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ABSTRACT

Low-damping magnetic oxide thin films with small thicknesses are essential for efficient insulator spintronic devices, particularly those
driven by spin torque effects. Here, we investigate the depth-resolved compositional and magnetic properties of epitaxial spinel
MgAlj sFe; 50, (MAFO), which has recently been reported as a promising low-damping insulator. We find that ~11 nm films exhibit
optimal Gilbert damping, with a typical damping parameter of 0.001. While defects due to strain relaxation in the bulk of the film contribute
to increased damping for large film thickness, the damping increase in thinner films is attributed to the presence of a chemically disordered
magnetic dead layer at the film/substrate interface. This interfacial dead layer arises from an Fe-deficient MAFO layer. Notably, this layer is
only about one-sixth the thickness of that found at the interface between yttrium iron garnet films and gadolinium gallium garnet substrates,
making MAFO an ideal thin-film insulator for spin-torque applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111326

Spintronics has largely been based on the control of spin-
polarized charge current, but recently magnetic insulators driven by
pure spin current (without any charge current) have been recognized
as more energy-efficient media for spintronics."” The most oft-studied
magnetic insulator is yttrium iron garnet (YIG) grown on gadolinium
gallium garnet (GGG), which boasts a typical magnetic damping
parameter of o ~ 0.0001—0.001.”"* However, some properties of
YIG are not ideal for future applications. Epitaxial YIG films with low
damping require high temperatures (=750 °C) for crystallization dur-
ing growth or postannealing, which is not ideal for minimizing the
thermal budget for large scale integration.” '* Furthermore, the high
processing temperature promotes atomic interdiffusion, e.g., of Gd
into the YIG film, resulting in an ~5-6 nm-thick magnetic dead layer
at the YIG/GGG interface, which may suppress the Curie temperature

and cause an undesirable increase in damping for very thin YIG
films."” ' This disordered layer can be problematic for driving preces-
sional magnetization dynamics in YIG with spin-torque effects, which
require both low damping and small magnetic thickness.”'® >’
Therefore, the ability to realize ultrathin low-loss magnetic insulator
films is crucial to the success of pure-spin-current-based spintronics.
As an alternative to YIG films, we have recently synthesized
epitaxial spinel-ferrite thin films of MgAl, sFe; 50, (MAFO) grown on
MgALO, (MAO) substrates. MAFO films between 10 and 15 nm thick
exhibit a very low Gilbert damping parameter on the order of YIG
films (oyaro & 0.001),”" and spin pumping has been demonstrated
from MAFO films into the canonical spin sinks Pt and -W.”” MAFO
films crystallize at significantly lower temperatures than YIG, such
that the problem of interfacial interdiffusion may be reduced.
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Additionally, the substrate MAO is diamagnetic at all temperatures,
greatly diminishing the substrate contribution to magnetic measure-
ments. More importantly, the effective magnetization of MAFO is sig-
nificantly higher than YIG, resulting in significantly reduced external
field requirements for ferromagnetic resonance.”"””** The spinel crys-
tal structure also offers more opportunities for integration with other
oxide materials and silicon.”” ** Similar to YIG/GGG systems,
MAFO/MAO exhibits a degradation of the saturation magnetization
and Gilbert damping in the ultrathin regime (f < 10nm),”" pointing to
the possible existence of an interfacial layer at the film/substrate inter-
face and the film surface.

In this paper, we study the magnetic response of MAFO films
grown on MAO substrates as a function of thickness in order to deter-
mine the factors limiting magnetic damping. Through x-ray reflectiv-
ity (XRR), superconducting quantum interference device (SQUID)
magnetometry, and magnetic depth profiling performed via polarized
neutron reflectometry (PNR), we have determined that there is a mag-
netically suppressed layer ~1.025 nm thick at the film/substrate inter-
face. This layer is nearly one-sixth of the thickness found in YIG/GGG
systems and a little over one spinel structure unit cell. The presence of
this layer is enough to substantially increase the Gilbert damping
parameter in ultrathin MAFO films but is negligible in thicker
(t>10nm) MAFO films. In thicker MAFO films, defects associated
with plastic deformation contribute to an increased Gilbert damping.

