the Lorentz facto
These corrections are accurate and vary by a factor of;4 on
changing the energy from 3.5 to 4.0 keV.

III. MAGNETIC STRUCTURES

A. NpRu2Si2 „x51…

The energy was tuned to the neptuniumM4 edge at 3.844
keV and scans were performed along thec* direction. Our
results for NpRu2Si2 agree with those obtained by Bog´
et al.12 using neutron scattering. The compound orders i
longitudinal incommensurate structure with the mome
modulated along thec axis. The value of the incommensu
rate propagation vector is displayed in Fig. 3~a!. It is close to
the commensurate value of 0.75 at the Ne´el temperature and
increases linearly belowTN as a function of temperature wit
no indication of saturation. The linear behavior was found
continue to 1.3 K in the neutron study. Over the range
which the two technique have been used the results ar
good agreement, see Fig. 3~a!.

As the temperature is lowered, the observation of thi
order magnetic satellites, Fig. 3~b!, shows that the magneti
structure approaches a square wave. The first-order harm
grows withb50.31(5) as the temperature is lowered. Th
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is close to the values found for USb and UTe and agrees w
the value of 5/1650.3125 of a three-dimensional Isin
system.19 The third-order satellite grows approximately
the third power of the first-order satellite, as predicted
mean-field theory20 ~for such a modelb should be 0.5!. The
width of the magnetic first-order peak increases slightly
the temperature is lowered whereas it grows substantially
the third-order satellite@Fig. 3~c!#. Our interpretation is that
the competition between the strain and the magnetic term
the energy leads to a compromise such that regions o
which a perfect~incommensurate! magnetic modulation exis
become shorter as the moment increases at lower temp
tures. This leads to a broadening of the Bragg peak a
function of temperature, as observed also in the work

FIG. 3. Details of the magnetic structure for thex51 sample as
a function of temperature.~a! shows the magnetic propagation ve
tor. The open symbols are the data of Boge´ et al. ~Ref. 12!. The
errors for our data are smaller than the symbols.~b! shows the
normalized intensities of the first- and third-order satellites at
M4 andM5 edges. The solid line is a fit to the first-order satellit
in the interval 25.3,T,27.3 K. The broken line is the third powe
of this function times a scale factor. Filled diamonds: first-ord
satellites at theM4 edge, filled circles: first-order satellites at th
M5 edge, open diamonds: third-order satellites at theM4 edge.~c!
FWHM (1 r.l.u.50.656 Å21 along thec axis! of the first- and
third-order satellites at (0 0 41q) for the two edges. DiamondsM4

edge, circlesM5 edge; Filled symbols first-order satellites, ope
symbols third-order satellites.
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1378 PRB 61E. LIDSTRÖM et al.
Helgesenet al. on holmium.21 From the half width at half
maximum~HWHM! of the first harmonic, we estimate a co
relation length along thec axis ofjc'650 Å atT512.5 K.

We notice that FWHM(3q)'33FWHM(q) at low tem-
perature. According to Axe,22 the widths of higher-order sat
ellites should be proportional ton2 wheren is the order of
the harmonic. This is not the case here where an approxim
linear behavior is observed, but is obvious that fifth-ord
satellites would be even broader than the third-order on
We obtain an integrated intensity ratio between the th
order and first-order satellites at~0 0 4.424! and~0 0 4.808!,
respectively, of 1.5% at 12.5 K~5800 and 1.13106 cts/s at
the peaks!. Assuming that the integrated intensity of th
third-order satellite grows with@(TN2T)/TN)] (233b), and
that the structure would be a perfect square wave at 0 K
calculation gives the value of 2.2% at 12.5 K. We estimat
fifth-order satellite peak intensity of 1000–3000 cts/s in
same way. Unfortunately, in our experiment, for the acc
sible temperature range, the fifth-order satellites fall close
the ~0 0 4! charge reflection and none were detected. If
temperature could be lowered further in a future experime
the satellite would move further away from the charge pe
as well as becoming stronger, and it might be possible
observe it.

We also searched for second-order charge satell
which would correspond to a magnetoelastic distortion
no such reflection could be observed. Of course, magn
elastic strain in a tetragonal system may also be accom
dated by a change in thec/a ratio belowTN , but an exami-
nation of this quantity is difficult in these experiments as
specular face of the crystal is (0 0l ).

