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Charge-Spin Interconversion in Epitaxial Pt Probed by Spin-Orbit Torques in a
Magnetic Insulator
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We measure spin-orbit torques (SOTSs) in a unique model system of all-epitaxial ferrite/Pt bilayers
to gain insights into charge-spin interconversion in Pt. With negligible electronic conduction in the
insulating ferrite, the crystalline Pt film acts as the sole source of charge-to-spin conversion. A
small field-like SOT independent of Pt thickness suggests a weak Rashba-Edelstein effect at the
ferrite/Pt interface. By contrast, we observe a sizable damping-like SOT that depends on the Pt
thickness, from which we deduce the dominance of an extrinsic spin-Hall effect (skew scattering)
and Dyakonov-Perel spin relaxation the crystalline Pt film. Furthermore, our results point to a

large internal spin-Hall ratio of ~0.8 in epitaxial Pt.

Our experimental work takes an essential

step towards understanding the mechanisms of charge-spin interconversion and SOTs in Pt-based
heterostructures, which are crucial for power-efficient spintronic devices.

I. INTRODUCTION 56

57

Spin-orbit torques (SOTs)"” have been recognized *
as a viable means to manipulate magnetization in*
thin-film heterostructures. A prototypical SOT-driven %
medium consists of a ferro(ferri)magnetic metal (FM) a
interfaced with a nonmagnetic heavy metal (HM) with e
strong spin-orbit coupling (e.g., Pt). In a conventional e
picture of SOTs in such a bilayer, an in-plane charge e
current through the HM (or its surface) generates non— s
equilibrium spin accumulation via the spin-Hall effect e
(or Rashba-Edelstein effect)'™.  This charge-to-spin s
conversion then results in SOTs"*" typically classified es
into (1) a “damping-like” torque that either enhances o
or counteracts damping in the magnetic layer and (2) a
“field-like” torque that acts similarly to a torque from an 7
external magnetic field. 72

Although SOTs are often attributed to charge-to-spin 7
conversion effects in the HM, recent studies point to 7
other effects that impact SOTs in metallic FM/HM 7
bilayers For example, current shunted through
the FM can generate additional SOTs through spin- 7
dependent scattering within the FM or across the s
FM/HM interface ™ Roughness at the interfaces 7
of FM/HM bilayers, which are typically disordered s
(i.e., polycrystalline or amorphous), may also contribute &
to SOTs Even with atomically sharp FM/HM &
interfaces, SOTs may be intrinsically impacted by spin- e
memory loss and proximity-induced magnetism~""" g
due to orbital hybridization. 8

These possible complications in FM/HM bilayers make s
it difficult to elucidate the fundamental mechanisms of e
SOTs and, more generally, the underlying charge-to- ss

spin conversion phenomena. These factors also impede
reconciling the wide spread of reported spin transport
parameters — particularly for the often-used HM of Pt,
with its spin diffusion length in the range ~1-10 nm and
its spin-Hall ratio ~0.01-1°"="=""

Here, we demonstrate a clean ferrimagnetic-
insulator /heavy-metal (FI/HM) model system where
SOTs originate solely in the HM layer, permitting
a simpler analysis of charge-to-spin conversion
mechanisms. Specifically, we investigate SOTs at
room temperature in FI/HM bilayers where the FI
is an epitaxial spinel ferrite film of MgAly sFe; 504
(MAFO)"" and the HM is an epitaxial film of Pt, whose
high crystallinity is enabled by its excellent lattice
match to the spinel™. The insulating nature of MAFO
removes all complications from electronic spin transport
in the magnetic layer'™"°' and the Pt layer with a
sharp crystalline interface minimizes roughness-induced
mechanisms Spin-memory loss and proximity-
induced magnetism are also expected to be significantly
weaker in FI/HM compared to FM/HM*"*" due to
weaker interfacial hybridization

We leverage the low damping of MAFO to
quantify both the damping-like and field-like SOTs
in a straightforward manner through dc-biased spin-
torque ferromagnetic resonance (ST-FMR)™'™". We
observe a large damping-like SOT due to the spin-
Hall effect in the bulk of Pt'»’) along with an order-
of-magnitude smaller field-like SOT attributed to the
interfacial Rashba-Edelstein effect™ Modeling the
Pt thickness dependence of the damping-like SOT
and spin-pumping damping indicates that the skew
scattering and Dyakonov-Perel’"”® mechanisms
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primarily govern charge-to-spin conversion and spin
relaxation, respectively, in epitaxial Pt. This
combination of mechanisms is distinct from the intrinsic
spin-Hall effect and Elliott-Yafet spin relaxation often
found in Pt-based systems’®”7" """ Our modeling
results point to a large internal spin-Hall ratio of
~0.8 in Pt, while a small spin-mixing conductance of
~1x10™ Q~'m~2 primarily limits the efficiency of the
damping-like SOT in the MAFO/Pt bilayer. Our work
demonstrates a unique material system and experimental
approach to uncover the mechanisms of charge-spin
interconversion in Pt, with minimal spurious influence
from the adjacent magnetic layer.

