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We investigate and compare the electronic structure of a bulk single crystal of Y;FesO,, garnet [YIG,
a high-Tx (=560 K) ferrimagnet] with that of an epitaxial ultrathin (3.3 nm) film of YIG with a reduced
ferrimagnetic temperature 7o = 380 K, using bulk-sensitive hard x-ray photoelectron spectroscopy (HAXPES),
x-ray absorption spectroscopy (XAS), and x-ray magnetic circular dichroism (XMCD). The Fe 2p HAXPES
spectrum of the bulk single crystal exhibits a purely trivalent Fe** state for octahedral and tetrahedral sites. The
Fe 3s spectrum shows a clear splitting which allows us to estimate the on-site Fe 3s-3d exchange interaction
energy. The valence band HAXPES spectrum shows Fe 3d, O 2p, and Fe 4s derived features and a band
gap of ~2.3eV in the occupied density of states, consistent with the known optical band gap of ~2.7eV.
Fe L-edge XAS identifies the octahedral Fe’™ and tetrahedral Fe** site features. XMCD spectra at the Fe
L, 5 edges show that bulk single-crystal YIG exhibits antiferromagnetic coupling between the octahedral- and
tetrahedral-site spins. The calculated Fe 2p HAXPES, Fe L-edge XAS, and XMCD spectra using full multiplet
cluster calculations match well with the experimental results and confirm the full local spin moments. In contrast,
HAXPES, XAS, and XMCD of the Pt/YIG (3.3 nm) ultrathin epitaxial film grown by a pulsed laser deposition
method show a finite Fe?>t contribution and a reduced Fe* local spin moment. The Fe?* state is attributed to
a combination of oxygen deficiency and charge transfer effects from the Pt capping layer to the ultrathin film.
However, the conserved XMCD spectral shape for the ultrathin film indicates that the 3.3-nm epitaxial film is
genuinely ferrimagnetic, in contrast to recent studies on films grown by radio-frequency magnetron sputtering
which have shown a magnetic dead layer of ~6 nm. The presence of Fe?* and the reduced local spin moment
in the epitaxial ultrathin film lead to a reduced Curie temperature, quantitatively consistent with well-known
mean-field theory. The results establish a coupling of the local Fe spin moments, valency, and long-range

magnetic ordering temperature in bulk single crystal and epitaxial ultrathin-film YIG.
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I. INTRODUCTION

Spintronics, or spin-based electronics, relies upon repro-
ducible and robust transport of spin and charge for device
operation. However, recent studies have identified pure spin
currents which could efficiently transport spin angular mo-
mentum without an accompanying charge current. This would
lead to the absence of an Oersted field and lower Joule
heating losses [1-8] and promises new functionalities as
well as energy savings. In order to generate and manipulate
pure spin currents, bilayers composed of a normal metal
(NM)/ferromagnetic material with a nonmagnetic layer have
been extensively investigated, and fascinating phenomena
such as spin pumping [3,4], the spin Seebeck effect (SSE)
[5], the spin Hall effect (SHE) [6,7], and the inverse spin
Hall effect [8] were recently reported. A pure spin current
could be generated by a thermal gradient in the SSE, while
a nonmagnetic metal with strong spin-orbit coupling, such
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as Pt, could convert a charge current into a spin current in
the SHE. More interestingly, heterostructures with a ferro- or
ferrimagnetic insulator (FMI) layer have attracted significant
attention because only magnetic excitations (spin currents) are
expected to propagate in the FMI layer, leading to a natural
separation of spin current from charge current. The ferrimag-
net Y3FesO, with a T = 560 K is one such insulating oxide,
and consequently, the bilayer Pt/Y;FesO;, has become a
prototype for investigating spin-current phenomena. Further-
more, recent studies reported an unconventional Hall effect
depending on the magnetic field, implying the importance of
the interface between Pt and Y3FesO, [9-13].