All films were grown via pulsed laser deposition (PLD) on the as-
received single-crystal (001) MgAL,O, (MAO) substrates. MAO has a
lattice constant of 8.08 A, 3% smaller than MAFO, which has a bulk
lattice constant of 8.30 A, as determined by powder x-ray diffraction of
the target. All films were deposited at a substrate temperature of
450°C, under 10 mTorr (1.33 Pa) of oxygen pressure, and using a
248 nm KrF laser with a fluence of ~1 J/cm? Samples were cooled
under 100 Torr (13.3 Pa) of oxygen, and growth rates were calculated
using x-ray reflectivity. The details of the deposition conditions have
been published elsewhere.”'”* X-ray diffraction studies indicate that
thin (f < 40 nm) MAFO films are highly crystalline, exhibiting distinct
Laue oscillations around the (004) Bragg reflection [see Fig. 1(a)]. A
previous study has verified that MAFO films less than 40 nm thick are
coherently strained to the MAO substrate via reciprocal space map-
ping of the (115) reflection and transmission electron microscopy
(TEM) imaging.21 In thicker samples (¢ >40nm), Laue oscillations
disappear as the film begins to relax to relieve the compressive strain
induced by the lattice mismatch between the film and the substrate.
We note that the calculated Matthews-Blakeslee critical thickness for
relaxation and plastic deformation for MAFO on MAO is approxi-
mately 19 nm, which is consistent with our XRD data showing relaxa-
tion toward the bulk values of the out of plane lattice parameter of
films thicker than 21 nm.”” TEM results indicate that such a relaxation
is accompanied by the formation of dislocations throughout the film,
particularly at the film/substrate interface.”’ Additionally, energy
dispersive spectroscopy (EDS) indicates that there is a layer at the
film/substrate interface (see the supplementary material) in which the
iron content is suppressed from the nominal film stoichiometry.

X-ray reflectivity (XRR) measurements were performed to
calibrate the growth rate and investigate the film/substrate interface.
Fits to XRR data were only successful when an interfacial layer was
added to the model [see Fig. 1(b)]; a two-layer model comprised of a
single layer film and a substrate gives a poor fit, as indicated by the
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FIG. 1. (a) 20 — w XRD scans for different film thicknesses showing clear Laue
oscillations. (b) XRR fitting of a 45 nm sample using a single-(blue) and a two-layer
(red) model. The two-layer model includes a 1-2 nm interfacial layer of lower den-
sity than bulk MAFO and gives a much better fit.

blue fit curve in Fig. 1(b). Note that the fit deviates at a higher angle,
owing to the fact that the model fails to take into account the interfa-
cial region. Two-layer fits indicate that the interfacial region is about
1-2 nm with a density of ~4.09 g/cm” (about 6% less dense than that
of bulk MAFO as measured by XRR). Since the only difference
between the film and substrate is the presence of iron, we postulate
that this interfacial region consists of an iron-deficient composition of
MAFO. This is consistent with the interfacial layer observed via EDS
(see Fig. SI in the supplementary material). The surface roughness
measured by XRR is approximately 0.33 nm, which agrees well with
the roughness measured via atomic force microscopy (AFM) of about
0.3 nm. The roughnesses measured via AFM and XRR do not show
any systematic or significant trend with film thickness.

To study the magnetic character of the interfacial region, we per-
formed field dependent magnetization measurements as a function of
MAFO film thickness. Films 5-21 nm thick exhibit very low coercivity
(H. < 0.5mT), while thicker films have a marked increase in coerciv-
ity, with H, ~ 5mT for 45nm films [as in Fig. 2(a)]. This increased
coercivity in thicker films is correlated with an increased number of
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FIG. 2. (a) Magnetic hysteresis loops taken by SQUID magnetometry for different
film thicknesses. Coercivity increases as the films relax at higher thicknesses. (b)
Magnetic moment per area as a function of film thickness. Extrapolating to zero
magnetic moment yields a 1.90 nm thick layer with zero magnetization.

defects which is associated with structural relaxation. Measuring the
saturation moment per unit area as a function of thickness [see Fig.
2(b)], we observe a linear relationship with a slope corresponding
to a constant saturation magnetization of M;=74.85 % 0.20kA/m.
Extrapolating the fit to zero magnetization, we have determined that
these films exhibit an ~1.90 * 0.45 nm layer with zero magnetization
(unless otherwise noted, uncertainties represent one standard devia-
tion). While a similar layer has been proven to exist at the interface
between YIG/GGG, SQUID magnetometry alone cannot provide
information on the precise location of the layer—whether at the
film/substrate interface or the film surface.

To directly characterize this layer in the system, polarized
neutron reflectometry (PNR) was performed on the Polarized Beam
Reflectometer (PBR) instrument at the NIST Center for Neutron
Research. Measurements were performed at room temperature in
applied in-plane fields of 7.5 mT and 600 mT. Incident neutrons were
polarized to be spin up or down with respect to this field. The specular
reflectivity of spin-polarized neutrons (which is dependent on the depth
profile of the nuclear composition and of the sample magnetization
component parallel to the applied field) is plotted as a function of wave-
vector transfer, Q, along the film normal [see Fig. 3(a)]. The sample
magnetization is related to the splitting between the spin up and down
reflectivities. This splitting is plotted as a spin asymmetry [Fig. 3(b)]
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FIG. 3. (a) Neutron reflectivity data as a function of scattering wavevector, Q, with
fits. (b) Calculated spin asymmetry fitted as a function of Q. (c) Nuclear and mag-
netic scattering length density profiles calculated using a three-layer model. Error
bars represent one standard deviation.

