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Additivity of magnetic contributions to the x-ray magnetic circular dichroism spectrum
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We have studied the behavior of the x-ray magnetic circular dichroism (XMCD) signals recorded at the Fe
K edge through the Ho,_,Lu,Fe, series in which the system is driven through a magnetic compensation by
varying the concentration of the magnetic rare-earth metal, the temperature and the applied magnetic field. We
report a direct experimental evidence of the additive character of the different magnetic species, Ho and Fe, to
the XMCD signal at the conduction band. Both magnetic contributions are always present due to the hybrid-
ization of the conduction states, and only at T¢,,,, the Ho contribution to the Fe K-edge XMCD disappears.
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The capabilities of x-ray magnetic circular dichroism
(XMCD) are nowadays commonly exploited in the study of
the localized magnetism of many systems. On the contrary,
its application to the study of the conduction-band magne-
tism is quite scarce, despite the great interest raised by mag-
netic materials in which the induced magnetic moments in
nominally nonmagnetic atoms play an important role into
determining their magnetic properties.'"® Consequently, ef-
forts are needed to get a full understanding of the XMCD
signals originated at delocalized states. Within this scenario,
the study of the K edge of 3d transition metal (7), probing
the 4p states, and of the L edges of the rare-earth metals (R),
probing the 5d states, provides a unique opportunity to this
aim.

Several works have studied the behavior of the XMCD
recorded at these absorption edges in the case of R-T inter-
metallic compounds. It has been demonstrated that the tran-
sition metal contributes to the rare-earth L, ;-edge XMCD
spectra’™ and that there is a contribution of the lanthanide
metal to the XMCD recorded at the K edge of the transition
metal.!%!! Tn several cases, as the RFe, or RCo, compounds,
the rare-earth contribution is as intense as to dominate the
overall shape and sign of the XMCD even when one is look-
ing at the transition metal, Fe and Co K edge.'? Although a
direct experimental evidence is still missing, previous results
suggest that the different magnetic atomic species present in
the material contribute additively to the XMCD.”-!? As a con-
sequence of this additivity it should be possible to determine
the magnetic behavior of the different elements in the mate-
rial, through the disentanglement of these contributions, by
using a single absorption edge.!*> However, the fact that in
several cases the rare-earth contribution dominates the ob-
served XMCD of the transition metal has been interpreted in
terms of the rare-earth metal determining not only the shape
of the XMCD spectra'? but also the magnetism of the
transition-metal 4p electrons.'* Accordingly, the polarization
of the transition-metal sp band should not follow that of the
3d band but it should be determined by the rare-earth
magnetization.'#

In order to get a clear description of both the relationships
between the XMCD and the magnetism of the delocalized
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states, and the origin of the magnetic polarization of these
states when the materials contain more than one magnetic
species, we have performed the study of the XMCD recorded
at the Fe K edge through the Ho,_,Lu,Fe, series. We report a
direct experimental evidence of the contributions in additive
way of both sublattices, R and Fe, to the XMCD signal at the
conduction band.

Ho,_,Lu,Fe, (x=0, 0.25, 0.50, 0.75, and 1) samples were
prepared by arc melting the pure elements under Ar protec-
tive atmosphere. The ingots were annealed at 900 °C for 1
week. X-ray diffraction characterization indicates that all the
samples show a single C15 Laves phase, with the presence of
secondary phases being less than <2% overall. Magnetiza-
tion measurements were performed by using a commercial
superconducting quantum interference device magnetometer
(Quantum Design MPMS-5s). XMCD experiments were per-
formed at the beamline BL39XU of the SPring-8 Facility'
on homogeneous layers of the powdered samples. XMCD
spectra were recorded in the transmission mode at the Fe K
edge by using the helicity-modulation technique.'®

The Fe K-edge XMCD spectra recorded through the
Ho,_,Lu,Fe, series at 4.2 K and 50 kOe are shown in Fig.
1(a). The observed sign reversal between the XMCD signals
of Ho\,sL.uy75sFe, and of those compounds with higher Ho
content reflects the change in the dominant magnetic sublat-
tice. It is well known that the coupling between both sublat-
tices, Ho and Fe, is ferrimagnetic and the magnetization can
be described using the two-sublattice model.!”