B. The mixed compounds

Using neutron scattering it has been shown16 that at x
50.9, the alloy orders~at low temperature! in the same com-
mensurate antiferromagnetic structure as thex50 com-
pound, see Fig. 1. Only a small amount of uranium is th
enough to turn the magnetic structure commensurate and
x50.1 andx50.5 compounds in this study are both com
mensurate, as previously suggested by Mo¨ssbauer
spectroscopy.14 Because of the element sensitivity of th
RXMS method we can investigate the magnetism of the
species separately. The~0 0 3! and ~0 0 5! magnetic reflec-
tions were studied as a function of temperature with the
ergy tuned to the respectiveM4 edges of the two elements
For thex50.5 compound, we performedL scans andu rocks
~i.e., scans along theL direction in reciprocal space an
scans of theu angle! to obtain the integrated intensity.

In principle it should be possible to deduce thec axis
magnetic correlation lengthjc from the widths of scans
along theL direction. The linewidths in theL scans~FWHM!
were found to be 0.0037~1! and 0.0022~1! reciprocal lattice
units ~r.l.u.! for the uraniumM4 edge at the~0 0 3! and~0 0
5! reflections, respectively, and they were constant as a fu
tion of temperature. For the neptuniumM4 edge we find a
width of 0.0035~1! r.l.u. at the~0 0 3! reflection. If, however,
we multiply the FWHM with sinuB whereuB is the Bragg
angle, we find a constant value for the uranium data~only
one reflection was measured at the neptunium edge!. At the
actinideM edges the absorption is very large and the abso
te
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tion length (1/m;0.5 mm, see below! is shorter than the
probe coherence length@defined asl/(Dl/l) and in our
case;2mm#. In this situation the profiles of the peaks ten
to be related to the Bragg angle~as we find! but the HWHM
values cannot be easily related to the correlation length
discussed recently by Bernhoeft.23 In the case of a ‘‘perfect’’
crystal ~i.e., one with a very small mosaic! the HWHM can
be related to (1/m) but as the crystal mosaic increases ev
this becomes more complicated. In the case of thex51
sample, which is incommensurate, the correlation length
;650 Å is the defining length scale, whereas the mu
longer magnetic correlation lengths in the~commensurate!
x50.5 andx50.1 samples takes one into the limit in whic
the absorption length becomes the shortest length scale
determine the correlation lengthj in well ordered actinide
compounds it is necessary to go off resonance, which low
the absorption as well as the intensity.

The temperature dependencies are displayed in Fig. 4
are normalized to 1 atT512.5 K and 10 K for thex50.5
and 0.1 samples, respectively. The observation of a dif
ence in the temperature behavior was verified in our sub
quent study of thex50.1 sample. For this compound, w

FIG. 4. The integrated intensity for the two atomic species in
mixed samples. The data have been normalized at the lowest
perature.~a! x50.5; the points are the average ofL andu scans at
the ~0 0 3! and~0 0 5! reflections. The solid lines are fits to the da
in the 23–25 K region.~b! x50.1; the results of a large number o
temperature scans at the~0 0 5! peak. The solid lines are fits to th
data above 17 K.
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measured the peak intensity of a large number of grains
function of the temperature and normalized the intensity
10 K, see Fig. 4~b!. This was done at the uranium and ne
tunium M4 edges as well as at the neptuniumM5 edge. It is
worth emphasizing that in no scan did the uranium data o
lap with the neptunium ones in the intermediate tempera
region.

Fits to the data close toTN give the critical exponents
bNp50.32(2) andbU50.39(2) in thex50.5 sample. For
the x50.1 sample the values are 0.39~2! and 0.45~2!. For a
particular composition, the Ne´el temperature was found to b
identical for the two species within the experimental reso
tion (,0.1 K).

IV. ENERGY DEPENDENCE

A. The resonant process

The intense magnetic scattering at the actinideM4 and
M5 energies is due to the resonant enhancement at the
sorption edges as described by Hannonet al.18 In the dipole
approximation, the resonances couple the 3d3/2 and 3d5/2
levels (M4 andM5 edges! to the 5f electrons. The strength
of a resonance depends on the probability of the initial st
the probability that the excited level is vacant and on
partial width for electric dipole radiative decay from the e
cited state to the initial state. The resonant amplitude has
form

f }
a1

~Er2\v!/~G r /2!2 i
2

a2

~Er1\v!/~G r /2!1 i
~1!

for each resonance atEr with a lifetime defined byG r . The
second term can be neglected in the further developmen
does not contribute to the resonant behavior. In our partic
case, we get

