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We measure spin-orbit torques (SOTs) in a unique model system of all-epitaxial ferrite/Pt bilayers14

to gain insights into charge-spin interconversion in Pt. With negligible electronic conduction in the15

insulating ferrite, the crystalline Pt film acts as the sole source of charge-to-spin conversion. A16

small field-like SOT independent of Pt thickness suggests a weak Rashba-Edelstein effect at the17

ferrite/Pt interface. By contrast, we observe a sizable damping-like SOT that depends on the Pt18

thickness, from which we deduce the dominance of an extrinsic spin-Hall effect (skew scattering)19

and Dyakonov-Perel spin relaxation the crystalline Pt film. Furthermore, our results point to a20

large internal spin-Hall ratio of ≈0.8 in epitaxial Pt. Our experimental work takes an essential21

step towards understanding the mechanisms of charge-spin interconversion and SOTs in Pt-based22

heterostructures, which are crucial for power-efficient spintronic devices.23

I. INTRODUCTION24

Spin-orbit torques (SOTs)1,2 have been recognized25

as a viable means to manipulate magnetization in26

thin-film heterostructures. A prototypical SOT-driven27

medium consists of a ferro(ferri)magnetic metal (FM)28

interfaced with a nonmagnetic heavy metal (HM) with29

strong spin-orbit coupling (e.g., Pt). In a conventional30

picture of SOTs in such a bilayer, an in-plane charge31

current through the HM (or its surface) generates non–32

equilibrium spin accumulation via the spin-Hall effect33

(or Rashba-Edelstein effect)1–4. This charge-to-spin34

conversion then results in SOTs1,2,5,6, typically classified35

into (1) a “damping-like” torque that either enhances36

or counteracts damping in the magnetic layer and (2) a37

“field-like” torque that acts similarly to a torque from an38

external magnetic field.39

Although SOTs are often attributed to charge-to-spin40

conversion effects in the HM, recent studies point to41

other effects that impact SOTs in metallic FM/HM42

bilayers7–26. For example, current shunted through43

the FM can generate additional SOTs through spin-44

dependent scattering within the FM or across the45

FM/HM interface7–16,27. Roughness at the interfaces46

of FM/HM bilayers, which are typically disordered47

(i.e., polycrystalline or amorphous), may also contribute48

to SOTs17–19. Even with atomically sharp FM/HM49

interfaces, SOTs may be intrinsically impacted by spin-50

memory loss20–24 and proximity-induced magnetism25,26
51

due to orbital hybridization.52

These possible complications in FM/HM bilayers make53

it difficult to elucidate the fundamental mechanisms of54

SOTs and, more generally, the underlying charge-to-55

spin conversion phenomena. These factors also impede56

reconciling the wide spread of reported spin transport57

parameters – particularly for the often-used HM of Pt,58

with its spin diffusion length in the range ∼1-10 nm and59

its spin-Hall ratio ∼0.01-120,23,28–43.60

Here, we demonstrate a clean ferrimagnetic-61

insulator/heavy-metal (FI/HM) model system where62

SOTs originate solely in the HM layer, permitting63

a simpler analysis of charge-to-spin conversion64

mechanisms. Specifically, we investigate SOTs at65

room temperature in FI/HM bilayers where the FI66

is an epitaxial spinel ferrite film of MgAl0.5Fe1.5O467

(MAFO)44 and the HM is an epitaxial film of Pt, whose68

high crystallinity is enabled by its excellent lattice69

match to the spinel45. The insulating nature of MAFO70

removes all complications from electronic spin transport71

in the magnetic layer7–16,27, and the Pt layer with a72

sharp crystalline interface minimizes roughness-induced73

mechanisms17–19. Spin-memory loss and proximity-74

induced magnetism are also expected to be significantly75

weaker in FI/HM46–49 compared to FM/HM20–26 due to76

weaker interfacial hybridization22.77

We leverage the low damping of MAFO44 to78

quantify both the damping-like and field-like SOTs79

in a straightforward manner through dc-biased spin-80

torque ferromagnetic resonance (ST-FMR)50–54. We81

observe a large damping-like SOT due to the spin-82

Hall effect in the bulk of Pt1,3, along with an order-83

of-magnitude smaller field-like SOT attributed to the84

interfacial Rashba-Edelstein effect4,55. Modeling the85

Pt thickness dependence of the damping-like SOT86

and spin-pumping damping indicates that the skew87

scattering1,3,37,56 and Dyakonov-Perel57,58 mechanisms88
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primarily govern charge-to-spin conversion and spin89

