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Ferromagnetic amorphous oxides in the EuO-TiO, system studied by the Faraday effect in the
visible region and the x-ray magnetic circular dichroism at the Eu M, s and L, ; edges

Takahiro Kawamoto,' Koji Fujita,"”" Hirofumi Akamatsu,' Tetsuya Nakamura,” Toyohiko Kinoshita,” Masaichiro Mizumaki,’
Naomi Kawamura,? Motohiro Suzuki,? Yoshiro Kususe,! Shunsuke Murai,' and Katsuhisa Tanaka!
' Department of Material Chemistry, Graduate School of Engineering, Kyoto University, Nishikyo-ku, Kyoto 615-8510, Japan
2Japan Synchrotron Radiation Research Institute, SPring-8, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan

(Received 18 December 2012; revised manuscript received 1 May 2013; published 8 July 2013)

Amorphous Eu, TiO4 and EuTiO; have been studied by a combination of the Faraday effect in the visible region
and polarization-dependent x-ray absorption spectroscopy at the Eu My s and L, 3 edges to examine the role of
Eu 4 f-5d exchange interactions on the ferromagnetic behavior. The bulk-sensitive x-ray absorption spectra
(XAS) for Eu L, 3 edges show that most of the europium ions are present as the divalent state in the amorphous
Eu,TiO4 and EuTiOs. The Eu M, 5 edge x-ray magnetic circular dichroism (XMCD) signals, measured for the
amorphous Eu, TiO4, dramatically increase upon cooling through the Curie temperature (16 K) determined by a
superconducting quantum interference device (SQUID) magnetometer. Sum-rule analysis of the XMCD at Eu
M, 5 edges measured at 10 K yields a 4 f spin magnetic moment of 6.6uy per Eu>* ion. These results confirm
that the ferromagnetic properties exclusively arise from 4 f spins of Eu?*. In addition, for both the amorphous
Eu,TiO, and EuTiOs3, the temperature and magnetic-field dependence of Eu L, ; edge XMCD signals can be
scaled with the corresponding magnetization measured by SQUID, indicating that the 54 magnetic polarization
of Eu?* is involved in the process to cause the ferromagnetic interaction between Eu?* ions. We further discuss
the origin of ferromagnetism in the amorphous system on the basis of the energy diagram of Eu 4 f and 5d levels
deduced from the Faraday effect in the visible region. From the wavelength dependence of Faraday rotation
angles of the amorphous EuO-TiO, system in comparison with those of the divalent Eu chalcogenides as reported
previously, it is found that the magnitude of crystal-field splitting of Eu 5d levels in the former is on the same
order as that in the latter, which explains an enhanced ferromagnetic exchange interaction between Eu 4 f and

5d states.

DOI: 10.1103/PhysRevB.88.024405

I. INTRODUCTION

In amorphous magnetic oxides, where the magnetic cations
are randomly distributed in the three-dimensional disordered
network, short-range antiferromagnetic superexchange inter-
actions via the O 2p states, based on the Kramers-Anderson
mechanism, are predominant as demonstrated by the fact
that negative values of Weiss temperature have been reported
for most of the oxide glasses.!® The random distribution
of the magnetic ions and the prevailing antiferromagnetic
superexchange interaction among the magnetic ions inevitably
cause geometrical frustrations in the ordering of the mag-
netic moments, leading to spin-glass transitions at low
temperatures.'® Consequently, oxide glasses containing a
high concentration of magnetic ions are typical of insulating
spin-glass systems where long-range interactions such as
Ruderman-Kittel-Kasuya- Yoshida interactions are not at work.

An exception to this general trend is Eu’*-containing
oxide glasses, which are insulating but have the ferromagnetic
interactions as signified by the positive Weiss temperatures.”!?
Recently, we have confirmed the existence of a definite
ferromagnetic state in amorphous EuO-TiO, system.'®!! The
amorphous EuTiO; (a-ETO) shows a ferromagnetic transi-
tion at the Curie temperature (7¢) of 5.5 K, although its
crystalline form, i.e., EuTiO3; with perovskite-type structure,
is an antiferromagnet with the Néel temperature (7y) of
5.3 K.'*!* This is a rare example of an insulating magnetic
oxide that shows amorphization-induced ferromagnetism.
Also, amorphous Eu,; TiO4 (a-2ETO) exhibits a ferromagnetic
transition at Tc = 14 K,'! while Tc = 9 K for its crystalline
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form, or Eu, TiO4 with K,NiFy-type structure.'> Interestingly,
the T¢ values of a-ETO and a-2ETO are comparable to or
higher than the magnetic transition temperatures of their crys-
talline counterparts, respectively. The amorphization-induced
enhancement of ferromagnetic interaction is less common and
thus clarification of local structure and electronic structure in
the amorphous phases is of importance to understand the nature
of magnetic interaction between Eu’" ions in compounds
including oxides, sulfides, selenide, and so on.