I ~\v!5sin2uH F E4

\v

A4

11@~E42\v!/~G4/2!#2

1
E5

\v

A5

11@~E52\v!/~G5/2!#2G 2

1F E4

\v

A4

11@~E42\v!/~G4/2!#2 FE42\v

G4/2 G
1

E5

\v

A5

11@~E52\v!/~G5/2!#2 FE52\v

G5/2 G G2J ~2!

for two resonances,M4 and M5, for the pure neptunium
compound~see Blume24!. This expression is valid for dipole
resonances with the propagation vector parallel to the
ment direction which is the case in our experiments. T
sin2u factor comes from the angle between the moment
rection and the outgoing wave vector.A4 , E4, andG4 are the
amplitude, the resonant energy and the full width of theM4
resonance, similarly for theM5 resonance.

In the mixed compounds with two actinide elemen
present there are four interfering resonances and in the
eral case, we fit to the expression
a
t

-

r-
re

-

b-

e,
e

he

it
ar

o-
e
i-

n-

I 5u f u25sin2uS (
r

Fr
1D * S (

r
Fr

1D
5sin2uS (

r

Er

\v

Ar

~Er2\v!/~G4/2!1 i D ~c.c.!,

~3!

where theFr
1 describe each dipole resonance. In the case

actinide M edges all resonant scattering investigated
been found to be due to dipole resonances. The thermal
lution of the dipole magnetic scattering is proportional to t
square of the magnetic order parameter,25 but the resonant
enhancement~i.e., the proportionality factor! is unknown.
This implies that we can only put our magnetic intensity
a relative scale and not extract the value of the mome
However, we can measure element specific effects, suc
the temperature dependence, related to the 5f moments.
Similar experiments have been reported in the lanthanide26

but are done at theL edges, where the dominant dipole res
nances are connected to the 5d states rather than to the pr
mary magnetism of the 4f shell.

Data were obtained using fixed-q scans for all three
samples, i.e., observing the peak intensity of a magnetic
flection as a function of the x-ray energy. A better, but mo
time consuming, way is to measure the integrated intensit
each energy usingQ scans. Both methods were used for t
x50.1 sample and were found to give similar results.

B. Absorption

As stated earlier, the data have been corrected for abs
tion by the Kapton, air, and beryllium, all of which have
gradual dependence on the energy and are well kno
Much more difficult is to correct for self-absorption by th
sample. This is a sharply peaked function corresponding
the white lines at theM4 andM5 edges. Recent work on thin
films of UO2 ~Ref. 27! shows that previous estimates, main
from fluorescence measurements, of the intensity of th
white lines obtained values too low by a factor of;2. For
the actinides, and especially for transuranium samples, th
measurements are difficult; suitable samples, i.e., thin fil
do not exist and the energies 3,\v,4 keV are not in the
standard range used for absorption spectroscopy. A ro
measure of the fluorescence may be obtained by plotting
background in each scan as a function of energy. These
show that the position of the white lines and the maximum
the resonant enhancement coincide for our samples. This
been the case for actinide samples studied previously.

To extractm(\v) we chose to use the UO2 data23,27 for
both elements as these are the most reliable available.
thus assume that the energy dependence of the absorpti
neptunium is identical to that of uranium but the energy
shifted. To obtain the neptunium absorption, the UO2 curves
are simply shifted to the M-resonant energies of neptuniu
This should be regarded as a first approximation. It should
emphasised that it is only the strong white lines at the re
nant energies that are in doubt. The absorption between t
‘‘peaks’’ is known from tables. The values include contrib
tions from ruthenium and silicon, neither of which have res
nances in this energy range. Figure 5 showsm(\v) for the
x50.5 sample. The FWHM of the white lines are 4.4 eV.
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1380 PRB 61E. LIDSTRÖM et al.
the pure neptunium compound the absorption reaches a
4.5mm21 at theM5 edge and 2.65mm21 at theM4. Away
from the resonances, the absorption varies between 0.6
0.95mm21. For the mixed samples the absorption at t
edges is reduced in proportion to the concentration.