Y;3FesO1, (YIG) is an extremely important material for
ultrahigh-frequency optical modulators, femtosecond photo-
magnetic switching devices, and microwave applications. It
also shows giant magnetoelectric and magnetocapacitance
effects and exhibits Bose-Einstein condensation of magnons
[14,15]. YIG crystallizes in a cubic structure (/a3d) with
magnetically active Fe** ions in 16a octahedral (Oy) sites
and 24d tetrahedral (T,) sites. It exhibits ferrimagnetic or-
der below Ty = 560K with antiparallel Fe spins due to
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superexchange on the octahedral:tetrahedral sites in a 2:3
ratio with the magnetic easy axis along the 111 direction.
Moreover, because it exhibits low magnetic damping and is
a very good insulator (band gap of ~2.7eV) [16], YIG is a
favorite choice for generating pure spin currents via a thermal
gradient. It was demonstrated that the dc magnetic moment
current in YIG could reach a value of 10** g /cm? [17].

Although bulk YIG shows only weak magnetic anisotropy,
a recent study indicated the presence of perpendicular mag-
netic anisotropy in Pt/YIG thin films [18]. Moreover, the
deviation between the bulk magnetization and the longitudinal
spin Seebeck effect was attributed to the near-surface uniaxial
magnetic anisotropy, which is intrinsic to YIG [18]. More
significantly, the threshold current for exciting spin waves
in Pt/YIG bilayer films is 2-3 orders of magnitude lower
than what is expected for bulk YIG. It was theoretically
shown that the strong reduction in threshold current is due
to an easy-axis surface anisotropy, which also increases the
power of the spin wave excitation by at least 2 orders of
magnitude [19]. However, in a recent study using polarized
neutron reflectometry, the authors concluded that the interface
of Pt/YIG films can become nonmagnetic, and this will
have important repercussions for the inverse SHE [20]. It is
also known that the Curie temperature of YIG films can get
reduced even for high-crystalline-quality epitaxial films [21].
Most importantly, in a recent study of epitaxial films grown by
radio-frequency magnetron sputtering, the YIG films grown
on Gd;GasO;; (GGG) (111) substrates showed a magnetic
dead layer of ~6 nm at the interface [22]. Thus, it is extremely
important to carry out a spectroscopic characterization of the
electronic structure and its relation to the magnetic properties
of YIG films in bilayers. Further, it is necessary to compare
it with the electronic structure of bulk single-crystal YIG
using the same techniques. This would help us to identify the
best conditions required for developing high-quality films for
device applications.

In this work, we study single-crystal YIG(111),
Pt/YIG(111), and Cu/YIG(111) epitaxial thin films using
hard x-ray photoelectron spectroscopy (HAXPES) and
Fe L3 x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD). HAXPES is ideally
suited for bulk sensitive core-level and occupied valence
band studies of electronic structure [23-25]. On the other
hand, XAS and XMCD are well suited to studying the site-
and orbital-selective unoccupied density of states and for
determining element-specific orbital and spin moments [26].
Our results show the presence of Fe’>" and reduced Fe spin
moments in the epitaxial ultrathin film compared to the pure
Fe’* and the full spin moment seen in the bulk single crystal.
This causes a reduced Curie temperature compared to the bulk
single crystal but is quantitatively consistent with well-known
mean-field theory. The results indicate a direct coupling of
the local Fe spin moments, valency, and long-range magnetic
ordering temperature in the bulk single crystal as well as in
epitaxial ultrathin-film YIG.

II. EXPERIMENTS

The YIG bulk single crystal was obtained commer-
cially. Pt/YIG(111) and Cu/YIG(111) ultrathin films were
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FIG. 1. (a) The Fe 2p HAXPES spectra of Y;Fes;O;, bulk single
crystal at room temperature. (b) The theoretical simulation of the
HAXPES spectrum of YIG single crystal by the configuration-
interaction cluster calculations.

epitaxially grown on GGG(111) substrates using pulsed laser
deposition by applying a KrF excimer laser at a repetition of
4 Hz and a laser fluence of 2.7 J /cm?. The growth temperature
and oxygen pressure were 740°C and 0.07 Torr, respec-
tively. Clear in situ reflection high-energy electron diffraction
(RHEED) patterns were observed during deposition, indi-
cating the single crystallinity of the YIG films. The YIG
thickness was estimated to be 3.3 nm for Pt/YIG and for
Cu/YIG epitaxial films from calibrated RHEED oscillations.
The film quality was further confirmed by x-ray diffraction.
The YIG films were transferred into another vacuum chamber
to deposit Pt/Cu films by dc magnetron sputtering. The thick-
ness of the Pt and Cu capping layer was 3 nm. The growth
rates of the YIG films and the Pt/Cu capping layers were
also determined by x-ray reflectivity measurements, and the
characterization procedures were reported in a recent study
[27]. The Fe L, 3 XAS and XMCD experiments were carried
out at the BL11A beamline of the National Synchrotron
Radiation Research Center in Taiwan. The Fe L, 3 XAS and
XMCD spectra were collected at room temperature in the
total-electron yield mode with an energy resolution of better
than 0.3 eV. Fe,03 and NiO single crystals were measured
simultaneously in a separated chamber to calibrate the photon
energy with an accuracy better than 10 meV. HAXPES experi-
ments (hv = 6500 eV) were performed at room temperature at
the Taiwan beamline BL12XU of SPring-8 in Hyogo, Japan.
The overall energy resolution was 0.35 eV, estimated from a
fit to the Fermi edge of silver, which was also used to calibrate
the binding energy.

