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We have studied U ,Np,Ru,Si, alloys withx=0.1, 0.5, and 1.0 using resonant x-ray magnetic scattering.
For thex=1 neptunium compound we have confirmed previous neutron scattering results, but with much
higher count rates and improvedesolution. Using the element specificity of the method, we have found that
the temperature dependence of the uranium and the neptunium moments differ in the mixBigBu,Si,
solid solutions and we present some tentative explanations for this behavior. In principle, by measuring the
responses at the individuM 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 ax=0.50 alloy using a localized model and a coherent superpositiod bfdd Ng* ions. The
agreement between theory and experiment is reasonable, suggestingua,riatig,~ 0.25 in this alloy. Since
Mnp is known to be 1.ag for 0.10sx=<1, the uranium moment is 0.4ug . This is much larger than 0.9
known to exist in URYSi, (x=0). The increase is a consequence of the molecular field of the ordeféd Np
moments and is consistent with the crystal-field model proposed for thegtbund state.

[. INTRODUCTION singlets. The valence state must then bg%f?). In con-
trast, a 3 valence state () has an uneven number of

The U, _,Np,Ru,Si; solid solutions for all x crystallize in  electrons and all levels are at least twofold degenerate. A
the tetragonal ThGH6i, structure, with space group nonmagnetic singlet ground state can also be the basis for
l4/mmm The x=0 compound URSi, (a=4.131 A, explaining the low value of the ordered magnetic moment. A
c=9.574 A) is a well known heavy fermion superconductorsmall moment is achieved by applying an internal or external
with Ty=17.5 K andT,=1.2 K12 It orders in a simple field on the singlet ground state and inducing a moment by
antiferromagnet structure with propagation veajer(00 1) mixing the wave functions with those of highémagneti¢
and the direction of the moments along thaxis. The crys-  states. Fa et al,? however, state that the data of Broholm
tal and magnetic structures are displayed in Fig. 1. The oret al® could equally well be explained with a scheme where
dered moment of URiBI, is only about 0.02; (Ref. 2  the two lowest states are doublets. Santini and Amdfetti
compared to a normal uranium moment in an alloy of at leashave used a model with a*l) valence state to explain mag-
1ug . There is a considerable jump in specific heafgand  netization data obtained by Sugiyamizal® amongst others.
a major difficulty is how to reconcile this jump with such a A number of metamagnetic transitions are obsehazbve
small moment. It has therefore been argued that the truabout 36 T ending with a ferromagnetic state above 39.6 T.
order parameter is not the magnetic moment but one of quadrhe uranium moment approacheag as the field is raised
rupole naturé~> The electronic specific heat has been esti-close to 60 T. However, a major difficulty with assuming a
mated to be between 23 and 180 mJ/(mé) KRef. 2. The  5f2 configuration is that band structure calculations of the
valence state of uranium is still an open question. Broholnelectronic state based on the local spin density approxima-
et al® interpreted their inelastic neutron scattering data bytion generally give slightly less than ¥ Selectrons associ-
assuming that the two lowest lying states are nonmagnetiated with the uranium atom in such intermetallic
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FIG. 1. The ThCsSi, crystal structure. The arrows show the 1\; Ll l 1 —+=1 111 %
magnetic structure corresponding to a wave vedet[0 0 1], 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
which is found for B=x=<0.90. For URYSi, the lattice parameters X, concentration of Np

area=4.131 A,c=9.574 A.
FIG. 2. The neptunium ordered momea}, the transition tem-

Compoundgo’ll indicating that a 3 valence state may be a perature(b), the islomer. shifi(c), and Fhe unit cell voluméd), for

closer description of the uranium electronic configuration. 1€ U-xNPRU,Si; series. From Zwimeet al. (Ref. 14 (9)-(c)
Thex=1 compound NpRiSi, (a=4.137 A,c=9.593 &,  2nd Wastinet al. (Ref. 13 (d).

orders antiferromagnetically ay=27.5 K and has been . ]

studied with neutron scattering and “B&bauer X-fay energy is tuned to an absorption edge, strong enhance-

spectroscopy? The structure is incommensurate with a Ments of the magnetic intensity have been observed, espe-

propagation vectog=(00k) and the moments along the cially at the rare earth edgeg50 timeg and the actinidé/
axis; k increases from 0.766) close toTy, to 0.86§5) at ~ €dges. In the latter, an enhancement-df0’ has been seen
T=1.3 K. A third-order harmonic magnetic satellite was N UAs.”" Because of the resonant p.rocé‘%ishe method is
observed with neutron scattering at 1.3 K showing that th&lement specmc so that the contribution to the magnetism of
structure squares up with decreasing temperature. The ampfich species can be probed separately.
tude of the first harmonic was found to be 1.7(2). In comparison with neutrons, limitations of resonant x-ray
To obtain additional information on the ground state of Magnetic scatteringRXMS) are (a) that the enhancement at
URW,Si,, perturbing the system through alloying is a poten-th? resonance is unknown, so that it is not possible to deter-
tially fruitful approach. A number of studies have been per-Mine the size of the ordered moment, aigi that because
formed with substitutions of the uranium or the rutheniumth€ €nergy is at a resonance there is large absorption. The
(for references, see Ref. 13f the possible substitutions on lattér necessitates complex corrections and means that the
the uranium site, that with neptuniufthe next element after technique is near surface sensitive with penetration depths

uranium is the most gentle due to the closeness of thefor actinides at thevl edges of ~1000 A.
atomic size and chemical properties. The_WNp,Rw,Si, To address the relationship between the resonant enhance-