Recent x-ray absorption fine structure studies revealed
that the local structure of Eu?* in a-ETO and a-2ETO is
similar to that in EuO with rock-salt-type structure rather than
their crystalline counterparts.'® Such a local environment of
Eu?* is known to be closely related to the magnitude of an
indirect ferromagnetic exchange interaction often observed in
Eu?t-based oxides, which involves an Eu 4 f electron excited
to the Eu 5d band where it interplays with another Eu 4 f spin
on the neighboring Eu”* ion.!”"'® The coupling constant of the
indirect exchange interaction is proportional to Jiyw.b?/ Ufz. &
where Jin, 1s the intra-atomic exchange constant between
the Eu 4 f and 5d states, b is the transfer integral between
the neighboring Eu ions, and Uy, is the energy difference
between the Eu 4 f and 5d levels. The Uy, value becomes
smaller with an increase in the crystal-field splitting of the Eu
5d levels, resulting in the enhancement of the ferromagnetic
indirect exchange interaction. The 5d crystal-field splitting of
a-ETO, which we assume from the local structural analysis
we have done so far, is schematically illustrated in Fig. 1
along with those of rock-salt-type EuO and perovskite-type

©2013 American Physical Society
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FIG. 1. Schematic energy diagram of the 5d and 4 f states for
Eu?* in EuTiO;s crystal (c-ETO), EuO crystal, and amorphous EuTiO;
(a-ETO) (from left to right). The 5d crystal-field splitting is drawn
based on the energy level scheme described in Refs. 14 and 16. The
larger crystal-field splitting for a-ETO compared to c-ETO results in
the smaller energy separation between the 4 f levels and the lower
levels of 5d states.

EuTiO; crystals.'* The 5d crystal-field splitting is much larger
in EuO crystal than in EuTiO;3 crystal, which accounts for the
much stronger indirect exchange interactions in the former that
is a ferromagnet with Tc = 69 K.!° Given the similarity in
local environment of Eu>* between a-ETO and EuO crystal,
the 5d crystal-field splitting in the former is considered to
be of the same order as that in the latter. As a result, it is
expected that the 5d crystal-field splitting is larger in the
amorphous system than in the crystalline counterpart, with
the ferromagnetic indirect exchange coupling being more
favorable in the former. Although this energy diagram is
in agreement with the occurrence of amorphization-induced
ferromagnetism, the crystal-field splitting of Eu 5d states in
the amorphous system has not been experimentally elucidated
so far.

In order to shed light on the crystal-field splitting of Eu
5d states of the amorphous EuO-TiO, system, we have here
investigated the Faraday effect in the visible region, which
is ascribable to the Eu 4 f to 5d electronic transitions. We
also present the temperature (7') and magnetic-field (H)
dependence of the Eu 4f and 5d magnetizations using the
x-ray magnetic circular dichroism (XMCD) at Eu M, 5 and
L, 3 edges to examine the contributions of Eu4 f and 5d states
to the ferromagnetic transition in the system. Polarization-
dependent x-ray absorption spectroscopy is a powerful tool
for determining the element origin of magnetism in magnetic
materials.?’?° Since the x-ray absorption spectra (XAS) at
M, s edges are associated with excitation of electrons from
Eu 3d to 4 f states, the corresponding XMCD directly probes
magnetization of the 4 f shell of Eu. On the other hand, the
XAS at L; 3 edges arises from transitions from Eu 2p to 5d
and hence the XMCD at the Eu L, 3 edge probes the Eu 5d
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magnetization. The appearance of the XMCD signal at the
Eu L, 3 edge is expected when there is an ordered Eu 5d
moment due to the Eu 4 f-5d exchange. The results of Faraday
effect measurements qualitatively support the energy diagram
in Fig. 1, and the results of XMCD measurements are in good
agreement with the scenario that the amorphization-induced
ferromagnetism is caused by the ferromagnetic Eu 4 f-5d
exchange interaction.