III. RESULTS AND DISCUSSION

A. HAXPES Fe 2p results of bulk single crystal

The Fe 2p HAXPES spectrum of the YIG bulk single
crystal is presented in Fig. 1(a). The spectrum consists of the
2p3s and 2py, spectral features due to spin-orbit splitting.
The 2p3,» main peak consists of two features, positioned at
binding energies (BEs) of 710.5 and 711.5 eV and a satellite
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TABLE I. The parameters (in eV) for simulating the Fe 2p
HAXPES spectrum of the YIG bulk single crystal.

Udd Upd A 10 Dq Veg VtZg
T, Fe** 6.0 7.5 2.0 —04 2.82 1.72
0, Fe** 6.0 7.5 2.0 0.9 1.27 2.38

feature at about 720 eV. Similarly, the 2p;,, main peak con-
sists of two features, positioned at binding energies of 724.5
and 725.5 eV and a satellite feature at about 733.5 eV. In order
to understand the origin of the spectral features, we carried out
model configuration interaction cluster calculations [28,29]
for the Fe 2p spectrum, including full atomic multiplets for
octahedral FeOg and tetrahedral FeO, clusters. The basis
states used for the calculations consist of a linear combination
of the d°, d°L', and d’L? states for Fe’*. The electronic
parameters for the calculations are the on-site Coulomb en-
ergy Uyq, the charge transfer energy A, the Fe 3d-O 2p
hybridization strength V, the crystal field splitting 10 Dq, and
the Coulomb interaction in the presence of a 2p core hole
Upq. The parameters were optimized to give the best match
with the experimental data, and the results are shown along
with the experimental spectrum. The bulk single-crystal Fe
2p spectrum can be simulated nicely using a combination of
0, and T, Fe’" in a 2:3 ratio, consistent with the chemical
formula. The two features of the main peak are assigned to the
octahedral and tetrahedral Fe** sites, respectively. The elec-
tronic structure parameters obtained from the cluster calcula-
tions are listed in Table I. It is understood that YIG is a typical
charge transfer insulator with a small charge transfer energy
(A = 2¢eV), large on-site Coulomb energy (Uy;ys = 6eV), and
strong hybridization (V,, = 2.82¢eV and V}5, = 2.38 eV for T,
and Oy, sites, respectively) between the Fe 34 and O 2p ligand
states. The charge transfer nature of YIG is consistent with
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FIG. 2. (a) The Fe 3s HAXPES spectra of Y3;FesO;, bulk single
crystal at room temperature. (b) The simulation consists of four peaks
obtained from a fit to the HAXPES spectrum for estimating the Fe 3s
multiplet splitting, as explained in the text.
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FIG. 3. (a) The Y 3p HAXPES spectra of Y3FesO); single crys-
tal at room temperature. (b) The Y 3d HAXPES spectra of Y;FesO,,
bulk single crystal at room temperature. The weak plasmon features
are marked by asterisks.

the known results of other trivalent Fe** oxides, hematite
(ax-Fe;03) [30] and maghemite (y-Fe,03) [31].