series with 0.£x<1.0 has been studied with Msbauer Mentand the magnetic moments we have performed theoret-
spectroscopy by Zwirneet al* and the transport properties ical calc_ulatipns, also presented i.n this paper. It is. important
have been examined by Wast al}® Some of these data to bear in mind Mo aspec;t_s of this problem. Th'e f|rst'|s tha.t
are summarized in Fig. 2. As shown in FigaR the nep- We are addressing transitions that are.esse.ntlally dipole in
tunium magnetic moment stays almost constant aroungature, fro_m the 8 core state to the pa_rt_|ally filledf5state.
1.5ug for all x=0.1. This is somewhat surprising, given the COmplications of quadrupole transitions are therefore
difference in the moments of the two parent compounds. Th@voided; in addition, the principal magnetic signal arises
moment is always aligned along tleaxis. The Nel tem- from the .unflllltled 5 shell in these actinide mat(_anals. The
perature, Fig. @), varies smoothly with the neptunium con- second S|m_pl|f|cat|on is that we are not attempting to place
tent and the isomer shift stays constant over the series, Fi§1€ calculations on an absolute scale; rather we are interested
2(c). By comparing the isomer shift to that of the reference'n the ratio of the enhance_ment at the neptunium site in com-
compound NpAJ, taking into account the fact that the alloys Parison to that at the uranium site. We may then use the fact
are metallic® it is found that the neptunium is in the Rip that the Mcss_bauer hyperflne field gives the neptunium mo-
valence state in the whole series. Finally, the unit cell vol-TMenNt to obtain approximate values for the uranium moment
ume, Fig. 2d), is almost constant as a functionxfNeutron and thus compare them_to the small value found in the pure
scattering has been used to examinexthe.9 samplé® At~ (x=0) compound UR3Si,.
this doping the order changes from incommensurate to com-
mensurate and the total moment is consistent with
=<0.5ug. The neutron intensities are, of course, proportional
to the averagemoment in the material and are not element The work reported here was performed on the ID20 mag-
specific. netic scattering beamline at the ESRF. The x-ray beam is
Nonresonant magnetic x-ray scattering is many orders oprovided by undulators that give a narrow beam with small
magnitude weaker than x-ray charge scattering. When thdivergence. It is then further concentrated by two silicon

II. EXPERIMENTAL TECHNIQUE
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mirrors providing vertical focusing, and a second crystal in 0.84 1T 1T

the monochromator assembly, which can be curved to pro- { (a)

vide sagittal focusing. The mirrors cut off higher order wave- 0.82+ -

length harmonics from the undulator source. The monochro- .

mator crystals are made of silicon with reflectif 1 1) — 0.80F *e } -

planes and the energy width of the beam in the range used in = *s .

this study was 0.52) eV. A monochromatic beam with a & 0.78} ., -

flux of ~5x 10 photons/s at 3.7 keV can be concentrated o ‘e

on a 0.3x0.2 mnt (horizontalk vertical spot at the sample 0.76 |- *oe . -

position. The linear polarization of the beam ist98%. A8 od
The U,_,Np,Ru,Si, single crystals were selected from o 074 b a 4o 11

as-quenched bulk samples obtained as described in Ref. 13. & (b)

The crystals were oriented and mounted on2 mn? ger- g 1.00 - ‘s se T

manium(1 1 1) wafer, and sealed under beryllium caps at the *g: 0.80L $3 $se _

ITU in Karlsruhe. They were loaded in a helium closed cycle = Ne v B0315)

refrigerator(CCR) at the ESRF. The diffractometer was used _2 0.60 | ° * -

in the vertical geometry with incoming polarization. Be- s R¢

cause of safety concerns, the samples cannot be aligned op- E 0.40 - <. T

. ) : S) 2 38=0.93

tically. After mounting the sample assembly in the CCR on Z. 0.20 | \°‘» i

the diffractometer, a charge peak from the underlying germa- "2,

nium wafer was found. The intensity of this charge peak 0.00 v lovvu oo o1

from the wafer was then monitored as a function of thg/} & (c)

position on the germanium wafer. When the photon beam is — 0015k g |

incident on the samples there is a sharp drop in the intensity s %5 }{

because of the absorption, and this allows the position of the =, 8 g 3 ¢

small actinide sampleébetween 0.3 and 0.6 mm on edge, s 0.010 | T3 . .

but irregular in shapeto be determined. The crystals used, E §§ 3 ;

NpRW,Si,, Uy sNpg sRW,Siy, and U, gNpy 1RW,Si, each had a & 0005k «*%e |

. *®

volume of about 0.1 mf The x=1.0 and 0.5 samples ¢ AR R XY

turned out to be of excellent quality, whereas the 0.1 Resolution vTN

sample consisted of a large number of grains which some- 0.000 ———— o

10 15 25 30

what hampered the experiment. Previous measurements on T%IO(]
these material$ using x-ray diffraction, metallography, and
microprobe analysis have shown them to be homogeneous. FiG, 3. Details of the magnetic structure for the 1 sample as
The raw data have been corrected for the absorptioq function of temperaturéa) shows the magnetic propagation vec-
caused by the beryllium (20.40 mm plus the oblique tor. The open symbols are the data of Bageal. (Ref. 12. The
beam path through a flat 0.2 mm sample)capr and Kapton errors for our data are smaller than the symbd. shows the
(50um) in the beamline as well as for the Lorentz factor. normalized intensities of the first- and third-order satellites at the
These corrections are accurate and vary by a facteréon M, andM;5 edges. The solid line is a fit to the first-order satellites
changing the energy from 3.5 to 4.0 keV. in the interval 25.3:T<27.3 K. The broken line is the third power
of this function times a scale factor. Filled diamonds: first-order
satellites at theMl, edge, filled circles: first-order satellites at the
M5 edge, open diamonds: third-order satellites atNhgedge.(c)
A. NpRU,Si, (x=1) FWHM (1 r.lu=0.656 A"l along thec axis) of the first- and
third-order satellites at (0 04q) for the two edges. Diamondd ,
edge, circlesM; edge; Filled symbols first-order satellites, open
symbols third-order satellites.