II. EXPERIMENTAL DETAILS AND SAMPLE
CHARACTERISTICS

In our previous report, we prepared a-ETO and a-2ETO
thin films on SiO, glass substrates by a pulsed laser deposition
(PLD) method.'®!" In a typical procedure, a KrF excimer laser
with a wavelength of 248 nm, a repetition frequency of 10 Hz,
and a fluence of 2 J/cm? was focused on the EuTiOs
and Eu,TiO4 ceramic targets under an ultrahigh vacuum
condition of about 10~® Pa. Deposition of thin films was
performed without intentional heating of substrates. Structural
characterization, including x-ray diffraction, transmission
electron microscope observation, Rutherford backscattering
spectroscopy and '>'Eu conversion-electron Mossbauer spec-
troscopy revealed that our previous samples were formed with-
out precipitation of any crystalline phases or phase separation
and that the Eu/Ti ratio in the thin films was very close to those
in the target compositions, with more than 90% of europium
ions being present as the divalent oxidation state.!®!! For the
present work, samples of a-ETO and a-2ETO thin films were
prepared not only on SiO; glass substrates (0.5 mm thickness)
but also on Kapton foils (12 pum thickness) under the same
deposition condition as described in Refs. 10 and 11. First, we
examined the influence of substrates on macroscopic magnetic
behavior using a superconducting quantum interference de-
vice (SQUID) magnetometer (MPMS-XL; Quantum Design).
Figure 2 shows the temperature dependence of magnetization,
M(T), of a-ETO and a-2ETO thin films deposited on Kapton
foils, measured at H = 100 Oe applied parallel to the sample
surface. Both zero-field-cooling and field-cooling processes
were performed. For both thin films, the M(T) curve shows
a steep increase upon cooling, signifying the paramagnetic-
ferromagnetic transition. The T¢ value, defined as an inflection
pointinthe M(T) curve,is 6.0 K for a-ETO [Fig. 2(a)] and 15K
for a-2ETO [Fig. 2(b)], in agreement with the values of our
previous samples deposited on the SiO, glass substrates.'*!!
Also, no detectable difference in macroscopic magnetic behav-
ior was observed between samples newly prepared on the SiO;
substrates and Kapton foils. Next, we checked the magnetic
anisotropy of the thin films. Figure 3 shows the magnetic-field
dependence of magnetization, M (H), obtained at 2 K for the
a-2ETO thin film deposited on the SiO, glass substrate. H was
applied up to 5 T along the directions parallel (in plane) and
perpendicular (out of plane) to the sample surface. The in-plane
M(H) curve exhibits a steep increase at very low H. The
saturation magnetization is about 7ug/Eu, which coincides
with the full moment of Eu?* (§ = 7/2). On the other hand,
the out-of-plane M(H) curve tends to be saturated at higher
H (>4 T). After being corrected for the demagnetizing field
effect, the magnetization behavior was observed to follow the
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FIG. 2. Temperature dependence of magnetization of a-ETO (a)
and a-2ETO thin films (b) deposited on Kapton foils (triangles),
measured at an external magnetic field (H) of 100 Oe using SQUID
magnetometer. From temperature derivative of magnetization curves,
AM /AT (squares), the Curie temperature is determined to be 6.0 K
for a-ETO and 15 K for a-2ETO, in agreement with those of our
previous samples deposited on SiO, glass substrates, as described
in Ref. 11.

in-plane M (H) curve. Namely, the present amorphous system
can be regarded as being magnetically isotropic.

To verify the energy scheme of Eu 4f and 5d levels
as depicted in Fig. 1, we measured the room-temperature
optical absorption and paramagnetic Faraday effect in the
visible region for a-ETO and a-2ETO thin films deposited
on SiO, glass substrates. The optical absorption spectra were
recorded by using a spectrophotometer (JASCO, V-570).
The wavelength dependence of Faraday rotation angles was
obtained with a commercial measurement system (JASCO,
Model K-250) using an Xe lamp as a light source. In the
measurement, the light beam was directed perpendicularly to
the sample surface and the magnetic field of H = 15 kOe was
applied along the direction of the light beam. The Faraday
rotation angle of the thin film was estimated by subtracting the
diamagnetic contribution of the SiO, glass substrate.