B. HAXPES Fe 3s results of bulk single crystal

In Fig. 2(a) we plot the Fe 3s HAXPES spectrum of
bulk single-crystal YIG. The spectrum consists of two broad
features, a higher-intensity feature at about 94 eV and a
lower-intensity feature at 100 eV binding energy. The Fe
3s spectrum thus exhibits the well-known multiplet splitting
due to 3s-3d exchange interaction [32]. A closer look at the
higher-binding-energy feature at 100 eV shows that it consists
of two peaks, which can be assigned to the tetrahedral and
octahedral Fe sites. Hence, we have carried out a peak fitting
to the Fe 3s spectrum using four peaks (Tdl, Ohl, Td2,
and Oh2) to accurately estimate the binding energies of the
features. The fitting results are overlaid on the experimental
spectrum. We obtain a splitting of ~6.0eV for the tetrahedral
Fe site and ~7.0 eV for the octahedral site. While it is known
that the Fe 3s multiplet splitting energy AE3; = (25 + 1)Jegr,
where S is the net spin on the Fe site and J.¢ is the effective
exchange integral between the 3s and 3d states [32], the role
of the intrashell correlation effects [33], final-state screening
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FIG. 4. The valence band HAXPES spectra of Y;FesO,, bulk
single crystal at room temperature for linear horizontal (H) and
vertical (V) polarizations of the incident x rays.

[34], and charge transfer screening [35] has been recognized.
More recently, a systematic study on a series of Fe compounds
showed that charge transfer screening leads to a modification
of AEj; [36]. It was shown that AFE3, follows a linear relation
versus (2S5 + 1) given by AE3; = A + (25 + 1)Je, where A
is a constant. From a fit to the experimentally observed data,
it was found that A = 0.94 and J.¢ = 1.01 eV for a series of
Fe compounds. Using this relation with A = 0.94, as we will
show later with the XMCD measurements and analysis, since
S ~ 2up for the tetrahedral and octahedral Fe** sites in bulk
YIG, we could estimate that Jo;r ~ 1.0eV for tetrahedral Fe
sites and Jeis ~ 1.2 eV for the octahedral Fe sites.

C. HAXPES Y 3p and 3d results of bulk single crystal

Figures 3(a) and 3(b) show the Y 3p and Y 3d core-
level HAXPES spectra of bulk single-crystal YIG. The Y 3p
spectrum exhibits a spin-orbit split 3p3/, and 3p;,, doublet at
binding energies of 301 and 313 eV, respectively, while the
Y 3d spectrum exhibits a spin-orbit split doublet at binding
energies of 158 and 160 eV, respectively. The clean single
peaks and the binding energies of the Y 3p and Y 3d spectra
are indicative of typical Y3* states. We also note that the
spectra exhibit weak satellites at about 12 eV higher binding
energies compared to the main peaks in both the Y 3p and
3d spectra, and these are indicative of weak plasmon features.
In particular, since the splitting between the main peaks of the
3ps/2 and 3py,, doublet is also 12 eV, the plasmon of the main
3ps» feature is hidden in the main 3p,/, feature, resulting in
a small deviation of the relative spectral intensities compared
to the expected ratio of 2:1 due to their degeneracies.

D. HAXPES valence band spectra of bulk single crystal

In Fig. 4, we plot the valence band HAXPES spectra
obtained for horizontal and vertical linearly polarized incident
x rays. The spectra show small differences for the horizontal
and vertical polarization spectra. The spectra mainly consist
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FIG. 5. (a) The wide-scan Fe 2p HAXPES data for bulk single-
crystal YIG and Pt/YIG (3.3 nm) epitaxial film at room temperature,
showing the Pt 4s core level overlapping the Fe 2p,,, feature.
(b) The narrow-range Fe 2p3,, HAXPES data for YIG bulk single
crystal, Cu/YIG (3.3 nm), and Pt/YIG (3.3 nm) epitaxial thin
films at room temperature, showing a weak feature at low binding
energy(~708 eV) attributed to Fe>* states.

of three broad features: the first feature is from about 2.3 to
about 4 eV BE, the second is between 4.0 and 7.0 eV, and
the third feature occurs between 7.0 and nearly 10.0 eV BE.
The vertical polarization enhances the Fe 3d states, while the
horizontal polarization enhances the Fe 4s states. In addition,
based on known band structure calculations, the first feature
is dominated by Fe 3d states, while the second feature is
due to mainly O 2p states mixed with the Fe 3d states. The
third feature consists of O 2p states mixed with Fe 4s states,
as the Fe 4s states are enhanced in the horizontal incident
polarization spectrum. The onset of the first feature is at
2.3 eV BE and indicates that the band gap in the occupied
density of states is close to the optical band gap of YIG, which
is approximately 2.7 eV [16]. This implies that the chemical
potential of the bulk YIG single crystal is pinned near the
bottom of its conduction band.

