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Abstract. A neutron scattering study of the magnetization density distribution i §Btgis
reported. Results are compared with fiEe Mossbauer data obtained for the same sample.
Polarized neutron scattering measurements show that the magnetization aligned parallel to an
applied field & 2 T is mostly due to the Fe atoms. The values of the magnetic moment at
the three crystallographic sites occupied by the transition metal atom.@re€3)l up (8f),

2.30(3) up (8i) and 173(4) up (8j). A small magnetic moment~0.3 wp) is measured at the

U site, aligned ferromagnetically with the Fe moments. So small a value appears to be due to
a partial cancellation of the individual orbital and spin magnetic moment contributions of the
actinide atom. The values of tf¥éFe hyperfine magnetic field at the three crystallographic sites
occupied by the Fe atoms change in the same order as the magnetic moments determined by
neutron scattering, although the rafy; /e is not constant.

1. Introduction

There has been considerable interest in studying iron-rich ternary intermetallic compounds
with the tetragonal ThMp type of structure owing to their relatively high Curie temperature,
saturation magnetization and favourable magnetocrystalline anisotropy which could be of
potential use in permanent magnet applications. jfig was the first actinide compound
of this family with a high concentration of a transition metal to be studied (Saiski 1989,
Berlureauet al 1989).

The first results on the magnetic properties of LWS&, obtained from polycrystalline
samples, showed that this compound is ferromagnetic b&ew 650 K (Berlureauet al
1989) with a considerable uniaxial magnetic anisotropy at room temperature. The occurrence
of a first-order magnetization process (FOMP)Hat~ 3 T was first reported by Andreev
et al (1992a), and was shown to exist up to unexpectedly high temperatures of abadut 0
(Andreevet al 1994).
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Recently, large UFgSi, single crystals were grown by the Czochralski method
(Gona@lveset al 1994). Single-crystal magnetization measurements performed along the
main crystallographic directions confirmed the uniaxial character of the magnetic anisotropy
and determined to be the easy axis (Estrett al 1995). The saturation magnetization
(19.5 up/f.u. at 4.2 K) was found to be significantly larger than previously reported
values obtained with aligned powders. Furthermore, the analysis of the FOMP through
the simultaneous measurement of the longitudifi#@ } and transversel(H) components
of the magnetization at different temperatures determined that this transition is due to a
rotation of the total magnetization and allowed the calculation of the anisotropy constants
K;=385MJnT3 Ko, =—-1.6 MJ nT3, K3 = 0.39 MJ nT3. Comparing these values to
those of the rare-earth analogue compounds suggests the existence of an important exchange
interaction between the U and Fe atoms which could also explain the enhanced Curie
temperature of UR@Si, as compared to that of YigSi,. Engelen and Buschow (1990)
have studied the magneto-optical properties of a series of Fe-rich hiyre compounds,
including YFegeSi, and UFgySi,. They have found an enhancement of the Kerr effect in
UFeoSi; that would imply a strong magnetic interaction between the 5f and 3d electrons
in this material and a non-zero U magnetization at room temperature.

Although the magnetization curves of both Yg®i, and YFgySi, show that both
compounds exhibit uniaxial anisotropy, the anisotropy energy of §&teis much larger.

The first anisotropy constant of YESi, is K1 = 1.4 MJ nT2 (Andreevet al 1993), a third

of the value measured for URSi,. This fact and the existence of a field-induced magnetic
transition in UFgySi, when the field is applied along the hard axis suggests the presence of
a sizeable orbital moment at the U site. It is, however, difficult to determine the value of the
magnetization of the U sublattice by comparison of the saturation magnetization of the two
compounds. First, there are no measurements reported on single crystals fg®i¥,Fnd

the values determined from aligned powders may differ substantially from those measured
on single crystals. For YRgSi, the value of the saturation magnetization at 4.5 K measured
on oriented powders is 18,2 /f.u.. Neutron diffraction data on YkgSi, (Lin et al 1991)
determined a total moment of 211z /f.u. but no such measurements have been reported
for UFeeSi; up to now. Assuming that the same average value of the hyperfine field of
12.7 Tip holds for both compounds, the iron contribution to the saturation magnetization
in UFepSiy is 18.1 up/f.u., and a uranium moment of 145 was estimated by Estrela

et al (1995) from their single-crystal magnetization data. A smaller value of@,5.u. had

been estimated by Andreat al (1992a) from their powder measurements. However, the
use of an average hyperfine field based on the assumption of a linear relationship between
the hyperfine field 8,/) and the magnetic momeni.£.) at the Fe sites to determine the
value of the U moment is questionable (see below). Therefore, neutron diffraction data are
needed to determine the value of the individual moments inj§8te From the point of

view of theory, the magnetization density distribution in WS was recently addressed by
Mataret al (1994) who have reported spin-polarized band-structure calculations in the local
spin-density approximation for the Thiincompounds UFgSi,, UC010Si; and YFgeSis.

