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X-ray magnetic circular dichroism study of uranium/iron multilayers
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X-ray magnetic circular dichroism (XMCD) measurements were performed at the U M, 5 edges and Fe K
edge on well-defined uranium/iron multilayers with different compositions. The multilayers have layer thick-
nesses in the range 9—40 A for uranium and 9—34 A for iron. At both 10 K and room temperature, the U
layers are magnetically polarized in all of the multilayers studied. To deduce the magnetic moment on the
uranium from the XMCD results requires assumptions about the magnetic dipole operator (T) in the analysis,
and this is discussed in detail. Given the most likely scenario of strong hybridization between the U 5f and
Fe 3d states, the largest value of the induced U moment is ~0.12up, which is located primarily at the interface

and oscillates within the uranium layer.
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I. INTRODUCTION

Magnetic multilayers consisting of ferromagnetic and
nonmagnetic elements exhibit many properties of interest for
both basic and applied research.! These properties are mainly
related to the large number of interfaces, which lead to modi-
fications in the properties as compared to those of the bulk
materials. The magnetic polarization of the nonmagnetic el-
ement is one of the most interesting of these modifications.
Such a polarization has been probed in the past for bulk
materials only.2 However, during the last decade, the devel-
opment of techniques with element specificity and mono-
layer sensitivity, such as x-ray magnetic circular dichroism
(XMCD),? permits a more systematic study of induced fer-
romagnetism in thin multilayer structures. To date, most ef-
forts have been focused on the induced magnetic moments of
the 3d, 4d, and 5d transition-metal series,* whereas the in-
duced magnetism of 5f elements in magnetic multilayers is
still largely unexplored. Indeed, the combination of a soft
magnetic element like iron and an element that possesses a
large spin-orbit coupling, such as uranium, may give rise to
interesting and unusual magnetic properties. Moreover, the
magnetism of uranium in bulk compounds exhibits a rich
variety of properties, ranging from Pauli paramagnetism,
through localized and itinerant magnetism, to heavy-fermion
behavior and superconductivity.?

The element uranium is nonmagnetic, but many uranium
compounds show strong magnetic behavior. The interactions
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governing these properties are the Coulomb and exchange
interactions, the crystal field, the spin-orbit coupling, and
hybridization. These, along with the large orbital moment of
the 5f electrons, which is larger in magnitude than the spin
moment, give rise to strong anisotropies of potential interest
for technological applications. Uranium-based multilayers
could, at least in theory, be an alternative to existing
transition-metal-based multilayers. However, very few stud-
ies have been reported on uranium-based multilayers. A
ground-breaking study of UAs/Co multilayers® showed that
the uranium atom could carry a finite magnetic moment in-
duced through exchange coupling with the Co layers. This
was quantified later, using XMCD, and a linear relation be-
tween the polar Kerr rotation and the U 5f magnetic moment
was found, demonstrating that the (small) U 5f moment is
responsible for the large magneto-optical effects.’

The experiments on the UAs/Co multilayers®’ started
with an amorphous ferromagnetic material as one compo-
nent. Such ferromagnetism is recognized as being produced
in actinide materials by well separating the actinide ions, so
that they exceed the critical Hill interatomic distance of
~3.2 A for uranium.> The situation when using elemental
uranium, as in the present studies, is different, since the U-U
spacing is then less than the Hill limit, so magnetic behavior
can be induced only by a modification of the structure at the
interface or by hybridization with the Fe 3d electrons. To
observe any effect on the U sites, which will certainly be
small, requires an element-specific technique. A preliminary
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TABLE I. Structural parameters obtained by fitting the neutron
reflectivity (Ref. 9) and magnetic moments per Fe atom measured
by SQUID magnetometry (Refs. 10 and 11) of the U/Fe multilay-
ers. U and Fe layer thicknesses, ti; and fg,, respectively, and the
bilayer repeats n are indicated in the three first columns whereas the
last column shows the magnetic moments per Fe atom in units of

MB-

SQUID
ty IFe Bilayer magnetic moment/Fe
Sample  (#2) (A) (x2) (A) repeats atom (ug)
SN71 9 34 30 1.39 + 0.09
S3.6 18 34 100 1.79 = 0.05
SN72 23 17 10 0.18 = 0.05
S2.9 26 29 30 1.17 = 0.05
SN75 32 30 30 1.23 + 0.08
S3.4 40 9 100 0.24 = 0.17

report using x-ray resonant reflectivity® gave a signal associ-
ated with the U atoms, as evidenced by a signal at the U M,
edge, on one multilayer sample. However, no conclusions
could be drawn as to the magnitude of the effect or details of
the profile within the uranium layer. The present paper fol-
lows up that preliminary report with a systematic study of a
number of samples using XMCD. This has allowed both the
magnitudes and profile of the induced moments across the
uranium layers to be deduced.

II. EXPERIMENT

Two series of U/Fe multilayer samples were used in this
study. The first samples (series “S”) were grown in a dedi-
cated two-gun dc sputtering facility, which could be baked to
give a base vacuum of 2 X 1079 mbar. The sputtering system
had an ambient-temperature rotating mount for two sub-
strates. Deposition from high-purity targets (>99.9%) was
made at calibrated rates of approximately 3 A/s onto glass
substrates in an Ar pressure of 5 X 107> mbar. Details of the
preparation and the structural and magnetic characterization
of these multilayers can be found in the two articles by Bees-
ley et al.®'0

The second series of U/Fe multilayers, listed as “SN,”
was produced also by UHV sputtering but using a newly
developed growth facility configured with three individually
shuttered dc sources. These multilayers were deposited onto
single-crystal sapphire substrates at =1 A/s in an Ar pres-
sure of 5% 1073 mbar. Niobium was employed for both
buffer and capping. Table I lists the individual layer thick-
nesses obtained from the x-ray reflectivity data, using stan-
dard programs.®'? The number of bilayer repeats and the
magnetic moment per Fe atom were deduced using super-
conducting quantum interference device (SQUID) magne-
tometry and polarized neutron reflectivity.!%!!

