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Dysprosium Iron Garnet Thin Films with Perpendicular
Magnetic Anisotropy on Silicon

Jackson J. Bauer,* Ethan R. Rosenberg, Subhajit Kundu, K. Andre Mkhoyan,
Patrick Quarterman, Alexander J. Grutter, Brian J. Kirby, Julie A. Borchers,

and Caroline A. Ross*

Magnetic insulators, such as the rare-earth iron garnets, are promising
materials for energy-efficient spintronic memory and logic devices, and their
anisotropy, magnetization, and other properties can be tuned over a wide
range through selection of the rare-earth ion. Films are typically grown as epi-
taxial single crystals on garnet substrates, but integration of these materials
with conventional electronic devices requires growth on Si. The growth, mag-
netic, and spin transport properties of polycrystalline films of dysprosium iron
garnet (DylG) with perpendicular magnetic anisotropy (PMA) on Si substrates
and as single crystal films on garnet substrates are reported. PMA originates
from magnetoelastic anisotropy and is obtained by controlling the strain state
of the film through lattice mismatch or thermal expansion mismatch with the
substrates. DylG/Si exhibits large grain sizes and bulk-like magnetization and
compensation temperature. Polarized neutron reflectometry demonstrates

a small interfacial nonmagnetic region near the substrate. Spin Hall mag-
netoresistance measurements conducted on a Pt/DylG/Si heterostructure
demonstrate a large interfacial spin mixing conductance between the Pt and

DylG comparable to other garnet/Pt heterostructures.

1. Introduction

Thin films of the archetypical yttrium iron garnet
(Y3FesO4,,YIG) and rare-earth iron garnets (RE;FesOq,, REIG)
have attracted considerable attention recently for studies of spin
torques,'™ spin waves,”®l and magneto-optical effects.l>!]
Selection of the rare-earth ion enables tuning of the saturation
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magnetization,'2!l  magnetocrystalline
anisotropy," magnetostriction,® Gilbert
damping parameter,'*l and magnetoop-
tical spectral response, %2021 and the net
anisotropy may be varied widely by choice
of substrate, which affects the strain state
of the film.?223 Ferrimagnetic insulators,
such as YIG and REIG, are particularly
promising for spintronics as they do not
contribute Ohmic losses from parasitic
current shunting and exhibit fast magneti-
zation dynamics and low losses in the THz
regime.?* Films with perpendicular mag-
netic anisotropy (PMA) are advantageous
for investigation of spin-orbit torque (SOT)
effects, chiral magnetic textures such as
skyrmions, and for high density informa-
tion storage based on domain walls.[>>26]
It is difficult to grow YIG with PMA, but
REIG films with PMA have been grown,
and manipulation of their magnetization
has been demonstrated via a spin-orbit
torque (SOT) from an adjacent heavy
metal®?’] or from a topological insulator?®?%! with a large spin
Hall angle. Electrical control of the magnetization using the
damping-like SOT offers the potential for memory and logic
devices with ultra-low power dissipation.l3*-32 Taking advantage
of these properties in spintronic devices requires the integration
of PMA REIG films onto non-garnet substrates; silicon is of
particular interest as a substrate due to its commercial ubiquity.

Single crystal garnet thin films have been grown with PMA
by selecting a substrate and garnet composition such that the
out-of-plane magnetoelastic anisotropy K, originating from
epitaxial lattice mismatch overcomes the shape anisotropy Ky,
PMA has been demonstrated in samarium-,?¥ thulium-,['8
europium-,11%34 and terbium(!?34 iron garnets on gadolinium
gallium garnet (Gd;GasO;,, GGG) substrates, and bismuth-
substituted yttrium-! and thulium-?°3% iron garnets on sub-
stituted GGG (Gd, ¢Cag4Gay1Mgg 252145012, SGGG). For films
grown on (111)-oriented garnet substrates the magnetocrystal-
line anisotropy also contributes to PMA by an amount K;/12,
which is typically small, where K; is the first order magne-
tocrystalline anisotropy coefficient.