Polarization-dependent x-ray absorption spectroscopy was
carried out for the newly prepared thin-film samples. For the
soft-x-ray experiments at the Eu M, 5 edges, the 100-nm-thick
thin films deposited on SiO, glass substrates were terminated
with a 3-nm-thick Au cap layer to protect the thin-film surface
from oxidation; after the thin film was formed by the PLD
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FIG. 3. (Color online) Magnetic-field dependence of magnetiza-
tion of a-2ETO thin film deposited on SiO, glass substrate, measured
at 2 K using SQUID magnetometer. The magnetic field (H) is applied
along the directions parallel (in plane) and perpendicular (out of
plane) to the sample surface.

method, an Au cap layer was deposited in the same PLD
chamber without being exposed to the atmosphere. As for
the hard-x-ray experiment at the Eu L, 3 edges, Kapton foils
served as substrates because they permitted measurements in
the transmission mode. Ten pieces of Kapton foils, on which
the 100-nm-thick thin films were deposited, were stacked to
obtain the optimized XAS intensity of the L3 absorption-edge
jump of Eu. The XAS and XMCD at Eu M45 and L;3
edges were measured at the soft-x-ray beamline BL25SU and
hard-x-ray beamline BL39XU of SPring-8, respectively. In
both the soft- and hard-x-ray experiments, the x-ray beam,
with a high degree of circular polarization (Pc > 95%), was
incident perpendicularly to the sample surface, and H was
applied along the x-ray beam direction; an electromagnet
(H < 19T7T) and a split-type superconducting magnet (H
< 5 T) were utilized for the experiments at Eu My 5 and L, 3
edges, respectively.*’ The total electron yield (TEY) method
was employed to acquire the XAS and XMCD at the Eu M4 5
edges,’ whereas the XAS and XMCD at the Eu L, ; edges
were recorded in the transmission mode using the helicity-
modulation technique.’’ XMCD was given by the difference
of x-ray absorption coefficients for the right- (u*) and left-
(™) circular polarizations, Au(E) = (u™ — u™), and XAS
was obtained as w(E) = (u* + u~)/2. The nonmagnetic
background was removed by combining the XMCD signals
for parallel and antiparallel directions of H relative to the
x-ray beam direction.

III. RESULTS

A. Room-temperature Faraday effect in the visible region

Figure 4(a) shows the optical absorption spectra of 100-nm-
thick a-ETO and a-2ETO thin films at room temperature. Each
of the thin-film samples exhibits an absorption band centered
at around the wavelength of A = 410 nm. We observed a
large Faraday effect in the vicinity of the absorption edge at
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FIG. 4. (a) Room-temperature optical absorption spectra in the
visible region for 100-nm-thick a-ETO and a-2ETO thin films. (b)
Wavelength dependence of the Verdet constant at room temperature
for a-ETO and a-2ETO.

around & = 600 nm. The magnitude of the Faraday effect
is evaluated by the Verdet constant, V = 6/(HI), where 0
is the Faraday rotation angle, H is the magnetic field, and /
is the thin-film thickness. The wavelength dependence of the
Verdet constant, V(4), is displayed for a-ETO and a-2ETO
in Fig. 4(b). One can see that V(X) shows a maximum at
around 470 nm and a minimum near 660 nm, and the sign
in V changes at approximately 600 nm corresponding to
the absorption edge. The observed behavior of V(X) is quite
different from those for bulk Eu’*-containing oxide glasses
as reported previously, which are characterized by negative
values of V(A) decreasing monotonically with decreasing

PHYSICAL REVIEW B 88, 024405 (2013)