The XMCD measurements reported here were carried out
on the beamline ID12, which is dedicated to polarization-
dependent spectroscopies, at the European Synchrotron Ra-
diation Facility (ESRF) in Grenoble, France. A detailed de-
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scription of the beamline can be found in Ref. 13. The x-ray
absorption near-edge spectrum (XANES) at both the U M,
and M5 edges and the Fe K edge were recorded in a back-
scattering geometry with a grazing incidence angle of about
15°. The x-ray source for the U M edges is a hybrid
electromagnet—permanent magnet helical undulator, which
allows XMCD spectra to be obtained by flipping the helicity
of the circularly polarized x-ray beam at each energy. More-
over, to ensure that the measured XMCD spectra are free of
any experimental artifact, the data were collected for both
directions of the external applied magnetic field (parallel and
antiparallel to the incoming x-ray beam). The applied mag-
netic field, up to 1 T, was produced by a superconducting
cryomagnet. The measurements were performed at 10 K and
at room temperature for all samples. At the energies of the U
Ms (3.55 keV) and M, edges (3.73 keV), the Bragg angle of
the double Si(111) crystal monochromator is above the
Brewster angle; therefore the degree of circular polarization
of the monochromatic beam is reduced to 35% and 45%,
respectively. The x-ray source for the Fe K edge (7.11 keV)
was an Apple-II-type helical undulator. At this energy, the
degree of circular polarization of the monochromatic beam is
about 90%.

The XMCD spectra were obtained as the difference be-
tween consecutive XANES scans recorded with opposite he-
licities of the incoming circularly polarized x-ray beam. Ab-
sorption spectra for U and Fe were measured in the
fluorescence yield mode, using Si photodiodes. This mode is
the easiest method to use in the presence of a magnetic field;
nevertheless, self-absorption corrections to the measured
fluorescence spectrum in the case of U M edges are required
to obtain the absorption coefficient. The experimental proce-
dure to obtain the absorption coefficient was the following.
First, the U M, and M5 edge jumps were normalized to unity.
Second, the corresponding XMCD spectra were corrected for
the incomplete energy-dependent degree of circular polariza-
tion. Third, the corresponding absorption spectra for 100%
right and left circularly polarized x-ray beams were corrected
for self-absorption, taking into account the structure of the
multilayer (individual thicknesses of the U and Fe layers,
their respective bulk densities, the number of repetitions, the
buffer and substrate, and capping layers), the angle of inci-
dence of the x-ray beam, and finally the solid angle of the
detector.!* The self-absorption corrections can be used with
confidence as a measure of the absorption coefficient at the
M, 5 edges of U, since the spin-orbit coupling at these edges
is large. To ensure the accuracy of the self-absorption correc-
tions, the absorption spectra taken at grazing (~15°) and at
normal incidence were compared; after correction, nearly
identical absorption spectra for each M, and M5 edge were
obtained. Finally, the edge-jump intensity ratio Ms: M, was
normalized to 1:2/3 according to the statistical edge jump
ratio (defined as the ratio between the occupation numbers
for the two spin-orbit-split core levels j=3/2 and 5/2). The
experimental edge jump ratios for all samples were found to
be within less than 10% of the statistical one. Regarding the
Fe K edge, the spectra were also corrected for self-absorption
after normalization of the edge jump to unity. The fluores-
cence corrections at the Fe K edge were made using the same
experimental configuration and multilayer structure as for the
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FIG. 1. (Color online) Normalized M s edges of U XANES (a) and XMCD (b) spectra before (dashed black line) and after (solid red
line) self-absorption corrections (SAC) for a multilayer containing a small total U thickness (270 A) as in [Ug/Fes4ls (left panel) and for
a multilayer containing a large total U thickness (4000 A) as in [U,o/Feq],qo (right panel) measured at 10 K and 0.5 T, for grazing incidence.

U M edges. Figure 1 illustrates the self-absorption correc-
tions at the U M edges for U/Fe multilayers with thin and
thick U layers. The effect of the corrections is to enhance the
intensity of the white lines with a different factor for the two
edges. It is clear from this example that corrections to the
intensity of the XMCD signal are much greater for samples
with thick uranium layers. However, we have to emphasize
that, since the XMCD area at the M5 edge is less than 10% of
that at the M, edge, the measured expectation values will
only weakly depend (of the order of a few percent) on these
normalizations and corrections.

III. RESULTS AND DISCUSSION

This section is divided into two parts. The first part will
deal with the XANES and XMCD measured at the K edge of
Fe, whereas the second part deals with the U 5f induced
magnetic polarization and its dependence on the Fe layer
thickness.