relaxation, respectively, in epitaxial Pt. This90

combination of mechanisms is distinct from the intrinsic91

spin-Hall effect and Elliott-Yafet spin relaxation often92

found in Pt-based systems38,39,41,42,59. Our modeling93

results point to a large internal spin-Hall ratio of94

≈0.8 in Pt, while a small spin-mixing conductance of95

≈1×1014 Ω−1m−2 primarily limits the efficiency of the96

damping-like SOT in the MAFO/Pt bilayer. Our work97

demonstrates a unique material system and experimental98

approach to uncover the mechanisms of charge-spin99

interconversion in Pt, with minimal spurious influence100

from the adjacent magnetic layer.101

II. FILM GROWTH AND STRUCTURAL102

PROPERTIES103

MAFO is a low-damping ferrimagnetic insulator with104

a Curie temperature of ≈400 K, which can be grown105

epitaxially on spinel MgAl2O4 (MAO) substrates44. We106

first deposit epitaxial MAFO films on (001)-oriented107

single-crystal MAO by pulsed laser ablation. A108

sintered ceramic target of stoichiometric MgAl0.5Fe1.5O4109

is ablated in 10 mTorr of O2 at a fluence of ≈2110

J/cm2, repetition rate of 1 Hz, target-to-substrate111

separation of ≈75 mm, and substrate temperature of112

450 ◦C. No post-annealing at a higher temperature113

is performed. All MAFO films are grown to be 13114

nm thick, which is within the optimal thickness range115

that ensures coherently strained growth (i.e., without116

dislocations) and low Gilbert damping44,60. Broadband117

ferromagnetic resonance (FMR) measurements confirm118

a Gilbert damping parameter of α ≈ 0.0017 for these119

MAFO films, similar to prior reports44,49,60. Then, 3-19120

nm thick Pt layers are sputtered onto the MAFO films121

in 3 mTorr of Ar at room temperature. To avoid surface122

damage, we used a low dc power of 15 W.123

X–ray diffraction (XRD) measurements indicate124

epitaxy and high crystallinity of our MAFO/Pt samples.125

Figure 1(a) shows symmetrical scans for MAFO/Pt126

and MAFO samples. Strong Pt(111), Pt(222), and127

MAFO(004) Bragg peaks indicate a high degree of out-128

of-plane epitaxy. The visible Laue oscillations around the129

Pt(111) peak for the MAFO/Pt bilayers further indicate130

high structural quality of the Pt film. The degree of131

crystallinity of the Pt layer is determined by performing132

a rocking curve measurement around the Pt(111) peak.133

The narrow rocking curve width of ≈0.4◦ (Fig. 1(b))134

indicates a uniform out-of-plane orientation of Pt crystals135

with an only small mosaic spread.136

The in-plane orientation of MAFO/Pt is investigated137

by measuring asymmetrical (113) Bragg peaks for Pt,138

MAFO, and MAO layers. The MAFO layer is fully139

coherently strained to the MAO substrate as indicated140

in the previous study44. As can be seen from Fig. 1(c),141

the MAFO layer and MAO substrate exhibit four-fold142

symmetry that is expected from its cubic structures. The143
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FIG. 1. XRD analysis of samples. (a) XRD 2θ/ω 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 ϕ 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 rather144