For the simple case where the sample correlation leng
shorter than the absorption length (j!1/m), and also shorter
than the probe coherence length, we should multiply our
perimental data withm. As discussed by Bernhoeft,23 in the
case when the absorption length is muchshorter than the
sample correlation length, the data should be corrected
m2. From the measurements of the correlation lengths
scribed in the previous section, we know that in the case
the ~incommensurate! x51.0 compound, the shortest di
tance is the correlation length (j;650 Å50.065 mm) and
we should therefore correct withm. In thex50.5 compound,
on the other hand, it is clear that we should usem2 at the
resonant energies. For thex50.1 compound the crystal mo
saic was too poor to allow reliable data to be taken. Giv
that this compound also orders commensurately, and th
fore that the correlation length is likely to be large, we find
correction bym2 most probable, at least at the uraniumM4
edge where the absorption is large. One weakness of
experiment is thatL scans were not systematically perform
as a function of energy. It is possible that the data should
corrected bym2 at the peaks but that complete and rath
complex corrections23 should be applied off resonance. A
we shall see, the differences in the fitted branching ratios
significant, but not dramatic, when we change fromm to m2

for the correction.

C. Branching ratios and magnetic moments

We have performed energy scans for all samples. The
data and the data corrected form andm2 were fitted to Eq.
~3!. The interest of the energy scans is twofold. First,
relative intensity of theM4 and M5 edges, the branching
ratio (BR5A4G4 /A5G5), contains information about th
electronic ground state of the actinide ions. The ratio
pends on the valence state of the ion as well as on
crystal-field parameters. The second information we hop
obtain from the energy scans is the size of the ordered

FIG. 5. The absorptionm as a function of energy used to corre
the x50.5 data.
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nium moment. From the Mo¨ssbauer study we know that th
neptunium moment is almost constant at 1.5mB for x
>0.10.

The data for thex51.0 andx50.5 samples are displaye
in Fig. 6. The results of the fits for all three compounds
this study are presented in Tables I and II. In Table II w
have marked in bold the branching ratios obtained us
what we believe to be the correct self-absorption correct
as discussed in the previous section (m2 for the x50.1 and
x50.5 samples, andm for thex51 sample!. There is a slight
shift in the energy for thex50.1 sample, for which the dat
were obtained at a different occasion from the two oth
compounds, and therefore with a different energy calibrat
of the instrument.

The energies are in good agreement with our recent ta
lation for the actinides.28 The peak widths~FWHM! are
somewhat narrower than reported earlier29 for uranium com-
pounds, and part of this can be ascribed to the better en
resolution at ID20 compared to that of the X22C beamline
the NSLS, Brookhaven National laboratory, where we ha

FIG. 6. ~a! Results of thex51 fixed-q energy scan of the
~0 0 4.808! reflection. The data displayed have been corrected
absorption from beryllium, Kapton and air as discussed in the t
but not for the self-absorption of the sample. The solid line is a
Note the logarithmic scale.~b! The fixed-q energy scan data fo
x50.5. The solid line is a fit.
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measured previously. The narrowness of the resonanc
also intimately connected with the absorption and cohere
effects in the incident radiation,23 so that values of between
and as high as 10 eV have been found for uranium re
nances. Our values lie within this range, except for those
the neptuniumM5 resonance. However, the widths from th
fits at these latter edges have to be taken with some cau
As can be seen from Fig. 6, strong interference effects
observed near theM5 resonances, thus their exact fittin
tends to depend on how well the interference effects are
produced. This gives us less confidence in the widths of b
the uranium and neptuniumM5 resonances.

The branching ratios show, as expected, that theM4 edge
is always the strongest transition. This is because it invol
the 5f 5/2 state which will be the one primarily filled for th
light actinides. As shown by Tanget al.,29 the largest BR
should be with the smallest number of 5f electrons, thus the
BR for U41 ( f 2) should be higher than that for Np31 ( f 4).
Perhaps surprisingly, the BR values in Table II show lit
sign of this variation. Although, they rise for the neptuniu
site going fromx51.0 to x50.5, they then decrease at th
lowest concentration ofx50.1. More systematics of suc
effects are needed before we can be sure whether this re
sents a real change in the electronic structure, or whe
artifacts in the fitting procedures are causing these dif
ences. We remark that the values of the BR between th
and 6 are close to those found previously for USb and, U2
by Tang et al.,29 and in that paper is a discussion of ho
these values indicate the importance of crystal fields. For
free atoms the values for uranium are above 10.

To extract the ratio of the magnetic moments at the u
nium and neptunium sites, we compare the relative am

TABLE I. Results of the fits to the energy scans of the d
before correcting for the self-absorption of the sample, but with
other corrections applied. The absolute energy errors are61 eV.