A. Fe K edge XANES and XMCD

1. Fe K edge XANES

In Fig. 2(a) we present the normalized and averaged Fe K
edge XANES for left and right circularly polarized x rays
measured by fluorescence yield for several representative

U/Fe multilayers for different Fe and U thickness. At first
sight, all the Fe K edge spectra seem to be similar in shape,
independent of the Fe and U thickness. However, on closer
inspection, the XANES spectra fall into two groups, corre-
sponding to U/Fe multilayers with thick and thin Fe layers,
with small, but significant, differences in their spectral shape.
For thick Fe layers (30 A and above), the XANES spectrum
corresponds to that of textured a-Fe (bcc) with a character-
istic small shoulder located at 7.123 keV [marked as feature
2 in Fig. 2(b)]. For thin Fe layers (17 A and less), small
differences are observed in the spectral shape of the XANES
spectrum compared to bce Fe. First, the intensity of the pre-
edge feature is slightly stronger (feature 1), and, second, the
typical post-edge shoulder (feature 2) present in bee Fe is
attenuated. Moreover, the maximum at the edge (feature 3) is
located about 2 eV lower than that for a thick Fe layer. Fi-
nally, the maximum of the first extended x-ray-absorption
fine structure wiggle (feature 4) is at higher energy for the
thinner Fe layers. These differences are even more pro-
nounced for the sample with the thinnest Fe layers (9 A). In
the last case, small changes in the charge density of states
due to lattice distortions could also be present. Indeed, pre-
vious structural characterization by high-angle x-ray diffrac-
tion has shown that the iron lattice parameter is larger than
the bulk value for smaller Fe thicknesses.® However, the
XANES signal for samples with thin Fe layers strongly re-
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FIG. 2. (Color online) Normalized XANES (a) and XMCD (c)
spectra measured at the K edge of Fe in U/Fe multilayers at 10 K
and 0.5 T, for grazing incidence. A series of multilayers with de-
creasing Fe thickness independent of the U thickness has been se-
lected for illustration. For comparison, normalized XANES (b)
spectra measured at the K edge of Fe for an a-Fe bec thin foil and
a typical amorphous Fe sample are presented.

sembles that of amorphous iron, the characteristics of which
are nearly identical to that presented here;'> namely, the ab-
sence of the shoulder (feature 2) and a lower energy for the
edge maximum (feature 3) [see Fig. 2(b)]. Similar conclu-
sions concerning the presence of amorphous iron were
reached on the basis of the Mdssbauer spectroscopy mea-
surements on the same U/Fe multilayers.”!° The amorphous
Fe contribution appears to be present in all U/Fe multilayers,
independent of the U thickness. We conclude that, in the
XANES measurements, the amorphous Fe contribution is
more observable for thinner Fe thicknesses since the contri-
bution of crystalline bce Fe is relatively less. Moreover, this
implies that the amorphous (or poor crystallinity) Fe is
mainly located at the interfaces (U on Fe, or Fe on U) since
it is more pronounced for small thicknesses. The precise lo-
cation cannot be determined from these observations.

2. Fe K edge XMCD

We now turn to the corresponding XMCD spectra, which
are shown in Fig. 2(c). All the XMCD spectra have been
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taken with the samples magnetically saturated in plane under
0.5 T magnetic field at 10 K. The XMCD spectra are identi-
cal in shape and correspond well to the spectrum of bulk bec
Fe, independent of the U or Fe layer thickness. Only the
amplitude changes as a function of the Fe layer thickness.
The maximum XMCD signal decreases with the Fe thickness
from 0.4% down to nearly zero for the thinnest Fe layers. Let
us now recall the origin of the dichroism effect at the K edge.
It was first pointed out by Gotsis and Strange'® and Brooks
and Johansson!” that the K edge XMCD spectrum reflects the
orbital polarization of the p states in the differential form
d{L,)/dE (where (L) is the ground state expectation value
of the z component of the 4p orbital magnetic moment). In
its integral form, the XMCD at the K edge is then a measure
of the orbital magnetism, averaged over the layers, of the 4p
shell of Fe (considering only dipolar transitions). This leads
to a rather simple and straightforward interpretation of the Fe
XMCD spectrum at the K edge.'®!® Due to the small ex-
change splitting of the initial 1s core states, only the ex-
change and spin-orbit splitting of the final 4p states are re-
sponsible for the observed dichroism at the Fe K edge. For
this reason the dichroism is found to be small. The orbital
polarization in the p symmetric states may be induced by
spin polarization through the spin-orbit interaction, and also
by the orbital polarization at neighboring sites through hy-
bridization. However, these contributions lead to different
“signatures” in the XMCD spectral shape,?’ if one neglects
allowed quadrupolar transitions. Since the XMCD spectral
shapes do not change with thickness, whereas the thinnest Fe
layers have a significant fraction of amorphous iron, we con-
clude that the amorphous Fe is nonmagnetic, as suggested by
earlier Mossbauer measurements.”!? Indeed, the K edge
XMCD of ferromagnetic amorphous Fe has a completely
different shape, consisting mainly of a negative lobe.?!

3. Possibility of formation of a U-Fe intermetallic alloy

We have also considered the possibility of the formation
of U-Fe intermetallic alloys or compounds; the only such
compound known to be ferromagnetic is UFe,. Below the
Curie temperature (T) of 160 K, UFe, is a ferromagnet with
a magnetic moment of 1.16ug per formula unit. Moreover, it
has a low magnetic anisotropy similar to that of pure Fe,?>?
and the net magnetization of UFe, is entirely attributable to
the Fe atoms.?* In Fig. 3, we present XANES and XMCD
spectra recorded at the Fe K edge for a UFe, single crystal
and for a U,s/Fe,g multilayer. We note that the intensity of
the pre-edge feature (at 7.115 keV) is the same in UFe, as
that of the U/Fe multilayer with thick Fe layers. Despite that,
clear differences in the spectral shape are observed in the
XANES. The pre-edge structure is completely different since
it shows a clear dip on the high-energy side (~7.117 keV) in
the case of UFe,, which is not observed for any U/Fe
multilayer. Finally, the maximum at the edge in UFe, is lo-
cated about 3.5 eV lower than that of any multilayer. Thus,
from the XANES spectra of the multilayers, there is no in-
dication of an appreciable amount of UFe, secondary phases
at the interfaces of the U/Fe multilayers studied.