which is calculated as the difference between the spin up and down
reflectivities normalized by their sum. The fitting of the reflectivity data
was carried out with the NIST RefllD software package using a
Markov-chain Monte Carlo algorithm for ” optimization. We find that
the magnetic depth profile is extremely well described by a model with a
single magnetic layer of uniform magnetization and a thinner layer at
the MAO/MAFO interface with zero magnetization. The resulting
depth profiles at 7.5mT are shown in Fig. 3(c), yielding a 1.025 =
0.15nm layer between the film and substrate with zero magnetization,
in excellent agreement with the value of the intercept of the thickness
axis in Fig. 2. We further note that the structural depth profile
(described by the nuclear scattering length density) shows signs of inter-
facial intermixing found in the nuclear depth profile. The MAO/MAFO
and MAFO/air interfaces exhibit roughnesses of 0.93 nm * 0.05nm
and 0.44nm * 0.01 nm, respectively. The surface roughness observed
by PNR is consistent with AFM and XRR measurements. The larger
interface roughness observed by PNR at the MAO/MAFO interface
likely indicates Fe diffusion. The dead layer we observe is slightly differ-
ent from that in YIG/GGG systems, in that it does not form an antipar-
alle] magnetic moment to the film magnetization and is much thinner.
The lower degree of diffusion between the film and substrate is likely
due to the lower crystallization/growth temperature of our spinel ferrite
thin films (450 °C compared to ~750 °C).

To characterize the dead layer’s effect on spin current generation
efficiency, we performed broadband ferromagnetic resonance (FMR)
measurements at room temperature in a coplanar waveguide setup.
For each measurement, the microwave frequency was fixed, while the
magnetic field was swept and the derivative of the power absorption
with respect to the field was measured via an rf diode. The resonant
field, Hrpr, and linewidth, AH, were extracted from the FMR spectra.
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The resonant field can be fit to the in-plane Kittel equation to yield the
Landé g-factor and effective magnetization

f:g%.uo[(HFMR +H4.,H)(HFMR +Mej’f+H4,H)}l/27 (1)

where g is the Landé g-factor, p is the permeability of free space, 1 is
the Bohr magneton, / is Planck’s constant, Hy | is the in-plane cubic
anisotropy field, and M4 is the effective magnetization that accounts
for the out-of-plane uniaxial anisotropy field. Fitting the resonant
field as a function of frequency to the in-plane Kittel equation yields
a Landé g-factor of ~2.05, an in-plane cubic anisotropy field |H, |
~ 6 mT, and a remarkably large effective magnetization oM
~ 1.5T which strongly prefers the moment to lie in the plane of the
film. We did not observe any systematic change in the H, parameter
as a function of thickness, despite film relaxation. That g~ 2 implies
low spin-orbit coupling, as to be expected from the dominating Fe’"
contribution to the magnetic moment that has been confirmed by
x-ray absorption spectroscopy.”’ Low spin-orbit coupling suppresses
magnon-phonon scattering, leading to lower magnetic damping as
discussed below.

Fitting the FMR linewidth AH as a function of frequency, f, to
the in-plane Kittel equation yields the Gilbert damping parameter, o,

1 1 1 1 1 1 1 1

10 o
@ 05 o = 0.0051 + 0.0007
5

4y o = 0.0015 + 0.0004
8- %14 nm = 0.0019 £ 0.0004 @/
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T T
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FIG. 4. (a) FMR AH vs frequency for MAFO films of various thicknesses. (b) Raw
FMR data and fit for an 11 nm film measured at 10 GHz.
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AH = AH, + %0 ¢, @)
Mol

where AH,, is the zero-frequency linewidth. Thin MAFO films (10 nm
< tyaro < 15nm) exhibit a damping parameter of o5 ~ 0.0015
[Fig. 4(a)], which is almost an order of magnitude less than Permalloy
and within the typically reported range for YIG/GGG films. In thicker
MAFO films, the damping increases, with O A 0.0314 for 45nm
thick films. This has been attributed to the relaxation of the film and
the formation of dislocations at higher thicknesses as discussed
above. Thinner MAFO films also exhibit increased damping, with
O & 0.0051 for 5nm films. The mechanism for this increased damp-
ing is now understood to be the dominance of the interfacial layer in
thinner films. If the dead layer is indeed an iron-deficient composition of
MAFO with degraded magnetic properties, then we would expect an
increase in the Gilbert damping in the thinnest films as the dead layer
plays an increasingly larger role in the magnetic properties of the film. In
thicker films (10-14 nm thickness range), it is not yet energetically favor-
able for the film to undergo plastic deformation. In these coherently
strained films, the dead layer plays an increasingly smaller role in the
magnetic properties and Gilbert damping can be minimized.

We have demonstrated that epitaxial MAFO films grown on
MAO substrates exhibit an interfacial layer with zero magnetization
approximately 1.025 nm thick. XRR, SQUID magnetometry, and PNR
provide a comprehensive magnetic profile of our MAFO films. The
layer that we observe is nearly one-sixth the thickness of that observed
in YIG/GGG systems, so that we are able to realize thinner low-loss
ferromagnetic insulating films. This is promising for the realization of
efficient spin-torque switching and miniaturization of devices in spin
current based devices.

See the supplementary material for transmission electron micros-
copy images and x-ray energy dispersive spectroscopy measurements
taken on a 14 nm film.
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