E. Comparative HAXPES Fe 2p spectra of bulk single crystal
and epitaxial thin films

Next, we discuss the comparison of the HAXPES Fe 2p
spectra of the bulk single-crystal YIG, Cu/YIG, and Pt/YIG
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FIG. 6. (a) The Fe L, 3 XAS data for YIG bulk single crystal
at room temperature. (b) The theoretical simulation of the XAS
spectrum of YIG bulk single crystal by the configuration-interaction
cluster calculations.

films, as shown in Fig. 5. Since the YIG films have a capping
layer of 3 nm Pt/Cu metal, we could use HAXPES to measure
the valency of Fe in the YIG films. However, since the Pt 4s
core-level binding energy (~722¢V) lies very close to the Fe
2p3» feature (binding energy of 710-715 eV) and it actually
overlaps the Fe 2p,/, feature [see Fig. 5(a)], we measured
and compared the HAXPES of Cu/YIG and Pt/YIG films to
identify the changes in the Fe 2p3/, signal with bulk single-
crystal YIG. As shown in Fig. 5(b) on an expanded scale, the
presence of Fe?* in Cu/YIG and Pt/YIG epitaxial thin films
in the Fe 2p3,, HAXPES spectra can be identified as a weak
feature with a chemical shift to low binding energy [37]. The
finite intensity observed between 708 and 710 eV indicates
the existence of Fe?* in the epitaxial thin films. Thus, as
seen in Fig. 5(b), the Fe 2p3,» HAXPES of the Pt/YIG
3.3-nm epitaxial film shows a higher Fe> content compared
to the Cu/YIG 3.3-nm epitaxial film. This is consistent with
a recent study which reported a charge transfer from the Pt
capping layer compared to negligible charge transfer from a
Cu capping layer in ultrathin Pt/YIG (1.6 nm) and Cu/YIG
(1.6 nm) bilayers [27]. We have also confirmed there is no
observable angular dependence of the spectra, indicating the
absence of surface effects. This is inferred from the fact that
Fe 2p spectra (not shown), measured with horizontal and
vertical polarization at grazing incidence as well as at a 45°
incidence angle, all show very similar spectral shapes. The
presence of Fe" is expected to have an influence on the
magnetic properties of the Pt/YIG epitaxial thin films, and
to investigate this, we performed XAS and XMCD experi-
ments on YIG bulk single crystal and Pt/YIG epitaxial thin
films.

F. Comparative Fe L, 3 XAS spectra of bulk single crystal and
epitaxial thin films

The Fe L, 3 XAS spectrum of bulk single-crystal YIG is
presented in Fig. 6(a). The Fe L, 3 XAS spectra consist of
two main sets of features at ~707-711 and ~720-724 eV

Fe-L, — YIG bulk single crystal
—Pt/YIG 3.3 nm
P2t difference spectrum
e

Fe-L,

Intensity (arb. units)
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FIG. 7. (a) The Fe L, 3 XAS spectra of Y3;FesO;, bulk single
crystal and Pt/Y;FesOy, epitaxial thin film at room temperature.
(b) The simulation of the XAS spectrum of Pt/YIG epitaxial thin
film by the configuration-interaction cluster calculations.

photon energies, which are the L3 and L, edges derived from
Fe 2p spin-orbit coupling. The energy positions of spectral
features and their multiplet structures are characteristic of the
valence state and the local symmetry of the Fe ion. We then
used the same electronic parameters obtained for the Fe 2p
photoemission spectrum to also calculate the Fe L-edge XAS
spectrum using configuration interaction cluster calculations.
We obtain a good match between the calculated and exper-
imental spectra, as shown in Fig. 6. The main peak of the
L3 edge at 708.5 eV is dominated by tetrahedral Fe**, while
the octahedral Fe* states dominate the prepeak at 707.5 eV
and also contribute significantly to the main peak at the higher
photon energy of 709.5 eV.

