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Bi-substituted iron garnet films are extensively used in the fabrication of nonreciprocal devices in optical telecom-
munications. The miniaturization of these devices for on-chip integration requires the development of more efficient
magneto-optic materials than presently available. Recent evidence has emerged of large near-surface enhancements
in the magneto-optic response in these materials. However, their operative mechanisms at the atomic and electronic
levels are not as yet understood. We report significant differences in the ionic structure between surface and bulk in
bismuth-substituted iron garnet materials. It is found that the unit cell is elongated normal to the surface, thus enlarging
the separation between Fe3+ ions. These ions play a central role in the magneto-optic response of this material. A marked
displacement of Fe ions creates gaps at the surface that are populated in the bulk. Concomitantly, surface- and bulk-
sensitive measurements of spin-polarized 3d Fe3+ states show significant differences in the magnitude of L2 edge x-ray
magnetic circular dichroism, as well as differences in L3 edge dichroism, which, in the presence of spin-orbit coupling in
3d states, can be assigned to high-energy states. An increase in magnetic circular dichroism correlates with larger Faraday
rotation. These findings provide a deeper understanding of the role of the surface in the electronic transitions to excited
Fe3+ 3d states, responsible for these nonreciprocal phenomena. Together with the surface reconstruction underlying
these effects reported here, they provide a useful tool for the further development of improved materials technologies to
advance the integration of nonreciprocal devices in optical circuits. © 2020 Optical Society of America under the terms of the
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1. INTRODUCTION

Recent work on the magneto-optic response of bismuth-
substituted iron garnet films has uncovered a multifold
enhancement in Faraday rotation below 50 nm thick films [1–3].
Classical electromagnetic analysis of the experimental data has
been used to trace this unexpected effect to the contribution of the
surface [1–3]. The data are consistent with a sevenfold increase in
the Faraday effect within 2 nm of the surface at 532 nm wavelength
[1].

In order to explore the microscopic origins of this effect,
the present work focuses on a comparative study of the
crystallographic- and electronic-structure differences between
surface and bulk in these types of garnets. Relatively thick 2 µm
thick films are used to eliminate any film–substrate interfacial con-
tributions to the data on electronic transitions in Fe3+ ions in order
to isolate the surface and bulk contributions from that of the sub-
strate interface. Iron ions play a central role in the magneto-optic
response of these garnets.

Bismuth-substituted iron garnets are technologically important
materials, used in the fabrication of nonreciprocal optical devices
such as isolators and circulators. These components are widely
used in the telecommunications industry for the protection of
laser sources from back-reflected light. The miniaturization of
these devices and their integration into on-chip optical circuits
constitutes a driver for the development of more efficient magneto-
optic materials than presently available. Magneto-optic effects in
the near-infrared regime are controlled by a small parameter, the
nonreciprocal gyrotropy. The need to boost up its magnitude is
ever present in this continually developing field [4–10].

Bismuth- and cerium-substitution techniques proved effective
more than two decades ago [4–6]. Subsequent efforts through
photonic crystal and ring-resonator technologies made further
advances, but with accompanying drawbacks in bandwidth
[11–23]. No further advances of disruptive significance have
occurred since. Hence, bringing to bear relatively unexplored
surface effects to leverage the Faraday response in nanoscale nonre-
ciprocal devices is important at this time given the recent evidence
revealed in Refs. [1–3]. The point of this paper is to communicate
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the operative mechanisms at the atomic and electronic levels at
the surface so that they may be applied to practical devices and
developed further through improved materials technologies.