For polycrystalline films grown on non-garnet substrates, the
elastic anisotropy originates instead from thermal expansion
mismatch with the substrate on cooling from the annealing
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temperature used to crystallize the films after growth.?0.2337]

Considerable work was done on thin film polycrystalline REIGs
for bubble memory in the 1960-1970s, where PMA was pro-
moted by lowering the magnetization and therefore the shape
anisotropy (e.g., by Al or Ga substitution for Fe), and from a
growth-induced anisotropy.?®31 Recently PMA was achieved
in polycrystalline films of europium iron garnet (EulG) on
(0001) quartz,®! Dy; Bi,Fes ,Ga,O;, on glass,* and for
Dy;_,Ce,Fes_,ALO;, on Si*!l due to a dominant magnetoelastic
anisotropy. A mixed anisotropy has also been reported for
Gd;Fes0,, on Si*?l To obtain PMA, a combination of posi-
tive (negative) magnetostriction and an in-plane compressive
(tensile) strain state is required. Since iron garnets have a rela-
tively high thermal expansion coefficient (e.g., 10.4 107% K!
for YIGI*)), the garnet will be under in-plane tensile strain on
many common substrates after annealing, with the exception
of high thermal expansion materials such as (0001)-oriented
quartz.* There has not been a demonstration of a REIG with
PMA on Si without Fe-site substitution.

To obtain a PMA REIG on Si, we select dysprosium iron
garnet (DyIG) which has large and negative magnetostriction
constants A;y and 4;151"% at room temperature, favoring PMA
when the film is under sufficient in-plane tensile stress.*’]
Dysprosium has historically been substituted into garnets and
other oxides to enhance the saturation magnetostriction and
the magneto-optical response.*®#’l Bulk, stoichiometric DyIG
crystals have also undergone extensive study to characterize
their complex non-collinear magnetic structure in large fields
and at cryogenic temperatures.*#>U Electrical transport in
DylIG and Sr-substituted DyIG has been examined for use in
phase shift and microwave applications.?%3 The Faraday rota-
tion and magnetic circular dichroism of Bi- and Sc-substituted
DyIG have also been widely studied.[?>#1:%+5] Despite this large
body of work on the bulk and magneto-optical properties of Dy-
containing garnets, the spintronic applications of this material
have yet to be explored.

The aim of this study is to demonstrate growth and spin-
tronic properties of a polycrystalline REIG, DyIG, which
exhibits PMA on a silicon substrate without Fe-site substitu-
tion. We compare the structural and magnetic properties of
polycrystalline DyIG on Si with those of single crystal DyIG
on garnet substrates. The polycrystalline films consist of single
phase garnet having large grains sizes on the order of 10 um
in =40 nm thick films and exhibit a tensile thermal mismatch
strain, whereas the single crystal films are coherently strained
to match the garnet substrate lattice parameter and are under
tensile or compressive strain depending on the substrate com-
position. Spin Hall magnetoresistance measurements on Pt/
DylIG/Si heterostructures indicate spin mixing conductance at
the Pt/DylG interface comparable to that of Pt/YIG, Pt/TmIG,
and Pt/EulG. These results demonstrate the utility of DyIG in
spintronic devices on a Si platform.

2. Epitaxial DylG Films

Films were grown by pulsed laser deposition (PLD) in the pres-
ence of oxygen from a stoichiometric DyIG target onto sub-
strates held at an elevated temperature. Single crystal films
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were grown on GGG, SGGG, and GSGG (Gd;Sc,Ga;0p;) in
(111) orientations to modify the epitaxial lattice mismatch. The
cubic lattice parameters were 1.2376 nm for GGG, 1.2480 nm
for SGGG, and 1.2554 nm for GSGG. The Methods section pro-
vides further details of film growth.

The high-resolution X-ray diffraction (HRXRD) scans of the
(444) reflection of single crystal DylG films on (111) GGG,
SGGG, and GSGG are shown in Figure 1a. The high crystal-
line quality is evidenced by the distinct film peak and the Laue
fringes. Prior work on REIG grown on garnet substrates shows
that the REIG grows coherently on the substrate, matching its
in-plane lattice parameter.'¥! For (111) films the DyIG cubic
unit cell is in a state of pure shear strain leading to a rhom-
bohedral distortion. The DyIG films grown on GGG are under
in-plane compression and the films on SGGG and GSGG
are under in-plane tension. The unit cell volume of the DyIG
films, V = 1.9164, 1.8966, and 1.8856 nm?, on GGG, SGGG,
and GSGG respectively, decreases with increasing in-plane
tension; for comparison the bulk lattice parameter of DyIG is
1.2405 nm3P% (V = 1.9089 nm?).