232735 Rather, V(1) for the amorphous EuO-TiO, system
resembles in shape those for the thin films of divalent europium
chalcogenides of rock-salt type, such as EuO,3%37 EuS 3840
and EuSe*' [in some case, the shape of V(i) of the divalent
Eu chalcogenides was assumed from the magnetic circular
dichroism through Kramers-Kronig conversion*?]. In the case
of divalent Eu chalcogenides (EuX; X = Se, S, O), the optical
absorption peak ascribed to the 4 f7—4 f05d (t2¢) transition
appears in the visible to near-infrared region.'® The absorption
edge corresponding to the onset of optical absorption is
located near the wavelengths of 670 nm (X = Se),*' 750 nm
(X = S),%4% and 900 nm (X = 0)*° at room temperature, and
V(1) shows a maximum and a minimum with its sign changing
at around the corresponding absorption edge. By comparing
the present data with those for EuX compounds, we found
that the maximum and minimum positions in V(1) for a-ETO
and a-2ETO are very similar to those for EuSe thin film; for
the latter, the maximum and minimum in V()) are located at
500 and 600 nm, respectively.*! In addition, the magnitude
of V for the amorphous system is as large as 0.2 deg/Oe cm
at 500 nm and —0.08 deg/Oecm at 660 nm, comparable to
those obtained for EuSe thin film (0.36 deg/Oe cm at 500 nm
and —0.2 deg/Oecm at 600 nm).*' The correspondence in
these aspects implies that the amorphous EuO-TiO, system
(as well as the EuX compounds) has the large crystal-field
splitting of Eu 5d states and hence the small energy separation
between Eu 4 f and 5d states (see Fig. 1), which causes the
large Faraday effect due to the 4 f7 — 4 f°5d transition in the
visible region. As mentioned above, the small 4 f-5d energy
difference Uy should contribute to the enhancement of the
ferromagnetic indirect exchange coupling.

B. XMCD at Eu L, ; edges

Figure 5 displays the XAS and XMCD at Eu L, 3 edges of
a-ETO and a-2ETO measured at T = 1.9 Kand H =19 T.
Each of the Eu L,3 edge XAS [Figs. 5(a) and 5(c)] is
characterized by an intense peak and a satellite structure, with
an energy separation of ~10 eV; for example, the major peak
and satellite for the Eu L3 edge are observed at 6972 and
6981 eV, respectively, as indicated by the vertical dashed lines.
According to our previous Eu L3 edge XAS study,'® the major
peak and satellite are attributable to the contributions from
Eu?* and Eu®" ions, respectively. To estimate the relative
contributions of Eu?>T and Eu’*, the XAS for Eu Lj; edge
was deconvoluted by the superposition of two Lorentzians
and two arctangent functions, according to the procedure
used by Godart et al.** for the analysis of mixed valence in
rare-earth intermediate compounds. In this procedure, the fit
was constrained to have the same threshold energy for the
XAS peak and step function for a given valence state. The
result for a-2ETO is shown in Fig. 6, which shows that the
spectral contribution from Eu?* and Eu®" ions is 98% and
2%, respectively. Similar analysis for a-ETO gave the spectral
contribution of 97% from Eu’** and 3% from Eu**. These
results indicate that almost all the Eu ions are present as the
divalent state in the present amorphous oxides, consistent with
the result obtained by conversion-electron '3'Eu Mossbauer
spectroscopy.'®!! On the other hand, the Eu L,; edge
XMCD appears at 6973 and 7610 eV [Figs. 5(b) and 5(d)],
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FIG. 5. (Color online) Eu L, 3 edge XAS (a) and XMCD (b) of
a-ETO thin film and Eu L, 3 edge XAS (c) and XMCD (d) of a-2ETO
thin film, measured at 1.9 K under an external magnetic field (H) of
1.9 T. The positions of the major peak and satellite for the Eu L3 edge
XAS are indicated by the vertical dashed lines.

corresponding to the edge energies determined from the
maximum of the derivative of XAS. This fact confirms
that the magnetism originates significantly from Eu’* rather
than Eu®* in a-ETO and a-2ETO, although this is naturally
imagined. Recalling that the XMCD at Eu L, 3 edges provides
information about the magnetic polarization of Eu 54 states,
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FIG. 6. (Color online) Fit of Eu L3 edge XAS of a-2ETO thin
film with the superposition of two Lorentzians and two arctangent
functions.
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FIG. 7. Eu M, s edge XAS (a) and XMCD (b) of a-2ETO thin
film, measured at 10 K under an external magnetic field of 1.9 T.

the observation of XMCD signals implies the presence of
the Eu 4 f-5d exchange interactions. We can also see from
Figs. 5(b) and 5(d) that the amplitude of XMCD signals for
a-ETO is comparable to that for a-2ETO, indicating that the Eu
5d states in the former are magnetically polarized to the same
extent as those in the latter. The origin of ferromagnetism in
the amorphous EuO-TiO, system will be discussed later.