II. FILM GROWTH AND STRUCTURAL
PROPERTIES

MAFO is a low-damping ferrimagnetic insulator with
a Curie temperature of ~400 K, which can be grown
epitaxially on spinel MgAl,O4 (MAO) substrates''. We
first deposit epitaxial MAFO films on (001)-oriented
single-crystal MAO by pulsed laser ablation. A
sintered ceramic target of stoichiometric MgAlg sFe; 504
is ablated in 10 mTorr of Oy at a fluence of =2
J/cm?, repetition rate of 1 Hz, target-to-substrate
separation of ~75 mm, and substrate temperature of
450 °C. No post-annealing at a higher temperature
is performed. All MAFO films are grown to be 13"
nm thick, which is within the optimal thickness range'®
that ensures coherently strained growth (i.e., without'
dislocations) and low Gilbert damping'""". Broadband"
ferromagnetic resonance (FMR) measurements confirm™
a Gilbert damping parameter of a ~ 0.0017 for these'*
MAFO films, similar to prior reports’***%, Then, 3-19'*
nm thick Pt layers are sputtered onto the MAFO films™
in 3 mTorr of Ar at room temperature. To avoid surface'™
damage, we used a low dc power of 15 W. 19

X-ray diffraction (XRD) measurements indicate"
epitaxy and high crystallinity of our MAFO /Pt samples.™
Figure 1(a) shows symmetrical scans for MAFO/Pt"
and MAFO samples. Strong Pt(111), Pt(222), and™
MAFO(004) Bragg peaks indicate a high degree of out-
of-plane epitaxy. The visible Laue oscillations around the
Pt(111) peak for the MAFO /Pt bilayers further indicate®®
high structural quality of the Pt film. The degree of
crystallinity of the Pt layer is determined by performingzse
a rocking curve measurement around the Pt(111) peak.1®
The narrow rocking curve width of =0.4° (Fig. 1(b))
indicates a uniform out-of-plane orientation of Pt crystals:s
with an only small mosaic spread. 162

The in-plane orientation of MAFO /Pt is investigatedies
by measuring asymmetrical (113) Bragg peaks for Pt
MAFO, and MAO layers. The MAFO layer is fullyes
coherently strained to the MAO substrate as indicatedues
in the previous study”*. As can be seen from Fig. 1(c),ier
the MAFO layer and MAO substrate exhibit four-foldies
symmetry that is expected from its cubic structures. Theieo

4
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FIG. 1. XRD analysis of samples. (a) XRD 26/w scans of
MAFO (13 nm)/Pt (5 nm), MAFO (13 nm)/Pt (3 nm), and
MAFO (13 nm). (b) Rocking curve scan about the Pt (111)
peak for the MAFO (13 nm)/Pt (5 nm) sample shown in (a),
with FWHM =~ 0.4°. (c) XRD ¢ scans on the (113) plane of
the MAFO (13 nm)/Pt (5 nm) sample. Pink: MAFO. Green:
MAO. (d) Lattice matching relationship between the Pt and
MAFO (MAO) unit cells.

Pt(113) peak exhibits twelve maxima indicating a rather
complex epitaxial relationship. Careful analysis of the Pt
in-plane orientation on MAFO reveals a twinning pattern
of the Pt domains, which is presented in Fig. 1(d).
One can distinguish four Pt domains that match MAFO
epitaxially and produce in total twelve Pt(113) peaks as
shown in Fig. 1(c).

It should be noted that the epitaxial growth of Pt on
MAFO is in contrast to polycrystalline or amorphous
Pt on iron garnets’” Further, X-ray reflectivity
indicates a small roughness of <0.2 nm at the MAFO /Pt
interface. Our structural characterization thus confirms
that MAFO/Pt is a high-quality model system with a
highly crystalline structure and sharp interface.

III. RESULTS AND DISCUSSION

A. DC-Biased Spin-Torque Ferromagnetic
Resonance

The MAFO/Pt bilayers are lithographically patterned
and ion-milled to 60 pm x 10 pum strips with the edges
parallel to the in-plane (110) axes of MAFO. They are
then contacted by Ti (5 nm)/Au (120 nm) ground-signal-
ground electrodes to allow input of a microwave current
for our ST-FMR measurements at room temperature,
as illustrated in Fig. 2(a). We have verified that the
magnetic properties of MAFO /Pt are unchanged by the
lithographic patterning process (see Appendix A).
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FIG. 2. ST-FMR measurement setup. (a) MAFO/Pt stack
etched to a 60 um Xx 10 pm strip. Magnetization, external
field, rf field, and SOTs are shown as the arrows. The
ground-signal-ground Au electrode connects MAFO/Pt to
the external circuit. (b) FMR spectrum at 4 GHz. Red
curve: symmetric Lorentzian contribution. Green curve:
antisymmetric Lorentzian contribution. blue curve: total fit.

The microwave current in Pt induces SOTs and a
classical Oersted field torque on the magnetization in
the MAFO layer. ST-FMR spectra are obtained from
the rectified voltage due to magnetoresistance and spin-
pumping signals®** with field modulation®. Each
integrated ST-FMR spectrum (e.g., Fig. 2(c)) can be
fit with a superposition of symmetric and antisymmetric
Lorentzians to extract the half-width-at-half-maximum
linewidth AH and resonance field H,s.