Vibrating sample magnetometer (VSM) hysteresis loops are
shown in Figure 1b. The DylG/GGG film has the lowest coer-
civity uoH, = 1 mT and its saturation magnetization M, was
50 kA m™. yyH, = 5 mT and M; = 50 kA m™! for DylG/SGGG
and yyH, = 5 mT and M; = 30 kA m! for DylG/GSGG. The
DyIG grown on GGG demonstrates an IP easy axis whereas the
films on SGGG and GSGG exhibit PMA.

The easy axis orientation is attributed to the magnetoelastic
anisotropy, which is the dominant contribution to the net uni-
axial anisotropy of the (111)-oriented single crystal film, K,
given by!!8l

K, 9 (ﬂ' ) o\
Kio=——2tZ el == B |+22 M (1)
: 12 4 " 2 p 2

where K; is the first order magnetocrystalline anisotropy,
< =500 ] m~3'*; 2;;; the magnetostriction, —5.9 x 1071} ¢, the
shear modulus, 76.4 GPa for YIGP; B the corner angle of the
rhombohedrally distorted unit cell, and M; the saturation mag-
netization, =30 kA m™ for bulk DyIG at room temperature.®!
Comparing the bulk lattice parameter of DyIG with that of
the substrates, the lattice mismatch is 0.23%,°% —0.60%, and
—-1.19% for DyIG on GGG, SGGG, and GSGG respectively, that
is, with a negative A1, the magnetoelastic anisotropy favors an
in-plane easy axis for DyIG/GGG and out-of-plane easy axis for
DylG/SGGG and DyIG/GSGG, as observed.

The film out-of-plane lattice parameter and rhombohedral
cell corner angle determined from the HRXRD scans!!®!
yield B =89.7°, 90.4°, and 90.8° for DyIG on GGG, SGGG, and
GSGG respectively. From the bulk value of the magnetostric-
tion constant, 14,7, we use Equation!!l to estimate the hard axis
anisotropy field pyHy = 2 K, ;./M; = 190 mT (where the hard
axis is out of plane) for DyIG/GGG and 80 and 240 mT (in
plane hard axis) for DyIG on SGGG and GSGG, respectively.
However, experimentally the hard axis saturation field was
higher than 1.2 T, the limit of the VSM. This suggests that the
magnetostriction constant of DylG films is greater than the
bulk value, due, for example, to non-bulk stochiometry or film
heterogeneities.[1>]
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Figure 1. a) HRXRD scans of DylG/GGG, DylG/SGGG, and DylG/GSGG films (vertically offset for clarity with film and substrate peaks labeled F and S,
respectively). b) VSM hysteresis loops of the easy axes of the single crystal DylG films. An in-plane (IP) loop is shown for DylG/GGG and out-of-plane
(OP) loops are shown for DylG/SGGG and DylG/GSGG. c) The nuclear (red, solid), imaginary SLD (purple, solid), and magnetic (green, dashed)
scattering length densities (SLD) as a function of depth as determined from fitting PNR data (see Figure S2, Supporting Information), where z=0 nm
refers to the surface of the GGG substrate. The black dotted line denotes the bulk SLD of DylG.

Temperature-dependent VSM measurements were con-
ducted to determine the compensation temperature of a bulk
DyIG reference sample and a DylG/GGG thin film sample,
shown in Figure 2. Bulk DylG has a magnetic compensation
temperature near 220 K,[13%% and our bulk sample, which was
made by sintering of ceramic powders in the same manner as
the PLD target, shows a compensation temperature in good
agreement with the literature value. However the DylG/GGG
film shows a compensation temperature of =190 K, about 30 K
below the bulk value. As previously described by Rosenberg
et al. for TbIG,[! this difference may indicate a non-ideal stoi-
chiometry or non-bulk site occupancy in the films.

