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Y3FesOp, (YIG) is a promising candidate for spin wave devices. In the thin film
devices, the interface between YIG and substrate may play important roles in deter-
mining the device properties. Here, we use spherical aberration-corrected scanning
electron microscopy and spectroscopy to study the atomic arrangement, chemistry and
electronic structure of the YIG/Gd;Gas01, (GGG) interface. We find that the chem-
ical bonding of the interface is FeO-GdGaO and the interface remains sharp in both
atomic and electronic structures. We provide an efficient method to study the interface
chemical bonding, and these results give necessary information for understanding
the properties of interface and also for atomistic calculation. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5018795

Spin waves (magnons) that have a large group velocity up to a few tens of pm/ns and a frequency
in the gigahertz/terahertz range,'™ are promising for the application of information transport and
processing,>"'? as the conventional semiconductor devices are approaching their limitation.!' One
promising candidate material for the spin-wave devices is yttrium iron garnet (Y3FesO,, YIG),'>20
which has the smallest relaxation parameter, high Curie temperature, excellent chemical stability and
a very low damping coefficient and thus allows the magnons to propagate over several centimeters
in distance.”>!”?!=?" For the large scale magnonic circuits integration, YIG is usually required to
be in the form of thin film with smooth interface and thickness in nanometer scale in order to be
compatible with conventional silicon technology.'®?’~2° In fact, the energy consumption can also
be effectively reduced in the thin film YIG devices.'**° Particularly, the nanometer-thick YIG film
is highly desirable for construction of spin wave nonreciprocity logic devices and voltage switched
magnetism. However, when the thickness of YIG film decreases, the effects of interface between
YIG and the substrate are expected to become pronounced or even may completely dominate the
properties of the entire devices. Therefore, it’s of great significance to study the atomic structure,
chemistry and electronic structure of interface of YIG thin film.

In this paper, we employ aberration-corrected scanning transmission electron microscopy (AC-
STEM) and spectroscopy to study the YIG film on the gadolinium gallium garnet (Gd3;Gas0;,, GGG)
substrate. The recent advancements of AC-STEM imaging enable us to directly visualize the atomic
bonding at the interface. In addition, combining atomically resolved imaging and spectroscopy such
as energy-dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) in
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the STEM mode allows us simultaneously to determine the elemental distribution and electronic
structures of the heterostructure. By combining these state-of-the-art electron microscopy and spec-
troscopy techniques, we reveal the interfacial bonding of YIG/GGG is FeO-GdGaO. No significant
elemental diffusion is observed at the interface. The EELS measurements show that the electronic
structures of interfacial Fe remain the same with that in the interior film. Such atomically sharped
interface in both chemistry and electronic structures indicates it is possible to fabricate ultrathin YIG
film for future nanodevices for which no intrinsic interfacial zone exists at the YIG/GGG interface.
The detailed structure information also provides necessary information for future atomistic simulation
of the interface.

Two different samples are studied. One is pure YIG with 265 nm in thickness on (111)-oriented
GGG single crystal substrates, and the other one is La doped (Lag¢7Y2.93FesO12) with thickness
of 1.16 wum grown on (111)-oriented GGG single crystal substrates. Both of them were grown by
liquid phase epitaxy (LPE) technique. In all cases, surfaces of substrates were treated prior to depo-
sition of YIG (see details in the supplementary material). A cross-sectional atomically resolved high
angle annular dark filed (HAADF) image of YIG is presented in Fig. 1(a) with the atomic model
being overlapped. The red arrows mark the interface of YIG and GGG. Since the HAADF image is
Z-contrast (atomic number) image, in which the contrast directly reflects the atomic number of the
element, the darker side of the image is YIG and the brighter side is GGG. It can be noticed that
O is invisible in the HAADF image. The HAADF image shows perfectly epitaxial growth and the
interface is atomically sharp. The overlapped atomic model highlights the atom positions, which will
be discussed below. The crystal structure of YIG is cubic with a dimension 12.376 A in unit cell and
houses 80 atoms. In each unit cell, there are twenty Fe** ions occupying two different sites. Among
of them, 8 Fe3* ions occupy octahedral sites and 12 Fe** ions with opposite magnetic moment occupy
tetrahedral sites.” The detailed mechanism of interfacial stress relaxation has been discussed in details
previously.3! From all the acquired HAADF images, no dislocations is observed at the interface. The
low density of dislocations at the interface can be understood by the facts of small mismatch between
YIG and GGG (i.e., GGG substrate has the same garnet structure as YIG with lattice constants of
12.383 A), few dislocations and small misorientation (< 0.02°) of GGG, and large Burgers vectors.*2