IIl. MAGNETIC STRUCTURES

The energy was tuned to the neptuniivin edge at 3.844
keV and scans were performed along tifedirection. Our
results for NpRuSi, agree with those obtained by Boge
et al1? using neutron scattering. The compound orders in as close to the values found for USb and UTe and agrees with
longitudinal incommensurate structure with the momentghe value of 5/160.3125 of a three-dimensional Ising
modulated along the axis. The value of the incommensu- system'® The third-order satellite grows approximately as
rate propagation vector is displayed in Figa)3It is close to  the third power of the first-order satellite, as predicted by
the commensurate value of 0.75 at theeNeemperature and mean-field theor¥? (for such a modep should be 0.5 The
increases linearly beloWy as a function of temperature with width of the magnetic first-order peak increases slightly as
no indication of saturation. The linear behavior was found tothe temperature is lowered whereas it grows substantially for
continue to 1.3 K in the neutron study. Over the range inthe third-order satellitgFig. 3(c)]. Our interpretation is that
which the two technique have been used the results are itne competition between the strain and the magnetic terms in
good agreement, see Fig.aB the energy leads to a compromise such that regions over

As the temperature is lowered, the observation of thirdwhich a perfectincommensurajenagnetic modulation exist
order magnetic satellites, Fig(l8, shows that the magnetic become shorter as the moment increases at lower tempera-
structure approaches a square wave. The first-order harmortigres. This leads to a broadening of the Bragg peak as a
grows with 3=0.31(5) as the temperature is lowered. Thisfunction of temperature, as observed also in the work by
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Helgesenet al. on holmium?! From the half width at half T
maximum(HWHM) of the first harmonic, we estimate a cor- (2 ®  neptunium
relation length along the axis of £,~650 A atT=12.5 K. g ¢ uranium
We notice that FWHM(§)~3 X FWHM(q) at low tem-
perature. According to Ax& the widths of higher-order sat-
ellites should be proportional ®? wheren is the order of
the harmonic. This is not the case here where an approximate
linear behavior is observed, but is obvious that fifth-order
satellites would be even broader than the third-order ones.
We obtain an integrated intensity ratio between the third-
order and first-order satellites @ 0 4.424 and(0 0 4.808,
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respectively, of 1.5% at 12.5 K56800 and 1.x 1P cts/s at X=?-5 T
the peaks Assuming that the integrated intensity of the 0.00 lél ' 1"1' } lél ' 1.8I 20 ' 25' '2‘1 l26
third-order satellite grows with (Ty—T)/Ty)]?*%#, and T K]

that the structure would be a perfect square wave at 0 K, a
calculation gives the value of 2.2% at 12.5 K. We estimate a

ATt r sy rr|rrrfrvrrrprrrr
fifth-order satellite peak intensity of 1000—3000 cts/s in the 14 e  neptunium -
same way. Unfortunately, in our experiment, for the acces- 2 : ©  uranium ]
sible temperature range, the fifth-order satellites fall close to 2 0.8 %, .
the (0 0 4 charge reflection and none were detected. If the 2 - .

: ; g - B, =0.39(2) ]
temperature could be lowered further in a future experiment, g 0.6 Np -
the satellite would move further away from the charge peak, o [ ]
as well as becoming stronger, and it might be possible to = 04F 1 To A
observe it. E - N .

_ [ - 15K -

We also searched for second-order charge satellites, 2 0L B,=0.452) h
which would correspond to a magnetoelastic distortion but L -
no such reflection could be observed. Of course, magneto- Z X=0~1| . ' s ]
elastic strain in a tetragonal system may also be accommo- 0 ko
10 12 14 16 18 20

dated by a change in th&a ratio belowTy, but an exami- T K
nation of this quantity is difficult in these experiments as the [K]

specular face of the crystal is (A2 FIG. 4. The integrated intensity for the two atomic species in the
mixed samples. The data have been normalized at the lowest tem-
perature(a) x=0.5; the points are the averagelofind # scans at
the (0 0 3 and(0 0 5 reflections. The solid lines are fits to the data
Using neutron scattering it has been sh&that atx in the 23-25 K region(b) x=0.1; the results of a large number of
=0.9, the alloy ordergat low temperaturein the same com- temperature scans at tk@ 0 5 peak. The solid lines are fits to the
mensurate antiferromagnetic structure as the0 com-  data above 17 K.
pound, see Fig. 1. Only a small amount of uranium is thus

enough to turn the magnetic structure commensurate and tl?%n len .
_ B . . gth (14~0.5 um, see belowis shorter than the
)r;_egétr:?edx_ss;s C()r?vri)ggglds |2uth|sessttg§y %re"g!olth Lfgrm_ probe coherence lengtfdefined as\/(AN/\) and in our
' P y 99 y case~2um]. In this situation the profiles of the peaks tend

spectroscopy? Because of the element sensitivity of the :
RXMS method we can investigate the magnetism of the twd® be related to the Br;_agg angles we find but th_e HWHM
values cannot be easily related to the correlation length, as

species separately. Ti@ 0 3) and (0 0 5 magnetic reflec- ¢ 2 N o
tions were studied as a function of temperature with the endiScussed recently by Berhoéftin the case of a “perfect
crystal (i.e., one with a very small mosaithe HWHM can

ergy tuned to the respectivd, edges of the two elements. e
For thex= 0.5 compound, we performddscans and rocks ~ Pe related to (1) but as the crystal mosaic increases even

