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ABSTRACT

Yttrium iron garnet (YIG) and barium titanate (BTO) were co-deposited on (001)-orientated gadolinium gallium garnet substrates by
pulsed laser deposition with composition determined by the ratio of laser shots ablating each target. With increasing shot ratios of YIG/
BTO =2.5/1, 4/1, 20/1, and 30/1, the majority phase in the film changes from textured polycrystalline perovskite to epitaxial garnet. Cross-
sectional STEM characterization of the YIG-rich films reveals three distinct sublayers: the bottom layer is a coherent epitaxial garnet layer
with higher unit cell volume than that of YIG; the second layer is garnet exhibiting crystalline defects and misorientation; and the upper layer
is amorphous. Highly defective regions within the second layer are richer in Ba, suggesting that the microstructure is promoted by the insolu-
bility of Ba in YIG. Temperature-dependent magnetization measurements fitted to a super-exchange dilution model indicate the presence of
nonmagnetic Ti and vacancies in both octahedral and tetrahedral sites.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128306

Magnetoelectric memory, logic, or energy devices have been pro-
posed to take advantage of materials with both magnetic and ferroelec-
tric properties.”” However, it has been challenging to develop room
temperature single phase multiferroic materials.” As a result, there has
been intense study of two-phase materials that combine multiple func-
tionalities, particularly epitaxial vertically aligned nanocomposites
(VANSs) in which two phases grow epitaxially on a substrate and are
coupled at interfaces oriented normal to the film surface.” The most
commonly studied VANs combine a ferroelectric phase, e.g., BiFeO;
(BFO) and a magnetic phase, e.g., CoFe,O4 (CFO) on a perovskite
substrate and exhibit magnetoelectric coupling that is mediated by
elastic strain transfer.’

Yttrium iron garnet, or YIG (YsFesOyy), is a ferrimagnetic oxide
that is widely used in RF filters, oscillators, and magneto-optical applica-
tions as well as for spintronic devices’ and magnonic crystals” due to its
exceptionally low Gilbert damping. However, integration of YIG into
VAN structures has proved to be challenging due to the structural
incompatibility between iron garnet (lattice parameter ay;g =1.237 nm)
and other oxides such as perovskites [e.g., SrTiO; (STO) lattice parame-
ter agro = 0.3905 nm] and spinels (e.g., CFO, acgo = 0.836 nm). Aside
from structural mismatch, mutual solubility of the phases limits nano-
composite formation. In perovskite-spinel nanocomposites, the large
A-site cation of the ABO; perovskite has little solubility in the spinel,

facilitating phase separation, but for garnet-perovskite nanocomposites,
both phases can accommodate relatively large cations that occupy the
dodecahedral garnet sites and the perovskite A-sites. Moreover, epitaxial
growth can promote the formation of a single-phase film even when the
composition differs from that of the bulk materials, impeding the
growth of two-phase composites. For example, YFeO5 grown on a GGG
substrate forms a garnet film Y;(YFe,)O;, rather than the stable YFeO,
orthoferrite phase.”

Despite these challenges, YIG/BaTiO; (BTO) nanocomposite
growth has been investigated on a perovskite substrate. Dong et al.”
grew BTO pillars (~400 nm diameter) embedded in a polycrystalline
YIG matrix by co-deposition of YIG and BTO on (001)-oriented STO
substrates followed by annealing at 1200 °C. Jung et al.'’ co-deposited
YIG and BTO on (001)-STO, but annealing (800—1200 °C) led to the
formation of YFeO; and BaFe ;0,9 phases in addition to YIG and
BTO. 0-3 type nanocomposites consisting of YIG crystals embedded
in a BTO matrix were synthesized by Schileo et al.'" using a solid-state
reaction method. There have been few works on the co-deposition of
YIG and BTO on a garnet substrate, nor the successful preparation of
epitaxial garnet VANS.

Here, we investigate whether two-phase YIG-BTO nanocompo-
sites can be grown directly on Gd;GasO;, (GGG) garnet substrates by
pulsed laser deposition (PLD). We find that textured perovskite films
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grow for high BTO content whereas epitaxial garnet films grow for
high YIG content. Films with a high YIG content consist of a strained
garnet matrix with inverted conical polycrystalline regions enriched
with Ba, and the films became amorphous as the thickness increased.
The Curie temperature of the high YIG content films is smaller than
that of bulk YIG, and the temperature dependence of the magnetiza-
tion was fitted to reveal the site occupancy of the octahedral and tetra-
hedral sites of the Ba, Ti-containing garnet.