Motivated by the results in Refs. [1–3], the authors have con-
ducted a comparative analysis of the ionic structure in the bulk and
the surface of these films. This study was performed via scanning
transmission electron microscopy (S-TEM). Iron garnets belong
to the space group I a3d (O10

h ). They contain three sublattices,
two with Fe3+ ions in tetrahedral and octahedral coordination with
surrounding O2− ions and one with bismuth and lutetium ions
in dodecahedral coordination with the oxygen ions. The study
shows that the bulk conforms with a perfect I a3d structural sym-
metry, but the near-surface ionic structure is distorted away from
bulk symmetry. Such distortions are consistent with electronic
energy level splitting and changes in the density of 3d Fe3+ states,
evidence of which is found in Fe L-edge x-ray absorption spec-
troscopy (XAS) and x-ray magnetic circular dichroism (XMCD)
measurements reported here.

In Bi-substituted iron garnet systems, the ground state for
optical transitions is an orbital-singlet state consisting of spin-
exchange-coupled Fe3+ 3d electrons, in both tetrahedral and
octahedral sublattices [7]. The excited state is an orbital triplet. In
this state, the excited Fe3+ spin magnetic moment is captured by
the exchange field, but the orbital degeneracy is lifted by a strong
spin-orbit coupling due to the contributions from the large Bi3+

spin–orbit interaction [7]. The Fe3+ and Bi3+ form hybrid excited
states.

Three main structural features emerge from a comparison of
surface and bulk crystallography. (1) The distance between unit
cells in the out-of-plane (normal to the surface) direction is slightly
reduced at the surface, but not in the plane of the film, as compared
to the bulk. (2) The distance between Fe ions at the ends of each
unit cell is increased in the out-of-plane direction but remains the
same in the direction parallel to the surface. (3) There is a marked
absence of Fe ions in the middle of the three-ion square edges of the
unit cell in the surface as compared to the bulk.

To complement this structural study, we have conducted an
experimental study of the differences in XAS and XMCD between
the surface and the bulk in these types of films. This study is based
on a comparison between total fluorescence yield (TFY) and total
electron yield (TEY). The former probes the bulk response, and
the latter probes the surface response. However, due to limitations
in the accepted analytical corrections to bring fluorescence yield in
conformity with x-ray absorption, these differences between the
surface and bulk electronic response will need to be confirmed with
additional measurements.

The Faraday effect originates from differences in absorption
between right- and left-circularly polarized photons, i.e., magnetic
circular dichroism, in the optical regime. At the same time, XAS
and XMCD in iron garnets are able to probe differences in the
electronic structure of the surface and of the bulk of the material.
Hence, they allow one to ascertain the presence of differences in
the electronic levels and density of states that participate in the
Faraday effect as a result of surface symmetry breaking and surface
reconstruction.

A key feature emerges from the x-ray analysis. The L-edge
XMCD data exhibits a possible reconfiguration of available 3d
states away from lower and towards higher angular momenta
normal components (along the direction of the magnetic field)
in the surface as compared to the bulk. A larger magnetic circular

dichroism is a signature of enhanced Faraday rotation involving
those states.

2. ANALYTICAL METHODS

A. Scanning Transmission Electron Microscopy

These measurements were performed on 2 µm thick
Bi0.7Gd0.2Lu2Fe4.3Ga0.7O12 films grown by liquid-phase epi-
taxy on (001)-oriented Gd3Ga5O12 substrates. Samples used
in these experiments were analyzed via scanning-transmission-
electron microscopy (S-TEM). The purpose of this analysis was to
determine differences between surface and bulk crystallographic
structures in these materials and any compositional differences.
Film cross sections were prepared and thinned down using the
focused ion beam (FIB) method. The imaging and spectroscopic
measurements of the surface and the interior of the film was per-
formed in scanning mode of the TEM, with a point resolution of
0.8 Å.

The composition of the films was measured using energy dis-
persive spectroscopic mapping at the atomic scale to quantify the
atomic arrangements at the bulk and surface. Iron and lutetium
elemental maps from the bulk and the surface of the sample were
performed, showing an approximately six-atomic-percentage
decrease in Fe content at the surface compared to the bulk and a
similar amount of increase in O content. All other elements show
no significant variation.