The absence of any appreciable quantity of UFe, is con-
firmed by the XMCD signal, also shown in Fig. 3. In the case
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FIG. 3. (Color online) Comparison of XANES (left scale) and
XMCD (right scale) spectra measured at the K edge of Fe for
[U,6/Feqglso (solid black line) and UFe, single crystal (broken red
line) at 10 K and 1 T.

of UFe,, the XMCD signal located at the pre-edge
(~7.113 keV) consists of one strong positive peak and a
small negative peak on the high-energy side. For the U/Fe
multilayers, this negative peak is absent and only one strong
positive XMCD peak is observed. Similarly, such negative
peaks as found in UFe, are absent in other Fe-based mag-
netic multilayers, e.g., Gd/Fe multilayers.?

In summary, from the above considerations of the
XANES and XMCD spectra, we conclude that there is no
significant presence of UFe, in the multilayers.

4. Dependence of the XMCD signal intensity on the Fe layer
thickness

We shall now consider the maximum of the XMCD signal
intensity as a function of the Fe layer thickness in the U/Fe
multilayers (Fig. 4). We observe that the signal increases
rapidly as a function of the Fe thickness but does not seem to
saturate. Indeed, pure bulk bee Fe has a maximum dichroism
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FIG. 4. (Color online) Maximum XMCD signal intensity mea-
sured at the K pre-edge of Fe versus the thickness of Fe layers in the
U/Fe multilayers. The straight line is a linear fit.
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FIG. 5. (Color online) Normalized XANES (a) and XMCD (b)
spectra measured at the M, s edges of U in U/Fe multilayers at
10 K and 0.5 T for grazing incidence. A series of multilayers with
nearly constant Fe thickness (~32 A) and increasing U thickness
was selected for illustration.

intensity of order of 0.005 compared to the edge jump. The
change of signal as a function of Fe thickness shown in Fig.
4 follows the average magnetic moment per Fe atom ob-
tained from polarized neutron reflectometry and SQUID
magnetometry (see Fig. 5 in Ref. 10) on the same U/Fe
multilayer samples. The magnetic moment of Fe is observed
to saturate for a Fe thickness above 60 A. Moreover, the Fe
XMCD intensity appears to depend only on the Fe layer
thickness independent of the U layer thickness. In Fig. 4, we
present results for two different sets of U/Fe multilayers,
prepared separately under different growth conditions. They
show the same behavior, thus confirming the proportionality
suggested.

B. U M, 5 edge XANES and XMCD
1. U M5 edge XANES

We now present results on the U 5f magnetism of these
U/Fe multilayers. In Fig. 5(a), we show the normalized and
averaged U M, and M5 edge XANES for left and right cir-
cularly polarized x rays, measured by fluorescence yield, af-
ter self-absorption corrections, for several representative
U/Fe multilayers with different U thicknesses while keeping
the Fe thickness nearly constant. Contrary to the situation at
the Fe K edge, all the XANES spectra at both the M4 and M5
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edges are similar in amplitude and in their spectral shape,
independent of the Fe and U thickness [Figs. 1(a) and 5(a)].
We recall that the M, (Ms) edge corresponds to 3ds,
(3ds,,) — 5f transitions. Because of the electric dipole selec-
tions rules, the M, absorption signal is proportional to the
number of 5f5,, holes, whereas the M5 absorption signal de-
pends mainly on the number of 5f5, holes and to a lesser
extent on the number of 5fs5,, holes.?*2° Since only small
differences are observed, the valence state of the U atoms
evidently seems not to change appreciably as a function of U
or Fe thickness. To investigate in more detail the nature of
the 5f electronic states, the spin-orbit sum rule’ is a useful
tool. This sum rule is well adapted to probe the 5f spin-orbit
interaction in the actinides. Furthermore, a connection be-
tween the spin-orbit expectation value and the degree of 5f
localization via the branching ratio has been established. By
measuring the branching ratio and comparing it with the
theoretically derived angular-momentum coupling of the 5f
states gives the possibility to define the range of 5f occupa-
tion number in cases where the f count is not precisely
known.?0=32 For the d— f transitions, the spin-orbit sum rule
gives the relation

< 110> 5 3
v -a==3(e-3) ®

where (w!!%) is the expectation value of the angular part of
the 5f spin-orbit operator, nflf is the number of 5f holes, B is
the branching ratio, and A is a small correction term to this
sum rule. The correction term A in case of the N, 5 edges of
U is approximately 5% regarding the spin-orbit expectation
value per hole (w''%)/n>/30 In the case of the M, 5 edges of
U, A is expected to be smaller since it is proportional to the
ratio between the core-valence exchange interaction and the
energy splitting between the white lines, and this quantity is
larger for the M, 5 edges compared to the N, 5 edges. There-
fore we neglect this correction term A. The branching ratio B
for the 3d — 5f transition of U is experimentally determined
as