Compound Resonance Energy Amplitude FWHM
@eV# @arb. units# @eV#

x50.1 Np M4 3846 14.17~4! 5.32~3!

Np M5 3661 5.04~7! 3.77~12!

U M4 3726 31.82~7! 6.38~2!

x50.5 Np M4 3844 29.54~6! 5.59~2!

Np M5 3659 4.82~5! 4.60~13!

U M4 3725 5.41~5! 6.36~12!

U M5 3549 0.80~7! 6~1!

x51.0 Np M4 3844 41.0~4! 7.1~2!

Np M5 3659 12.6~3! 4.8~3!

TABLE II. Branching ratios from fits to intensity data~I! and
those corrected for the self-absorption. The values in bold are
preferred ones as discussed in the text. The errors are those o
fitting process and do not take systematic errors into account.

Compound element BR~I! BR (I3m) BR. (I3m2)

x50.1 Np 4.0~2! 3.4~2! 2.6„1…
x50.5 Np 7.4~3! 6.9~2! 6.0„2…

U 7~2! 6~1! 6„2…
x51.0 Np 4.7~1! 4.0„1… 3.1~1!
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tudes of the signals, and then normalize by the concentra
In both cases this is 0.20~5!. As presented below, we hav
calculated the relative amplitudes of these signals for
x50.5 sample, assuming certain ground states for the
nium and neptunium ions. It is clear, however, that whate
ground state is assumed, the moment on the uranium site
these systems is considerable. In comparison to the mom
of 1.5mB known to exist at the neptunium site, a simp
linear proportionality would suggest a moment of;0.2
31.550.3mB at each uranium site, and this is an order
magnitude larger than the 0.02mB found in thex50 mate-
rial.

V. DISCUSSION

A. Crystal-field calculation

This subsection reports numerical crystal-field calcu
tions for resonant magnetic diffraction at theM4,5 edges for
the x50.5 alloy. Our theoretical spectra were obtained fro
a simple localized model, consisting of a coherent super
sition of two ions: U41 and Np31. For these, all electric-
dipole transitions from the lowest state of the 5f n configura-
tion to the full multiplet 3d95 f n11 were calculated in the
presence of aD4h crystalline environment. Before going int
the details of the calculation, basic expressions for the re
nant scattering amplitude and cross section will be review
for the convenience of the reader.

For any electric 2L-pole transition in a spherically sym
metric ion, the resonant elastic x-ray scattering amplitu
can be given the form25

f EL~v!54pl”(
zm

Tm
(z)* ~e,k,e8* ,k8!EL^guFm

(z)~v!ELug&,

~4!

where

Fm
(z)~v!EL5A2z11

2L11 (
M ,M8

CLM8;zm
LM FLM8;LM

(e)
~v!, ~5!

and

Tm
(z)* ~e,k,e8* ,k8!EL

5A2z11

2L11 (
M ,M8

CLM8;zm
LM

@e8* •YLM8
(e)

~k8!#

3@YLM
(e)* ~k!•e#, ~6!

with

FLM8;LM
(e)

~v!

5(
n

1

2lng
F JLM8

(e)† un&^nuJLM
(e)

En2Eg2\v2 i ~G/2!
G

m

z

. ~7!

The notation is as follows:e,k ande8,k8 denote incident and
final photon polarizations and wave vectors, respective
CLM8;zm

LM represents a Clebsch-Gordan coefficient. The c
rent operatorJLM

(e) , which raises an inner-shell electron
empty valence orbitals, is defined by

ll

e
the
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TABLE III. Electrostatic, exchange and spin-orbit parameters~in eV!. TheF andG integrals are scaled
down to 80% of their Hartree-Fock values.

Ground state: 3d105 f n

n F ( f )
2 F ( f )

4 F ( f )
6 z f

U41 2 7.611 4.979 3.655 0.261
Np31 3 7.434 4.834 3.538 0.270

Excited state: 3d95 f n11

n F (5 f )
2 F (5 f )

4 F (5 f )
6 F (5 f ,3d)

2 F (5 f ,3d)
4 G(5 f ,3d)

1 G(5 f ,3d)
3 G(5 f ,3d)

5 z3d z5 f

U41 2 8.020 5.258 3.865 2.051 0.952 1.603 0.969 0.678 73.384 0.
Np31 3 7.861 5.125 3.757 2.033 0.943 1.588 0.960 0.672 77.311 0.
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JLM
(e) 52

4p i LkL

~2L11!!!
A~L11!/L(

j
erj

LYM
L ~ r̂ j !, ~8!

with j running over all electrons.~We have assumedT50.!
Electric dipole transitions are identified by settingL51 in
the previous expressions.