Their calculations predict an antiparallel spin alignment for U and Fe.

In order to clarify the individual contributions of the actinide and transition metal
sublattices to the magnetic properties of this compound, a combirisgbduer and neutron
diffraction study on thesamesingle crystal as was used for the magnetization study by
Estrelaet al (1995) was performed. Neutron diffraction results are reported in this work
and the estimated iron moments compared with the hyperfine-field values obtained from
low-temperature NAssbauer data (Waerenborghal 1997). The use of the same sample in
both techniques is emphasized, since it has been observed for othegJJ¢tdvimpounds that
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the site distribution of the transition metal and p element may depend on the preparative
conditions and on the subsequent heat treatments, and that small variations in the atomic
arrangement can result in significant differences in the physical propertiesd/Beset al

1998). It is tempting to correlate the magnetic hyperfine field estimated fra@ssbauer
spectroscopy and the local iron moments deduced from neutron diffraction data. Considering
that in some cases a linear relationship betwBgnand ur. is found (e.g. for the binary

Y-Fe compounds; Sinnemarat al (1989), Denissert al (1990)), the magnitudes of the

Fe moments have sometimes been tentatively deduced from the measured hyperfine fields
in the absence of neutron measurements (Andetal 1992b, Estrelat al 1995). In this

work we compare how the tssbauer hyperfine fields measured in LyB@ correlate with

the magnetic moments derived from neutron diffraction for the three sites occupied by the
Fe atoms, so that the uncertainties involved in the above approximation may be appreciated.

Table 1. Results of the least-squares structure refinement of;4He from the unpolarized
neutron diffraction data.

Site  x Yy 2 By (A?)  %Fe
2a 0 0 0 0842 O
8t 1/4 14 14 0742 06102

8i 03557515 0 0  0.93(1)  0.96(2)
8  0.28236(18) 12 0  0.92(2)  0.93(3)

a=b=837295) A, ¢ = 4.72694) A
R = 4.1%, 167 reflections, 18 variables

2. Neutron scattering

2.1. Unpolarized neutron diffraction

In view of the uncertainties as to site occupation and also as to characterizing the extinction
of the UFggSi, single crystal, an unpolarized neutron diffraction experiment at room
temperature was performed at %JoCENG, on the DN4 four-circle diffractometer. This
instrument is equipped with a curved Cu(200) monochromator reflecting neutrons with
wavelength 1.184A. The A/2 contamination of the neutron beam was estimated to be
~0.5%. The crystal examined was grown by the Czochralski method and is from the
same batch as that used for the x-ray diffraction and magnetization measurements reported
by Estrelaet al (1995). The sample is a small cylinder with a height of 3 mm and a
diameter of 2 mm, with the growth direction approximately parallel to ¢rexis. The
intensities were measured by meanseef2) scans up tosingd)/r = 0.70 A~L. The
minimum and maximum scan width were 122&nd 2.0. During the data collection the
intensities of 1161 Bragg reflections were measured. Equivalent reflections were averaged
resulting in a set of 175 independent reflections, with an internal agreement factor between
equivalent reflections, after averaging, Bf:(F?) = 3.6%. The structure refinement was
performed using a locally modified version of the least-squares program SFLSQ included
in the CCSL library (Brown and Matthewman 1987). Atomic positions, isotropic thermal
displacement parameters, an extinction correction and site occupancies were refined. The
extinction model included in the least-squares program is that of Becker and Coppens
(1974). We have found that extinction is small in our crystal, the maximum intensity
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loss due to extinction effects beingy//Imax = 21%. Suitable constraints were applied

to the site occupancies to ensure that the nominal stoichiometry was preserved during the
least-squares cycles. As UR8i, is already magnetically ordered at room temperature, the
intensities of the weak reflections at la@ (=(4x sind)/A) are likely to obtain a significant
magnetic scattering contribution. Therefore, and in order to obtain unbiased values for the
structural parameters, we have decided to reject these weak reflections subject to the criteria
I < 0.1Inaxand(sing)/x < 0.4 A1, The results of the least-squares refinement are shown

in table 1. We have found, in agreement with previous x-ray studies and also with the
Mossbauer data (Waerenborghal 1997), that the 8i sites are almost exclusively occupied

by the transition metal atoms. The 8j and 8f sites are shared by Fe and Si atoms but there
is a clear preference for the Fe atoms to occupy the 8j sites.