B=Aspl(Aspp + Asp), (2

where As;, and Asj, are the integrated areas under the white
lines of the 3ds;, (M5 edge) and 3ds, (M, edge) peaks, re-
spectively, after subtraction of the continuum, modeled by an
arctan function. In Table II are listed the experimental
branching ratios for all the U/Fe multilayers. For compari-
son, we have also shown the value B of a-U metal taken
from Ref. 30. Since the analysis (normalization and self-
absorption corrections) procedure to obtain the branching ra-
tio is the same for all samples studied, the relative experi-
mental error bar should be in the order of a few percent. The
absolute error bar would be larger if one compares B values
obtained using different spectroscopic tools.>® The values of
B can then be converted to (w'!%)/n;’. The spin-orbit expec-

tation value can be expressed in the number of holes 7;* and

nfl/ 2 in the 5 f7/ 2and 5 f5/ 2 levels, respectively,
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4
(w10 = n;/z _ 5”2/2 3)
with the relation
nd = nd 4l =n¥ - 14, (4)

where nif is the occupation of the 5f band. When we exam-
ine the B values for the different U/Fe multilayers, we ob-
serve that they oscillate as a function of the U thickness. This
oscillation is more accentuated when it is converted into the
spin-orbit expectation value per hole (w''%)/n}’. For the
smallest U thickness (Uq/Fey,), the spin-orbit expectation
value per hole is —0.142, whereas it becomes larger in an
oscillatory way down to —0.215 for the thickest U layer
(Ugy/Feg), which could be considered from the electronic
perspective as close to bulk a-U. Indeed, the spin-orbit ex-
pectation value per hole is nearly identical to that of a-U
metal.*® As previously discussed*’~? in connection with Fig.
2 of Ref. 30, all the values for the U/Fe multilayers fall near
the LS coupling curve. We emphasize that this study, which
is based on the M edges of U, arrives at a similar conclusion
as Ref. 31, which considers the N edges of U. The result is to
suggest that the 5f electron count is between 2 and 3, as
expected, with the higher electron count corresponding to the
situation for thicker U layers. Using the spin-orbit sum rule,
we found that the number of 5f electrons oscillates between
n2f =2 for the thinnest U layer (Uy/Fes,) and n/ =3 for the
thickest U layer (Uy/Fey).

2. U My 5 edge XMCD

In Fig. 5(b), we show the XMCD recorded at the U M, 5
edges at 10 K and with a 0.5 T applied magnetic field. The
existence of the XMCD signal implies that the uranium at-
oms (averaged over each layer) carry an induced magnetic
moment. The XMCD spectra are similar in shape, with only
their amplitudes depending on the thickness of U and Fe. We
observe that the U M, XMCD signal consists of a nearly
symmetric negative peak that has no distinct structure. Such
a peak is characteristic of the U M, edge of uranium
compounds.’®?” The XMCD signal at the U M5 edge has a
slightly asymmetric (S) shape with both negative and posi-
tive peaks. The M, dichroism signal is more than four times
larger than that at the M5 edge. More details regarding the
origin of the XMCD shape at the U M5 and M, edges can be
found in Refs. 26-29. At this point, as discussed in Ref. 26,
it is important to recall that these XMCD shapes, especially
at the M5 edge, agree well with calculated ones for both the
n2f=2 and 3 electronic configurations when the interaction of
the uranium 5f electrons with their environment is taken into
account. Further, it is important to note that the shape of the
U M5 XMCD signal observed here is different from that
found for U in UAs/Co multilayers’ or in polycrystalline
UFe,.?* Indeed, the XMCD signal at the U M5 edge of UFe,
presents a strongly asymmetric S shape, which consists of a
strong negative peak and a weak positive peak. Since the
shape is completely different from that of our XMCD signal,
one can reasonably conclude that no secondary phase of
UFe, is formed at the U/Fe interfaces in the multilayer, in-
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TABLE II. Branching ratio (B), spin-orbit expectation value per hole [Eq. (1)], and induced U 5f orbital, spin, and total magnetic
moment contribution in units of up for a series of U/Fe multilayers deduced from XMCD measurements performed at 10 K and 1 T using
the sum rules assuming different 5f contributions. The experimental ratio of orbital to spin magnetic moment should be compared to the
theoretical values —2.54 and —3.36 for the > and f> configurations, respectively. The induced U 5f magnetic moments are tabulated for two
cases; including the (T,) term, and assuming (7,)=0. Experimental error bars in the values of the spin and orbital moments are negligible
compared to the application and validity of the sum rules, which are commonly estimated to be of order 15%, but these affect only the
absolute values, not the ratios. The final column has error bars of ~10%. XAS indicates X-ray absorption spectroscopy and EELS electron

energy-loss spectroscopy.