We use an additional dc bias current to directly extract
the damping-like and field-like SOTs”"~"" in MAFO/Pt.
This dc bias approach circumvents ambiguities of the
oft-used symmetric/antisymmetric Lorentzian ST-FMR**
lineshape analysis (e.g., where the symmetric Lorentzian®®
can contain voltage signals from spin pumping and**®
thermoelectric effects””""%“") and instead probes both*”
SOTs in a direct manner. In particular, the dc damping-***
like SOT modifies the effective damping (o linewidth®”
AH) linearly with the dc bias current density Jgc; the®
dc field-like torque shifts the resonance field H,qq linearly®™
with Jg.. Since all of the current flows in the Pt layer,”
the classical Oersted field Ho, is easily determined from*?
Hoe/J4ae = tpi/2, where tpy is the Pt thickness, and™
subtracted from dH,es/dJg. to extract the field-like SOT.**

Figure 3(a,b) shows the effect of Jg. on AH and™®
H,es. The linear dependence on current indicates?’
that Joule heating contributions”® are minimal in these™®
measurements. By reversing the magnetization direction®*
(external magnetic field direction), we observe a reversal®®
in the slope for AH (or Hyes) versus Jq. consistent with?
the symmetry of the SOTs'+”. 2

From the linear slope of linewidth AH versus Jg.2®
(Fig. 3(a)), the damping-like SOT efficiency Opp, is

readily quantified with”":" 25
2le| (Hyes + Megt/2)no Mgty | dovest
OpL| = — . . (@)
I | sin ¢ dJ4c

(a)
=
£ 1.6 H
hy
<
3
212
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-3 1 0 1 3 043 -1 0 1 3
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_0.10} =
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FIG. 3. Measurement of SOT efficiencies. (a) Dependence of
linewidth AH on dc bias current density Jgc for MAFO (13
nm)/Pt (5 nm). Linewidths and linear fits under positive
(blue boxes and line) and negative (red dots and line)
magnetic fields are shown. (b) Resonance field change A H.es
as a function of Jg. for the MAFO (13 nm)/Pt (5 nm).
Resonance fields and linear fits under positive (purple dots
and line) and negative (green dots and line) magnetic fields
are shown. The Oersted field contributions are shown as
purple (positive) and green (negative) dashed lines. (c,d) Pt
thickness dependence of (¢) fpr, and (d) 6rr, for MAFO/Pt.
Note the different vertical scales for pr, and 6ry,. The error
bars in (c) and (d) are derived from the linear fits of linewidth
and resonance field change vs. Jqc.

where aeg = |Y|AH/(27f), |v|/(27) = 29 GHz/T is
the gyromagnetic ratio of MAFO", f is the microwave
frequency (e.g., f = 4 GHz in Figs. 2 and 3), tmq =
13 nm is the MAFO thickness, and ¢ = 45° or 225°
is the in-plane magnetization orientation with respect
to the current axis (z-axis in Fig. 2(a)). In applying
Eq. 1, we account for the sample-to-sample variation
in the saturation magnetization My = 90 — 95 kA/m
(determined by SQUID magnetometry) and the effective
magnetization poMeg = 1.2—1.5 T (determined by fitting
the frequency dependence of resonance field"*). The large
effective magnetization of epitaxial MAFO arises due to
significant magnetoelastic easy-plane anisotropy'".

The tp; dependence of fpy, is summarized in Fig. 3(c).
The increase in fp, with tpy up to =5 nm (Fig. 3(c))
suggests that the spin-Hall effect in the Pt bulk is the
dominant source of the damping-like SOT%*®. The
decrease in fpy, at higher ¢tpy might seem surprising, but
a similar trend has been observed in prior experiments’”.

We also quantify the field-like SOT efficiency 6py,
from the linear shift of H,.s with Jg. (Fig. 3(b)) and
subtracting the Oersted field contribution'?>"”
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where the term proportional to tpy accounts for thess
Oersted field. As shown in Fig. 3(d), the constant valuezs:
of fgr, with Pt thickness implies that the field-like SOT2s3
arises from the MAFO/Pt interface, e.g., via the Rashba-zs
Edelestein effect™”"”. However, this field-like SOT iszss
weak, i.e., similar in magnitude to the Oersted fieldss
(Fig. 3(b)). Indeed, we find that dpr, ~ 0.01 is aboutas
an order of magnitude smaller than fpy,. 288

Based on the dominance of the strongly ¢p¢-dependentase
damping-like SOT over the tpi-independent field-like
SOT, we conclude that charge-spin interconversion®
processes in the bulk of Pt dominate over those at the™
MAFO/Pt interface. It has been proposed that a field-**
like SOT could arise from the bulk of Pt in the presence®
of an imaginary part of the spin-mixing conductance,”
Im[G4,]"". A substantial Im[G4] would manifest in a,_
shift in the gyromagnetic ratio (or g-factor) in MAFO,
with the addition of a Pt overlayer''. Since such a shift
is not observed, we rule out this scenario of a field-likezo
SOT of “bulk” origin. In other words, the damping-likezs
torque is the predominant type of SOT that arises from
the bulk of Pt. Therefore, in the following sections, we
use the damping-like SOT as a measure of charge-to-spin
conversion in Pt.