In Fig. 7(a), we plot the Fe L-edge XAS spectrum of the
Pt/YIG epitaxial thin film compared with the YIG bulk single
crystal’s Fe L-edge XAS shown in Fig. 6. As seen in Fig. 7(a),
the Pt/ YIG epitaxial thin-film spectrum shows higher spectral
weight at the low-energy shoulder (~707eV) in the Pt/YIG
epitaxial thin film compared to the YIG single crystal. This
implies the presence of Fe?" ions in the YIG epitaxial thin
film, consistent with the Fe 2p HAXPES spectrum shown
in Fig. 5(b). In order to confirm and determine the Fe’"
content in the Pt/YIG epitaxial thin film, we subtracted the
spectrum of the YIG bulk single crystal from that of the
epitaxial thin film. The difference spectrum (blue line) is also
shown in Fig. 7(a). We note that this spectral shape is different
from not only the spectrum of O, Fe?* in Fe-doped MgO
[38] but also that of Ty Fe> in CaBaFe 0O [39]. However,
it can be simulated by their combination and indicates the
presence of both O, Fe?* and T, Fe?* in the Pt/YIG thin
film. We then carried out configuration-interaction cluster
calculations to simulate the Fe L-edge XAS spectrum. The
best match to the experimental data is shown together with
the experimental spectrum. The calculations indicate that the
Pt/YIG 3.3-nm epitaxial film consists of ~90% Fe** with Oy,
and T, contributions in a 2:3 ratio, ~6.9% T, Fe>* (cyan line)
and ~3.1% Oy, Fe*™ (magenta line). The electronic structure
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TABLE II. The parameters (in eV) for simulating the Fe L, 3
XAS and XMCD data of the YIG bulk single crystal and the epitaxial
thin film.

Udd Upd A 10 Dq Veg Vtzg Hex

YIG bulk single crystal

T, Fe** 6.0 7.5 2.0 —0.4 282 1.72 0.04
0, Fe** 6.0 7.5 2.0 0.9 127 238 0.04

Pt/YIG (3.3 nm)
T,Fe* 60 75 20 —04 28 172 002

0, Fe** 6.0 7.5 2.0 1.0 127 238 0.016
T, Fe’* 6.0 75 7.0 —-0.4 282 172 0.007
0, Fe’* 6.0 75 7.0 0.6 1.27 238  0.007

parameters obtained from the cluster calculations are listed in
Table II.

G. Comparative HAXPES O 1s spectra of bulk single crystal
and epitaxial thin films

Having confirmed the presence of Fe>" in the Pt/ YIG films
compared to bulk single-crystal YIG, we analyzed the O ls
core-level HAXPES to check the origin of Fe?* in the film. As
seen in Fig. 8, the O 1s core-level HAXPES of the bulk crystal
shows a narrow single peak at about 531 eV. In contrast, the O
1s spectrum of the Pt/ YIG film shows a broader main peak as
well as a broad satellite feature extending up to a higher BE
of nearly 536 eV. Since it is known that oxygen adsorption
(physisorption and chemisorption) on Pt can lead to satellite
features at higher BE than the main peak [40], we carried out
a fitting of the spectrum to accurately identify if the satellite
consists of more than one feature. The best fit is obtained by
using two satellites at binding energies of 533.5 and 536.0 eV.
It is known [41,42] that oxygen vacancies or defects result in
a satellite typically 2 eV higher BE from the main peak. In
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FIG. 8. The O 1s HAXPES spectrum of Y;FesO,, bulk single
crystal and Pt/Y;FesO,4 (3.3 nm) epitaxial thin film at room temper-
ature. The Pt 4p;,, feature lies close to the O 1s features. We have
fitted the O 1s features of the Pt/Y;FesOy4 (3.3 nm) epitaxial thin
film using Voigt functions, as shown in order to estimate the energy
positions and peak widths of the features.
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FIG. 9. (a) The Fe L, 3 XMCD curves of Y;FesO;, bulk single
crystal and Pt/Y;FesO;, (3.3 nm) epitaxial thin film at 7 = 300 K.
The theoretical simulations for the 7 = 300K XMCD curves of
(b) the YIG single crystal and (c¢) Pt/YIG (3.3 nm) epitaxial thin
film.

contrast, a satellite due to oxygen physisorbed on the Pt(111)
surface occurs at about 5 eV higher BE than the main peak
[40]. We thus attribute the satellite at nearly 536.0 eV to
physisorbed oxygen and the 533.5 eV BE satellite to oxygen
vacancies in the YIG film.