(w0 -A p(UY) ws(U) w (UY) _ _
Sample B —— (T, Configuration  +0.01 (ug)  #0.01 (up)  20.02 (ug)  w (UY)/ ug(UY)
1y
SN71 0.657 -0.142 =0 57 0.17 -0.295 -0.125 -0.58
[Ug/Fesylso 572 0.185 -0.32 -0.135 -0.58
#0 57 0.17 -0.10 0.07 -1.66
572 0.185 -0.07 0.11 -2.60
S3.6 0.683 -0.207 =0 57 0.135 -0.25 -0.115 -0.54
[Uis/Fesalioo 572 0.145 -0.275 -0.13 -0.54
#0 57 0.135 -0.09 0.045 -1.53
572 0.145 -0.06 0.085 —2.41
$2.9 0.675 -0.187 =0 57 0.09 -0.15 -0.06 -0.595
[Uss/Fexolso 5f2 0.095 -0.165 -0.07 -0.595
#0 57 0.09 -0.05 0.035 -1.71
572 0.095 -0.035 0.06 -2.69
SN75 0.656 -0.140 =0 57 0.05 -0.090 -0.040 -0.54
[Usy/Fesolz0 572 0.054 -0.10 -0.046 -0.54
#0 5f° 0.05 -0.032 0.018 -1.54
572 0.054 -0.023 0.029 241
S3.4 0.686 -0.215 =0 57 0.07 -0.095 -0.025 -0.73
[Uso/Feglio0 572 0.08 -0.105 -0.025 -0.73
#0 57 0.07 -0.035 0.035 -2.09
572 0.08 -0.025 0.055 -3.21
a-U? 0.676 (XAS) -0.190 57
0.686 (EELS)  —0.215 57

aTaken from Ref. 30.

dependently of the U and Fe thickness. This confirms the
conclusion reached independently from the Fe K edge
XMCD.

3. Dependence of the XMCD signal on the U layer thickness
and temperature

In Fig. 5(b) we show the XMCD signal for different U
thicknesses, while keeping the Fe thickness constant
(~32 A). As we have noted above, for Fe thicknesses be-
tween 29 and 34 A, the intensity of the XMCD signal at the
Fe K edge is the same, implying that the Fe layers carry a
similar average magnetic moment. This is important in order
to compare the induced polarization of the U atoms. We note
first that the XMCD spectra at both the M5 and M4 edges are

similar in shape; their amplitudes decrease when the U thick-
ness increases. From this observation we can directly con-
clude that the induced magnetization profile of the U 5f
magnetic moments is not constant within the U layers. The
decrease of the XMCD signal with increasing U layer thick-
ness suggests that only those U atoms located near the inter-
face are extensively polarized and the layers further away
from the interface have the opposite polarization.
Consideration of the XMCD at 10 and 300 K (Fig. 6) for
the two U/Fe multilayers, (a) U,g/Fes, and (b) U,4/Fey,
confirms that the XMCD signal at the U M, 5 edges is due to
Fe(3d)-U(6d)-U(5f) hybridization. At 300 K, the XMCD
signal at both M5 and M, edges is reduced by approximately
13% and 27%, respectively, for the two multilayers. For the
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FIG. 6. (Color online) XMCD spectra at the M5 (3.55 keV) and
M, (3.72 keV) edges of U in two different U/Fe multilayers (a)
[U,s/Feszqli00 and (b) [Use/Feqglzy measured at 10 K (solid blue
line) and 300 K (broken red line) under 0.5 T. Compared to low
temperature, a reduction of the XMCD signal at both M, 5 edges of
~13% and ~27% is observed at room temperature for the two (a)
and (b) multilayers, respectively.

U,o/Fey multilayer, the XMCD signal is reduced by 60%. If
this signal arose from a UFe, alloy located at the interface,
we would not expect any XMCD signal at 300 K, since the
T for UFe, is ~160 K. A rough estimate from the tempera-
ture dependence of the XMCD signal suggests the T~ for
multilayers with thin Fe layers (9 A) is ~400 K, which is
much lower than the 7 of bulk Fe, due to finite-size, low-
dimensionality, and hybridization effects.>* For the thick Fe
layers (~32 A), since T¢ is closer to the bulk value of Fe, a
smaller reduction of the XMCD signal is observed.

4. Element-specific hysteresis curves

To ensure complete magnetic saturation, element-specific
hysteresis curves were performed at the maximum of the U
M, edge XMCD signal at 5 K for U,g/Fes, and at 300 K for
U,¢/Fe,yo multilayers (Fig. 7). If the magnetic moments are
purely induced, as for example in Ni/Pt multilayers,3 the
hysteresis behavior of the uranium should follow the magne-
tization behavior of the Fe layers. For the two U/Fe multi-
layers considered, nearly square loops were observed with
similar coercive fields of about 0.013 T for the sample with
thinner U layers (18 A) and thicker U layers (26 A) for simi-
lar Fe thickness. The small coercive field and saturation field
are in good accord with the ones observed in ferromagnetic
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FIG. 7. (Color online) Typical hysteresis curves measured at the
maximum XMCD signal at the U M, edge at 10 K with the field
parallel to the plane of the multilayer. As an illustration, two differ-
ent U/Fe multilayers (a) [U;g/Fess]io0 and (b) [Uye/Feygls, are
presented. The hysteresis curves are nearly independent of the U
thickness.

thin films. These results confirm that the moment on the U
atoms is an induced effect.

5. Orbital and spin magnetic moments

One of the great advantages of the XMCD technique is
that it allows information to be obtained about the orbital and
spin magnetic moments of a given electronic shell of an
atom using magneto-optical sum rules.’®*’ Since these sum
rules involve only the integrated intensity of the absorption
and dichroic spectra, the results are independent of the shape
of the XMCD spectra. The sum rules for the XMCD spectra
at the uranium M, 5 edges, considering only 3d — 5f transi-
tions (we neglect 3d — 6p dipolar transitions), can be written
as

3n) f A(E)dE
Ms+M,y

<Lz> = ’ (5)

f [4H(E) + w (E) + u**(E)JdE
M5+M4
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2| Aum(E)E-3 Au(E)dE
3n) f M f M
(Sfhy="rm : . (0
f [wH(E) + w(E) + u*°(E)ldE
Ms+My

where ™ are the absorption coefficients at the M, 5 edges for
right and left circularly polarized x rays. The corresponding
dichroism is Au=u*—u~, and u™* is the isotropic absorp-
tion coefficient for unpolarized x rays, where
W= (u*+u")/2. The number of 5f holes is n;’, which is
equal to (14-nr>), where n is the number of 5f electrons
and E is the photon energy 7.