In-plane ferromagnetic resonance (FMR) measurements
were conducted on a 116 nm DylG/GGG sample from 3-5 GHz
in an electromagnet with a maximum field of 400 mT. The film
had M, =60 kA m~! and pyH, = 0.2 mT, as shown in Figure S1,
Supporting Information. Numerous studies!!®!°l have shown
that the presence of rare-earth ions greatly increases the Gil-
bert damping parameter (&) compared to that of YIG, owing
to the additional relaxation mechanisms from the large spin-
orbit coupling of the rare earth ions.[°"%2 Values of the Gilbert
damping parameter for thulium iron garnet (ImIG) and euro-
pium iron garnet (EulG) have been reported as on the order of
o = 1073 and =1072, respectively.l'#1963 The DyIG film yielded
a value of a = 0.23 £ 0.02. This value is considerably higher
than that of EulG and TmIG, but corresponds well with meas-
urements on bulk REIG samples where DylG was found to
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have damping roughly an order of magnitude higher than both
EulG and TmIG.[*

The depth dependence of the nuclear structure and in-
plane component of the magnetization were obtained from
fits to room temperature measurements of the polarized neu-
tron reflectivity (PNR, Figure S2, Supporting Information) in
a field of 700 mT, as shown in Figure 1c for a 116 nm-thick
DyIG/GGG film. The magnetic moment of neutrons and the
specular reflection geometry of PNR measurements provide
depth-dependent information on the in-plane component of
magnetization, magnetic roughness, density, and interfacial
roughness.[® The reflectometry curves are fit to a structural
model, from which the scattering length density (SLD) is
extracted. The nuclear SLD is sensitive to density and composi-
tion. It shows that there is a gradient of the composition of the
DyIG, and a region near the DylG/GGG interface with a SLD
smaller than the theoretical value for bulk DyIG. This gradient
and low SLD can be caused by a Fe-depleted interface which
is proposed to be a result of Ga or Gd from the GGG substi-
tuting into the Fe sites, as seen in other iron garnets grown
on GGG substrates.[®®%7 Near the top surface, the DyIG has a
SLD consistent with bulk calculations. The magnetic SLD data
show that the magnetization of the DyIG is 59.8 + 5.5 kA m™!
in agreement with VSM data, and the fit gives a 1.6 nm non-
magnetic layer at both the top and bottom of the DyIG. The top
nonmagnetic layer is assumed to be a result of surface rough-
ness, which is also seen in the nuclear SLD and is also present
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Figure 2. Magnetic moment versus temperature for bulk DylG, DylG/
GGG, and DylG/Si samples. The vertical dashed line indicates the lit-
erature value of the magnetic compensation temperature. Solid lines are
experimental data; the red and green dashed lines indicate interpolation
due to the divergent coercive field.

in polycrystalline films, Figure S6a, Supporting Information.
The bottom nonmagnetic layer corresponds to Ga or Gd inter-
diffusion or local intermixing.

3. Polycrystalline DyIG on Si

DylIG films of 22-39 nm thickness were grown on Si (100) and
underwent a rapid-thermal anneal (RTA) at 750-950 °C for
5 min to crystallize them from the amorphous as-grown state.
Grazing incidence x-ray diffraction (XRD) scans (Figure 3a)
showed no evidence of secondary phases across the range of
thicknesses, and XRD pole figures showed garnet peaks with
no evidence of a preferred crystallographic orientation. X-ray
photoelectron spectroscopy showed that the Dy:Fe ratio in
the film matched that of the DyIG target material. Dy*" was
the only observed valence state for dysprosium, and the iron
valence states could not be resolved.

PNR was also collected for a 40 nm DylG/Si film, with the
SLD profiles show in Figure 3b, collected at room temperature
in a field of 700 mT (see Figure S3, Supporting Information).
In the nuclear and magnetic SLD profile, the interface near
the substrate and DylIG layers is smeared, which is indicative
of intermixing between the layers. The SLD provided by PNR
represents an average across the sample plane, so the tech-
nique cannot determine if the intermixing at the interface origi-
nates from interfacial diffusion or local roughness. However,
the apparent penetration of the magnetic SLD into the Si layer
does not indicate proximity magnetism, but simply mirrors the
interfacial mixing. The interfacial region at the substrate likely
corresponds to the dysprosium-rich region detected at the inter-
face via electron energy loss spectroscopy (EELS, see Figure S6,
Supporting Information). The magnetic SLD data confirm the
saturation magnetization value obtained from VSM measure-
ments. As in the DyIG/GGG case, neutron imaginary SLD is
minimal.
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Figure 3. a) 20 grazing incidence x-ray diffraction scans of DylG/Si thin
films (vertically offset for clarity). No secondary phases are present in the
films. b) Nuclear (black, solid), imaginary SLD (green, solid), and mag-
netic (red, dashed) SLD as a function of depth as determined from fitting
PNR data (see Figure S3, Supporting Information), where z=0 nm refers
to the surface of the Si substrate.