H. Comparative Fe L, 3 XMCD results of bulk single crystal
and epitaxial thin films

The T = 300K Fe L, 3 XMCD data of the YIG bulk single
crystal and the Pt/YIG 3.3-nm epitaxial film are presented in
Fig. 9(a). The XMCD experiments were carried out at 7 =
300K under a 1-T magnetic field. We also tried experiments
at T = 30K, but the strong insulating behavior of the YIG
bulk single crystal at T = 30K led to spectral distortions
due to charging. We first discuss the XMCD data of the
bulk single-crystal YIG which show three features, S1-S3, as
labeled in Fig. 9(b). By comparing our results with known
XMCD curves of GaFeO; with O, Fe’* and y-Fe,03 with
both T, Fe’t and O, Fe’* [43], the main Fe Ly XMCD
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TABLE III. Fe 3d spin moments (in units of up) as determined
by XMCD sum rules and XMCD simulations.

Bulk single crystal Pt/YIG (3.3 nm)
T, Fe** 1.97 1.46
0,, Fe** —2.03 —1.30
T, Fe** —0.47
O, Fe** —0.48
Per Fe 0.37 0.27
XMCD sum rules 0.35 0.27

feature in Fig. 9(b) (labeled S2) of the YIG bulk single
crystal is attributed to the Ty Fe*. In contrast, features S1
and S3 at lower and higher photon energies mainly come
from O, Fe** and are in the direction opposite that of the
T, Fe3* contribution. Therefore, the XMCD signal indicates
an antiparallel alignment, i.e., an antiferromagnetic coupling
of the Ty Fe’* and O;, Fe*™ magnetic moments, similar to
what was observed in y-Fe, O3 and Fe;O4 [43,44].

Although the orbital and spin moments could be obtained
by employing the XMCD sum rules [45—47], theoretical cal-
culations are also necessary for explaining and quantifying the
observed behavior, particularly for systems with more than
one valence state and/or local symmetries. For the Pt/YIG
film, although it contains a finite amount of Fe’t as under-
stood from the Fe L, 3 XAS and Fe 2p HAXPES spectra
discussed earlier, the line shape of the XMCD signal of the
epitaxial thin film is quite similar to that of the YIG bulk single
crystal, implying magnetic contributions from Fe** dominate
the XMCD signal. We note that in a recent study on a Pt/YIG
(1.6 nm) ultrathin film [27], it was shown that the spectral
shape deviates a little from that of thick YIG films (and our
bulk single-crystal data). In particular, it was shown that only
the T, Fe** site XMCD signal weakened, while the O, Fe**
sitte. XMCD signal did not change. This was interpreted to
represent a preferential charge transfer from the Pt capping
layer to the T, Fe site, resulting in T, Fe>*. However, in the
present case, we find that for the Pt/YIG (3.3 nm) epitaxial
thin film, the spectral shape matches the bulk single-crystal
XMCD signal but is uniformly weakened, and the reduction
is larger than 10%, the concentration of Fe** in the film. This
indicates reduced spin moments for both the T; Fe’* and
0, Fe*™ sites.

In order to quantify the magnetic dichroism of the YIG
bulk single crystal as well as the Pt/YIG 3.3-nm epitaxial
thin film, cluster calculations using the same parameters as
those for the XAS spectra were performed, and the results are
presented in Figs. 9(b) and 9(c). As shown in Fig. 9(b), there
is nice agreement between the theoretical (magenta line) and
experimental XMCD (black line) spectra, and thus, we can
quantify the magnetic moments of Fe ions for bulk single-
crystal YIG. Moreover, the site-resolved calculations shown
in the bottom part of Fig. 9(b) confirm that the magnetic
moments of T; Fe** and O;, Fe** are indeed aligned opposite
to each other. The estimated magnetic moments (listed in
Table IITI) match very nicely with the spin moments calcu-
lated using the local spin-density approximation with on-site
Coulomb energy U [48,49].