(i.e., scans along thé direction in reciprocal space and this becomes more complicated. In the case of xhel
scans of thed angle to obtain the integrated intensity. sample, which is incommensurate, the correlation length of
In principle it should be possible to deduce theaxis  ~650 A is the defining length scale, whereas the much
magnetic correlation lengtlf. from the widths of scans longer magnetic correlation lengths in theommensurate
along thel direction. The linewidths in the scangFWHM)  x=0.5 andx=0.1 samples takes one into the limit in which
were found to be 0.003Z) and 0.00221) reciprocal lattice the absorption length becomes the shortest length scale. To
units (r.l.u.) for the uraniumM, edge at th€0 0 3y and(0 0  determine the correlation lengthin well ordered actinide
5) reflections, respectively, and they were constant as a funsompounds it is necessary to go off resonance, which lowers
tion of temperature. For the neptuniukh, edge we find a the absorption as well as the intensity.
width of 0.003%1) r.l.u. at the(0 0 3 reflection. If, however, The temperature dependencies are displayed in Fig. 4 and
we multiply the FWHM with singg where 05 is the Bragg are normalized to 1 af=12.5 K and 10 K for thex=0.5
angle, we find a constant value for the uranium dataly  and 0.1 samples, respectively. The observation of a differ-
one reflection was measured at the neptunium editethe  ence in the temperature behavior was verified in our subse-
actinideM edges the absorption is very large and the absorpguent study of thex=0.1 sample. For this compound, we

B. The mixed compounds
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measured the peak intensity of a large number of grains as a *
function of the temperature and normalized the intensity at I=|f|2=sin20(2 F?) (2 Fr1>
10 K, see Fig. &). This was done at the uranium and nep- ' '
tunium M, edges as well as at the neptuniluiy edge. It is

worth emphasizing that in no scan did the uranium data over- :Sin20( > E A _|(c.c),
lap with the neptunium ones in the intermediate temperature r ho (B —fiw)/(T'y/2)+i
region. (©)

Fits 1o the data close @y give the critical exponents where theF ! describe each dipole resonance. In the case of

tﬁh’\épx_zo('):gf (szzma;)rllg[iﬁe_\?élsuge(?arlg é?;;;n%% Zalﬁrzn)plgbr':gr actinide M edges all resonant scattering investigated has
particulér composition, the Nétemperature wés foimd to be be_e n found o be due to dlpole resonances. The _thermal evo-
! : T o . lution of the dipole magnetic scattering is proportional to the
identical for the two species within the experimental resolu-Square of the magnetic order paramétebut the resonant
tion (<0.1 K). enhancementi.e., the proportionality factgris unknown.

This implies that we can only put our magnetic intensity on
IV. ENERGY DEPENDENCE a relative scale and not extract the value of the moment.
However, we can measure element specific effects, such as
the temperature dependence, related to thenfHments.

The intense magnetic scattering at the actiidg and  Sijmilar experiments have been reported in the lantharffies,
Ms energies is due to the resonant enhancement at the ayt are done at the edges, where the dominant dipole reso-
sorption edges as described by Hanetl '° In the dipole  nances are connected to the States rather than to the pri-
approximation, the resonances couple thiy3and 3g, mary magnetism of the f4shell.
levels M4 andM5 edges to the 5 electrons. The strength  pata were obtained using fixeg-scans for all three
of a resonance depends on the probability of the initial statesamples, i.e., observing the peak intensity of a magnetic re-
the probability that the excited level is vacant and on thefiection as a function of the x-ray energy. A better, but more
partial width for electric dipole radiative decay from the ex- time consuming, way is to measure the integrated intensity at
cited state to the initial state. The resonant amplitude has thesch energy usin@ scans. Both methods were used for the

form x=0.1 sample and were found to give similar results.

A. The resonant process

ay a
oC —
(E,—h)(T,12)—1 (E,+hw)(T/12)+i

f (1) B. Absorption

As stated earlier, the data have been corrected for absorp-
for each resonance &, with a lifetime defined byl', . The  tion by the Kapton, air, and beryllium, all of which have a
second term can be neglected in the further developments @radual dependence on the energy and are well known.
does not contribute to the resonant behavior. In our particulaMuch more difficult is to correct for self-absorption by the
case, we get sample. This is a sharply peaked function corresponding to
the white lines at tht1, andM 5 edges. Recent work on thin
A, films of UO, (Ref. 27 shows that previous estimates, mainly
from fluorescence measurements, of the intensity of these
ho 14+ [(Ej~hw)/(T4/2)]? white lines obtained values too low by a factor-eR. For
2 the actinides, and especially for transuranium samples, these
+ E As measurements are difficult; suitable samples, i.e., thin films,
ho 1+[(Es—hw)/(I's/2)]2 do not exist and the energies<&iw<<4 keV are not in the
standard range used for absorption spectroscopy. A rough

E4

I(hw)=sin20‘

E A E.—ho measure of the fluorescence may be obtained by plotting the
—4 4 [ 4 background in each scan as a function of energy. These data
ho 14+ [(Ej=hw)/(T4/2)]21 Tal2 show that the position of the white lines and the maximum of
Es As Es—fho been the case for actinide samples studied previously.

To extractu(fw) we chose to use the UQlatg>?’ for
both elements as these are the most reliable available. We
for two resonancesM, and Mg, for the pure neptunium thus assume that the energy dependence of the absorption of
compoundsee Blumé&®). This expression is valid for dipole neptunium is identical to that of uranium but the energy is
resonances with the propagation vector parallel to the moshifted. To obtain the neptunium absorption, the l4Drves
ment direction which is the case in our experiments. Theare simply shifted to the M-resonant energies of neptunium.
sirf factor comes from the angle between the moment di-This should be regarded as a first approximation. It should be
rection and the outgoing wave vectéy,, E,, andl', are the  emphasised that it is only the strong white lines at the reso-
amplitude, the resonant energy and the full width of khg  nant energies that are in doubt. The absorption between these
resonance, similarly for th®ls resonance. “peaks” is known from tables. The values include contribu-

In the mixed compounds with two actinide elementstions from ruthenium and silicon, neither of which have reso-
present there are four interfering resonances and in the genances in this energy range. Figure 5 show# ) for the
eral case, we fit to the expression x=0.5 sample. The FWHM of the white lines are 4.4 eV. In

2] the resonant enhancement coincide for our samples. This has
2

The 1+[(E5—hw)/(I‘5/2)]2[ I's/2
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FIG. 5. The absorptiop as a function of energy used to correct
the x=0.5 data. 100

the pure neptunium compound the absorption reaches about
4.5um~1 at theMg edge and 2.6em~! at theM,. Away

from the resonances, the absorption varies between 0.6 and
0.95um % For the mixed samples the absorption at the
edges is reduced in proportion to the concentration.