Films were co-deposited by combinatorial PLD" on (001)-ori-
ented GGG substrates by alternating ablation of two stoichiometric tar-
gets, YIG and BTO, with different ratios of laser shots: 2.5/1, 4/1, 20/1,
and 30/1. The laser was operated at 248 nm wavelength with a repetition
rate of 2 Hz and fluence at the target ~2.5 J/cm?. During growth, the O,
partial pressure was kept at 150 mTorr, and the temperature of the sub-
strate heater was set to 900 °C with the actual temperature of the sub-
strate around 150 °C lower. The samples are named according to their
shot ratios, e.g., YB2.5 has a shot ratio of YIG/BTO = 2.5/1. The growth
rate of YIG on GGG is 1.5nm/1000 shots and that of BTO on STO
is 17.5nm/1000 shots, i.e., BTO deposited about ten times faster than
YIG (see the supplementary material). Wavelength dispersive x-ray
spectroscopy (WDS, JEOL JXA-8200 Superprobe, Table I) yields molar
compositions, which are consistent with the much higher deposition
rate of BTO. High resolution x-ray diffraction (HRXRD) and x-ray
reflectivity (XRR) measurements were performed on a Rigaku Smartlab
diffractometer with Cu K, radiation (1= 1.5406 A). Cross-sectional
scanning transmission electron microscopy (STEM) was performed
using a Titan Themis Z aberration-corrected STEM with accelerating
voltage of 300kV and 200kV on lamella samples prepared using a
Raith VELION FIB-SEM system with Au™ source. Electron diffraction
patterns were taken in a microprobe mode using a Ceta camera.
Magnetic hysteresis loops at different temperatures were measured
using a Quantum Design MPMS3 superconducting quantum interfer-
ence device (SQUID) magnetometer (15-400 K) and a vibrating sample
magnetometer with an oven (373-500K) in fields up to 500 Oe, sub-
tracting background signals using a linear fit. The maximum field was
chosen to be sufficient to saturate the sample in plane but small enough
to avoid nonlinearities in the GGG substrate signal. The surface topog-
raphy was characterized using a Cypher S atomic force microscope
(AFM) in the tapping mode.

The x-ray diffraction (20 = 15°-80°) measurements of YIG:BTO
are shown in Fig. 1(a). At a lower YIG content (YB2.5, YB4), the most
intense peaks come from perovskite (hh0) and (00 ), consistent with
the rectangle-on-cube or cube-on-cube growth of BTO/garnet dis-
cussed by Ruf et al'"” and no garnet peak is detectable other than
that of the substrate. The BTO perovskite structure can accommodate

scitation.org/journal/apl

Y and Fe, ie, (Y,Ba;,)(Fe,Ti;,)O; has full solid solubility, "
explaining the formation of a single phase perovskite film at a high
BTO content. Grazing incidence x-ray diffraction (GIXRD) confirms
the textured perovskite growth, and VSM measurements (see the sup-
plementary material) indicate that the films are non-magnetic. The
surface topography measured by AFM is shown in Figs. 1(b1)-1(b2):
the YB2.5 and YB4 perovskite surfaces have an r.m.s. surface rough-
ness of order 3-4 nm (Table I).

Here, we focus on analysis of the high YIG content films (YB20,
YB30) due to their magnetic properties. YB20 exhibits prominent
~100nm diameter surface features of ~10nm height, and YB30 has
sparser features of similar height, Figs. 1(b3)-1(b4). XRD shows only
epitaxial garnet peaks with an out-of-plane lattice expansion compared
to the lattice of GGG. The surface roughness and structural disorder
(see below) account for the lack of Laue fringes around the x-ray
peaks, which are seen in other garnet films with a range of substituents
(e.g, Tm, Ce, Y, etc.).&””17