2.2. Polarized neutron scattering

The polarized neutron measurements were performed at the LLB, Saclay, on the 5C1
polarized neutron diffractometer. A Heusler alloy single crystal was used to monochromatize
and simultaneously polarize the incoming neutron beam. A wavelength offOv&8s used
and an Er foil was inserted in the incident beam to redut®contamination. The residual
A/2 contamination is estimated to be less than 0.05%. A Meissner—Majorana cryo-flipper
with efficiency close to 100% was used to invert the polarization of the neutron beam. The
sample was cooled to 4.2 K in a field 2 T and was kept at these values of temperature
and field during the data collection. A total of 543 flipping ratios on ¢he0) layer were
measured up to a value ¢ing)/r = 0.725A1

A minimum of three and typically six equivalent reflections were measured not only to
improve the statistics but also to check the extinction correction and to detect a possible
contamination by multiple scattering of weak reflections. Flipping ratios of symmetry-
equivalent reflections were in general found to agree within the estimated errors bars. After
averaging the equivalents, a set of 32 unique reflections was obtained. The magnetic
structure factors were determined from the flipping ratios using the standard Cambridge
procedure (the program SORGAM, CCSL library). Corrections for extinction, incomplete
polarization of the beam and/2 contamination were included. A description of the details
involved can be found in Pa@ et al (1992). The magnetic structure factors were analysed
by least-squares fitting to determine the individual magnetic moments at the 2a, 8i, 8f and
8] sites and also to obtain the maps representing the magnetization density distribution in
the unit cell.

3. Results

The measured magnetic structure factors were fitted to a simple model where the
magnetization density in the unit cell is described as a superposition of spherical
magnetization densities located at the sites occupied by the actinide and transition metal
atoms. The magnetic structure factorBy, (hkl), are the Fourier components of the
magnetization density distribution in the crystal, and can be calculated in this model from

Fu(hkl) =) pjs; (@) it e Wi,
j=1
In this expression the sum extends overih@agnetic sitesy; is the moment of the atoms

at the j-site, s; is the site occupation an; the Debye—Waller factor. The functiofi(Q)

is the magnetic form factor, which is the Fourier transform of the magnetization density
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Table 2. Atomic moments (inug) in UFepSi; derived from the analysis of the polarized
neutron diffraction data. The results obtained using two models (I and Il) are shown. In | the
U atom has a fixed"; = u /i value of 1.64 whereas in Il the orbital moment of the U atom

is included as a refinable parameter.

Site | Il

U(2a),u  0.48(3) 0.26(7)
U(2a),u, 0.79(5) 1.05(8)

Fe (8f) 1.703) 1.67(3)
Fe (8i) 2.25(3) 2.30(3)
Fe (8j) 1.72(4)  1.73(4)
R 6.4 5.4

%2 15.7 10.5

associated with a single atom. The uranium magnetic form factor was calculated in the
dipole approximation (Marshall and Lovesey 1971):

1f(Q) = u((jo) + Caljp))  Ca= %

where theC,-coefficient is the ratio between the orbital,() and total {t) moments of

the actinide atom. For a¥ ion in an intermediate-coupling configuration corresponding

to the spectroscopig-value, C, = 1.64. We used thé jo) and (j,) functions calculated