0

299
300
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302
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B. Modeling the Pt-Thickness Dependence of the ;,,
Spin-Pumping Damping and Damping-Like

Spin-Orbit Torque 305

306

We employ a model similar to the one used by Berger®*”

et al.”” to assess charge-spin interconversion mechanisms*®
in Pt. This model estimates key parameters that®
govern charge-spin interconversion by fitting the tpy*°
dependence of two experimentally measured quantities:*"
the Gilbert damping parameter  and the damping-like, |
SOT conductivity opy,. "
We have measured the damping parameter « by, ,
coplanar-waveguide-based FMR and ST-FMR, which
yield consistent results for unpatterned and patternedss
MAFO/Pt (see Appendix A). As can be seen inss
Fig. 4(b,c), MAFO/Pt bilayers exhibit higher « thanss
the bare MAFO films with tp; = 0. In Sec. IIIC, we
attribute this damping enhancement to spin pumping’ ",
i.e., due to the loss of spin angular momentum pumped**
from the resonantly excited MAFO layer to the adjacent®®
spin sink layer of Pt. In Sec. IIID, we further consider,
an additional contribution to the enhancement of « due322
to spin-memory loss or two-magnon scattering. »
To parameterize the strength of the damping-like
SOT, we employ the “SOT conductivity,” opy, =3
0pL/ppt. Normalizing Opy, by the Pt resistivity ppy makesss
explicit the relationship between the SOT and electronicszs
transport. We also remark that opr, is equivalent to thesx»
SOT efficiency per unit electric field £5;, in Refs. 38, 42.3
The tpy dependence of ppy (fit curve in Fig. 4(a)) isso
interpolated by using the empirical model outlined inss
Appendix D. 31

3

318

3

In contrast to Ref. that studies FM/Pt bilayers
where electronic spin transport in the FM can generally
yield additional effects that impact SOTs, our MAFO/Pt
system restricts the source of SOTs to Pt. We
are therefore able to examine the spin-Hall effect
of Pt without any complications from an electrically
conductive FM.

To model our experimental results, we consider two
types of spin-Hall effect -~:

e the intrinsic mechanism, where the internal
spin-Hall ratio fsg — i.e., the charge-to-spin
conversion efficiency within the Pt layer itself — is
proportional to ppt, with a constant internal spin-
Hall conductivity osg = Osu/ppt;

e the skew scattering mechanism, where fgy is
independent of pp.

We also consider two mechanisms of spin relaxation that
govern the spin diffusion length Ay in Pt777"

e Elliott-Yafet (EY) spin relaxation, where spins
depolarize during scattering such that A scales
inversely with ppy, i.e., Ay = APulkpbulk /50 -

e Dyakonov-Perel (DP) spin relaxation, where spins
depolarize between scattering events such that Ag is
independent of ppt (as outlined by Boone et al.””).

Thus, we model four combinations of the above-
listed charge-to-spin conversion and spin relaxation
mechanisms, as shown in Fig. 4(b-e).

Similar to Ref. 23, we self-consistently fit a vs.tpy
(Fig. 4(b,c)) and opr, vs. tpy (Fig. 4(d,e)) by using
standard spin diffusion models”””>"", as elaborated in
Appendix E; with four free parameters:

e spin diffusion length Ag in the case of DP spin
relaxation, or its bulk-limit value AP™¥ in the case
of EY spin relaxation;

e internal spin-Hall ratio fsy of Pt in the case of skew
scattering, or its bulk-limit value Hlsjﬁlk = USHp}fD‘glk

in the case of intrinsic spin-Hall effect;

e real part of the spin-mixing conductance G4 at the
MAFO/Pt interface, neglecting the imaginary part
as justified in Sec. IIT A;

e effective damping enhancement agyyp due to
interfacial spin-memory loss or two-magnon
scattering, as discussed in detail in Sec. IIID.

A key assumption here is that the spin-pumping damping
and damping-like SOT share the same values of Aq,
Gy, and agyr. This is justified by the enforcement
of Onsager reciprocity on the charge-spin interconversion
processes of spin pumping and SOT""“. We also assume
a negligible interfacial contribution to the spin-Hall effect
in Pt'?, which would yield a finite value of opy, when tpg
is extrapolated to zero. Indeed, as shown in Fig. 4, the
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tpy dependence of opp, is adequately modeled without
incorporating the interfacial spin-Hall effect.

For simplicity, we first proceed by setting agymp, = 0 in
Sec. III C. This is a reasonable assumption considering
that interfacial spin-memory loss is likely much weaker
in MAFO/Pt than in all-metallic FM/Pt systems
Nevertheless, we also discuss the consequence of agyr, >
0 in Sec. ITID.

C. Mechanisms and Parameters for Charge-Spin
Interconversion in Pt: Zero Spin-Memory Loss

Our modeling results under the assumption of zero
spin-memory loss are summarized in Fig. 4 and Table I.
We find that the combination of skew scattering and
DP spin relaxation (solid green curves in Fig. 4(c,e))
best reproduces the tp; dependence of both a and opy,.
Although this observation does not necessarily rule out
the coexistence of other mechanisms~""" , it suggests
the dominance of the skew scattering + DP combination
in the epitaxial Pt film. Skew scattering in highly
crystalline Pt is consistent with what is expected for
“superclean” Pt, in contrast to the intrinsic spin-Hall
effect that is dominant in “moderately dirty” Pt

The dominance of DP spin relaxation — i.e.,
spin depolarization (dephasing) from precession about
effective spin-orbit fields — is perhaps surprising, since
it is usually thought to be inactive in centrosymmetric
metals (e.g., Pt). Indeed, in the context of spin transport
in Pt, it is typical to assume EY spin relaxation where
spins depolarize when their carriers (e.g., electrons)
are scattered~ """ "% However, a recent quantum
transport study indicates the dominance of DP spin
relaxation in crystalline Pt’‘, which is in line with our
conclusion here. Possible origins of the DP mechanism
include symmetry breaking between the substrate and
the surface of the crystalline Pt film™ and strong spin®’
mixing caused by the distinct band structure (large spin®*®
Berry curvature) of Pt”". DP spin relaxation may also™
be more pronounced when proximity-induced magnetism®”*
in Pt is negligible™®, as is likely the case for Pt interfaced®!
with the insulating MAFO We also note that DP**
spin relaxation has been previously used to model the”
angular dependence of spin-Hall magnetoresistance'"
in MAFO/Pt". The combination of skew scattering and™”
DP spin relaxation, though not reported in prior SOT**
experiments, is reasonable for MAFO/Pt.