C. XMCD at Eu M, s edges

Figures 7(a) and 7(b) show the XAS and XMCD at Eu M, 5
edges for a-2ETO measured at 7 = 10 K under H = 19 T.
Several peaks associated with the multiplet structures of Eu**
and Eu’t jons are observed in the XAS at both the M5
and M, edges. The positions of the multiplet peaks match
quite well with the theoretical positions for Eu** and Eu®*
ions as reported previously.”>?*> We have thus analyzed the
experimental XAS with a linear combination of the theoretical
XAS for Eu** and Eu’* ions as displayed in Fig. 8(b),
which was calculated using an atomic model with spherical
symmetry.>? The best fit to the experimental data, as shown
in Fig. 8(a), yields the spectral contributions of 70% from
Eu?* and 30% from Eu** ions. The spectral contribution from
Eu*t in XAS is much larger for the Eu M, s edge than for
the Eu L, 3 edge, because the surface oxidation of Eu** is
preferentially detected due to the smaller probing depth for
the soft x ray utilized (~5 nm in the TEY mode). Similar
behavior was reported for mixed-valence Eu compounds.?
Nevertheless, the Eu M, 5 edge XMCD signals as depicted in
Fig. 7 appear dominantly at the energies where the multiplet
peaks due to Eu?* are present in the XAS. We also analyzed
the experimental XMCD for Eu M, 5 edges with the theoretical
XMCD of Eu** and Eu* as reported previously?®? (not
shown), and confirmed a significant spectral contribution of
magnetic Eu?*, with a small portion of XMCD arising from
the Van Vleck paramagnetism of Eu®* due to the admixture of
low-lying excited states.

According to the sum rules, we determine the spin
and orbital magnetic moments of the Eu>* 4 f shell from the
observed XAS and XMCD. For the Eu M, 5 edges, the orbital
and spin angular momentum (L) and (S,), respectively, can

44,45
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FIG. 8. (Color online) (a) Experimental XAS at the Eu M, 5 edges
for the a-2ETO thin film (solid curve) and the weighted sum of the
theoretical XAS for Eu>* and Eu** (broken curve). The experimental
data were recorded at 10 K under an external magnetic field of 1.9 T.
(b) Theoretical XAS of Eu** and Eu’* obtained by atomistic multiplet
calculations.

be expressed as

_ 2Nys (Ays + Ama)
I 9

(Lz> =

and

_ NayQAys —3Ama)
B 21 ’

where A5 = st Au(E)dE and Ay, = fM4 Au(E)dE are
the integrated areas of XMCD at the Ms and M, edges,
respectively, N4y is the number of holes in the Eu 4 f shell, 1
is the sum of the integrated XAS intensity at M5 and M, edges,
thatis, I = fM4+M5 Ww(E)dE, and (T,) is the magnetic-dipole
operator for Eu. The (7) term was neglected in the present
amorphous system because the magnetic-dipole interaction is
isotropic. In the present analysis, we used the Aps, Apaq,
and I values for the Eu’* components deduced from the
observed XAS and XMCD at M, 5 edge. The orbital and spin
magnetic moments of Eu ions are given by o, = — (L) tp
and pepin = —2(S;) up, respectively. Assuming Ny = 7, the
sum-rule analysis yields popin = 6.6up per Eu?*t ion. The
slightly small sy, value compared to the theoretical spin
moment (S = 7/2) is primarily caused by the fact that the
out-of-plane M(H) curve is not fully saturated at 1.9 T
as demonstrated in Fig. 3. The orbital magnetic moment is
deduced as pop, = 0.19up for Eu** ion using the sum rule,
but the very small o value may be within possible errors in

(S:) +3(T2)
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FIG. 9. (Color online) (a) Temperature dependences of the Eu M5
edge XMCD signal amplitude (squares) and SQUID magnetization
data (solid line), measured for a-2ETO under an external magnetic
field (H) of 1.9 T applied perpendicular to the surface. Inset shows
the Eu M5 edge XMCD signals for the same sample at various
temperatures between 15 and 150 K. (b) H dependences of the Eu
M, s edge XMCD signals (squares) and SQUID magnetization data
(solid line), measured for a-2ETO at 10 K. The XMCD signals are
plotted with the sign reversed.

the present analysis as compared with the theoretical orbital
moment (L = 0).