For the simple case where the sample correlation length is
shorter than the absorption lengtf<€1/1), and also shorter
than the probe coherence length, we should multiply our ex-
perimental data with.. As discussed by Bernhoéft,in the
case when the absorption length is muwsdtorter than the
sample correlation length, the data should be corrected with
w?. From the measurements of the correlation lengths de-
scribed in the previous section, we know that in the case of i

10

T IIIII|T|

0.1 g

Normalised intensity [det/mon]

the (incommensurajex=1.0 compound, the shortest dis- 35 36 37 38 39 40

tance is the correlation lengtli{ 650 A=0.065 um) and Energy [keV]

we should therefore correct wijla. In thex=0.5 compound,

on the other hand, it is clear that we should useat the FIG. 6. (8 Results of thex=1 fixedq energy scan of the

resonant energies-or thex=0.1 compound the crystal mo- (0 0 4.808 reflection. The data displayed have been corrected for
saic was too poor to allow reliable data to be taken. Givergbsorption from beryllium, Kapton and air as discussed in the text,
that this compound also orders commensurately, and ther&ut not for the self-absorption of the sample. The solid line is a fit.
fore that the correlation length is likely to be large, we find aNOte the logarithmic scalab) The fixedq energy scan data for
correction byu? most probable, at least at the uranigfy, ~ X=0-5- The solid line is a fit.

edge where the absorption is large. One weakness of oyfium moment. From the Mssbauer study we know that the
experiment is that scans were not systematically performed neptunium moment is almost constant at ug5for x
as a function of energy. It is possible that the data should be-g.10.
corrected byu” at the peaks but that complete and rather The data for thec=1.0 andx=0.5 samples are displayed
complex correctiorfS should be applied off resonance. As in Fig. 6. The results of the fits for all three compounds in
we shall see, the differences in the fitted branching ratios arthis study are presented in Tables | and II. In Table Il we
significant, but not dramatic, when we change franto x>  have marked in bold the branching ratios obtained using
for the correction. what we believe to be the correct self-absorption correction
as discussed in the previous sectiqr? (for the x=0.1 and
x=0.5 samples, and for thex=1 sampl¢. There is a slight
shift in the energy for th&e=0.1 sample, for which the data
We have performed energy scans for all samples. The rawere obtained at a different occasion from the two other
data and the data corrected ferand u? were fitted to Eq.  compounds, and therefore with a different energy calibration
(3). The interest of the energy scans is twofold. First, theof the instrument.
relative intensity of theM, and M5 edges, the branching  The energies are in good agreement with our recent tabu-
ratio (BR=A,I';/Asl's), contains information about the lation for the actinideé® The peak widths(FWHM) are
electronic ground state of the actinide ions. The ratio desomewhat narrower than reported eaffidor uranium com-
pends on the valence state of the ion as well as on thpounds, and part of this can be ascribed to the better energy
crystal-field parameters. The second information we hope teesolution at ID20 compared to that of the X22C beamline at
obtain from the energy scans is the size of the ordered urghe NSLS, Brookhaven National laboratory, where we have

C. Branching ratios and magnetic moments
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TABLE I. Results of the fits to the energy scans of the datatudes of the signals, and then normalize by the concentration.
before correcting for the self-absorption of the sample, but with allln both cases this is 0.28). As presented below, we have
other corrections applied. The absolute energy errorstdreeV. calculated the relative amplitudes of these signals for the
x=0.5 sample, assuming certain ground states for the ura-
Compound ~ Resonance  Energy ~ Amplitude  FWHM  niym and neptunium ions. It is clear, however, that whatever

levl  [arb.unit§  [eV] ground state is assumed, the moment on the uranium sites in

x=01 NpM, 3846 14.174) 5.323) these systems is consi_derable. In compgrison_to the moment

Np M 3661 5.047) 3.7712) qf 1.5up knov_vn to exist at the neptunium site, a simple

UM, 3726 31.827) 6.382) linear proportionality Woul_d suggest a moment of0.2
X=05 NpM, 3844 29.546) 5.592) ><1.5=_ 0.3ug at each uranium site, anq this is an order of

Np M, 3659 4.875) 4.6013) :Ti;lgnltude larger than the 0,28 found in thex=0 mate

UM, 3725 5.415) 6.3612) '

U Mg 3549 0.807) 6(1)
x=1.0 NpM, 3844 41.04) 7.102) V. DISCUSSION

Np M5 3659 12.63) 4.8(3) A. Crystal-field calculation

This subsection reports numerical crystal-field calcula-

measured previously. The narrowness of the resonance f®ns for resonant magnetic diffraction at tig, s edges for

also intimately connected with the absorption and coherencthe x= 0.5 alloy. Our theoretical spectra were obtained from

effects in the incident radiatioff,so that values of between 5 a simple localized model, consisting of a coherent superpo-

and as high as 10 eV have been found for uranium resacsition of two ions: U and Ng*. For these, all electric-

nances. Our values lie within this range, except for those oflipole transitions from the lowest state of thE'Eonfigura-

the neptuniunmM s resonance. However, the widths from the tion to the full multiplet 31°5f"** were calculated in the

fits at these latter edges have to be taken with some cautiopresence of ® 4, crystalline environment. Before going into