We now discuss the parameters quantified with our
model, as summarized in the “skew scatt.+DP” row
in Table I. The value of G4, ~ 1 x 10 Q7 lm=2
is comparable to those previously reported for FI/Pt
interfaces””"”»'>"Y and A¢ &~ 3 nm is in the intermediate
regime of Ay ~ 1 —10 nm in prior reports on Pt~">~"~"~

We find a large internal spin-Hall ratio of fsy =
0.8.  While a few studies have alluded to fsy on
the order of unity in transition metals®~>*%°%%" " our
experimental study is the first to derive such a large
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FIG. 4. Pt thickness dependence of: (a) resistivity pps,

with the solid curve showing the fit obtained with the model
described in Appendix D; (b,c) Gilbert damping parameter «,
with the black horizontal dashed line indicating the average
damping parameter of uncapped MAFO; (d,e) damping-like
SOT conductivity opr,. Modeling results based on Elliott-
Yafet (EY) spin relaxation are shown in (b,d), whereas those
based on Dyakonov-Perel (DP) spin relaxation are shown in
(c,e). The dotted curves are based on the intrinsic spin-Hall
effect, and the solid curves are based on skew scattering. The
modeling results in (b-e) are obtained by assuming zero spin-
memory loss and two-magnon scattering (i.e., agmr = 0).
In (b-e), the error bars are comparable to or smaller than
the symbol size and are derived from the linear fits of FMR
linewidth vs. frequency (b,c) and dc bias current density

(dse).

value in Pt without uncertainties from a conductive
FM~7"5%%50 or microwave calibration®””"°" Our
finding of fsy approaching unity is also distinct from
previously reported spin-Hall ratios < 0.1 in all-epitaxial
FM/Pt>5 This discrepancy may be partially
explained by the conductive FM reducing the apparent
charge-to-spin conversion efficiency, or by the indirect
nature of the measurements in these reports. With direct
SOT measurements on the model-system MAFO/Pt
bilayers, our study points to the possibility of a strong

model asur Gpp (Q7'm™?) A (nm) Osu
intrinsic + EY 0 2.5 x 10 21  0.21
skew scatt. + EY 0 1.1 x 10*4 47 1.2
intrinsic + DP 0 1.8 x 1014 57 0.25
skew scatt. + DP 0 1.3 x 10** 3.3 0.83

TABLE I. Parameters for the modeled curves in Fig. 4. For
charge-to-spin conversion = intrinsic (for spin relaxation =
EY), 0su (Xs) is the value at ppy = ppi™ = 1.1 x 1077 Qm.
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spin-Hall effect in highly crystalline Pt in the skew-as
scattering regime, where the charge-to-spin conversionso
efficiency could be greater than the limit set by the

intrinsic spin-Hall effect'>*"" -
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D. Mechanisms and Parameters for Charge-Spin %
Interconversion in Pt: Finite Spin-Memory Loss 456
457

458
A natural question at this point is how finite spin-,,

memory loss at the MAFO/Pt interface impacts the,
parameters quantified in our modeling. Moreover, while,,
bare MAFO exhibits negligible two-magnon scattering ",
an overlayer (Pt in this case) on top of MAFO may,s;
give rise to two-magnon scattering at the interface™.,,
Both spin-memory loss and two-magnon scattering would
have the same consequence in that they enhance the,
apparent damping parameter, «, independent of tpy~ """ .,
We therefore model spin-memory loss and two-magnon,,

scattering with a phenomenological parameter, agmr. 4,

Figure 5 and Table II summarize our modeling results*®
incorporating finite spin-memory loss or two-magnon*?
scattering (i.e., agyr > 0). Finite agyy, does not#?
improve the fit quality in opy, vs. tpy of the EY models*3
(Fig. 5(a,b)). By contrast, the fit quality is improved for
the DP models with increasing agnr,, particularly in o
vs. tpy (Fig. 5(c,d)). We therefore focus on the results
for the DP models. 4

478
As shown in Table II, increasing asmy significantly,,,

decreases Gy, consistent with the reduced share of spin,,
pumping in the damping enhancement. To compensate,
for the smaller G4}, the internal spin-Hall ratio HSH482
must increase to reproduce the tp; dependence of oDL,,,
(Ref. 57). In the “skew scattering + DP” model, shown
to be most plausible in Sec. ITI C, fsy increases to values4

exceeding unity with finite agmr,. At a sufficiently large
asmL of 2 0.002, the “intrinsic + DP” model appears to_
becomes plausible (see Fig. 5(c)), but this scenario also__
yields Ogy > 1.