Atomic force microscopy (AFM) measurements demon-
strate sub-nanometer RMS roughness of 0.7-0.9 nm and an
exceptionally large grain size of 5-10 pum with a radiating
groove pattern for certain growth and annealing conditions
(see Figure 4a for a representative image of a 38 nm thick
film annealed at 950 °C). The radiating groove pattern is evi-
dent in the AFM images but the amplitude of the grooves
is below 1 nm. The grain boundaries are straight and scans
on multiple areas of the sample reveal all grains had similar
sizes, indicating that a site-saturated nucleation occurred
during the annealing step.®® To investigate this further,
we annealed films of 20 and 40 nm nominal thicknesses at
a variety of temperatures from 550-950 °C. 750 °C was the
minimum temperature for which pure phase garnet was
obtained, and films annealed below this temperature con-
tained at least a minority DyFeOj; orthoferrite phase. Films
annealed at 750 °C had grain sizes on the order of =100 nm
(obtained from the XRD peak width), comparable to EulG/
quartz films.[?% For films of roughly 40 nm thickness, large
grains were obtained for temperatures above 850 °C, but
there was little dependence of grain size on temperature in
the range of 850-950 °C.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) AFM scan of a 38 nm DylG/Si sample annealed at 950 °C.
Grains on the order of 10 um across can be seen, along with a radiating
grooved pattern originating from the center of the grains. b) ADF-STEM
image of a 22 nm DylG sample grown on a 200 nm Si;N, membrane in
plane-view showing grain boundaries and radiating grooves. c) Image
near a triple point of the plane-view sample showing lattice fringes in two
of the grains. d) HR-TEM image of a DyIG film obtained in cross-section
showing the fringes corresponding to its lattice spacing. Inset shows the
FFT from the image.
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Scanning transmission electron microscopy (STEM) analysis
was performed in plane-view on a 22 nm DyIG film grown
directly on a Si3N, membrane. Figure 4b is a low magnifica-
tion annular dark-field (ADF)-STEM image in which the radi-
ating groove patterns can be seen. The grooves are not aligned
along specific crystallographic directions and most likely rep-
resent height differences originating from a surface instability
during grain growth. They do not correspond to dislocations
or other defects with the grains and the lattice fringes are con-
tinuous across them (Figure S5d, Supporting Information).
Figure 4c shows an ADF-STEM image of the sample showing
three grains meeting at a triple point. Two grains shows lat-
tice fringes which extend to the grain boundary, indicating
that there is no significant disordered region separating the
grains. Figure S5a,b, Supporting Information, shows Kikuchi
lines within the grains and a diffraction pattern consisting of
discrete spots from a region of the sample containing two or
three grains, again illustrating the large grain size and excellent
crystal quality of the film.

Figure 4d shows a high resolution (HR)-TEM image from
a 41 nm DylG film on an oxidized silicon substrate, in cross-
section, that was prepared using focused ion beam (FIB). A
periodic lattice is clearly observed, with no visible dislocations
or other defects. To reveal the distribution of Dy and Fe along
the thickness of the film, EELS was also performed. A small
Dysprosium-rich region at the substrate interface was observed
but the Dy:Fe ratio was constant throughout the remaining
film thickness (Figure S6, Supporting Information). The
higher Dy:Fe ratio at the substrate may be a result of Fe diffu-
sion into the substrate during growth or annealing, and may

40 4 = 39 nm DylIG/Si 750 C OP + —— 39 nm DylG/Si 850 C OP
—— 39 nm DyIG/Si 750 C IP — 39 nm DyIG/Si 850 C IP
204 1
= 0l i
404 1
40+ —— 38 nm DylG/Si 900 C OP 1 — 22 nm DyIG/Si 850 C OP
—— 38 nm DylG/Si 900 C IP —— 22 nm DyIG/Si 850 C IP
204 |
'€
< o1 T
=
204 1
404+ 4
41000 -500 0 500 1000  -1000  -500 0 500 1000
uH (mT) w,H{(mT)

Figure 5. VSM hysteresis loops of DylG/Si samples of selected thicknesses and annealing temperatures. IP and OP refer to the field direction during

the measurement. All samples have an OP easy axis.
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Figure 6. a) Out of plane AHE-like SMR on a Pt(4 nm)/DylG (22 nm)/Si Hall bar). b) In plane SMR loop on the same device. The dashed line is a fit

to a macrospin model.

be compared with the gradient in the calculated SLD for the
epitaxial DyIG/GGG and polycrystalline DyIG/Si samples.