Sample YB30 [Fig. 1(b4)] was analyzed to determine the struc-
ture and composition of the matrix and surface features. The HADDF
and bright field images of a region of the film (without surface fea-
tures) along the [001] zone axis are given in Figs. 2(a) and 2(b), respec-
tively. The film is composed of three layers: a coherent layer of garnet
of around 10 nm thickness at the substrate/film interface, a columnar
crystalline garnet layer of ~55nm thickness showing strain and dislo-
cations, and an amorphous layer of ~15nm thickness at the top. A
higher magnification view of the interface between the substrate and
coherent layers is shown in Fig. 2(e), confirming coherent epitaxial
crystal growth at the early stage of film growth. As a comparison, one
of the column boundaries is shown in Fig. 2(d), revealing a dislocation
that nucleated 8 nm above the interface.

The interface between the amorphous and columnar regions is
shown in Fig. 2(c), and the electron diffraction patterns of the two
regions are shown in Figs. 2(f) and 2(g). The thickness of this sample
measured by XRR (shown in the supplementary material) is 81 nm,
which is in good agreement with the STEM measurement, including
both the crystalline and amorphous regions [Figs. 2(a) and 2(b)]. In
the elemental maps of Fig. 2(h), Y, Fe, Ba/Ti, and O are presented
throughout the film but the Ba and Ti peaks overlap and the elements
cannot be analyzed independently.

For the YB30 sample, the critical thickness for defect formation
hger is 10 nm, and the critical thickness for the crystal-to-amorphous
transition h,,, is 66 nm (Table I). The crystal-to-amorphous transition
also happened for the YB20 sample, as shown in Fig. 3, but with
hger= 5 and h,,, = 10 nm, and the amorphous region was 20 nm thick.
We attribute the origin of the amorphous layer to the increasing

TABLE I. Summary of composition, structure, and thickness of YIG/BTO samples. g, is the film thickness, hqes is the thickness at which defects nucleate, and hyy, is the thick-
ness at which the film becomes amorphous. The composition and volume ratio are based on WDS quantification and the densities of YIG (5.1 glem®) and BTO (6.02 glcm®).

Shots ratio Molar composition thilm hger ham Volume RMS roughness
Sample YIG/BTO Y;Fe;0,,/BaTiO3 (nm) (nm) (nm) YIG/BTO Structure nm
YB2.5 2.5:1 0.17 0.63 Textured perovskite 43
YB4 4:1 0.27 e .- 1.01 Textured perovskite 33
YB20 20:1 1.33 35 5 10 4.96 Epitaxial garnet 2.5
YB30 30:1 1.97 81 10 66 7.34 Epitaxial garnet 2.5
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FIG. 1. X-ray diffraction and surface topography. (a) HRXRD of co-deposited YIG/BTO samples with different shot ratios. (b) AFM height images: (b1)—(b4) correspond to YIG/
BTO=2.5/1, 4/1, 20/1, and 30/1, scale bar =1 um, and the color bar represents height in nm.

roughness caused by the strain or surface evolution in the manner of
the breakdown in epitaxial growth of Si or Ge reported in Refs. 18-20.
The onset of defects and amorphization in YB20 at lower thicknesses
correlates with the higher content of BTO. The amorphous layer is
expected to be paramagnetic (similar to amorphous iron oxide’') and
not to contribute to the magnetic hysteresis; therefore, the effective
film thickness of YB30 is taken as 66 nm for our subsequent magnetic
analysis.

The HADDF cross-sectional image through one of the surface pro-
trusions in YB30 [Fig. 1(b4)] is presented in Fig. 4(a), indicating that the
surface feature is associated with an inverted cone whose apex originates
~10nm (ie., at ~hge) above the substrate film interface. Figure 4(c)
shows a higher magnification of the region marked by the red box, and
larger images are given in the supplementary material. The electron dif-
fraction patterns of the substrate below the cone apex and the blue circle
and red circle regions are shown in Figs. 4(a2), 4(al), and 4(a3), respec-
tively, confirming changes in the crystal orientation and/or structure in
the cone region. The small size of the crystallites in the cone region lim-
its the identification of the crystal structure, but some of the crystallites
in Fig. 4(c) appear to be garnet of different orientations vs the matrix.
The elemental mapping is shown in Figs. 4(b1)-4(b5). The matrix con-
sists primarily of Y, Fe, and O, while the cone region has similar O con-
tent but less Fe than the matrix. Ba is present throughout the film but is
concentrated in the cone regions, where Ba and Y are distributed in
complementary locations. We present another example of an inverted
cone in the supplementary material, which has the wider cone angle but
similar elemental distributions.