489

In both of the above DP scenarios, substantial spin-4so
memory loss or two-magnon scattering apparently leadsso:
to an unphysically large value of internal spin-Hall ratios:
in Pt exceeding unity. It is then reasonable to concludesss
that spin-memory loss and two-magnon scattering ise
negligibly small in epitaxial MAFO/Pt. This is inas
stark contrast to the large spin-memory loss deduced forass
all-metallic FM/Pt bilayers The small spin-memoryas
loss in MAFO/Pt also suggests fundamentally differentass
spin-transport mechanisms between FM/Pt and FI/Pta
systems, which could be exploited for more efficient SOTs00
devices in the future. Our finding motivates furthersn
studies to test whether the negligible spin-memory lossso
is due to the crystalline growth or due to the absence ofsos
proximity-induced magnetism. 504

E. Implications of the Large Internal Spin-Hall
Ratio in Pt

From our analysis in Sec. IIIC, we have arrived
at a large internal spin-Hall ratio of sy ~ 0.8 in
epitaxial Pt. Yet, the observed spin-torque efficiency
of Opr, < 0.15 implies an interfacial spin transparency
ratio Op1,/fsg of < 0.2. In other words, at most only
20% of the spin accumulation generated by the spin-Hall
effect in Pt is transferred to the magnetic MAFO layer
as the damping-like SOT. The origin of this ineflicient
spin transfer, according to the spin diffusion model
employed here, is the small spin-mixing conductance
of Gy; ~ 1 x 10" Q7 'm~! which is several times
lower than G4, computationally predicted for FM/Pt
interfaces The small G4, results in a substantial
spin backflow®'-’" that prevents efficient transmission of
spin angular momentum across the MAFO /Pt interface.
We emphasize that spin-memory loss is likely negligible
at the MAFO /Pt interface (see Sec. IIID) and hence not
responsible for the inefficient spin transfer.

There may be an opportunity to enhance the spin
transparency — and hence the SOT efficiency — by
engineering the interface. One possible approach is
to use an ultrathin insertion layer of NiO, which has
been reported to increase the spin transparency ratio
to essentially unity in FM/Pt systems However,
it remains to be explored whether the ultrathin NiO
insertion layer can increase the spin transparency without
causing substantial interfacial spin scattering™ in FI/Pt
bilayers. An increased spin transparency (via enhanced
G4y) also leads to higher spin-pumping damping’"”?,
which may not be desirable for applications driven by
precessional switching or auto-oscillations.

Another striking implication of the large internal spin-
Hall ratio is a large maximum spin-Hall conductivity
osgH = GSH/,OE,‘élk of =~ 8 x 105 O 'm~!, which is at
least an order of magnitude greater than ogy ~ 10* —
10° QO 'm~! typically predicted from band structure
calculations . It should be noted, however, that these
calculations are for the intrinsic spin-Hall effect, whereas
our experimental data are best captured by the extrinsic
spin-Hall effect of skew scattering. We thus speculate
that this difference in mechanism could account for the
discrepancy in ogy derived from our experimental work
and from prior calculations.

Finally, we comment on remaining open fundamental
questions. Comparing MAFO/epitaxial-Pt and
MAFO/polycrystalline-Pt could reveal the critical
role of crystallinity in charge-spin interconversion, spin
relaxation, and the internal spin-Hall ratio in Pt. This
comparison study is precluded here due to the difficulty
in growing polycrystalline Pt on MAFO; Pt has a strong
tendency to be epitaxial on MAFO due to the excellent
lattice match, even when Pt is sputter-deposited with
the substrate at room temperature. Moreover, while the
epitaxial Pt film on MAFO is single-crystalline in the
sense that its out-of-plane crytallographic orientation
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FIG. 5. Pt thickness dependence of the Gilbert damping parameter o and the damping-like SOT conductivity opr,, taking into
account different strengths of spin-memory loss or two-magnon scattering (parameterized by aswmt), for the four combinations

of charge-to-spin conversion and spin relaxation mechanisms:

(a) intrinsic spin-Hall effect + Elliott-Yafet (EY), (b) skew

scattering + EY, (c) intrinsic spin-Hall effect + Dyakonov-Perel (DP), and (d) skew scattering + DP. The error bars are
comparable to or smaller than the symbol size; they are derived from the linear fits of FMR linewidth vs. frequency (for «)

and ST-FMR linewidth vs. dc bias current density (for opr,).

intrinsic + EY skew scatt. + EY intrinsic + DP skew scatt. + DP
asmL |Gy (7' m™2) As (nm) Osu |Gy (7 m™2) As (nm) Osu|Gry (27 'm™2) A (nm) fsu |Gy (7 'm™2) Xs (nm) Osu
0 2.5 x 10 21 021 1.1x10%* 47 12| 1.8x10* 57 0.25| 1.3x 10 3.3 0.83
0.001] 1.5 x 10 23 0.40| 0.7 x 10" 47 27| 1.0x10™ 6.2 0.53| 0.9x10" 3.6 1.5
0.002| 0.6 x 104 26 1.3| 0.4 x 10 50 75| 0.6x10* 71 12| 0.5x10* 3.8 4.1

TABLE II. Parameters for the modeled curves in Fig. 5. For charge-to-spin conversion = intrinsic (for spin relaxation = EY),

Osu (As) is the value at pps = pg‘ilk =1.1x%x 1077 Qm.