FIG. 1. Atomic structure of YIG/GGG interface. (a) Atomically resolved STEM image of a YIG/GGG interface along the
[101] direction. The red arrows mark the interface. The left side is YIG which appears dark contrast in the HAADF image.
(b)-(e) Atomically resolved EDS maps of (b) element Fe, (c) element Y, (d) element O, and (e) overlap of element Fe and Y
in YIG. The atomic arrangement model is overlapped on (e). (f)-(i) Atomically resolved EDS maps of interface. (f) element
Fe, (g) element Y, (h) element Ga and (i) element Gd. The yellow arrows mark the interface.
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Furthermore, the YIG can be doped with lanthanum to increase the lattice constant to further achieve
better lattice match with GGG substrate.” In this case, such small mismatch can be accommodated
by elastic deformation of the thin film and thus no stress relaxation through plastic deformation or
misfit dislocations is required.*>* XRD result is shown in the supplementary material, which also
indicates an unmeasurable mismatch between La:YIG and GGG.

The atomically resolved EDS maps of YIG are shown in Fig. 1(b)—(e), which are element Fe,
Y, O and Fe along with Y respectively. The atomic model on the EDS map in Fig. 1(e) further
highlights the locations of Fe and Y atom columns. Fig. 1(f)—(i) show the distribution of elements Fe,
Y, Ga, Gd of the YIG/GGG interface, the yellow arrows mark the interface and the scale bar in these
figures is 1 nm. These EDS maps are acquired at the same area as shown in Fig. 1(a). The yellow
arrows mark the interface position based on the Z-contrast image. There are Fe atoms diffuse across
the interface into GGG, while the Y, Gd and Ga remain sharp edges at the interface from the EDS
mappings.

For the YIG grown on GGG (111) substrate, there are two possible interfacial bonding between
them, as shown in Fig. 2. Along the [111] direction, there are two types of atom planes of garnet
structure, which we call A and B atom plane respectively (see the details in the supplementary
material). B atom plane in YIG (GGG) consists of Fe, Y (Ga, Gd) and O atoms while A atom plane
in YIG (GGQG) consists of Fe (Ga) and O atoms only. The atom planes arrange in ABAB. .. order
inside the crystal. Therefore, the interfacial bonding should be either FeO-GdGaO or YFeO-GaO.
Based on the atomically resolved EDS maps, the bonding at the interface of YIG/GGG is identified to
be A/B type, i.e., FeO-GdGaO bonding. The schematic illustration of interfacial bonding is overlaid
with HAADF image in Fig. 1(a). The detailed structure information of the interface viewing from
another two zone axis directions is included in the supplementary material.

Two other cross sectional atomically resolved STEM images of YIG/GGG interface with different
viewing directions are shown in Fig. 3(a) and Fig. 3(d), and the corresponding FFT patterns are
presented in Fig. 3(b) and Fig. 3(e) respectively. The simulations of the electron diffraction in Fig. 3(c)
and Fig. 3(f) confirm the directions of the zone axis are [321] for Fig. 3(a) and [112] for Fig. 3(d),
respectively. The atomistic models of these two zone axes are overlapped on the STEM images. The
counts of elemental distribution from the EDS maps are averaged along the interface and depicted
in Fig. 3(g), which shows the width of the interfacial region is ~1.4 nm. The counts of Fe near the
interface is higher than those of Y compared to that in the interior film, due to the interfacial bonding of
FeO-GdGaO and slight Fe diffusion. We measured 18 EDS maps from different locations in different
TEM specimens, and the frequency distribution histogram shown in Fig. 3(h) indicates the width of
the transition area is equal to the width of 1.9 unit (2.3 nm). However, it should be noted that the

{ ° 9 200
a "'OJJ @ J b ° OJ
Q200 @00 'JJJ ‘Jio
)
° ° @ 90 900 ‘J ° o ‘JOJ ’JJ
YIG . o e ° 9 > -
° 200 o0 J ° 2
o
[} ie eoee o k o @ 9 020 oo
2000 000 ° ° 0 Q00 o
: 3 3 000 09009
O‘J‘J'JJ o °
A plane B plane o 00 o0
A/B type
o °
d ) 200 o
Cc 9 00d o 900 o0cae
9 ) ° °

g
00 o 9
9

« " ° oy ‘ o .‘OJ 'JJ
° 900 ? 0 Y
° 9 > @ » 9 ° °9 o900 o
666 - >0
@ 02020 oo o o KAl JQJ
9 °9 000 o . Qo +) ° 9 Q00 o
o o
,“ a‘a E) 9 poo o0
: S o @ @90 o0
A plane B plane o o

B/A type

FIG. 2. The atomic arrangement of the interface of YIG and GGG. (a) Two alternative atom planes of YIG along [111]
direction. The oxygen is invisible for clarity. (b) A/B type bonding model at the interface between YIG and GGG. This mode
is in good agreement with experimental data. (c) Two alternative atom planes of GGG along [111] direction. The oxygen is
invisible for clarity. (d) B/A type bonding model at the interface between YIG and GGG.