In writing out the resonant amplitude, we have conside
the simple case of a magnetic system with negligible cry
fields, that is cylindrical@SO~2!# symmetry. Equation~6!
provides a suitable starting point for determining the form
the amplitude diffracted into any crystal point group.30

Going over to a 232 matrix representation of the ampl
tude f E1, in the basis of two linearly independent polariz
tion states ~parallel and perpendicular to the scatteri
plane!, the cross section for coherent elastic scattering is
tained from the definition31

ds

dV
5Tr$FE1

† rFE1%, ~9!

with r a density matrix, which describes the initial photo
polarization in terms of the Stokes parameters, and

FE1~v!5(
l

eiK•Rl f E1~v!, ~10!

where l runs over all ions, andK5k2k8 denotes the scat
tering vector.

First-harmonic antiferromagnetic satellites are control
by the polarization dependenceT0

(1)* (e,e8* )E152( i /
A2)(e8* 3e) and by the electronic operatorF0

(1)(v)E1, in
the resonant amplitudef E1. For our two-ion model, the rea
and imaginary parts off E1 were calculated as follows. Th
full U41 and Np31 multiplet structures were firstly deter
mined in intermediate coupling using Cowan’s programs32

~The Slater and spin-orbit parameters, which are relevan
our multiplet calculation, are listed in Table III. The absolu
values for the energy have been scaled to those found ex
mentally, a shift of;20 eV, to correct for the Hartree-Foc
overestimation of the center of gravity of the multiplet.! Both
ions where then embedded in a crystalline field by imp
menting the formalism of Butler,33 as coded by Thole. In this
framework, the crystal field perturbation is expressed a
linear combination of unit tensor operatorsUka0 and reads

Hc.f.5(
ka

Xka0Uka0, ~11!
d
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with Xka0 a set of free parameters. Forf electrons inD4h

symmetry,k52,4,6 anda50,2.
In the D4h point group, the 5f 4 configuration J54

ground state of the Np31 ion splits into
G t2 ,G t3 ,G t4 ,G t1

1 ,G t1
2 ,G t5

1 ,G t5
2 states, i.e., five singlets an

two doublets. Similarly, for the 5f 2 configuration J54
ground state of U41. ~The Hund’s rule states of Np31 and
U41, 3I 4 and 3H4, have purities 82 and 88 %, respectively!
In the absence of an experimental determination of
5 f -level structure in the mixed alloys, our choice of th
crystal-field parameters was guided by the knowledge of
neptunium magnetic moment and by the spectral shape o
resonant magnetic scattering. Most probably, this knowle
does not render the choice unique. The following values~in
eV! for the crystal-field parameters were chosen:X220

50.05, X40050.093, X420520.07, X60050.452, andX620

50.99, for U41; X22050.01, X40050.6, X420520.05,
X600520.01, andX620520.1, for Np31. The correspond-
ing level distributions are given in Table IV.

In the calculation, the presence of an exchange interac
was simulated by turning on an external magnetic fi
coupled to ground-state spin only. This was achieved by a
ing the term gmBHS to the Hamiltonian, with mBH
50.01 eV, thus reducing the point-group symmetry toC4h .
A core-hole widthGMIV

5GMV
53.4 eV @full width at half

maximum~FWHM!# was assumed. To reproduce the expe
mental widths, a further convolution with a Gaussian li
shape of standard deviations51.4 eV was found necessary

The above model is based on the premise that the n
tunium moment is;1.5mB and this is accurately reproduce
in our calculations. The magnetic moment of the uraniu

TABLE IV. Tetragonal crystal-field states for U41 and
Np31(J54).

Ion U41 Np31

State E @meV# State E @meV#

uG t4& 0 uG t5
1 & 0

uG t1
1 & 2 uG t4& 11

uG t2& 22 uG t1
1 & 38

uG t3& 28 uG t3& 56
uG t5

1 & 34 uG t2& 63
uG t5

2 & 62 uG t5
2 & 64

uG t1
2 & 98 uG t1

2 & 88
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atom for thex50.5 alloy is 0.42mB , which represents a
strong increase over that found (0.02mB) in URu2Si2.