Further, as depicted in Fig. 9(c), our cluster calculations
for the Pt/YIG 3.3-nm epitaxial thin film also match nicely
with the experimental data. However, we needed to include the
Fe*t contributions to get the best match, as was discussed for
the XAS data of Fig. 7. While the contribution from Fe** is
quite small compared with that of Fe*, it can be expected that
the Fe?" ions will disturb the magnetic interactions between
Fe’* ions. However, more surprisingly, we find that the spin
moments for the Fe** ions are also significantly reduced in
the epitaxial thin film as listed in Table III. This not only
explains the reduction of the XMCD signal but would also
imply a reduced Curie temperature in the Pt/YIG epitaxial
thin film. We measured the Curie temperature of the Pt/YIG
(3.3 nm) epitaxial film, and as shown in the Supplemental
Material [50], we could fit the magnetization as a function of
temperature to a Bloch 73/? law typical of ferrimagnets. We
could estimate 7c = 380 K for the Pt/YIG (3.3 nm) epitaxial
film. Thus, the magnetization results and the XMCD spectral
shape of the ultrathin film indicate that the Pt/YIG (3.3 nm)
epitaxial film is genuinely ferrimagnetic. This is in contrast to
recent studies on films grown by radio-frequency magnetron
sputtering which have shown a magnetic dead layer of ~6 nm
[22]. In fact, as discussed above, even Pt/ YIG (1.6 nm) bilayer
films grown by pulsed laser deposition were reported to be
ferrimagnetic at room temperature [27].

Based on mean-field theory, it is known that T¢ =
Ueit (C4Cp)'/?, where s is the effective spin moment and
C, and Cp are Curie constants for the A and B sublattices
in a ferrimagnet [51]. This equation indicates that T¢ is
directly proportional to p.¢. Indeed, the ratio of Ty for the
epitaxial thin film compared to the bulk single crystal Ry, ~
0.68 and is close to the ratio of the effective spin moments
estimated from the XMCD data: R,;; = 0.74 £ 0.05 for the
T, Fe’* site and R,» = 0.64 £0.05 for the O, Fe’* site.
The small deviations for the ratio of effective moments for
the T; Fe’t and O, Fe’* sites probably originates from
the preferential charge transfer as reported for the Pt/YIG
(1.6 nm) ultrathin film [27]. However, the nearly similar
XMCD signal for the present case of the Pt/YIG (3.3 nm)
epitaxial film suggests that the reduced spin moments on both
T, Fe*™ and O, Fe’" sites is dominated by the presence
of oxygen vacancies, leading to both T; Fe** and O, Fe**
sites. This can be expected to disturb and effectively weaken
the exchange interaction between the T, Fe3t and O, Fe3t
sites. Thus, the reduced Ty due to the presence of Fe?T is
attributed to a combination of oxygen deficiency and charge
transfer effects from the Pt capping layer to the ultrathin
film.

IV. CONCLUSION

In conclusion, we have carried out HAXPES, XAS, and
XMCD of bulk single-crystal YIG compared to an epitaxial
Pt/YIG thin-film bilayer. The Fe 2p HAXPES spectrum of
the bulk single crystal indicates a purely trivalent Fe* state.
The valence band HAXPES spectrum shows Fe 3d, O 2p,
and Fe 4s derived features and a band gap of ~2.3eV in the
occupied density of states, close to the known optical band
gap of 2.7 eV. Fe L-edge XAS was used to characterize the
octahedral Fe>* and tetrahedral Fe*™ site features. Fe L-edge
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XMCD spectra showed that bulk single-crystal YIG exhibits
antiferromagnetic coupling between the octahedral and tetra-
hedral sites. Moreover, the full multiplet cluster calculations
of the Fe 2p HAXPES, Fe L-edge XAS, and XMCD spectra
matched well with the experimental results and confirmed
the full local spin moments. In contrast, HAXPES, XAS,
and XMCD of the Pt/YIG (3.3 nm) ultrathin epitaxial film
grown by a pulsed laser deposition method showed a finite
Fe* contribution and a reduced Fe** local spin moment. The
Fe?* state is attributed to a combination of oxygen deficiency
and charge transfer effects from the Pt capping layer to the
ultrathin film. However, the conserved XMCD spectral shape
for the ultrathin film indicates that the 3.3-nm epitaxial film
is genuinely ferrimagnetic, in contrast to recent studies on
films grown by radio-frequency magnetron sputtering which
concluded a magnetic dead layer of ~6 nm. The presence of
Fe?* and the reduced local spin moment in the epitaxial ultra-
thin film lead to a reduced Curie temperature, quantitatively

consistent with known mean-field theory. The results show
a coupling of the local Fe spin moments, valency, and long-
range magnetic ordering temperature in bulk single-crystal
and epitaxial ultrathin-film YIG.
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