D. A comparison between XMCD and SQUID data

Figure 9(a) shows the T dependence of M5 edge XMCD
signal measured for a-2ETO under H = 1.9 T. In the figure,
the M(T) curve of the thin-film sample determined by SQUID
is also displayed for comparison. The XMCD signal starts
to increase steeply as the sample is cooled below 50 K, and
manifests a rapid increase at around 7¢ of 14 K [see also the
inset of Fig. 9(a)]. Due to the application of the relatively high
H, the magnetic transition becomes less clear, with the XMCD
signals being induced in the temperature region where the
sample is paramagnetic. It is found that the 7 dependence of
XMCD signal is coincident with the M (T') curve measured by
SQUID. Figure 9(b) depicts the H dependence of the XMCD
signal at 10 K, in comparison with the M (H) curve obtained
by SQUID. The XMCD and SQUID data exhibit a very similar
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FIG. 10. (Color online) (a), (b) Temperature dependences of the Eu L; edge XMCD signals (triangles) and SQUID magnetization data
(solid line), measured for the a-2ETO (a) and a-ETO (b) under an external magnetic field (H) of 0.1 T applied perpendicularly to the surface.
The respective inset shows the Eu L3 edge XMCD signals recorded at various temperatures between 1.9 and 187 K. (¢), (d) H dependences of
the Eu L; edge XMCD signals (triangles) and SQUID magnetization data (solid line), measured for a-2ETO (c) and a-ETO (d) at 2 K.

trend. These results confirm the ferromagnetic alignment of Eu
4 f spins at low temperatures.

A scaling relation of XMCD signals to the magnetization
data of the whole thin-film samples is observed at the Eu
L, 3 edges as well. Figure 10(a) compares the 7" dependence
of the Eu L3 edge XMCD signal and SQUID magnetization
measured for a-2ETO under H = 0.1 T. As T is lowered
below T¢c = 14 K, the evolution of XMCD signals becomes
pronounced [see also the inset of Fig. 10(a)], showing that
the magnetic polarization of the Eu 5d states becomes
more significant at lower temperatures. A similar behavior
is observed when a-ETO is cooled below T¢c = 6 K, as shown
in Fig. 10(b). As depicted in Figs. 10(c) and 10(d), the H
dependence of the Eu L3 edge XMCD signals at 2 K for both
a-2ETO and a-ETO also scales with the corresponding SQUID
magnetization data. These observations clearly indicate that
the ferromagnetic alignment of 4 f spins of Eu>* is mediated
by the 5d magnetic polarization.

IV. DISCUSSION

Before discussing the ferromagnetic behavior of the amor-
phous oxides in the EuO-TiO, system, it is important to

comment on the validity of the energy level scheme as shown
in Fig. 1. As mentioned in Sec. IIT A, a-ETO and a-2ETO
as well as EuX compounds (X = Se, S, O) exhibit a large
Faraday effect attributable to the 4 f”—4 f°5d transition of
Eu?* in the visible region, and V (1) for the amorphous system
resembles in shape those for the EuX compounds. In particular,
V(1) for the amorphous system, as shown in Fig. 4, is very
similar in both magnitude and shape to that for EuSe. In the
EuX compounds of rock-salt type, the 5d levels of Eu** are
split by the octahedral crystal field into a lower-energy t,
triplet and a higher-energy e, doublet, and the crystal-field
splitting increases in the order that Se < S < O, corresponding
to a decrease in lattice constant.'® From these results, we
assume that the 4 f-5d energy difference for the amorphous
system is comparable to the 4 f-5d (t;,) energy difference for
EuSe, while it is slightly larger compared to that for EuO (see
Fig. 1). In crystalline EuTiO3, on the other hand, Eu** ions
are present at the 12-fold-coordinated cuboctahedral sites and
the 5d levels are split into a lower-energy e, doublet and a
higher-energy 1, triplet. As Chien ef al. 14 argued previously,
the 5d crystal-field splitting for EuTiO3 crystal is about one
order of magnitude smaller than those for the EuX compounds.
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Thus, it is reasonable to consider that the 4 f-5d energy
separation for the amorphous system is much smaller than
that for the crystalline counterpart (see Fig. 1). This idea is
in agreement with the fact that the amorphization of EuTiO3
crystal results in a decrease in the coordination number of Eu?*
(12 1in perovskite EuTiO3 vs about 6 in a-ETO) as demonstrated
by our previous analysis of x-ray absorption fine structure.'®
Namely, the reduction of coordination number of Eu?* upon
amorphization makes the crystal field acting on Eu?>* stronger
in the amorphous phase than in the crystalline counterpart,
resulting in the smaller 4 f-5d energy separation for the former.