Based on the measured out-of-plane lattice parameter of
1.255nm and in-plane coherency [Fig. 2(e)], the unit cell volume of
the Ba,Ti-YIG is 1.5% larger than that of GGG. The large Ba®" ion
(radius ~1.61 A, for coordination number CN = 12)** has a solubility

of less than 0.01% in bulk YIG,” though the chemical mapping and
the WDS suggest a larger concentration in the film. Ti*" (radius
~0.74 A, CN=8),”> which is smaller than Fe** (radius ~0.78 A,
CN = 8)™ it replaces, can be incorporated up to 15% in YIG.”**” Co-
substitution of Ba?>":Ti*" in a ratio of 1:1 leads to charge balance,
whereas incorporation of more Ti than Ba could be accommodated
via vacancies on the Fe sites, divalent Fe or trivalent Ti in Ba,Ti-YIG.

The cation substitution into YIG can be probed through its effect
on the ferrimagnetism of the film. In-plane magnetic hysteresis loops
with fields up to 500 Oe at different temperatures are presented in
Fig. 5(a), after a linear subtraction to exclude the substrate paramag-
netic signal. With increasing temperature from 35 to 400 K, the coer-
civity is reduced from 75 to 5Oe, and the saturation magnetization
(M) drops from 220 to 60 emu cm >, The Ms(T) data are presented
in Fig. 5(b), in which the shift between VSM and SQUID data is attrib-
uted to offset between the temperature sensors.

Dionne’s super-exchange dilution model™ is used to quantita-
tively explore the substitutional site preference. The molecular field
coefficient fitting is conducted as described in our previous work,”
treating the epitaxial and crystalline regions of the film as having the
same magnetization. We rewrite the YIG chemical formula as
{Y3.1-k0) X3 ke Fe2.(1-ka) X2 ka] (Fes.(1-ka)X3.k0)O12, where k, kg, and
k. stand for the fractional substitution in the a (octahedral),
d (tetrahedral), and c (decahedral) sites, respectively, and X repre-
sents nonmagnetic species such as Ba”, Ti4+, or vacancies, V. Since
dodecahedral species Y and X are non-magnetic, the net magnetiza-
tion is independent of k. and the fitting is only done for k, and kq.

The fitting of experimental data and Dionne’s model by the
MATLAB non-linear least squares method gives k,=0.2135 and
kq=0.0737 together with Curie temperature T.=460K [Fig. 5(b)].
Based on a steric argument,”’ we assume any Ba*" present would
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amorphous

Dislocation

h2 BaTi

FIG. 2. STEM cross-sectional view of the YIG/BTO = 30/1 sample in the region without protrusions. (a) HADDF and (b) bright field images, scale bar =20 nm. Zoomed view
of interface between the substrate and film with dislocation (d) and without dislocation (€) and interface between crystalline and amorphous regions (c), scale bar =2 nm.
Electron diffraction pattern in the microprobe mode of amorphous (f) and crystalline regions (g), scale bar =5nm~". EDS mapping: scale bar = 20 nm.

amorphous

coherent

SREERES

FIG. 3. STEM cross-sectional view of the YIG/BTO = 20/1 sample. (a) HAADF scale bar =10 nm. (The top bright layer is the Au protection layer.) HADDF (b) and bright field
(c) at higher magnification, scale bar =5 nm.
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FIG. 4. (a) STEM cross-sectional view of the YIG/BTO = 30/1 sample on the “bump” region. Electron diffraction patterns of the substrate below the cone (a2), blue region (a1),
and red region (a3), scale bar=3nm~". Zoomed region of red square area (c), scale bar =5nm. EDS mapping of the cone region (b1)—(b5), scale bar = 20 nm.