As seen in Figure 5, polycrystalline DyIG films grown on Si
demonstrate PMA with high out-of-plane remanence. M, ranges
from =20-30 kA m™, close to the bulk value of 31 kA m™,38l
and was highest for films annealed at 750 °C. In Figure 5a—c,
as the annealing temperature increased from 750 to 900 °C, the
coercivity of the OP loop increased from =250-600 mT.

The net uniaxial anisotropy of the polycrystalline film is
given by

3, E Ho 3 >
K, ==~ A—— Aoty AT — 22 M
Ty T 2 (2)

where A is the average magnetostriction for a polycrystal, E is
the elastic modulus, v is Poisson’s ratio, Aoy is the difference
in thermal expansion coefficients between the film and sub-
strate, and AT is the temperature change from the annealing
temperature to room temperature. The A is an appropriate
average of the two cubic magnetostriction coefficients A
and A3 29 4 = 0.42109 + 0.64;1; with 4100 = —12.5 x 107615
We use Equation to estimate the anisotropy field, assuming
the thermal expansion coefficients of DyIG are constant over
the temperature range of interest (a = 7.50 x 107® K over
the range 220-450 K)."% This is justified by the insignificant
change in the value of o over the temperature interval of 296—
1399 K for YIG.} For Si, o is integrated over the temperature
range of interest.l”! For the film in Figure 5a, with the lowest
annealing temperature of 750 °C and highest M”27 Equa-
tion (2) results in a value for the estimated anisotropy fields
of 0.53 T, rising to 0.96 and 1.01 T for the films annealed at
850 and 900 °C. This qualitatively agrees with the expectation
that anisotropy field should scale with strain, and therefore
annealing temperature. The anisotropy in the polycrystalline
films is expected to be higher than that of the single crystal
films due to the greater strain state. Moreover, the grain
boundaries can act as domain wall pinning sites explaining the
higher coercivity.

The compensation temperature of a polycrystalline DyIG/Si
sample was =220 K, similar to the bulk sample but different from
the DyIG/GGG sample grown at the same time. We hypoth-
esize that the difference may relate to cation site occupancy in
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the polycrystalline film that is closer to bulk due to the high
annealing temperature.

To gauge the potential of DyIG/Si films as spintronic devices,
we patterned Pt/DyIG/Si into Hall bar heterostructures and con-
ducted spin Hall magnetoresistance (SMR) measurements. The
SMR-induced anomalous Hall effect (AHE) resistance obtained
in an applied out-of-plane magnetic field is shown in Figure 6a
for a Pt(4 nm)/DyIG (22 nm)/Si Hall bar. A sample-dependent
offset and a linear background from the ordinary Hall effect
(OHE) of Pt were subtracted from the raw data. The film
shows sharp magnetization reversal at =250 mT, significantly
larger than the =100 mT coercivity of the unpatterned film. We
attribute this difference to differences in geometry or strain
state of the patterned structure versus the unpatterned film. The
amplitude of the AHE loop (11.0 X 10~ uQ cm) is close in mag-
nitude to that measured for other garnet/Pt heterostructures
including EulG, TbIG, and TmIG.[>!%23 The IP SMR loop could
not be completely saturated in our experimental setup. How-
ever, a fit to a macrospin model produced an anisotropy field
of 1.2 T and an IP SMR amplitude of 42.4 x 10 uQ c¢m with a
good fit to the experimental data. By neglecting the real part of
the spin mixing conductance (G,) in the model of Chen et al.’4
for SMR, we are able to obtain a lower bound on the imaginary
part of the spin mixing conductance (G;) of 1.05 x 1013 Q1 m=2,
If we use the IP SMR amplitude obtained from the macrospin
model fit to the data, we obtain a G; value approximately 11%
larger, indicating that the approximation is reasonable.