complex epitaxial relationship. Careful analysis of the Pt145

in-plane orientation on MAFO reveals a twinning pattern146

of the Pt domains, which is presented in Fig. 1(d).147

One can distinguish four Pt domains that match MAFO148

epitaxially and produce in total twelve Pt(113) peaks as149

shown in Fig. 1(c).150

It should be noted that the epitaxial growth of Pt on151

MAFO is in contrast to polycrystalline or amorphous152

Pt on iron garnets33,61,62. Further, X-ray reflectivity153

indicates a small roughness of <0.2 nm at the MAFO/Pt154

interface. Our structural characterization thus confirms155

that MAFO/Pt is a high-quality model system with a156

highly crystalline structure and sharp interface.157

III. RESULTS AND DISCUSSION158

A. DC-Biased Spin-Torque Ferromagnetic159

Resonance160

The MAFO/Pt bilayers are lithographically patterned161

and ion-milled to 60 µm × 10 µm strips with the edges162

parallel to the in-plane ⟨110⟩ axes of MAFO. They are163

then contacted by Ti (5 nm)/Au (120 nm) ground-signal-164

ground electrodes to allow input of a microwave current165

for our ST-FMR measurements at room temperature,166

as illustrated in Fig. 2(a). We have verified that the167

magnetic properties of MAFO/Pt are unchanged by the168

lithographic patterning process (see Appendix A).169



3

FIG. 2. ST-FMR measurement setup. (a) MAFO/Pt stack
etched to a 60 µm × 10 µm 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 a170

classical Oersted field torque on the magnetization in171

the MAFO layer. ST-FMR spectra are obtained from172

the rectified voltage due to magnetoresistance and spin-173

pumping signals63,64 with field modulation65. Each174

integrated ST-FMR spectrum (e.g., Fig. 2(c)) can be175

fit with a superposition of symmetric and antisymmetric176

Lorentzians to extract the half-width-at-half-maximum177

linewidth ∆H and resonance field Hres.178

We use an additional dc bias current to directly extract179

the damping-like and field-like SOTs50–54 in MAFO/Pt.180

This dc bias approach circumvents ambiguities of the181

oft-used symmetric/antisymmetric Lorentzian ST-FMR182

lineshape analysis (e.g., where the symmetric Lorentzian183

can contain voltage signals from spin pumping and184

thermoelectric effects63,64,66,67) and instead probes both185

SOTs in a direct manner. In particular, the dc damping-186

like SOT modifies the effective damping (∝ linewidth187

∆H) linearly with the dc bias current density Jdc; the188

dc field-like torque shifts the resonance field Hres linearly189

with Jdc. Since all of the current flows in the Pt layer,190

the classical Oersted field HOe is easily determined from191

HOe/Jdc = tPt/2, where tPt is the Pt thickness, and192

subtracted from dHres/dJdc to extract the field-like SOT.193

Figure 3(a,b) shows the effect of Jdc on ∆H and194

Hres. The linear dependence on current indicates195

that Joule heating contributions68 are minimal in these196

measurements. By reversing the magnetization direction197

(external magnetic field direction), we observe a reversal198

in the slope for ∆H (or Hres) versus Jdc consistent with199

the symmetry of the SOTs1,2.200

From the linear slope of linewidth ∆H versus Jdc201

(Fig. 3(a)), the damping-like SOT efficiency θDL is202

readily quantified with50,52203

|θDL| =
2|e|
ℏ

(Hres +Meff/2)µ0MstM
| sinϕ|

⃓⃓⃓⃓
dαeff

dJdc

⃓⃓⃓⃓
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FIG. 3. Measurement of SOT efficiencies. (a) Dependence of
linewidth ∆H on dc bias current density Jdc 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 ∆Hres

as a function of Jdc 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 (c) θDL and (d) θFL for MAFO/Pt.
Note the different vertical scales for θDL and θFL. The error
bars in (c) and (d) are derived from the linear fits of linewidth
and resonance field change vs. Jdc.