preferentially occupy the c sites and Ti*" preferentially occupies a and
d sites. Assuming that the Y:Fe ratio remains at 3:5, 3k, = 0.39 and the
fitted composition becomes Y, ¢;(Ba,T1)g 30Fe435(Ti,V)0.65012, neglect-
ing other ionic species such as non-trivalent Fe or vacancies on the
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oxygen or c sites. Geller’"”” and Espinosa™ found that for the single
phase polycrystalline {Y; (Cay}Fes  ,Ti,0;, (x<0.65), 30% of Ti
occupies the tetrahedral site, which is in consistent with our fitting:
tetrahedral/total Ti occupancy = (3kg)/(3kg+2k,) = 0.34. Furthermore,
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FIG. 5. Magnetic properties of the YIG/BTO = 30/1 sample. (a) In-plane hysteresis loop taken at different temperatures using SQUID by subtracting the linear background
GGG signal. (b) Temperature-dependence of saturation magnetization (Ms) and molecular field theory fitting result.
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the Curie temperature of {Y,,Cag¢}Fes4TigsO1, was reported as
444 K, which is similar to our result T. =460 K.

The nominal molar composition of YB30 based on the quantifica-
tion from WDS is YIGBTO = 1.97:1 = 1:0.5 (Table I). From the mag-
netic data, the ¢, a, and d-site substitution of 1.04 represents an upper
bound for the Ba+Ti+V content. If we assume all Ba and Ti participate
in substitution, then the molar ratio of YIG:(BTO+V/2) = (2.61/3):0.52
= 1:0.6, which compared to the measured ratio of YIGBTO = 1:0.5
implies the presence of vacancies. Vacancies may be promoted by crystal
distortion due to the Ba*" substitution. The super-exchange dilution
model neglects the contribution of the inverted conical regions, which
might affect the estimation of the vacancy content.

Due to the negligible Ba>* solubility in bulk YIG, we do not
expect Ba®" to be accommodated at the same concentration as Ti*".
However, the large unit cell expansion of Ba,TiYIG does support the
presence of more Ba than the bulk solubility limit. Charge-balance of
Ti** may be accomplished by cation vacancies or non-trivalent Fe.

To summarize, a series of films with varying YIG:BTO ratios was
grown on GGG substrates. The high-BTO content films formed a poly-
crystalline textured perovskite, which is consistent with the high solu-
bility of Y and Fe in BTO, and the cube-on-cube or rectangle-on-cube
epitaxy reported for BTO grown on garnet.” In contrast, in the YIG-
rich regime, the garnet substrate epitaxially stabilized a garnet phase of
Ba,Ti-YIG. The substituted YIG has a larger unit cell compared to bulk
YIG, which is attributed to the incorporation of large Ba ions, and the
film grows with in-plane compressive strain, which is relieved above a
certain thickness hger by formation of dislocations and nucleation of
misoriented crystals, which form inverted-conical regions. As the film
becomes thicker and rougher, eventually epitaxy breaks down at thick-
ness h,y,, and an amorphous oxide layer is formed. The presence of
defects, the nanocrystalline conical regions, and amorphization differs
from other reports of strained garnet films'®'"*” and suggests that the
substituents, particularly Ba, may lower the barrier to form misfit dislo-
cations or other defects in addition to the lattice expansion effect. The
presence of non-magnetic substituents on the Fe sites (ie., Ti and
vacancies) is evident from the M(T) behavior.

Excess Ba is believed to be concentrated into inverted conical
regions that nucleate at the same thickness as the misfit dislocations
grow laterally. Unlike VANS, these regions are inhomogeneous and
consist of multiple crystals with different orientations. The formation
of YIGBTO VANS, therefore, appears to be impeded by the mutual
solubility of the cations and by the lack of a lattice match that would
promote epitaxy between the two phases. Unlike in BFO/CFO, where
Bi is insoluble in the spinel, the large ions (Y and Ba) can distribute
between the two phases (though the solubility of Ba in YIG is limited),
as can Fe and Ti. On a GGG substrate, formation of substituted YIG is
favored and the strain caused by the incorporated Ba promotes defects
and structural inhomogeneities. These results demonstrate the compo-
sitional dependence of the structure and magnetic properties of thin-
film YIG and provide guidance in the selection of oxide materials for
synthesis of multiphase thin films.

See the supplementary material for details of WDS quantification,
STEM images, XRR fitting and super-exchange dilution model code.
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