There is considerable amount of overlap between Fe and Lu
positions, indicating movement of these elements from their
original sites at the surface. This is also corroborated by compar-
ing the change in intensities of Fe and Fe-Lu sites at the bulk and
the surface. Instrumental details are described in the section on
experimental techniques at the end of the article.

B. XAS and XMCD

XAS and XMCD measurements were performed at the Argonne
National Laboratory-Advanced Photon Source (ANL-APS)
beamline 4-ID-C. Circularly polarized x-ray photons were used to
probe the 3d shell of Fe3+ electrons via L-edge 2p to 3d transitions.
XMCD measures the difference in absorption between right- and
left-circularly polarized photons, and thus probe the difference
between spin-up and spin-down unoccupied 3d states. The two L
edges, L2 and L3, correspond to transitions from the j= 1/2 and
j= 3/2 core states, respectively. In the probed energy range, these
absorption processes are not only element specific (Fe) but also
orbital specific (3d). The Faraday effect in the visible and infrared
ranges in iron garnets is determined by absorption involving 3d
electrons in iron. Thus, probing the density of available 3d states
yields direct information on the electronic processes responsible for
the Faraday effect in these materials.

To analyze the electronic transitions involving surface states,
we measured XAS/XMCD in total electron yield (TEY) drain-
current mode, which has∼5 nm probing depth [24–26]. For bulk
transitions, we measured XAS/XMCD in total fluorescence yield
(TFY) mode, which has ∼50 nm probing depth. The TEY and
TFY measurements were carried out simultaneously, with the latter
using an energy dispersive “vortex” detector. The spectra were nor-
malized using the TEY signal from a 70% transmitting Au mesh
inserted into the photon beam. Note that, for our 2µm thick sam-
ples, TEY and TFY are insensitive to the film–substrate interface
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region due to their limited probing depth. So this methodology
has the potential to yield a direct comparison of bulk and surface
electronic response without any contribution from the substrate or
the film–substrate interface.

Data were collected at room temperature in the presence of a
5 kOe magnetizing field parallel to the incident beam, at angles of
incidence from the normal to 60◦ to the film surface, in steps of
10◦. The applied field saturates the magnetization in these mate-
rials. The samples were mounted to an electrically isolated sample
holder using double-sided carbon tape, and the surface region was
grounded to the holder using silver paint. The holder was isolated
from the main body of the manipulator with a sapphire disk, and
the TEY signal was obtained by measuring the restoring current to
the holder.

3. RESULTS AND ANALYSIS

A. Ionic Structure Differences between Bulk and
Surface

Figure 1 shows the high-angle-annular-dark-field (HAADF)
S-TEM images for bulk and surface in our films, oriented along
the [001] zone axis. Along this zone axis, the atoms are arranged
as shown in Fig. 2. Lu, Bi, Fe, and Ga atoms occupy the center
of the arrangement. We denote this center site as A. This site is
surrounded by three atoms along each of the four faces of a square
pattern. For the purposes of the present article, we will denote each
repeating square unit (or distorted-square unit, at the surface) as a
unit cell.

Fig. 1. HAADF scan from (a) the bulk and (b) the surface. These scans
show that the regular crystalline arrangement of the bulk is modified at
the surface with vacancies and distortions in the unit cell. The dashed line
contour denotes the top of the surface. The unevenness of this contour is
an artifact of the film-thin-down fabrication process via FIB for S-TEM
analysis.

Fig. 2. (a) Atomic arrangement in the iron garnet samples projected
along the [001] zone axis. The red spheres denote the combined Fe and
Ga ions, and the green spheres denote the combined Bi and Lu atoms.
These magnified portions of Fig. 1 show the unit cell from (b) the bulk
and (c) the surface. The regular cubic symmetry of the bulk is lost at the
surface.