In the remainder of this section, we discuss the origin
of amorphization-induced enhancement of ferromagnetic in-
teraction in the EuO-TiO, system. The XMCD results for
the Eu M, 5 edges show that the ferromagnetic behavior of
a-ETO and a-2ETO is not ascribable to the extrinsic factor
such as the presence of ferromagnetic impurities but to the
intrinsic one originating from the magnetic moment of the
Eu 4 f shell. In addition, the XMCD for the Eu L, 3 edges
confirms the presence of the magnetic polarization of the Eu
5d states, which is in agreement with the presence of the
Eu 4 f-5d exchange interaction. Two possible mechanisms
have been proposed for the ferromagnetic interactions. One
is the indirect exchange mechanism involving Eu 4 f to 5d
hopping and exchange, and the other is the superexchange
mechanism, which is based on a cyclic process involving O
2p to Eu 5d, Eu4f to O 2p, and Eu 5d to 4 f hopping and
Eu 4 f-5d exchange.'”'® Both of the ferromagnetic exchange
mechanisms involve an exchange interaction between the
Eu 4f and 5d states, depending on the energy separation
between them. As discussed above, the amorphization of
crystalline compounds in the EuO-TiO, system brings about
the smaller 4 f-5d energy separation. This variation of elec-
tronic structure should result in the enhancement of Eu 4 f-5d
interaction. Indeed, the ferromagnetic interaction is stronger
in the amorphous phases than in the crystalline counterparts,
as exemplified by the increase in Weiss temperature from
3.8 K for EuTiO; crystal to 8.0 K for a-ETO.!' Thus, the
overall structural and spectroscopic considerations strongly
corroborate our idea that the Eu 4 f-5d exchange interactions
are responsible for the ferromagnetism in the amorphous
EuO-TiO, system.

PHYSICAL REVIEW B 88, 024405 (2013)

V. CONCLUSIONS

We have examined the Eu M, 5 and L, 3 edge XAS and
XMCD of a-2ETO and a-ETO for which the macroscopic
magnetic behavior was well characterized by a SQUID mag-
netometer. The analysis of Eu L, 3 edge XAS demonstrates
that the valence state of europium ions in a-2ETO and a-ETO
is dominantly + 2. The temperature and magnetic-field depen-
dence of Eu M4 s edge XMCD signals exhibits ferromagnetic
properties, consistent with SQUID magnetization data, and
the sum-rule analysis shows that ugin = 6.6 per Eu, very
close to the theoretical value expected from S = 7/2. The
crucial result of the present work is that the Eu L, 3 edge,
as well as the My s edge XMCD signals, are pronounced
upon cooling into the ferromagnetic state, indicating that
the ferromagnetic ordering of the 4 f electrons results from
their intra-atomic exchange coupling with the magnetically
polarized 5d electrons. The wavelength dependence of Faraday
rotation angles in the visible region reveals that the crystal-field
splitting of Eu 5d orbitals for the amorphous EuO-TiO; system
is as large as those for divalent Eu chalcogenides, leading to
the small 4 f-5d energy separation that causes the electronic
transition in the visible region. This is consistent with the small
coordination number of Eu?* ions in the amorphous system in
contrast to the crystalline counterpart, as demonstrated by our
previous x-ray absorption fine structure studies; in the case
of EuTiO;, for example, the coordination number of Eu?t
ions is reduced from 12 to about 6 upon amorphization, which
increases the crystal-field strength for Eu>*. Such variations of
the local structure and electronic structure with amorphization
are responsible for the enhancement of intra-atomic 4 f-5d
exchange interaction.
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