A coherent superposition of the calculated scattering a
plitudes leads to a resonant cross section as a functio
photon energy as displayed in Fig. 7. To compare with
experimental observation we also display the experime
data multiplied bym. We have argued in Sec. IV B that th
proper correction at the peak of the resonant intensity sho
be m2 rather thanm, but this will reduce tom as we move
away from the resonant condition. Recalling that these p
are on a logarithmic scale, we prefer not to attempt to rep
duce this effect, and use a correction based onm for all
photon energies. The agreement between the calculated
ues and the experimental ones is remarkably good.

B. Modelling the magnetization curve

To our knowledge this is the one of the first observatio
that there are different temperature dependencies of the m
netization for two atomic species occupying the same lat
sites in a random alloy. The effect of replacing uranium
neptunium in the lattice is twofold. First, the chemical tran
lational symmetry is destroyed, although it is anticipated t
because of the similarity between the elements, any chem
effects are minor and can be neglected. Secondly, as sh
using Mössbauer spectroscopy14 ~see Fig. 2!, the neptunium
orders with a substantial magnetic moment that will aff
the uranium. As the neptunium moments order, they crea
molecular field that induces a sizable moment on the u
nium site. The magnetic moment of the neptunium is kno
from Mössbauer spectroscopy to be 1.5mB . Thus, if we ne-
glect other aspects, the effect of replacing some of the
nium in URu2Si2 with neptunium can be viewed as applyin

FIG. 7. Calculated resonant magnetic scattering cross sectio
a function of incident photon energy~solid line!. The observed
values of Fig. 6~b! have been multiplied bym to compare with the
calculations, The observed and calculated intensities have been
malized at the peak of the neptuniumM4 resonance. The calculate
values descend further since they contain no background.
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an internal staggeredmagnetic field and we can compare o
data with those obtained in high magnetic fields on p
URu2Si2.

Sugiyamaet al.9 have studied the result of applying hig
magnetic fields on the pure uranium compound and a num
of metamagnetic transitions were observed, starting at 35
at 1.3 K, as the field was applied along the c-axis. In
model of Santini and Amoretti,3,8 the order parameter in th
pure URu2Si2 compound is of quadrupolar nature and t
exchange integral does not result in a transferred excha
field. In pure NpRu2Si2, on the other hand, the ordering
dipole, as is usually the case, so that the exchange inte
results in a polarization of neighboring dipoles. In a simp
model of an antiferromagnet, the transition temperature
be written asTN5C(( iWi) whereWi is the exchange inte
gral for the i th neighbor.C is the Curie constant. The mo
lecular field on an atom becomesB5(3TNkB)/mNp582 T
at 0 K. A simple approach is therefore to suppose that
substitution of neptunium for uranium will act as a loc
molecular field on the uranium. This field will depend on t
number of nearest neptunium neighbors.

We have calculated the temperature dependence of
uranium moments in the mixed compounds assuming
the field is transferred by the RKKY interaction. This has t
form

F~z!5
z cosz2sinz

z4
, ~12!

wherez52kFr . kF is the Fermi vector and r is the distanc
Sugiyamaet al.9 found that a value ofkF50.55 Å21 was
compatible with their analysis of the magnetization data. W
have used this value and calculated the influence on the
nium atoms in a lattice with a random distribution of ne
tunium atoms. We assume the interaction to be isotro
This was found to be approximately the case by Pals
et al.34 even though they obtained a value of 1 Å21. The
field from the neptunium is deduced from the square roo
the magnetization curves determined in our experiment.
uranium moments as a function of the applied field follo
the curve obtained by Sugiyamaet al.9 Figure 8 shows the
normalized calculated curve forx50.1 together with the ex-
perimental data. The agreement is good. We obtain a
ment of 0.34mB at 10 K. The same calculation for thex
50.5 sample also gives reasonable agreement. In this
the calculated uranium moment reaches 1.1mB at 12.5 K,
thus much larger than that estimated above. The reason
this large moment is that for this composition the avera
field from the neptunium is 41 T i.e., larger than the value
which the moment shows a discontinuity in its value as
function of field. If, instead, we assume that the field in t
pure neptunium compound is 50 T, we obtain a momen
0.5mB at 12.5 K for thex50.5 alloy. The agreement with th
measured uranium magnetization curve is not quite as go
In this case, thex50.1 compound would have a uranium
moment of only 0.1mB .

The present model thus provides onepossibleexplanation
of the temperature dependence of the uranium magne
tion. A problem is that in the model, the saturated urani
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moment is linearly dependent onx, while the experimenta
data point towards the moments being similar forx50.1 and
x50.5.