where αeff = |γ|∆H/(2πf), |γ|/(2π) = 29 GHz/T is204

the gyromagnetic ratio of MAFO44, f is the microwave205

frequency (e.g., f = 4 GHz in Figs. 2 and 3), tM =206

13 nm is the MAFO thickness, and ϕ = 45◦ or 225◦207

is the in-plane magnetization orientation with respect208

to the current axis (x-axis in Fig. 2(a)). In applying209

Eq. 1, we account for the sample-to-sample variation210

in the saturation magnetization Ms = 90 − 95 kA/m211

(determined by SQUID magnetometry) and the effective212

magnetization µ0Meff = 1.2−1.5 T (determined by fitting213

the frequency dependence of resonance field44). The large214

effective magnetization of epitaxial MAFO arises due to215

significant magnetoelastic easy-plane anisotropy44.216

The tPt dependence of θDL is summarized in Fig. 3(c).217

The increase in θDL with tPt up to ≈5 nm (Fig. 3(c))218

suggests that the spin-Hall effect in the Pt bulk is the219

dominant source of the damping-like SOT6,38. The220

decrease in θDL at higher tPt might seem surprising, but221

a similar trend has been observed in prior experiments38.222

We also quantify the field-like SOT efficiency θFL223

from the linear shift of Hres with Jdc (Fig. 3(b)) and224

subtracting the Oersted field contribution19,52225

|θFL| =
2|e|
ℏ

µ0MstM
| sinϕ|

(︃⃓⃓⃓⃓
dHres

dJdc

⃓⃓⃓⃓
− tPt

2
| sinϕ|

)︃
, (2)
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where the term proportional to tPt accounts for the226