€0:9€:¥L €202 Joquialdas €0


ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-035808
ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-035808
ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-035808
ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-035808

085117-4 Liu et al. AIP Advances 8, 085117 (2018)

gooto] = «— Fe Y|
by sge 0 D Ga Gd
0.008 55 ]

2 0.006
5
8oy
€121 024 0002
; 0.000- —

o
-
N
w
S
[¢;]
D

Distance (nm)

=0
o
'S

o
w

»
a
.

o
—_

Relative Frequency
o
N

0.0+

10 15 20 25 30
Width of the transition area (nm)

FIG. 3. Atomically resolved STEM images with viewing directions of [321] and [112] axis further confirm the interfacial
bonding model in Fig. 2. (a) The atomically resolved STEM image with viewing direction of [321] direction with atomic model
and labeled atom planes on it. The red arrows mark the interface. (b) The Fourier transformation pattern. (c) The simulation
of electron diffraction. (d) The atomically resolved STEM image with viewing direction of [112] direction with atomic model
and labeled atom planes on it. The red arrows mark the interface. The yellow arrows mark the two kinds of atom plane of
YIG. (e) The Fourier transformation pattern. (f) The simulation of electron diffraction. (g) The EDS results of the interface.
D marks the width of the transition area of the YIG/GGG interface. (h) The frequency distribution of D of altogether 18 EDS
results.

practical interfacial region should be even thinner due to the presence of delocalization effects from
the EDS measurement. Therefore, we conclude that no significant interdiffusion takes place at the
interface.

To reveal the local electronic structure of the YIG/GGG interface, core-loss electron energy
loss spectroscopy (EELS) experiments are carried out on the Titan Cubed Themis G2 300 aberration-
corrected transmission electron microscope with the Gatan Enfinium™ER (Model 977) spectrometer.
Fig. 4(a) is a STEM image of the YIG/GGG interface along [101] direction. The big green rectangle
highlights the locations where the EEL spectra were recorded with a spatial step of 4.5 A. The O-K
edge and Fe-L,3 edge of the spectra are shown in Fig. 4(b). As marked by the dashed line, the
peak of Fe-L, 3 edge does not show any detectable shift when the probe moves across the interface.
Furthermore, the intensity ratio of L3 to L, is sensitive to the electronic structures of Fe, too. The
ratio is calculated in Fig. 4(c) marked by stars which show no distinguishable change either. Since
the energy of Fe-L, 3 edge is sensitive to the Fe valence, no peak shift or ratio change indicates the
interfacial Fe remains the same nature with that in the film.*'~** The integration of L3 and L, (marked
by rhombus) is shown in Fig. 4(c), from which we can obtain the width of the transition area is 1.8 nm,
which is consistent with the EDS measurements.

The nature of the interface usually plays important roles in the properties for thin film devices.
Particularly for those devices with nanometer scale, the interface properties could be dominated.
By combining atomically resolved image and EDS results, we reveal that at the interface the FeO
atom plane of YIG bonds with GdGaO atom plane of GGG. Slight Fe diffusion in the GGG is also
observed. The EELS measurements show that the electronic structures of Fe remain unchanged at the
interface. The atomically sharped interface in structure and electronic structures may indicate there
are no intrinsic interfacial effects for YIG thin film devices.

The finding of atomic arrangement of interface structure provides necessary information for the
future atomistic simulation such as density functional theory calculations.
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FIG. 4. EELS measurements of the YIG/GGG interface. (a) A STEM image of the YIG/GGG interface along [101] direction.
The area selected to get EELS spectra is marked by the big green rectangle (consists of many small rectangles with different
colors). (b) The averaged elemental line profile across the YIG/GGG interface. The spectra presented by colored lines corre-
spond to those rectangles with the same color in (a). (c) The Fe L,,3 white line ratio and sum across the YIG/GGG interface.
The sum indicates the location of interface; while the ratio remain unchanged at the interface indicates no distinguished
chemical shift in Fe at the interface.

See supplementary material for the detail information mentioned above.
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