is exclusively (111), it is yet unclear how the twinses
domains (discussed in Sec. II) influence charge-spinse
interconversion in Pt.  Determining the impact ofss
microstructure on spin-Hall and related effects in Pt
remains a subject of future work. 531
Furthermore, we acknowledge the possibility that®?
the model employed in our present study (outlined in®3
Sec. III B and Appendix E) is incomplete. For instance,>*
we have assumed that the damping-like SOT and spin-5%
pumping damping are reciprocal phenomena with shareds®
G4, and Ag. This commonly made assumption® — with®”
prior studies suggesting that such reciprocity holds™ "5
— is necessary for constraining the fitting of the limited
number of experimental data points. Further studies are™
required for confirming whether the damping-like SOT**
and spin-pumping damping can be captured by the same™
values of G4 and . o

9
1

543

544

IV. SUMMARY

545

546

We have measured SOTs in a low-damping, epitaxialse
insulating spinel ferrite (MgAlpsFe; 504, MAFO)ss
interfaced with epitaxial Pt. This model-system bilayersa
enables a unique opportunity to examine charge-spinsso
interconversion mechanisms in highly crystalline Pt,ss

while eliminating complications from electronic transport
in (or hybridization with) a magnetic metal. Our key
findings are as follow.

1. Charge-to-spin conversion in Pt appears to be
primarily a bulk effect, rather than an interfacial
effect. A sizable damping-like SOT, which depends
strongly on the Pt thickness, arises from the spin-
Hall effect within Pt. An order-of-magnitude
smaller field-like SOT, independent of the Pt
thickness, is attributed to the Rashba-Edelstein
effect at the MAFO/Pt interface.

2. In crystalline Pt, the extrinsic spin-Hall effect
of skew scattering and the Dyakonov-Perel spin
relaxation mechanism likely dominate. This is
in contrast to the combination of the intrinsic
spin-Hall effect and Elliott-Yafet spin relaxation
typically reported for Pt-based systems.

3. The internal spin-Hall ratio deduced for crystalline
Pt is large, i.e., 0.8. While a
similar magnitude has been suggested before from
experiments on all-metallic FM /Pt bilayers, greater
confidence may be placed in our result owing to
the cleanliness of the MAFO /Pt system, the direct
nature of the SOT measurement method, and

GSH ~
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the self-consistent modeling of the SOT and spin-ses
pumping damping. 596

4. Spin-memory loss appears to be minimal in
the epitaxial MAFO/Pt system. Modeled®”
scenarios with substantial spin-memory loss yield®®
unphysically large internal spin-Hall ratios that®®

exceed unity. 600
601

5. The factor limiting the damping-like SOT efficiencyeo.
in the MAFO/Pt bilayer, despite the apparentlyes
large Osy, is the small spin-mixing conductance_,
G4+;. Enhancing G4, while keeping spin-memory
loss minimal could increase the SOT efficiency.

605
606

OfﬁO?

608

Overall, our work demonstrates the utility
epitaxial insulating-ferrite-based heterostructures
for understanding spin-transport phenomena in the
widely-used spin-Hall metal of Pt, as well as for®®
engineering materials for efficient spintronic devices. !
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Appendix A: Effect of Sample Processing on the
Magnetic Properties of MAFO

We have used both broadband FMR (i.e., with
unpatterned films placed on a coplanar waveguide, see
Ref. for details) and ST-FMR (i.e., with microwave
current injected through patterned 10-pm-wide strips)
to measure the frequency dependence of FMR linewidth
and resonance field. Thus, it is important to confirm the
consistency of measurements between the two techniques.

Figure 6(a) plots the linewidth vs. frequency data
for a bare MAFO film (13 nm) that we started with,
the MAFO (13 nm)/Pt (5 nm) film after Pt deposition,
and the ST-FMR pattern with MAFO (13 nm)/Pt
(5 nm) after the microfabrication processes.  The
damping constants of the MAFO/Pt unpatterned film
and patterned strip are essentially identical, confirming
the consistency of the broadband FMR and ST-FMR

measurements.

We also show in Fig. 6(b) that the frequency
dependence of resonance field is unaltered before and
after microfabrication. The fit using the Kittel
equation™” indicates negligible (<« 5%) difference in the
effective magnetization (dominated by mangnetoelastic
easy-plane anisotropy) and gyromagnetic ratio for the
unpatterned film and patterned strip. The results
in Fig. 6 therefore confirm that the microfabrication
processes have little to no effect on the essential magnetic
properties of MAFO/Pt.

(@)
'£ 4 MAFO/Pt Pattern . »Z?Eﬂ
= =0.00506 ‘ o
E MAFO/Pt Film 7
£ 2 =0.00514
=
I
=
T
0 ‘ ‘
200 400
Field (mT)
FIG. 6.  Frequency dependence of (a) linewidth and (b)

resonance field a bare MAFO film (13 nm), unpatterned
MAFO (13 nm)/Pt (5 nm) film, and patterned MAFO (13
nm)/Pt (5 nm) ST-FMR strip.