In this arrangement of three sites, constituting the sides of
the unit cell, Fe and Ga occupy the middle position exclusively,
denoted here as site B. Lu, Bi, Fe, and Ga occupy the other two sites
in this arrangement of three sites, denoted as sites C. In Fig. 2(a),
the red spheres represent the combined Fe and Ga atoms, whereas
green spheres represent the combined Lu and Bi atoms. Sites C
alternate red (Fe, Ga) and green (Bi, Lu) spheres in the direction
normal to the plane of the page.

Figures 2(b) and 2(c) show the relevant magnified portions
of Figs. 1(a) and 1(b), depicting these kinds of arrangement for
bulk and surface, respectively. As seen in Fig. 1(a), the bulk shows
clear repetition of the unit cell pattern, with both the length of the
three-site unit and the distance between them equal to 0.308 nm.
This is true for the atomic arrangements for all four sides of the unit
cell in the bulk. The fourfold cubic symmetry is preserved here.

In Fig. 2(c), which shows the corresponding ionic arrangement
for the surface, the two vertical sides of the unit cell, in the direction
of the depth of the film, have a slightly distorted ionic arrangement.
Here the length of the three-ion unit has increased to 0.321 nm,
while the distance between the units has decreased to 0.294 nm.
The same arrangement at the horizontal sides of the square, parallel
to the film surface, remain the same as that for the bulk. Therefore,
the cubic symmetry is lost here.

The contrast in a HAADF S-TEM image is proportional to
Z2−δ [27,28]. Z is the atomic number of the atoms in each ion col-
umn, and δ is a correction factor that takes into consideration the
detector parameters. A line scan across the ion columns reveals the
variation in number of ions between them. We have drawn three
line scans shown in red, blue, and green lines in Figs. 1(a) and 1(b).
The corresponding normalized intensity plots are shown in the
same colors in Figs. 3(a)–3(c) (bulk) and Figs. 3(d)–3(f ) (surface).
The red dotted line passes along the center of the arrangement
(site A) mentioned in the previous paragraph. In the bulk, the ratio
between site B (containing only Fe and Ga, red circles) and site A
[containing Bi and Lu (green circles) and Fe and Ga (red circles)]
is 0.4. At the surface, the ratio varies from 0.3–0.7, indicating
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Fig. 3. Normalized intensity profile of HAADF scans along the red,
blue, and green lines drawn in Fig. 1. The (a)–(c) upper and (d)–(e) lower
rows are from the bulk and surface regions, respectively. As the contrast
in HAADF is proportional to Z2−δ , the line profiles show the variation in
intensity, i.e, the atomic number in each atom column.

strong nonuniform change in both of these sites. The blue line is
drawn along the vertical side of the square pattern of the three-site
arrangement. It clearly shows the large variations in number of ions
in both sites B and C at the surface in comparison to the uniform
distribution at the bulk. The intensity ratio between sites A and B
in the surface varies from 0.6–0.8 compared to a steady value of 0.6
of the same in the bulk.

The green dotted line is drawn across the horizontal three-site
arrangement. The line scans show similar behavior as seen in the
case of blue lines. The intensity ratio between the B and C sites
varies from 0.3–0.7 compared to a uniform ratio of 0.6 at the bulk.
The intensity of the B sites at the surface plot does not, in most
cases, go to zero, indicating again that the B sites, containing Fe/Ga
atoms, have not completely disappeared at the surface. From the
line scans, we clearly observe the breaking of cubic symmetry at
the surface accompanied by loss of atoms in both the B and C sites.
The loss in the B sites, however, is more compared to that of the C
sites.

It is clear from Fig. 3 that along sides of the square, in both the
vertical and horizontal directions, the Fe/Ga column (site B) is
largely absent in the middle of the squares. Here it must be men-
tioned that, although the plot at the surface does not clearly show
the B sites, their intensity is not always zero. This indicates that
B sites, i.e., Fe/Ga atoms, have not completely disappeared at the
surface.

