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Revealing Fe magnetism in lanthanide-iron intermetallic compounds by tuning the rare-earth
L, ;-edge x-ray absorption edges
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We present a systematic x-ray magnetic circular dichroism (XMCD) study performed at the rare-earth L, 3
edges in R(Al,;_,Fe,), Laves phase compounds. The progressive substitution of Al by Fe reveals the existence
of a non-negligible contribution of Fe to the rare-earth XMCD spectra. This contribution has been isolated and
shown to be similar to the dichroic spectrum recorded at the Fe K edge. These results open the possibility of
monitoring the Fe magnetism in lanthanides-iron intermetallic compounds by probing the rare-earth L, ;-edge

x-ray absorption edges.
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Intermetallic compounds containing rare earths (R) and
iron are of great technological significance owing to their
industrial applications as high-performance permanent mag-
nets. The intrinsic magnetic properties of these materials are
determined by the exchange interaction between the R-4f
and Fe-3d electrons. This interaction takes place through the
hybridization of the Fe 3d states with the 5d ones of the rare
earth.! Consequently, the study of the R-3d states is of great
significance to the search of new advanced magnetic materi-
als within the R-Fe series. However, the magnetic character-
ization of these 5d states is not achieved by using standard
magnetic probes. Indeed, the magnetic response of the 5d
states to these probes is hidden by that of the localized 4f
states.  Within  this framework, the experimental
development>™* of the x-ray magnetic circular dichroism
(XMCD) technique>® evoked a far-reaching interest. XMCD
gained popularity due to the possibility of obtaining an
element-specific quantitative determination of spin and or-
bital magnetic moments through sum-rule analyses of experi-
mental spectra.”® In addition, one of the most promising ca-
pabilities of XMCD concerning rare earths lies on the
possibility of disentangling the magnetic contribution of the
5d and 4f states through an adequate choice of the absorp-
tion edge. Unfortunately, the XMCD expectations focused in
lanthanides magnetism have not been completely fulfilled,
especially regarding the magnetic probe of the 5d states. In
principle, the characterization of the R-5d states can be ob-
tained from the XMCD spectra recorded at the L, 5 absorp-
tion edges. However, the interpretation of the R L, ;-edge
XMCD spectra is complicated due to two facts: (i) the con-
tribution of quadrupolar 2p —4f transitions to the XMCD
spectra is not negligible;® (ii) the radial matrix elements of
the dipolar 2p — 5d transitions are spin dependent due to the
exchange interaction between the 54 and the localized 4f
orbitals.!%!" As a consequence, both the sign and magnitude
of the XMCD signals are modified. This prevents the deter-
mination of the 5d magnetic moments by the simple appli-
cation of the sum rules. These results led to renewed efforts
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aimed to provide a proper description of the XMCD at the
L, 5 edges of the rare earths.!””!® Recent theoretical works
suggest the need of including the hybridization between the
R-5d and Fe-3d bands to account for the R-L,; XMCD
(Refs. 12 and 13) in the case of R-Fe intermetallics. These
works are in agreement with previous claims about the con-
tribution of the rare-earth to the Fe K-edge XMCD signal in
these R-Fe compounds.!”~!?

In this Paper, we present a systematic XMCD study per-
formed through the ferromagnetic R(Al,_Fe,), series?®?!
aimed to investigate the influence of Fe on the rare-earth
L, 3-XMCD spectra in lanthanides-iron intermetallic com-
pounds. The progressive substitution of Al by Fe increases
both the number of Fe ions surrounding the absorbing lan-
thanide and the strength of the Fe(3d)-R(5d) hybridization
without modifying the crystal structure. Our results show
that Fe is at the origin of well defined spectral features at the
rare-earth L, 5 edges. The contribution of Fe to the rare-earth
XMCD spectra has been isolated showing a strong similarity
with the Fe K-edge XMCD spectra recorded on the same
compounds.

Polycrystalline R(Al,_,Fe,), samples (R=Gd, Tb, Dy, Ho,
and Lu) were prepared by arc melting in an argon atmo-
sphere according to standard methods.?! The as-cast alloys
were wrapped in Ta foil and enclosed in silica tubes, under
Ar gas. Compounds were annealed at 800 °C for 72 h and
then quenched to room temperature. X-ray diffraction analy-
ses indicate that all the samples show the MgCu,-type (C15)
Laves structure, with the exception of compounds with x
=0.5 which crystallize in the hexagonal MgZn,-type (C14)
structure. The presence of secondary phases is less than 5%
overall, in all the cases. The cell parameters, determined
from the XRD patterns, are in agreement with those previ-
ously reported.?! Rare-earth L, ;-edge XMCD experiments
were performed at the beamline BL39XU of the SPring-8
facility.”> XMCD spectra were recorded in the transmission
mode using the helicity-modulation technique.”> XMCD
spectra were recorded at fixed temperature 7=5 K and under
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FIG. 1. (Color online) Rare-earth Lz (a) and L, edge (b) XMCD
(T=5 K, H=50 kOe) spectra of R(Al,_,Fe,), compounds with R
=Gd, Dy and Ho: x=1 (@), x=0.75 (A), and x=0.25 (O). The Gd
L, spectra are multipled by 0.5. The labels (A to D) refer to the
main spectral features that are discussed in the text. Within each
panel all the signals are displayed by using the same scale and
vertically shifted for sake of clarity. For both L; and L, XMCD
spectra the comparison has been made in unique E-E|, energy scale
and no energy shift has been allowed. In every case the reference
energy E, has been chosen at the inflection point of its correspond-
ing absorption spectra.