by Desclaux and Freeman (1978) for thé*Ustate. For the Fe atoms we have used the
Fe form factor measured by Shull and Yamada (1962) for the element metal. The results
of the least-squares fits are shown in table 2. Two fits (I and Il) were performed. In |
the value of theC,-coefficient was fixed to the value 1.64 whereas in Il the ratio of the
orbital and total moments of the U atom was allowed to vary. The results show that the
magnetic moment carried by the actinide atom is small, indeed much smaller than the full
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Figure 1. A magnetization density map of URgSi; showing the projection of the magnetization
density distribution on the—b plane reconstructed by Fourier inversion of the polarized neutron
scattering data. Solid and dashed contours correspond to positive and negative values of
the density, respectively. The zero-density contour is shown as a dotted line. Contour step:
0.25up A2
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moment of the ion in either% (U*) or 2 (U3*) configurations. This ‘suppression’ of
the magnetic moment might arise from hybridization of the extended f electrons with the
conduction band, a case in which one would expect @heoefficient to increase with
respect to the free-ion value. According to Hund'’s rulgs, and ug for the U atom
have opposite signs, but; is larger thanug for both f2 and f3 configurations. A partial
guenching of the orbital moment due to hybridization between the 5f and the conduction
electron states will reduce mainly the -component, bringing the ratio close tel and
increasing theC, = 1/(1+ up/us) value. In support of this view, releasing the coefficient
C, in refinement Il gives a better fit to the data with a largervalue (C, = 4.0) than
refinement | C, = 1.64). Although an extra parameter was introduced in refinement Il, the
decrease of five units ig? when C; is released is statistically significant. Unfortunately,
two low-Q reflections (110 and (220)) that would be very sensitive to the value of the
C,-coefficient could not be used in the refinements because they have small nuclear structure
factors, and hence their magnetic structure factors could not be determined reliably. The
whole moment in the unit cell calculated from the results of fit Il is 1964 which is
in very good agreement with the measured magnetization along-#xés, implying that
a possible contribution from a polarization of the conduction electrons is small. A more
direct insight into the magnetization density distribution in the unit cell can be obtained by
inverse Fourier transforming the magnetic structure factors (table 3) from reciprocal to direct
space. As data could only be measured on(thi®) layer, it is not feasible to reconstruct
a 3D map of the magnetization density distribution. However, there is good resolution for
mapping a projection of the magnetization density perpendicular to the applied magnetic
field, i.e. along thec-axis. The Fourier map showing the projection of the magnetization
density distribution on the tetragonal basal plane of {6g is depicted in figure 1. In
order to reduce series-termination effects, the density shown is an average of the point
density on a cube of.Q A side. The map clearly confirms the results of the least-squares
analysis, showing that most of the magnetic moment is located at the Fe sites, and only a
small magnetic moment is present at the U site.

The site occupation factors deduced from neutron diffraction (table 1) are consistent with
the Mossbauer data obtained for the same sample (Waerenbbajl1997). As discussed
in Waerenborgtet al (1997), two fits of the Mssbauer spectrunt & K may be performed.
The fitting constants may be chosen such that the estimated distribution of the Fe atoms
among the 8i, 8j and 8f sites is found to be in agreement with either the site occupation
factors in table 1 or with those obtained from the refinement of the single-crystal x-ray
diffraction data (Estrel@t al 1995). The neutron data support the assumption made in the
analysis of the spectra obtained bel@w = 650 K that the linewidths of the 8f sextet were
0.9 times the corresponding linewidths of the other sextets (Waerenbbej997).

The By s-values estimated from the ddsbauer spectrum obtained at 5 K, 24.7 T,22.8 T
and 20.6 T for the 8i, 8] and 8f sites, respectively (Waerenb@aghl 1997), decrease
in the same order (8> 8j > 8f) as the corresponding magnetic moments deduced from
the neutron diffraction data (table 2). However, different raiyg/ure are found for the
different crystallographic sites: 12.7 i} (8f), 13.0 Tjup (8)) and 10.7 Tip (8i), from
which an average value of 11.8 4 may be deduced. Ratios of these two quantities,
estimated from experimental data, have often been published. Values ranging from 14.5
to 15.5 T based on neutron diffraction and@¥sbauer data were reported by binary
Y-Fe compounds, ¥e 4B and YFggV, (Sinnemannet al 1989, Denisseret al 1990).
An average moment of 2.1 5/(Fe atom) and an averad®,; of 26.85 T/(Fe atom) were
estimated for YF@Si, from neutron powder diffraction (Liret al 1991) and Mbssbauer
effect studies (Andreeet al 1992b), respectively. A lower average ratio of 12.71j/is
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therefore found for this compound and, as in the case ofi§Hte a significant spread of
values is observed for the individual crystallographic sites: 15.%T8f), 11.5 Tl (8))

and 12.3 T (8i). These ratios however should be treated with caution since the samples
of YFe;oSi, measured by the two techniques were not obtained from the same material
and, furthermore, the crystallographic site distributions of Fe and Si published bst kin
(1991) and Andreeet al (1992b) are significantly different.