Finally, as discussed in Supplement 1, the overall relative atomic
content in the film shifts at the surface in comparison to that of the
bulk. There is a decrease in Bi content per formula unit (pfu) at
the surface, from 0.7 to 0.5, and in iron content, from 4.3 to 4.0.
This implies that the increase in specific Faraday rotation near the
surface reported in Refs. [1–3] is not due to an increase in Bi or
Fe content. Bismuth substitution has been found to increase the
Faraday response in iron garnets [4]. Additionally, at the surface we
see a broadening of Lu and Fe positions in energy dispersive x-ray
spectroscopy (EDS) line scans and a change in their relative inten-
sities compared to the bulk, indicating movement of Fe and Lu ions
from their respective positions. This corroborates the observation
obtained from the line scans of HAADF images discussed in Fig. 3.

B. Electronic Transitions

The Faraday rotation is directly proportional to the difference in
refractive indices between the right- (RCP) and left- (LCP) circular

Fig. 4. TEY and TFY XMCD normalized to the incident beam flux.
TFY data are shown with and without self-absorption correction (SAC).
Note the relative suppression of the L2 edge in the TEY data and the rela-
tive enhancement of the magnetic circular dichroism at the highest energy
L3 edge peak (709 eV). Our assignment of these differences to differences
between surface and bulk states relies on an accurate self-absorption cor-
rection and absence of significant emission-dichroism effects in the TFY
signal.

polarization components, n+ − n−, of linearly polarized light tra-
versing a material magnetized in the direction of propagation of the
optical beam. This difference, in turn, depends on the difference
in the respective absorption coefficients, α+ and α−, through the
Kramers–Kronig relations [29]. Differences in optical absorption
in the dark regions of the spectrum thus translate into differences in
refractive indices in transparent regions. The difference between 3d
Fe3+ spin-up and spin-down filled and empty states in their respec-
tive density of states distributions, together with the corresponding
electronic transition probabilities, controls the magneto-optic
response in these materials.

Figure 4 displays the XMCD spectra for TEY (near surface)
and TFY (bulk) in our samples, normalized to the incident flux. It
is immediately obvious from this figure that the L2 edge XMCD
signal (720–725 eV) is significantly suppressed near the surface
(TEY) compared to the bulk (TFY). These are electronic transi-
tions from the 2p1/2 Fe core states to the 3d outer shell. On the
other hand, the L3 XMCD TEY signal (705–710 eV) correspond-
ing to transitions from the 2p3/2 shows an enhancement in the
positive 709 eV peak.

The TFY data is affected by self-absorption, namely, attenua-
tion of outgoing fluorescence as well as changes in probing depth
as the absorption coefficient changes across the edge. Data for each
helicity must be corrected to account for self-absorption, con-
sidering elemental cross sections for x-ray absorption, elemental
composition of the sample, and angles of incidence and detection
[30]. While the self-absorption correction (SAC) enhances the
L3 relative to the L2 XMCD signals, the line shapes remain rather
unaltered, and a sizable L2 XMCD signal remains visible (Fig. 4).

Room-temperature TEY L2,3 XMCD data have also been
reported for Gd3Fe5O12, another type of iron garnet material, in
Ref. [31]. Our samples differ from the latter by the presence of Bi
and Lu in the dodecahedral sites, and 14% Ga substitution in the
Fe sites. The most interesting feature is the larger magnetic circular
dichroism in our samples at the high energy end (709 eV) of the
L3 signal as compared to Gd3Fe5O12. The presence of Bi in the

https://doi.org/10.6084/m9.figshare.12739634
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dodecahedral sites significantly splits the L= 1 excited states due to
the spin-orbit splitting from hybridization between the Bi and Fe
levels [7]. The Bi induces a large spin-orbit splitting in the excited
states, which significantly affects the Faraday rotation. In the pres-
ence of spin-orbit coupling, the absorption at the L3 edge (j= 3/2)
preferentially probes empty 3d states with j= 5/2 character, i.e.,
the highest energy empty 3d states.