the action of an applied magnetic field of 50 kOe. The spin-
dependent absorption coefficient was then obtained as the
difference of the XAS spectra for antiparallel and parallel
orientation of the photon helicity and sample magnetization.
In all the cases, the origin of the energy scale was chosen at
the inflection point of the absorption edge and the XAS spec-
tra were normalized to the averaged absorption coefficient at
high energy (~60 eV above the edge).

The XMCD spectra recorded at the rare-earth L, ; edges
in the R(Al,_,Fe,), samples for R=Gd, Dy, and Ho are
shown in Fig. 1. The spectra at the L; edge are dominated by
a main positive peak (A) at ~3 eV above the edge. In the
case of Dy and Ho samples there is also a negative dip (B) at
energies below the edge (~—3 eV). This latter spectral fea-
ture has been associated to a quadrupolar transition?* that
should be present at the L5 edge spectra of heavy rare earths.
To date, experimental evidences for the occurrence of these
quadrupolar channels have been provided in the case of Dy
and Er (Refs. 25 and 26) but it has never been clearly ob-
served in the case of Gd. As shown in Fig. 1, this transition
is also present in the case of Gd although its intensity is
significantly reduced when compared to that of heavier rare-
earths as Dy or Ho. Upon substitution of Al by Fe the shape
of the Ly XMCD spectra is mostly retained through the
whole R(Al,_,Fe,), series. The modification of the intensity
of the main XMCD spectral features (A and B) as a function
of the Fe content depends on the rare earth. In all the cases
peak B is enhanced by increasing the Fe content. However,
no uniform variation is observed regarding the A-peak inten-
sity. The peculiar behavior of the spectral features induced
by the Fe— Al substitution is also observed at the L, XMCD
signals. As shown in Fig. 1 the spectral profile of the L,-edge
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spectra consists of a main negative peak (C) centered at
~3 eV above the edge and a positive peak (D) at higher,
~17 eV, energy. In the case of the Gd(Al,_,Fe,), compounds,
the spectral shape remains unaffected by the Fe substitution.
However, as the Fe content increases the intensity of the
main peak C decreases by a ~40% as going from
Gd(Al 75Fe( »5), to GdFe,. By contrast, the Dy and Ho com-
pounds exhibit a quite different behavior. The L,-edge
XMCD spectra of the Al-rich compounds show a main nega-
tive peak as in the case of the Gd compounds. However, as
the Fe content increases in the material the negative C peak
starts to split in two components C; and C, (see Fig. 1). The
depletion of the low-energy (C;) component is progressive
as the iron content increases, whereas the modification of the
intensity of the high-energy (C,) component is less marked.
As discussed above, the Gd L,-edge XMCD spectra of the
Gd(Al,_,Fe,), compounds do not show the splitting of the C,
and C, structures. However, the position of the minimum is
shifted (~1 eV) towards higher energy and its intensity de-
creases. In the case of GdFe, this intensity is ~25% smaller
than for the Gd(Alj7sFe»s5), compound. These results sug-
gest that although C; and C, structures cannot be energy
resolved the low-energy component of the C peak is also
pushed up in the Gd(Al,_,Fe,), series by increasing the Fe
content.

These results point out the existence of an extra contribu-
tion at the rare-earth L,-edge XMCD spectra through the
whole R(Al,_,Fe,), series that is connected to the presence
of Fe. The magnetic characterization conducted at the mac-
roscopic level indicates that neither the electronic nor the
magnetic state of the rare-earth atoms are modified upon sub-
stitution of Al by Fe through the whole R(Al,_,Fe,), series.
Consequently, the observed behavior cannot be associated to
the modification of the quadrupolar transitions as they in-
volve the 4f states which are unaffected by the Fe— Al sub-
stitution. On the contrary, these results suggest that the origin
of the peculiar modification of the spectral intensities, show-
ing emerging features, is related to the number of magnetic
Fe atoms in the neighborhood of the rare-earth one.