The XMCD recorded at the U M5 4 edges allows the de-
termination of the ground state expectation values of the z
component of the 5f orbital magnetic moment (L,) and the
5f effective spin magnetic moment (S$/) where

(SY) =(S,) +3(T). (7)

Here (T) is the expectation value of the z projection of the
magnetic dipole operator of the 5f shell. The orbital and spin
contributions to the magnetic moments deduced from the
sum rules’**7 are summarized in Table II, taking the n;/ and
(T, values corresponding to each of the two uranium va-
lence states 5f2 (U*:(T,)=1.16(S,)) and 5f° (U*:(T,)
=0.62(S,)).>® We have also considered the case where (T,)
=0. For the case of a polycrystalline sample, e.g. U in U/Fe
multilayers where the uranium possesses a strong spin-orbit
coupling,® the (T,) contribution may be smaller than that
derived on the basis of a purely atomic picture,3® within the
sum-rule approximations.>’For US, which is known to be
highly anisotropic, the (T,) contribution is important*’ and
its magnitude, found by comparing the results of XMCD and
polarized neutron diffraction, is in fair agreement with sum
rule considerations®® and theoretical (Hartree-Fock) values.*!
The fact that the (T, contribution is small may be justified
by the shape of the XMCD signal. Yaouanc et al.*® have
calculated within the intermediate coupling scheme the shape
of the XMCD signal at the M5, edges of U for different
electronic configurations taking into account crystal-field in-
teractions. Despite an oversimplified model used to compute
the dichroism shape, the best agreement, especially for the
XMCD signal at the M5 edge, is found when this interaction
is considered, as was also found for UPd,Al;. As a conse-
quence, because of the strong interaction of the uranium 5f
electrons with their environment, the ratio R;y=(T,)/{S,) for
nf=2 and n’=3 is around 0.4 and nearly zero,
respectively.?®

Moreover, in the case of UFe,, a nearly total cancellation
of the spin and orbital magnetic moments leads to a vanish-
ing total U 5f magnetic moment. A good agreement with
polarized neutron diffraction and theoretical predictions is
obtained if (T, is assumed to be equal to zero.”* Indeed, the
delocalization of the electrons, which takes place in itinerant
ferromagnets, can strongly reduce (T,) with respect to its
atomic value. Using ab initio calculations to determine the U
magnetic moments in a UAs/Co multilayer,** the magnitude
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of the magnetic-dipole term (7,) was found to be small. The
(T contribution is important because it affects directly the
sign of the total U 5f magnetic moment with respect to that
of the iron. Indeed, taking into account the atomiclike, non-
zero (T,) contribution results in a U 5f induced orbital mag-
netic moment larger than the spin moment. The total induced
(U 5f) moment is then coupled parallel to the Fe magnetic
moment (which points along the external magnetic field). As
shown in Table II, this result is independent of the U or Fe
thickness.

In contrast, if the (T,) contribution is equal to zero or
negligible, the situation is very different; the spin magnetic
moment (U 5f) is larger than the orbital moment and the
total induced moment is then antiparallel to that of the iron.
The (T,) term affects only the determination of the spin mag-
netic moment. The sign and magnitude of the orbital mag-
netic moment, however, are independent of this term. From
these considerations, it is clear that a knowledge of the (T,)
term is important for U atoms carrying an induced magnetic
moment. From the experimental XMCD spectrum it is not
possible to discriminate between these two cases. However,
the electronic and magnetic properties of U films and U/Fe
multilayers, within the framework of the density functional
theory, have recently been reported.*> These calculations
considered idealized multilayers, consisting of a monolayer
of U, oriented [001], and three monolayers of Fe, oriented
[110], and show that the U layer is magnetic with the direc-
tion of the U moments opposite to that of the Fe moments.
Our results agree with these calculations if we assume that
the dipole magnetic term (T, is negligible.

Finally, we are not able to determine the uranium elec-
tronic configuration precisely. For simplicity, we will assume
that the valence state is 5> for U in all U/Fe multilayers
and consider that (T,)=0 in the following discussion. Al-
though the number of 5/ holes is not exactly known but
oscillates between n;/=12 and 11 as a function of the U
thickness, the differences in applying the sum rule, which
depends linearly on the number of 5f holes, will be only a
5% deviation if one assumes a 5/ electronic configuration
for all the U/Fe multilayers. As shown in Fig. 8, the induced
5f spin and orbital magnetic moments are largest for the
thinnest U layer (9 A), —0.31(5)ug and 0.18up, respectively,
giving a maximum average induced moment in the U layers
of 0.13 up directed antiparallel to the Fe moment. For thicker
U layers, the average induced magnetic moment decreases.
The magnetization profile is consequently not constant but
varies from the interface to the center of the layer. The value
of the orbital to spin moment ratio appears roughly constant
across the whole series (lower panel of Fig. 8) with a value
of about —0.55. The assumption that (7,)=0 is, of course,
consistent with a large reduction of the orbital moment, so
that this ratio of orbital to spin moments is consistent with
strong hybridization between the U 5f and Fe 3d states.*