It is known that fluorescence detection may result in fine struc-
ture that deviates from that of the true XMCD absorption spectra
as a result of the latter depending only on the polarized empty den-
sity of states and the former depending on both polarized empty
and filled density of states [32,33]. In the presence of spin-orbit
coupling, it is predicted that the L2 TFY magnetic circular dichro-
ism intensity is enhanced relative to its counterpart in the XMCD
absorption channel [32]. This is because the 3d states with j= 3/2
character, accessed in the L2 absorption process, will be prefer-
entially filled (lower energy), suppressing the absorption while
enhancing the emission cross sections. While the self-absorption
correction takes care of nonlinearity between the absorption and
emission processes, it does not correct for additional dichroic
effects in the emission channel. Although the self-absorption
correction of TFY data modifies the L3/L2 XMCD ratio (Fig. 4),
the L2 XMCD remains sizable and much more intense than the L2

TEY XMCD signal. The enhancement of the L2 XMCD signal
in the TFY channel is indicative of either a difference in electronic
structure between surface and bulk or presence of spin-orbit inter-
action in the Fe 3d states, which preferentially enhances the L2 XAS
intensity in the emission channel [32].

Since spin flips are forbidden in electric dipole transitions,
spin-up (spin-down) photoelectrons from the 2p core shell can
only be excited into spin-up (spin-down) 3d hole states. Hence, the
spin-split valence shell acts as a detector for the available angular
momentum states of the excited photoelectrons, and the tran-
sition intensity is simply proportional to the number of empty
3d states of a given spin. So, assuming that additional dichroic
effects in the emission channel do not alter the TFY line shape
relative to that of TEY, the suppression of the L2 signal and the
enhancement of the 709 to 707 eV peak ratio in the XMCD data
exhibit a reconfiguration of available 3d states away from lower
and towards higher angular momenta normal components (along
the direction of the magnetic field) in the surface as compared to
the bulk. 2p1/2 electrons are excited into m j =±

3
2 , 3d states,

whereas 2p3/2 electrons are excited into m j =±
5
2 ,±

3
2 , 3d states.

We conjecture based on these results that, subject to the caveats
regarding the self-absorption correction expressed above, it is the
higher-energy available states that dominate the Faraday response
near the surface.

While these excited states are multi-electron states, the enhance-
ment (suppression) of the surface XMCD signal seen in L3 (L2)
TEY spectra must involve 3d electron states with enhanced
m j =±

5
2 character, since those states are only accessible at the L3

excitation. That the enhancement of the L3 XMCD TEY signal
occurs in the high-energy side (709 eV) is consistent with expecta-
tions from spin-orbit effects, since states with j= 5/2 character are
expected to be higher in energy than those with j= 3/2 character.

Notice that there is also a shift in the XMCD L3 edge positive
and negative peak-intensity ratios from TFY and TEY. The higher
energy peak at 709 eV exhibits a larger value in the TEY data than
in the TFY data, and so does the lower energy peak at 707 eV. But
the ratio between the 707 eV and 709 eV peak intensities decreases

Fig. 5. Polarization-dependent XAS (a) TEY and (b) TFY data. The
fine structure at the onset of the L3 edge has a much more clearly resolved
multiplet structure in the RCP TEY than the RCP TFY data. The insets
show the corresponding isotropic spectra, given by the sum average of the
RCP and LCP spectra.

in the TEY data. This difference is either due to a shift towards
higher energies in the XMCD response near the surface or to the
result of emission dichroism effects (which are not accounted for in
the self-absorption correction).

At the same time, there is a corresponding evolution in the
L3 RCP XAS spectra, shown in Fig. 5. The surface (TEY) RCP
spectral peak near 709 eV [Fig. 5(a)] sharpens up relative to the
corresponding RCP peak in the TFY data [Fig. 5(b)], revealing
the secondary peak at 707 eV. This secondary peak appears as a
shoulder in the broader RCP TFY spectrum. This sharpening up is
either a signature that there is a stronger RCP photon absorption
and longer lived electronic excitations at the higher energy, or the
result of emission dichroism effects altering the TFY line shape.