VI. CONCLUSIONS

For x51 (NpRu2Si2) we have confirmed previous neu
tron scattering results, but with much higher count rates
improvedq resolution. Going beyond the results of the pr
vious neutron scattering study,12 we have followed the third-
order harmonic as a function of temperature. We concl
that there is no 2q charge modulation induced by the ma
netic ordering. From the width of the first-order satellite r
flection we find a magnetic correlation length along the m
netic propagation directionc of only jc5650 Å at 12.5 K,
whereas it is truly long range for the commensurate co
pounds. The widths of the magnetic satellites in thex51
sample grow as the temperature is lowered indicating c
petition between magnetic and elastic forces in the crys
Our study gives a more exact and complete picture of
magnetism of this material than was previously available

Using the element specificity of the method, we ha
found that the temperature dependencies of the uranium
the neptunium moments differ in the mixed U12xNpxRu2Si2
solid solutions and we have presented some possible ex
nations for this behavior. The substitution of uranium
neptunium does not greatly perturb the lattice~see Fig. 2!,
but it does introduce a strong molecular field at the urani
sites as a result of the large moment of 1.5mB carried by
neptunium. There are at least two observable effects ari
from the presence of this molecular field. First, it acts on
~initially at x50) uranium moment of 0.02mB to increase it
by an order of magnitude. This implies a large susceptibi
at the uranium site, which is proposed by Santini a
Amoretti,3 and already established by the high-field measu
ments of Sugiyamaet al.9 Second, for low values of this
internal molecular field~i.e., T;TN) the uranium site sus
ceptibility is almost linear and the separate~and different!
temperature dependencies may be modelled by a simple
lecular field approach.

FIG. 8. A calculation the of uranium moment as a function
the temperature in thex50.1 alloy following a model described in
the text, which uses the measured variation of the neptunium
ment as input.
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Theoretical calculations have been made of the reson
cross section in thex50.50 sample. These calculations sta
by assuming the ground states of the uranium and neptun
ions. In particular, they assume U41 and Np31 ground states.
The latter is consistent with the Mo¨ssbauer isomer shift, an
the former is consistent with a number of models~Santini,8

and references therein!; however, it is inconsistent with the
valence as derived from electronic structure calculations
such a uranium intermetallic.11 Moreover, neutron inelastic
experiments have failed to observe the crystal-field exc
tions suggested in Table IV~Ref. 6!, so that we are aware
that assuming a localized 5f 2 model is a first approximation
Nevertheless, we are forced to start from this assumption
any state with a U31 ground state is bound to have a cons
erable magnetic moment within the localized picture we
using. There is reasonable agreement between experim
and theory for thex50.5 composition. The moment at th
uranium site is 0.4mB . Assuming a simple linear relationshi
gives 0.3mB , so that we can assume the moment is of t
order of magnitude, which is;10 times greater than th
0.02mB found in thex50 pure compound.

Following the ideas of a localized state for the U41

ground state, it is straightforward to postulate that the la
moment on uranium sites for thex.0 compositions is be-
cause they sit in a molecular field from the surrounding~po-
larized belowTN) neptunium ions. Such a model explain
the values of the uranium moments, and that they hav
temperature dependencedifferentfrom the neptunium sublat
tice. This difference can be simulated by a molecular fi
argument, but these models will obtainb values that are 1/2.
To simulate theb parameters measured in the present exp
ment a more sophisticated approach is necessary.

One interesting aspect is that according to our meas
ments the moments induced on the uranium sites are
proximately thesamefor both thex50.1 andx50.5 com-
positions. A molecular field argument, assuming a line
response at the uranium site, would suggest that the mom
in the x50.5 composition should be considerably grea
than that in thex50.1 composition. This is not yet unde
stood.

We have demonstrated the feasibility of finding a
studying the magnetic properties of small (,1 mg) actinide
samples at a synchrotron radiation source and conclude
it is possible to further reduce the sample size, to investig
microgram samples and thin films. Count rates at the n
tunium M4 edge in excess of 50 000 cts/s are obtained at
ID20 beamline at the ESRF from a sample containing o
30mg of neptunium. The small size reduces the associa
safety concerns considerably.

It would be interesting to extend this work to lower ne
tunium concentrations. From Wastinet al.13 we know that
the x50.01 sample shows transport properties that are v
close to those of the undoped (x50) sample. Preparation
for such experiments are under way.
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