When all the XMCD spectra are referred to the direction
of the Fe sublattice magnetization one finds [Fig. 1(c)] that
the overall shape of the XMCD signal of the compounds
containing Ho is markedly different from that of LuFe,. The
Fe K-edge XMCD spectrum of LuFe, is similar to that of Fe
metal, showing a main narrow positive peak at the absorp-
tion threshold and a negative dip at higher energies. As Ho
substitutes Lu in the Ho,_,Lu,Fe, series the XMCD spectral
shape is strongly modified leading to the appearance of spec-
tral features in the high-energy region. The amplitude of the
spectra enhances as the Ho content increases in the com-
pound, with the exception of the main positive peak at the
threshold which shows the opposite trend. This behavior has
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FIG. 1. (Color online) (a) Normalized Fe K-edge XMCD spectra recorded at 7=4.2 K and H=50 kOe through the Ho,_,Lu,Fe, series.
(b) Temperature dependence of the magnetization (zero-field cooling) of the Ho,_,Lu,Fe, series measured under an applied magnetic field
H=50 kOe. (c) Same as (a) but with the sign of the XMCD signals referred to the direction of the Fe sublattice magnetization. (d)
Comparison of the Fe K-edge XMCD of LuFe, and the Fe contribution to the XMCD signal (see text for details). In all the panels: x=0
(red O), 0.25 (green dots), 0.5 (blue dashed line), 0.75 (purple A), and 1 (black @).

been observed in other R-Fe intermetallic compounds and
accounted for in terms of an additional contribution arising
from the magnetic rare-earth sublattice.'!?> The question
posed is to determine if both Fe and Ho magnetic sublattices
contribute in an additive way to the XMCD (Refs. 7 and 11)
or, on the contrary, the Ho 4f magnetic moments are which
determine the magnetic properties of the Fe(sp) band. In the
former case there should always be a separable contribution
from each magnetic element. By contrast, in the latter, the
Fe(3d) magnetic moments should not play any significant
role in the magnetic polarization of the Fe(sp) band and,
consequently, in the Fe K-edge XMCD.'

Starting from the additivity model, the Fe K-edge XMCD
spectrum of HoFe, is composed of an Fe component,
XMCDyg,, and a contribution from Ho, XMCDy,. According
to magnetization measurements the properties of the Fe sub-
lattice remain unvaried through the RFe, series.!®!? Then, we
can assume that the contribution of the Fe sublattice to the Fe
K-edge XMCD spectra is the same for both LuFe, and
HoFe, compounds, and by subtracting both spectra the con-
tribution of the Ho sublattice to the XMCD spectrum of
HoFe, is extracted. In a second step we consider that this
contribution has an atomiclike character, i.e., it reflects the
polarization of the 5d states due to the localized 4f states of
the rare-earth metal which stands from an intra-atomic inter-
action. If this is the case, the Ho contribution to XMCD
through the Ho,_,Lu,Fe, series should be proportional to the
extracted signal from HoFe, weighted by the Ho concentra-
tion [(1—x) X XMCDy,]. By subtracting the scaled Ho con-
tribution from the experimental XMCD spectra we obtain a
residual signal that should correspond to XMCDg.. If our

assumptions are valid, the obtained signal will show the
same spectral shape and similar intensity as to resemble the
experimental spectrum of LuFe, in which only the Fe
XMCD contribution should be present as there is no local-
ized 4f moment in the material. The results, reported in Fig.
1(d), show the perfect agreement between both residual and
experimental signals, XMCDg, and LuFe,, respectively, giv-
ing validity to our hypothesis.