As can be seen from Fig. 6, strong interference effects arthe details of the calculation, basic expressions for the reso-

observed near théls resonances, thus their exact fitting nant scattering amplitude and cross section will be reviewed

tends to depend on how well the interference effects are refor the convenience of the reader.

produced. This gives us less confidence in the widths of both For any electric 2-pole transition in a spherically sym-

the uranium and neptuniuid ; resonances. metric ion, the resonant elastic x-ray scattering amplitude
The branching ratios show, as expected, thatMhesdge  can be given the forfi

is always the strongest transition. This is because it involves

the 5fg, state which will be the one primarily filled for the

light ;éztinides. As shown by Tangt gl.,zg thé, largest BR fEL(“’):A'WX;n T (ek € ke (glF(w)edl),

should be with the smallest number of Blectrons, thus the (4)

BR for U*" (f2) should be higher than that for Rip (f4).

Perhaps surprisingly, the BR values in Table Il show little Where

sign of this variation. Although, they rise for the neptunium

site going fromx=1.0 tox=0.5, they then decrease at the FO()e, = 2z+1 z ctM (@ (@), (5)

lowest concentration ok=0.1. More systematics of such m L @JEL 2L+1,,5 tMizm LMELM @)

effects are needed before we can be sure whether this repre- ’

sents a real change in the electronic structure, or whethénd

artifacts in the fitting procedures are causing these differ-

ences. We remark that the values of the BR between the B * (€K, €% k')g,

and 6 are close to those found previously for USb and, UO 5741

by Tanget al,?® and in that paper is a discussion of how — ctM e*.yY® (k
these values indicate the importance of crystal fields. For the 2L+ 1,\,%/ L sznd L (K]
free atoms the values for uranium are above 10. (@)%
To extract the ratio of the magnetic moments at the ura- XYL (k) - €], (6)

nium and neptunium sites, we compare the relative ampliwi,[h

TABLE II. Branching ratios from fits to intensity datd) and .
those corrected for the self-absorption. The values in bold are thE& ;.| (@)
preferred ones as discussed in the text. The errors are those of the

fitting process and do not take systematic errors into account. B 2 1 J(,_e,\),,t|n>(n|J(|_e,\),| z @
S 2\ En—Eg—fiw—i(I/2)] -
Compound element BR) BR (IXxu) BR.(IXu?) m
x=0.1 Np 4.G2) 3.42) 2.6(1) The notation is as followse, k ande’ k' denote incident and
x=05 Np 7.43) 6.92) 6.02) final photon polarizations and wave vectors, respectively;
U 702) 6(1) 6(2) Ctm,;zm represents a Clebsch-Gordan coefficient. The cur-
x=1.0 Np 4.71) 4.001) 3.1(1) rent operatorJ(Le,\),l, which raises an inner-shell electron to

empty valence orbitals, is defined by
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TABLE lll. Electrostatic, exchange and spin-orbit parametersV). TheF andG integrals are scaled

down to 80% of their Hartree-Fock values.

Ground state; 805"

n Fin Fn Fi &
U4t 2 7.611 4.979 3.655 0.261
Np®* 3 7.434 4.834 3.538 0.270
Excited state: @°5f"*?!
n F(25f) F?Sf) F?Sf) F(25f,3d) F?Sf,3d) G(15f,3d) G?Sf,Sd) G?Sf,Sd) {3d st
u*t 2 8.020 5.258 3.865 2.051 0.952 1.603 0.969 0.678 73.384 0.301
Np3+ 3 7.861 5.125 3.757 2.033 0.943 1.588 0.960 0.672 77.311 0.312

47itkt -
30 =— mJ(H 1)/L; erfYy(r), (®

with j running over all electrongWe have assumet=0.)
Electric dipole transitions are identified by settihg=1 in
the previous expressions.

with Xk% a set of free parameters. Fbelectrons inD
symmetry,k=2,4,6 anda=0,2.

In the Dy, point group, the $* configuration J=4
ground state of the ion  splits into
Tl Th T T T states, ie., five singlets and
two doublets. Similarly, for the & configuration J=4

In writing out the resonant amplitude, we have considere%round state of . (The Hund'’s rule states of Np and

the simple case of a magnetic system with negligible cryst
fields, that is cylindrical[SO(2)] symmetry. Equation(6)

4+ 31, and®H,, have purities 82 and 88 %, respectivily.
In the absence of an experimental determination of the

provides a suitable starting point for determining the form ofs¢ oyl structure in the mixed alloys, our choice of the

the amplitude diffracted into any crystal point grotlp.
Going over to a X 2 matrix representation of the ampli-

tude fE, in the basis of two linearly independent polariza-
tion states(parallel and perpendicular to the scattering
plane, the cross section for coherent elastic scattering is ob-

tained from the definitiott

dO’_

TH{FEpFedl,

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

Fa(w):Z e RIfEL (@), (10)

wherel runs over all ions, andK=k—k’ denotes the scat-
tering vector.

crystal-field parameters was guided by the knowledge of the
neptunium magnetic moment and by the spectral shape of the
resonant magnetic scattering. Most probably, this knowledge
does not render the choice unique. The following val(ies

eV) for the crystal-field parameters were chosex??®
=0.05, X#%9=0.093, X*?°=—0.07, X59°=0.452, andx®?°
=0.99, for U*; X?%°=0.01, X*°=0.6, X**°=-0.05,
X6%0=—0.01, andX®?°=—0.1, for Ng'*. The correspond-

ing level distributions are given in Table IV.

In the calculation, the presence of an exchange interaction
was simulated by turning on an external magnetic field
coupled to ground-state spin only. This was achieved by add-
ing the term gugHS to the Hamiltonian, with ugH
=0.01 eV, thus reducing the point-group symmetr{tg, .