4, Conclusion

We have demonstrated the growth of large grained, single
phase DyIG films on Si substrates with PMA. The DyIG/Si
samples exhibit saturation magnetization and a magnetic com-
pensation temperature close to the bulk value, and a coercivity
and anisotropy field dependent on the annealing temperature.
PMA originates from magnetoelastic anisotropy due to the
thermal mismatch strain. Spin transport measurements show
that the AHE-like SMR and spin mixing conductance at the Pt/
DyIG interface are similar to other Pt/single crystal REIG and
Pt/polycrystalline EulG/quartz heterostructures, indicating that
Pt/DylG on Si has high interfacial spin transparency. Single
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crystal DyIG films were grown for comparison with the poly-
crystalline DyIG, showing control over anisotropy in a wide
range via lattice mismatch strain, low coercivity, but higher Gil-
bert damping than EulG and TmIG.

These results establish DyIG as a promising platform for Si-
integrated spintronic devices, provided that annealing tempera-
tures can be lowered to maintain compatibility with back-end pro-
cesses, e.g. by using local laser annealing.””! The ability to tune
the anisotropy, the high spin mixing conductance, and the large
grain sizes are favorable attributes for the complex demands of
spintronic devices. As the garnet structure easily accommodates
cation substitutions, compositions of Dy,Y; ,FesO;, may allow
further optimization by leveraging the benefits of the high mag-
netostriction of DyIG and the low Gilbert damping of YIG.

5. Experimental Section

DyIG films were grown by pulsed laser deposition from a stoichiometric
DylG target produced by solid oxide sintering methods.’®l The laser
used was a 248 nm KrF excimer laser with a repetition rate of 10 Hz, a
pulse energy of 400 m), and a substrate to target distance of 8 cm. All
films were grown at a substrate temperature of 650 °C and an oxygen
pressure of 150 mTorr. Films on garnet substrates were studied without
further annealing. The amorphous as-grown films on Si (100) substrates
were annealed ex situ for 5 min in temperatures from 750-900 °C to
induce crystallization. Pt (4 nm) was deposited on the DylG films by DC
magnetron sputtering and patterned into Hall cross structures (620 um
by 50 um) using photolithography and ion milling.

Film crystallinity for the samples on Si substrates was investigated
with a Rigaku Smartlab XRD with a Cu Ko source using grazing
incidence x-ray diffraction (GIXD) and the with the films deliberately
rotated to minimize the contribution of the substrate.l’’? Samples on
garnet substrates were measured by high-resolution XRD (HRXRD)
and film thickness was determined from x-ray reflectivity (XRR) using a
Bruker D8 Discover with a Cu Ko source.’’l Atomic force microscopy
(AFM) measurements to determine surface roughness and topography
were obtained using an Asylum Research AFM with Bruker OTESPA-R3
tips.’”7l . Magnetic hysteresis loops were measured on a Digital
Measurements Systems Vibrating Sample Magnetometer (VSM) Model
1660.”7 SMR measurements were conducted using a standard lock-in
technique.’) FMR was collected using a Giga-tronics 12000A Series
Microwave Synthesizer and a custom waveguide.”’!

PNR was collected using the Polarized Beam Reflectometer
instrument at the National Institute of Standards and Technology
Center for Neutron Research. The incident neutrons were spin-polarized
parallel or antiparallel to the magnetic field (H), and the reflectivity was
measured in the non-spin-flip cross sections (R** and R™) as a function
of the momentum transfer (Q) normal to the surface of the film. PNR
measurements were taken at room temperature with a magnetic field of
700 mT applied in the plane of the sample. The PNR data were reduced
and modeled, to a y? =1.55, using the REDUCTUS and REFL1D software
packages, respectively.[’379]

Sample preparation for STEM analysis was carried out using FEI
Helios Nanolab G4 dual-beam FIB. Aberration-corrected FEI Titan G2
60-300 STEM equipped with a CEOS DCOR probe corrector, a Schottky
extreme field emission gun, a monochromator, and a Gatan Enfinium ER
spectrometer were used.””l The microscope was operated at 200 kV, 25.5
mrad probe convergence semi-angle, and a 77 mm camera length for
EELS. A band pass filter (pass band 0.7-10 A) was applied to improve
lattice visibility and reduce the noise. Samples were prepared for analysis
in plane-view and cross-section. To obtain plane view images, a DylG
film was grown onto a 200 nm Si;N4 membrane which then was FIB-cut
into about 50 X 20 um? rectangular section and transferred onto a Cu
half grid for STEM analysis. The cross-sectional samples were FIB-cut
from a DylG film grown onto an oxidized silicon substrate.
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