The multiplet structure in the XAS TEY and TFY spectra is
consistent with Fe3+ (3d5) ions [34]. The 3+ Fe valence was
verified via electron energy loss spectroscopy (EELS). Figure 6
shows the Fe L edge EELS spectra in cross-sectional samples of the
iron garnet films taken with a step size of 1 nm from the surface.
For a reference, we have also obtained a bulk spectrum obtained at
the midpoint of the cross-sectional sample. As evident from these
spectra (Fig. 6), there is no shift in L edges throughout the length of
the film. Also, there is no significant variation in L3/L2 ratio. Based
on these results, we conclude that the Fe valence does not change
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Fig. 6. Fe-L-edge EELS spectra as a function of distance from the
surface side of the film to the bulk. The term “bulk” is used as a reference
point situated approximately 500 nm from the surface. No significant
change in L3/L2 ratio or a shift in the L edge is observed across the length
of the cross-sectional sample (depth).

across the length of the film, including at the surface, consistent
with the multiplet structure seen in TEY and TFY data. Similar
Fe3+ valence values at the surface are reported in Ref. [35] for other
iron garnets.

4. CONCLUSIONS

This article reports significant differences in the crystallographic
structure and the XMCD and XAS between surface and bulk Fe3+

ions that play a central role in the nonreciprocal response in iron
garnets. It is found that the distance between unit cells normal
to the surface is reduced at the surface as compared to the bulk
and a marked absence of Fe ions in some regions of the unit cell
in the surface as compared to the bulk. These structural changes
are accompanied by significant differences in TEY and TFY spec-
tra, namely, suppression (enhancement) in TEY XMCD signals
involving transitions from the 2p1/2 (2p3/2) to 3d Fe3+ states
with j= 3/2 (5/2) character, which we interpret as differences in
electronic structure between surface and bulk states.

5. EXPERIMENTAL TECHNIQUES

A. S-TEM

The scanning-electron-transmission microscope used was a FEI
Titan Themis aberration-corrected system. The imaging and
spectroscopic measurements of the surface and the interior of the
film were performed in scanning mode of the TEM with a point
resolution of 0.8 Å. The microscope was fitted with superX quad
detectors for fast mapping without losing any x-ray counts. For x-
ray mapping, typically 20µs dwell time and 100 picoamps of beam

current were used. STEM and EDS data acquisition and image
analysis was performed using ThermoFischer Velox. Electron
energy loss spectroscopic measurements were performed in STEM
mode. Spectrum images (SI)/EELS maps were obtained using the
Gatan Quantum GIFTM system. The SIs were processed using
DigitalMicrographTM software. The convergence and collection
semi-angles were 16.9 mrad and 12.8 mrad, respectively. The maps
were obtained at a step size of 1 nm/pixel, and EELS collection time
was 1 second/pixel. The O-K edge at 538 eV was used to calibrate
all the EELS spectra. Indexing and crystallographic calculations
were performed using JEMS software.

B. XAS and XMCD

The incidence angle for the x-ray circularly polarized beam in our
experiments at ANL ranged from 60 to 90 deg, with the detector
angle fixed at 63.5 deg to the incident beam. XMCD measure-
ments were done in helicity switching mode, both for magnetic
field pointing along and opposite incident beam propagation
direction. These measurements were done at room temperature.
The XAS and XMCD experiments were performed using both
TEY and total fluorescence TFY yield [24–26].

C. Samples

The Bi-substituted iron garnet films used for these experiments
were grown by liquid-phase epitaxy on a (001)-oriented gadolin-
ium gallium garnet substrate. These films were 2µm thick. XMCD
and XAS data were collected on three different samples obtained
from the same wafer, with consistent results on all three samples.
Two other samples from the same wafer were prepared by focused-
ion-beam processing for S-TEM analysis. These cross-sectional
lamellae were cut normal to the film surface for (001) and (111)
zone plate analysis.
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