A core-hole widthFMlszMV=3.4 eV [full width at half
maximum(FWHM)] was assumed. To reproduce the experi-
mental widths, a further convolution with a Gaussian line

First-harmonic antiferromagnetic satellites are controlledshape of standard deviation=1.4 eV was found necessary.

by the polarization dependencd{M*(e,e*)g=—(i/
V2)(e'* X €) and by the electronic operat®t{”(w)g;, in
the resonant amplitud€’. For our two-ion model, the real
and imaginary parts of! were calculated as follows. The
full U%" and NP+ multiplet structures were firstly deter-

The above model is based on the premise that the nep-
tunium moment is~ 1.5ug and this is accurately reproduced
in our calculations. The magnetic moment of the uranium

TABLE V. Tetragonal crystal-field states for 0 and

mined in intermediate coupling using Cowan’s prografs. Np**(J=4).
(The Slater and spin-orbit parameters, which are relevant te

our multiplet calculation, are listed in Table Ill. The absolute lon utt Np**
values for the energy have been scaled to those found expefi-
mentally, a shift of~20 eV, to correct for the Hartree-Fock State E [meV] State E [meV]
overestimation of the center of gravity of the multipl®oth |1 ,,) 0 Ty 0
ions where then embedded in a crystalline field by imple{ri) 2 ITa) 11
menting the formalism of Butlef} as coded by Thole. In this ITo) 22 ITL) 38
framework, the crystal field perturbation is expressed as ) 28 T 56
linear combination of unit tensor operatds&® and reads L ©
|rt5> 34 |rt2> 63
T 62 ITE) 64
Hop= >, Xka0ykeo, 1y I 98 IT3) 88

ka
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T ] ¢ 1 i aninternal staggereanagnetic field and we can compare our
1 data with those obtained in high magnetic fields on pure
E| URU,Si,.

100

Sugiyamaet al® have studied the result of applying high
magnetic fields on the pure uranium compound and a number
3 of metamagnetic transitions were observed, starting at 35.8 T
3 at 1.3 K, as the field was applied along the c-axis. In the
1 model of Santini and Amoretti the order parameter in the
5 pure URySi, compound is of quadrupolar nature and the
3 exchange integral does not result in a transferred exchange

S
T ||I|lﬂ|7| |||||I'I'|

. field. In pure NpRySi,, on the other hand, the ordering is
5 dipole, as is usually the case, so that the exchange integral
] results in a polarization of neighboring dipoles. In a simple
. model of an antiferromagnet, the transition temperature can
a be written asTy=C(Z;W,) whereW, is the exchange inte-
4.0

do/dQ [arb. units]
T 1T ||I'II'|

e
II%

0.01
gral for theith neighbor.C is the Curie constant. The mo-
37 38 39 lecular field on an atom becom&s=(3T\kg)/unp=82 T
Energy [keV] at 0 K A simple appr(_)ach is there_fore tq suppose that the
substitution of neptunium for uranium will act as a local
FIG. 7. Calculated resonant magnetic scattering cross section dgolecular field on the uranium. This field will depend on the
a function of incident photon energigolid line). The observed number of nearest neptunium neighbors.
values of Fig. €b) have been multiplied by, to compare with the We have calculated the temperature dependence of the
calculations, The observed and calculated intensities have been naxranium moments in the mixed compounds assuming that
malized at the peak of the neptuniuvh, resonance. The calculated the field is transferred by the RKKY interaction. This has the

& P

w
o

values descend further since they contain no background. form
atom for thex=0.5 alloy is 0.4y, which represents a F(2)= zcosz—sinz (12)
strong increase over that found (02 in URW,Si,. 74 '

A coherent superposition of the calculated scattering am-
plitudes leads to a resonant cross section as a function of ) . ) .
photon energy as displayed in Fig. 7. To compare with thé/vhe_rez=2kpr.9kF is the Fermi vector and r is the (iilstance.
experimental observation we also display the experimentapUgiyamaet al.” found that a value okg=0.55 A~ was

data multiplied byx. We have argued in Sec. IV B that the compatible with their analysis of the magnetization data. We

proper correction at the peak of the resonant intensity shoule"‘Ve used this value and calculated the influence on the ura-

be u2 rather than, but this will reduce tou as we move nium atoms in a lattice with a random distribution of nep-

away from the resonant condition. Recalling that these plot%yn.'um atoms. We assume the interaction to be isofropic.
his was found to be approximately the case by Palstra

are on a logarithmic scale, we prefer not to attempt to repro: 2134 aven though they obtained a value of 1~ & The

duce this effe_:ct, and use a correction basedofor all field from the neptunium is deduced from the square root of
photon energies. 'I_'he agreemen_t between the calculated v e magnetization curves determined in our experiment. The
ues and the experimental ones is remarkably good. uranium moments as a function of the applied field follow
the curve obtained by Sugiyane al® Figure 8 shows the
normalized calculated curve far=0.1 together with the ex-
perimental data. The agreement is good. We obtain a mo-
To our knowledge this is the one of the first observationsment of 0.34g at 10 K. The same calculation for the
that there are different temperature dependencies of the mag-0.5 sample also gives reasonable agreement. In this case
netization for two atomic species occupying the same latticéhe calculated uranium moment reachesu}. Jat 12.5 K,
sites in a random alloy. The effect of replacing uranium bythus much larger than that estimated above. The reason for
neptunium in the lattice is twofold. First, the chemical trans-this large moment is that for this composition the average
lational symmetry is destroyed, although it is anticipated thafield from the neptunium is 41 T i.e., larger than the value for
because of the similarity between the elements, any chemicathich the moment shows a discontinuity in its value as a
effects are minor and can be neglected. Secondly, as showuanction of field. If, instead, we assume that the field in the
using Massbauer spectroscofly(see Fig. 2, the neptunium  pure neptunium compound is 50 T, we obtain a moment of
orders with a substantial magnetic moment that will affect0.5ug at 12.5 K for thex=0.5 alloy. The agreement with the
the uranium. As the neptunium moments order, they create measured uranium magnetization curve is not quite as good.
molecular field that induces a sizable moment on the urahn this case, thex=0.1 compound would have a uranium
nium site. The magnetic moment of the neptunium is knownmoment of only 0.Lg.
from Mossbauer spectroscopy to be 4 Thus, if we ne- The present model thus provides guassibleexplanation
glect other aspects, the effect of replacing some of the ureef the temperature dependence of the uranium magnetiza-
nium in URWSi, with neptunium can be viewed as applying tion. A problem is that in the model, the saturated uranium