Table 3. Observed magnetic scattering amplitudgs; funit cell) derived from the measured
polarized neutron flipping ratios of the Bragg reflections and their calculated values from the
best least-squares fit (model Il, table 2)

h k1 (sind)/x»  Fy(obs Fy(calo
2 0 0 0119 —0.109(4) -0.106
4 0 0 0.239 11.7(2) 11.973
6 0 0 0.358 4.16(5) 3.950
8 0 0 0478 4.17(8) 4578

12 0 0 0.717 0.41(5) 0.456
3 1 0 0.189 0.92(3) 0.774
5 1 0 0304 1.75(2) 1.614
7 1 0 0422 -3.51(3) -3.596
9 1 0 0541 0.58(3) 0.586
4 2 0 0.267 -9.2(2) —-9.297
6 2 0 0378 1.55(2) 1.601
8 2 0 0492 -1.21(2) -1.235

12 2 0 0.726 —0.22(5) -0.224
5 3 0 0.348 4.24(7) 4.251
7 3 0 0455 —-1.36(3) -—-1.314
9 3 0 0567 1.16(3) 1.214
4 4 0 0.338 0.53(4) 0.854
6 4 0 0431 -131(2) -1.240
8 4 0 0534 1.13(3) 1.184

10 4 0 0.643 —-0.68(3) —0.564
5 5 0 0422 3.4(1) 3.316
7 5 0 0514 —-0.55(8) —0.606
9 5 0 0.615 1.00(4) 0.945

11 5 0 0.722 0.46(7) 0.274
6 6 0 0.507 2.40(5) 2.270
8 6 0 0597 0.1(3) 0.233

10 6 0 0.696 0.33(5) 0.272
7 7 0 0591 —1.8(1) -1.629
8 8 0 0.676 0.83(6) 0.655

The main contribution taB;, the Fermi contact term arising from the polarization of
the 1s, 2s and 3s core states by the 3d electrons, is proportional to the 3d magnetic moment
of the central atom+11.3 Tjup according to calculations from Coehooet al 1991).
However, the contribution due to orbital moments and the Fermi contact term of the 4s
valence electrons are also significant (Coehaairal 1991). These contributions are partly
determined by interactions with the nearest-neighbour atoms: (i) changes of the total 4s
electron density depending on the relative importance of s bonding or charge delocalization
and (ii) polarization of the 4s band by the magnetic moments on neighbouring atoms, often
called the ‘transferred hyperfine-field’ contribution. Differences in the isomer shifts arising
from a variation of electron densities at the Fe nuclei at the three crystallographic sites
of UFe;oSi, suggest that at least the 4s-electron contributions to the contact term should
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not be the same. If the differences in these contributions are significant, it would not be
surprising that theB;, s/ ure ratio is not constant even for Fe atoms in the same compound
but at different crystallographic sites, as already reported (e.g. Coeled@in1991) for

other Fe-containing intermetallics.

4. Conclusion

The polarized neutron data show that the actinide atom has a small magnetic moment not
larger than 0.3xp ferromagnetically coupled to the Fe local moments of 1.67(3)(8f),
1.73(4) g (8j) and 2.30(3)up (8i). The value ofB;, estimated from the Kissbauer data

also increases in the order 8&f 8] < 8i but the ratiosB;/ure deduced for each site are
significantly different. Although the valence contribution By, may scale with the core
contribution, giving in some cases a linear relationship betw&grand ure, as was found

for the binary Y—Fe compounds (Sinnemagmal 1989, Denisseret al 1990), our results

show that in general, as far as th&Fe Mossbauer effect is concerned, only qualitative
information aboufure may be expected from the values Bjfy.

Although the best estimate for the U magnetic moment gives a rather small value
(0.26(7) e 5), the occurrence of a type-l FOMP and the analysis of the magnetization curve
along the hard axis (Estrekt al 1995) suggest that there is an important exchange inter-
action between the U and Fe atoms. Our results support the picture in which the low value
of the U moment results from a partial cancellation of the orbital and spin contributions,
which are antiparallel and of similar magnitudel( tz). A similar situation was observed
for UFe, (WuIff et al 1989) for which an almost exact cancellation of the orbital and spin
moments was found from measurements made of the polarized neutron diffraction. It is
interesting to note that the strong hybridization between the f and d electrons significantly
lowers theT-value of UFg (165 K) compared to that of the rare-earth analogue00 K).
Contrasting behaviour is found for UfgSi,, which has a Curie temperature higher than
YFe1 0Si; (T = 540 K) and any of the isostructural rare-earth compounds (the highest value
is Tc = 610 K for GdFgSi,). It is also worth mentioning that we have recently examined,
using neutrons, the isostructural compound Atg (Paib@o et al 1997), a non-collinear
ferrimagnet where the actinide and the transition metal sublattices order simultaneously at
145 K. The ordered moment of the uranium atord & is 0.47(2) 3, comparable with the
value obtained in this work for UrgSi,. However, the ratio of the orbital and spin moments
of the uranium atom measured using polarized neutrons fogAlgés —u; /us = 1.9(1),
indicating a smaller f—d hybridization than those observed forkFig and UFe.
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