The contribution of the 5d-3d exchange to the rare-earth
L;-edge XMCD signals was early suggested by Lang et al.”’
This hypothesis is in agreement with previous XMCD works
performed at the Fe K edge in several R-Fe intermetallics
showing that there is a contribution coming from the rare
earth even when the Fe is probed.!”-!° Therefore, the present
results, showing the Fe contribution to the rare-earth L, ;
edges XMCD spectra are the counterpart of the detected lan-
thanide contribution to the Fe K edge in R-Fe intermetallics.
Aimed to demonstrate this assumption we have isolated the
Fe contribution to the lanthanide XMCD signals in the fol-
lowing way: for a given R we have subtracted to the L,
XMCD spectra of the R(Al,_,Fe ), compounds the XMCD
signal of the compound with the lowest Fe content. In order
to maintain the same experimental conditions we have sub-
tracted the Tb L, XMCD signals recorded in TbAl, to that of
the Tb(Al,_,Fe,), compounds, while the XMCD signal of the
R(AlgsFeq05), compound was subtracted in the case of R
=Gd, Dy, and Ho. As shown in Fig. 2, the extracted signal
consists on an intense positive peak at the edge followed by
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FIG. 2. (Color online) Rare-earth L,-edge XMCD (T=5 K, H
=50 kOe) spectra of the R(Al,_Fe,), compounds with x=1 (@),
0.75 (A), and 0.5 (V), after subtracting the XMCD spectrum of the
compound with the lowest Fe content: R=Tb (a), Ho (b), Dy (c),
and Gd (d). The subtraction and the comparison have been per-
formed in an unique E-E, energy scale. For every compound the
reference energy E, has been chosen at the inflection point of the
absorption spectra.

an smaller double negative peak at higher energies. The
spectral shape is the same no matter the rare earth. The pro-
file of the isolated signals is also kept invariable with Fe
content and only the relative intensity of the different spec-
tral features changes with the Fe content. In all the studied
cases the intensity of the signal extracted by using the above
procedure increases with the Fe content, i.e., with the num-
ber of Fe atoms surrounding the absorbing lanthanide ion.
These results suggest that the extracted signals correspond to
a magnetic contribution of Fe atoms to the rare-earth L edges
XMCD.

Finally, the extracted signals have been compared to the
Fe K-edge XMCD spectra of both LuFe, and pure iron. The
comparison, shown in Fig. 3, has been made in an unique
energy scale, i.e., the E, at the Fe K edge was also chosen at
the inflection point of the absorption edge. It should be
stressed that no energy shift was applied between both the
extracted L, signal and the Fe K-edge XMCD spectra. As
shown in Fig. 3 the similarity between the signals is remark-
able, supporting our initial hypothesis about the contribution
of Fe atoms to the rare-earth L, XMCD. In particular, both
the difference L, signal and the Fe K-edge XMCD spectrum
of LuFe, exhibit a positive peak (P;) at the absorption edge,
and both a negative (P,), and positive (P5) peaks at ~4 and
7 eV above the edge, respectively. By contrast, this double
spectral feature is absent in the case of the Fe K-edge XMCD
spectrum of pure iron. These results showing the agreement
between the extracted signal from the L, XMCD spectra and
the Fe K edge of LuFe,, i.e., of a compound with the same
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FIG. 3. (Color online) Comparison between the Fe K-edge
XMCD spectrum of LuFe, (O) and pure Fe (dotted line) com-
pounds and the signal obtained by subtracting the Dy L,-edge
XMCD spectrum of Dy(Alj75Feq25), to that of DyFe,. The Fe
K-edge XMCD spectra are multiplied by a 12.5 factor. The com-
parison is displayed on an unique E-E energy scale. For each Dy
L, and Fe K-edge XMCD spectrum, E, has been chosen at the
inflection point of its corresponding absorption spectra.

crystal structure and only Fe magnetism, supports our hy-
pothesis of the magnetic contribution of Fe atoms to the
L-edge XMCD spectra of the rare earths.

Summarizing, we have presented a systematic XMCD
study at the rare-earth L, 3 edges in R(Al;_,Fe ), compounds.
The evolution of the L, dichroic signal from Al-rich
R(Al,_,Fe,), compounds to RFe, points out the presence of a
magnetic contribution from the surrounding Fe atoms. This
contribution has been isolated from the spectra and shown to
resemble the Fe K-edge XMCD signal of LuFe,. These re-
sults suggest that this contribution arises from the R(5d)
-Fe(3d) hybridization although further work is in progress to
determine the exact nature of this contribution. These experi-
mental findings indicate the need of including an iron con-
tribution prior to account for the XMCD at the rare-earth L, 5
edges in R-Fe intermetallic materials and, consequently, of
getting the characterization of the lanthanides 5d states by
means of XMCD. In addition, these results open the possi-
bility of monitoring the Fe magnetism in lanthanides-iron
intermetallic compounds by probing the rare-earth L, ;-edge
x-ray absorption edges.
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