B. Modelling the magnetization curve
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1.20 e
®  neptunium
©  uranium

calculation

Theoretical calculations have been made of the resonant
cross section in th&=0.50 sample. These calculations start
by assuming the ground states of the uranium and neptunium
ions. In particular, they assuméUand Np* ground states.
The latter is consistent with the sbauer isomer shift, and
the former is consistent with a number of modédantini®
and references therginhowever, it is inconsistent with the
valence as derived from electronic structure calculations for
such a uranium intermetalli¢. Moreover, neutron inelastic
experiments have failed to observe the crystal-field excita-

tions suggested in Table IYRef. 6, so that we are aware
X=0-1| | | \ that assuming a localizedf3 model is a first approximation.
0'0(1)0 T 14 16 1Y Nevertheless, we are forced to start from this assumption as
T [K] any state with a &" ground state is bouno_l to ha_ve a consid-
erable magnetic moment within the localized picture we are

FIG. 8. A calculation the of uranium moment as a function of Using. There is reasonable agreement between experiment
the temperature in the=0.1 alloy following a model described in and theory for thex=0.5 composition. The moment at the
the text, which uses the measured variation of the neptunium modranium site is 0.4g. Assuming a simple linear relationship
ment as input. gives 0.3g, so that we can assume the moment is of this
order of magnitude, which is-10 times greater than the
0.02ug found in thex=0 pure compound.

-
(=2

it
©
[l

Normalised intensity
o o
B (=)
o o

e
)
o

moment is linearly dependent o while the experimental Following the ideas of a localized state for the*'U
data point towards the moments being similarXer0.1 and  ground state, it is straightforward to postulate that the large
x=0.5. moment on uranium sites for the>0 compositions is be-

cause they sit in a molecular field from the surroundipg-
larized belowTy) neptunium ions. Such a model explains
the values of the uranium moments, and that they have a
Forx=1 (NpRwSi,) we have confirmed previous neu- temperature dependendsferentfrom the neptunium sublat-
tron scattering results, but with much higher count rates andéice. This difference can be simulated by a molecular field
improvedq resolution. Going beyond the results of the pre-argument, but these models will obtgéwalues that are 1/2.
vious neutron scattering stud§we have followed the third-  To simulate thgd parameters measured in the present experi-
order harmonic as a function of temperature. We concludénent a more sophisticated approach is necessary.
that there is no § charge modulation induced by the mag- ~ One interesting aspect is that according to our measure-
netic ordering. From the width of the first-order satellite re-ments the moments induced on the uranium sites are ap-
flection we find a magnetic correlation length along the magproximately thesamefor both thex=0.1 andx=0.5 com-
netic propagation direction of only £,=650 A at 12.5 K, positions. A molecular field argument, assuming a linear
whereas it is truly long range for the commensurate comfesponse at the uranium site, would suggest that the moment
pounds. The widths of the magnetic satellites in fel in the x=0.5 composition should be considerably greater
sample grow as the temperature is lowered indicating comthan that in thex=0.1 composition. This is not yet under-
petition between magnetic and elastic forces in the crystalstood.
Our study gives a more exact and complete picture of the We have demonstrated the feasibility of finding and
magnetism of this material than was previously available. studying the magnetic properties of smal { mg) actinide
Using the element specificity of the method, we havesamples at a synchrotron radiation source and conclude that
found that the temperature dependencies of the uranium aritlis possible to further reduce the sample size, to investigate
the neptunium moments differ in the mixed UNp,Ru,Si, ~ microgram samples and thin films. Count rates at the nep-
solid solutions and we have presented some possible explé4niumM, edge in excess of 50 000 cts/s are obtained at the
nations for this behavior. The substitution of uranium bylD20 beamline at the ESRF from a sample containing only
neptunium does not greatly perturb the lattisee Fig. 2,  30ug of neptunium. The small size reduces the associated
but it does introduce a strong molecular field at the uraniunsafety concerns considerably.
sites as a result of the large moment of dg5carried by It would be interesting to extend this work to lower nep-
neptunium. There are at least two observable effects arisinginium concentrations. From Wastet al'* we know that
from the presence of this molecular field. First, it acts on theéhe x=0.01 sample shows transport properties that are very
(initially at x=0) uranium moment of 0.Q2; to increase it close to those of the undopea=0) sample. Preparations
by an order of magnitude. This implies a large susceptibilityfor such experiments are under way.
at the uranium site, which is proposed by Santini and

VI. CONCLUSIONS

Amoretti;” and _already esgtabllshed by the high-field measure- ACKNOWLEDGMENTS
ments of Sugiyamaet al” Second, for low values of this
internal molecular fieldi.e., T~Ty) the uranium site sus- We thank P. Dervenagas for assistance in the early experi-

ceptibility is almost linear and the separdtnd different  ments. We acknowledge with gratitude the help with the
temperature dependencies may be modelled by a simple meafety aspects provided by P. Berkvens and P. Colomp of the
lecular field approach. ESRF Radioprotection group. Loading of the samples was
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