Appendix B: Microwave Power Dependence of the
Spin-Torque Ferromagnetic Resonance Signal

Figure 7 shows the dependence of the ST-FMR signal
amplitude on the microwave power. The ST-FMR
voltage increases linearly with the microwave power,
indicating that all the measurements are done in the
linear regime in this present study.
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FIG. 7. (a) Exemplary ST-FMR spectra at different™
microwave powers. (b) ST-FMR amplitude vs. microwave®®
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Appendix C: Frequency Dependence of the
Spin-Orbit Torque Efficiencies

@ o2 (b) 0,02 o5
653
. * # * * ' L] 5 654
& 0.1 @ 0.01
00; 1 6 8 0.00; 1 6 8
f(GHz) f(GHz) 655

656

FIG. 8. Dependence of SOTs in MAFO (13 nm)/ Pt (5 nm).
(a) Damping-like torque efficiency Opr,. (b) Field-like torque®™”
efficiency 6Opr,.

We have carried out a frequency dependence study of
damping-like and field-like SOT efficiencies. The dc-
biased ST-FMR method is used to extract each data
point. Figure 8 shows that both the damping-like and
field-like SOT efficiencies are nearly constant across the
frequency range of 3-8 GHz. This verifies that the SOT**

efficiencies are independent of the microwave frequency. **°
660

661
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Appendix D: Model for the Pt Thickness
Dependence of Resistivity

663
664
665

We model the Pt thickness dependence of resistivityess
ppt by using an approach similar to that reported byesr
Berger et al. This model takes into account thess

J

oL _ Osu

(1 _ e*tpt/)\s)z

conductivity o as a function of position along the film
thickness axis z, expressed as the sum of bulk and
interfacial contributions,

1—exp (73) exp (75)
o(2) = T = (D1)
ppt Pint
where pRulk = 1.1x10~7 Q~'m~1 is the bulk resistivity of

Pt, pint is the interfacial resistivity, and L is an empirical
characteristic length scale capturing the decay of the
interfacial contribution to resistivity. The resistivity of
the Pt film with thickness tp; is then given by,

<t; /0 . o(z)dz>

bulk
Prt

1) (1-ew (-12))’

The fit curve for the experimentally measured tp¢-
dependence of pp; (Fig. 4(a)) is obtained with Eq. D2
with pine = 1.3 x 1076 Q" 'm~' and L = 10. nm.

PPt (tPt) = i
(D2)

Ty i

tpe Pint

Appendix E: Equations for the Pt Thickness
Dependence of o and opr,

We fit the tp; dependence of a with

a(tpy) = ap + asmr, + asp

gush 1

tp
2e2 Mytm GTi

+ 2ppi As coth ( 3
(E1)

= oo + asmL +

where a9 = 0.0017 is the mean value for the
five bare MAFO films (tps 0) prior to Pt
deposition for the MAFO/Pt bilayers, asp is the
spin-pumping contribution to Gilbert damping, agmr,
is the phenomenological parameter capturing the tpi-
independent enhancement of damping (from interfacial
spin-memory loss or two-magnon scattering), g = 2.05 is
the spectroscopic g-factor**, My = 93 kA /m is the mean
value of the saturation magnetization of MAFO used in
this study, and ty; = 13 nm is the thickness of MAFO.
The tpy dependence of opy, is fit with

G' asp

opL(tpy) = =

PPt PPt

where G’ = G4, 2ppi)s tanh(tpy/As). We also remarkeo

(1 + e—2tee/2)

G’ + tanh® <tH> aswr, + asp’
As

(

that ppt is dependent on tpy as given by Eq. D2.

Ik
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FIG. 9. Exemplary fit results for the Pt thickness dependence of the Gilbert damping parameter o and the damping-like SOT
conductivity opr, with several values of G4;. The solid curves (parameterized by the values in bold font in Table III) are the
curves shown in Fig. 4. The error bars are comparable to or smaller than the symbol size; they are derived from the linear fits
of FMR linewidth vs. frequency (for ) and ST-FMR linewidth vs. dc bias current density (for opr).

intrinsic + EY skew scatt. + EY intrinsic + DP skew scatt. + DP
GTi (Qilm72) As (nm) Osu GTi (Qilm72) As (nm) Osu GTL (Qilm72) As (nm) Osu GTi (Qilm72) As (nm) Osu
(a)| 1.5x10™ 16 0.24| 1.0x10" 0.1 48 1.2x10" 57 032 1l.ix10* 3.2 0.96
(b)|  2.0x10™ 19  0.22] 1.1x10' 4.7 1.2| 1.6x10™ 56 027 1.2x10% 3.3 0.89
(c)| 2.5x10™ 21 0.21] 1.2x10™ 5.7 096 1.8x10' 5.7 0.25| 1.3x10™ 3.3 0.83
(d)| 3.0x10* 22 0.20| 1.3x10* 6.7 0.80| 2.0x10™" 58 0.23| 1l.4x10™ 3.4 077
(e)| 5.0x10™* 24 0.19| 1.4x10* 6.1 0.68] 2.5x10™" 6.1 021] 1.5x10" 3.5 0.72

TABLE III. Parameters for the modeled curves in Fig. 9. For charge-to-spin conversion = intrinsic (for spin relaxation = EY),

Osu (Xs) is the value at ppy = pBi™ = 1.1 x 1077 Qm.

By using Equations E1 and E2, along with thes
interpolated ppy (Eq. D2), we find the values of Gy,
As, and gy that adequately capture the experimentallyers

measured «a(tpy) and opr,(tpy). In particular, a(tp) and
opL(tp) are fit simultaneously”™ with a series of fixed
values for G4 (e.g., Figs. 9 and Table III).
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