6. Profile of total induced magnetic moment

Experiments on four different multilayers of almost iden-
tical Fe thickness, Ug/Fesy, U;g/Fesy, Uys/Feyy, and
Us,/Fesy, may be analyzed to give the profile across the U
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FIG. 8. (Color online) U (5f) spin- (a) and orbital- (b) induced
magnetic moments averaged over the U layers for U/Fe multilayers
at 10 K. The ratio of orbital to spin magnetic moment is shown on
the bottom panel (c). The magnetic moments have been determined
via the XMCD sum rules for a 5f U valence state of 2.5 (assuming
a value of (T,)=0).

layers, provided that this profile depends only on the layer
thickness, and not on other factors. We may extract the pro-
file of the induced U moment by an analysis that considers
“slices” of thickness 4.5 A across the thickest U layer of
36 A. One has to assume for this that the U slices do not
interact with each other, that the structural properties (rough-
ness, interface mixing, and strain) are the same for the four
multilayers, and that the magnetism at both U/Fe and Fe/U
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interfaces is equivalent. Further, for this model we assume
(T))=0 and a 5f%° electronic configuration. We show the
results in Fig. 9 in terms of the moments induced in each
atomic slice of U. Note that the sign is with respect to that of
the Fe 3d moment, which for this thickness of Fe (~32 A) is
about 1ug.'° By assumption, this curve is symmetrical
across the Fe/U and U/Fe interfaces (which may not be the
case in practice once the location of the nonmagnetic amor-
phous Fe is established) and is characterized by a U moment
of ~—0.12uy at the interface, decreasing within the U part of
the multilayer to a positive value [by the third atomic layer
(~15 A)].

We can compare the U moment profile of Fig. 9 with that
deduced for the Ce moments in Ce/Fe multilayers.*>7 In
the case of Ce and compounds the 5d polarization is often
similar in magnitude to that of the 4f (since the latter comes
from a single 4f electron). For both the 5d (L edges) (Refs.
40 and 41) and 4f (M edges) (Ref. 47) electrons, the sign of
the signal at the Ce/Fe interface is antiparallel to that of the
Fe layer. In Ce the 4f moment is small and the orbital mo-
ment is even smaller, so the total 4f moment, which is domi-
nated by the spin moment, is induced parallel to the conduc-
tion states. The situation appears very similar for the U/Fe
multilayers, but it must be remembered that we have as-
sumed a {T,)=0 to arrive at this conclusion. Whereas this is
certainly justified in the case of Ce 54 conduction states, the
same may not be true of U 5f states. This emphasizes the
need for further experiments and theory on the actinide ma-
terials.

IV. CONCLUSIONS

The XMCD experiments at the Fe K edge have shown
that the Fe moments in U/Fe multilayers are similar to those
of elemental bce Fe. There is evidence for a change in the
electronic structure (as measured by the XANES signal, Fig.
1(a), for thin Fe layers; we associate this with the dominance
of nonmagnetic (presumably amorphous) Fe in the thinnest
layers. Amorphous U-Fe alloys are known to exist***° and
for high U content, which would be expected near the U
layer, would be nonmagnetic. A detailed structural model for
these interfaces is still lacking and presumably complex.
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s | L
S 0000 0 45 O P 1P 1 F R 315 36| 54q9
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This is in agreement with the interpretation of the Mdssbauer
experiments reported earlier.!” The moments in the Fe layers
increase approximately linearly (Fig. 4) up to the maximum
thickness examined here of 34 A, at which thickness the
polarized-neutron reflectivity experiments!'® show that the Fe
moments are ~1up. The absorption and XMCD signals at
both the Fe (Fig. 3) and U edges (Fig. 5) argue against the
presence of any significant amount of the compound UFe,; a
conclusion also reached by the interpretation of the Moss-
bauer spectra.’

XMCD at the U M edges (Fig. 5) establishes that, in all
the multilayers studied, there are induced moments present
on the U atoms. The fact that the largest XMCD signals are
found in the thinnest U layers strongly suggests that the U
moments are (a) not uniform across the layers and (b) great-
est at the interfaces, and oscillate within the uranium layer.
This conclusion is independent of any assumption about
(T,), and is simply a consequence of seeing a smaller signal
in XMCD as the uranium thickness is increased beyond
~20 A. Assuming a symmetric profile of the layers, this sug-
gests that the signal within the U layers changes sign after
about 10 A, i.e., four atomic layers of uranium. The exact
form of the profile, and most importantly its sign with re-
spect to the dominant Fe moment, does depend on (7).

PHYSICAL REVIEW B 76, 024425 (2007)

The electronic structure of the induced U signals is differ-
ent from that found in (amorphous UAs)/Co multilayers ex-
amined previously,” which is not surprising considering that
the U atoms in amorphous UAs are more separated than in
the elemental form produced here, and the material itself is
ferromagnetic. The temperature dependence (Fig. 6) and the
element-specific hysteresis loops (Fig. 7) at the U M, edge
are both consistent with the idea that the U moment is com-
pletely induced, i.e., depends on the Fe moment. The ratio of
the orbital to spin values (Table IT and Fig. 8), as deduced by
XMCD, is (=0.55+0.1), under the assumption that the dipole
magnetic term (7, is negligible. The drop in polarization of
the U atoms on moving away from the Fe interface is remi-
niscent of the predicted polarization of elemental «-U at its
surface,® where the polarization dies rapidly on going into
the bulk, as well as the results of calculations for similar
multilayers containing uranium.*>#3
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