The next step is to verify if the successful application of
the additivity model is limited to the present experimental
conditions, 7=4.2 K and H=50 kOe, in which all the mag-
netic moments are close to their saturation values, or if it can
be extended through all the accessible range of temperatures
and applied magnetic fields. Consequently, we have recorded
the XMCD signals at 7=300 K under an applied magnetic
field of H=20 kOe. Moreover, this coincides with the mag-
netic compensation condition for the HogsLuysFe, com-
pound. It is worth to note that the Neel temperatures 7 of
these compounds are around 600 K (LuFe,: 582 K, HoFe,:
606 K, and Ty of the diluted compounds follows a linear
variation between the parent compounds). The results of the
XMCD measurements are shown in Fig. 2(a) (for the sake of
simplicity they have been plotted referred to the direction of
the Fe sublattice magnetization). This comparison shows that
the spectral shape of the signals for the Ho compounds, ex-
cept x=0.5, is the same as that at low temperature, and that
only their amplitude has been modified. This result gives
further support to the atomiclike nature of the Ho contribu-
tion to the XMCD of Fe. In the case of Ho,sLugsFe, the
compensation condition has been reached, T, ~300 K,
and the Fe K-edge XMCD spectrum has lost all the hall-
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FIG. 2. (Color online) (a) Normalized Fe K-edge XMCD spectra
recorded at T¢,,,, and H=20 kOe through the Ho,_,Lu,Fe, series:
x=0 (red O), 0.25 (green dots), 0.5 (blue line), 0.75 (purple A), and
1 (black @). (b) Detailed comparison of the XMCD signal recorded
for LuFe, (black @) and Ho, sLu sFe, (blue O). (c) Comparison of
LuFe, XMCD (black @) and the extracted XMCDg, signals of
x=0.25 (green dots) and 0.75 (purple A).

marks of this Ho contribution. Indeed, as shown in Fig. 2(b),
the XMCD spectrum perfectly matches with that of LuFe,,
i.e., with the compound in which no 4f localized moments
are present. The spectra of the Ho, sLu, sFe, compound have
been scaled with the LuFe, ones at the main peak of the
XMCD signal (7109.5 eV). The scaling factor needed coin-
cides with the ratio of the magnetization value of both LuFe,
and Ho, sLu, sFe, at the same experimental conditions.
This result can be addressed to the absence of a net Ho
magnetization in the direction of the magnetic applied field
at the compensation temperature. However, when the system
is taken out of the compensation condition a net magnetiza-
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FIG. 3. (Color online) Comparison of the Fe K-edge XMCD
spectra of Hog sLu sFe, recorded at H=50 kOe and different tem-
peratures: T=287 (black @), 125 (red A), and 4.2 (blue O) K.

tion appears at the Ho sublattice. As a result, the magnetic
coupling between both sublattices is recovered and the
XMCD signal at the Fe K edge shows the polarization of the
Fe(4p) states due to the Ho atoms. It is shown in Fig. 3 that
at temperatures relatively far from the compensation,
T=125 K, the spectral shape of the whole Ho-containing
compounds is recovered.

In summary, we have studied the behavior of the Fe
K-edge XMCD through the magnetic compensation occur-
ring in the Ho;_,Lu Fe, series. Our results prove that both
Ho and Fe sublattices contribute to the XMCD of Fe in an
additive way. Only at T¢,,,,, when the net Ho sublattice mag-
netization is canceled, the Ho contribution to the Fe K-edge
XMCD disappears and the spectrum becomes similar to that
of LuFe,, i.e., a system in which no localized 4f moment is
present. These results show that the rare-earth contribution to
the K-edge XMCD of the transition metal reflects the net
magnetization of the rare-earth metal and can be considered
as of atomiclike nature, i.e., the rare-earth 5d states become
spin polarized by the intra-atomic interaction with the 4f
localized moments and the spin polarization of the 5d states
is probed in the photoabsorption process due to the R-T hy-
bridization. The fact that it arises from the localized 4f states
explains why for a fixed rare-earth metal in a R-T series the
shape of the observed contribution to the K-edge XMCD of
the transition metal is similar independent of the specific
transition metal.!?18 Moreover, even when in several cases
the rare-earth contribution dominates the observed XMCD,
this work proves that the Fe intra-atomic 3d polarization is
always present at the Fe(sp) band. This polarization is only
intrinsic to the Fe sublattice and it remains throughout the
whole temperature range, even at the magnetic compensation
point.
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