Oersted field. As shown in Fig. 3(d), the constant value227

of θFL with Pt thickness implies that the field-like SOT228

arises from the MAFO/Pt interface, e.g., via the Rashba-229

Edelestein effect4,55,69. However, this field-like SOT is230

weak, i.e., similar in magnitude to the Oersted field231

(Fig. 3(b)). Indeed, we find that θFL ∼ 0.01 is about232

an order of magnitude smaller than θDL.233

Based on the dominance of the strongly tPt-dependent234

damping-like SOT over the tPt-independent field-like235

SOT, we conclude that charge-spin interconversion236

processes in the bulk of Pt dominate over those at the237

MAFO/Pt interface. It has been proposed that a field-238

like SOT could arise from the bulk of Pt in the presence239

of an imaginary part of the spin-mixing conductance,240

Im[G↑↓]
70. A substantial Im[G↑↓] would manifest in a241

shift in the gyromagnetic ratio (or g-factor) in MAFO242

with the addition of a Pt overlayer71. Since such a shift243

is not observed, we rule out this scenario of a field-like244

SOT of “bulk” origin. In other words, the damping-like245

torque is the predominant type of SOT that arises from246

the bulk of Pt. Therefore, in the following sections, we247

use the damping-like SOT as a measure of charge-to-spin248

conversion in Pt.249

B. Modeling the Pt-Thickness Dependence of the250

Spin-Pumping Damping and Damping-Like251

Spin-Orbit Torque252

We employ a model similar to the one used by Berger253

et al.23 to assess charge-spin interconversion mechanisms254

in Pt. This model estimates key parameters that255

govern charge-spin interconversion by fitting the tPt256

dependence of two experimentally measured quantities:257

the Gilbert damping parameter α and the damping-like258

SOT conductivity σDL.259

We have measured the damping parameter α by260

coplanar-waveguide-based FMR and ST-FMR, which261

yield consistent results for unpatterned and patterned262

MAFO/Pt (see Appendix A). As can be seen in263

Fig. 4(b,c), MAFO/Pt bilayers exhibit higher α than264

the bare MAFO films with tPt = 0. In Sec. III C, we265

attribute this damping enhancement to spin pumping71,266

i.e., due to the loss of spin angular momentum pumped267

from the resonantly excited MAFO layer to the adjacent268

spin sink layer of Pt. In Sec. IIID, we further consider269

an additional contribution to the enhancement of α due270

to spin-memory loss or two-magnon scattering.271

To parameterize the strength of the damping-like272

SOT, we employ the “SOT conductivity,” σDL =273

θDL/ρPt. Normalizing θDL by the Pt resistivity ρPt makes274

explicit the relationship between the SOT and electronic275

transport. We also remark that σDL is equivalent to the276

SOT efficiency per unit electric field ξEDL in Refs. 38, 42.277

The tPt dependence of ρPt (fit curve in Fig. 4(a)) is278

interpolated by using the empirical model outlined in279

Appendix D.280

In contrast to Ref. 23 that studies FM/Pt bilayers281

where electronic spin transport in the FM can generally282

yield additional effects that impact SOTs, our MAFO/Pt283

system restricts the source of SOTs to Pt. We284

are therefore able to examine the spin-Hall effect285

of Pt without any complications from an electrically286

conductive FM.287

To model our experimental results, we consider two288

types of spin-Hall effect1,3:289

• the intrinsic mechanism, where the internal290

spin-Hall ratio θSH – i.e., the charge-to-spin291

conversion efficiency within the Pt layer itself – is292

proportional to ρPt, with a constant internal spin-293

Hall conductivity σSH = θSH/ρPt;294

• the skew scattering mechanism, where θSH is295

independent of ρPt.296

We also consider two mechanisms of spin relaxation that297

govern the spin diffusion length λs in Pt35,57,58:298

• Elliott-Yafet (EY) spin relaxation, where spins299

depolarize during scattering such that λs scales300

inversely with ρPt, i.e., λs = λbulk
s ρbulkPt /ρPt;301

• Dyakonov-Perel (DP) spin relaxation, where spins302

depolarize between scattering events such that λs is303

independent of ρPt (as outlined by Boone et al.35).304

Thus, we model four combinations of the above-305

listed charge-to-spin conversion and spin relaxation306

mechanisms, as shown in Fig. 4(b-e).307

Similar to Ref. 23, we self-consistently fit α vs.tPt308

(Fig. 4(b,c)) and σDL vs. tPt (Fig. 4(d,e)) by using309

standard spin diffusion models6,35,71, as elaborated in310

Appendix E, with four free parameters:311

• spin diffusion length λs in the case of DP spin312

relaxation, or its bulk-limit value λbulk
s in the case313

of EY spin relaxation;314

• internal spin-Hall ratio θSH of Pt in the case of skew315

scattering, or its bulk-limit value θbulkSH = σSHρ
bulk
Pt316

in the case of intrinsic spin-Hall effect;317

• real part of the spin-mixing conductance G↑↓ at the318

MAFO/Pt interface, neglecting the imaginary part319

as justified in Sec. III A;320

• effective damping enhancement αSML due to321

interfacial spin-memory loss or two-magnon322

scattering, as discussed in detail in Sec. IIID.323

A key assumption here is that the spin-pumping damping324

and damping-like SOT share the same values of λs,325

G↑↓, and αSML. This is justified by the enforcement326

of Onsager reciprocity on the charge-spin interconversion327

processes of spin pumping and SOT23,72. We also assume328

a negligible interfacial contribution to the spin-Hall effect329

in Pt73, which would yield a finite value of σDL when tPt330

is extrapolated to zero. Indeed, as shown in Fig. 4, the331
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tPt dependence of σDL is adequately modeled without332

incorporating the interfacial spin-Hall effect.333

For simplicity, we first proceed by setting αSML = 0 in334

Sec. III C. This is a reasonable assumption considering335

that interfacial spin-memory loss is likely much weaker336

in MAFO/Pt than in all-metallic FM/Pt systems20–26.337

Nevertheless, we also discuss the consequence of αSML >338

0 in Sec. IIID.339

C. Mechanisms and Parameters for Charge-Spin340

Interconversion in Pt: Zero Spin-Memory Loss341

Our modeling results under the assumption of zero342

spin-memory loss are summarized in Fig. 4 and Table I.343

We find that the combination of skew scattering and344

DP spin relaxation (solid green curves in Fig. 4(c,e))345

best reproduces the tPt dependence of both α and σDL.346

Although this observation does not necessarily rule out347

the coexistence of other mechanisms23,43,57,58, it suggests348

the dominance of the skew scattering + DP combination349

in the epitaxial Pt film. Skew scattering in highly350

crystalline Pt is consistent with what is expected for351

“superclean” Pt, in contrast to the intrinsic spin-Hall352

effect that is dominant in “moderately dirty” Pt37.353

The dominance of DP spin relaxation – i.e.,354

spin depolarization (dephasing) from precession about355

effective spin-orbit fields – is perhaps surprising, since356

it is usually thought to be inactive in centrosymmetric357

metals (e.g., Pt). Indeed, in the context of spin transport358

in Pt, it is typical to assume EY spin relaxation where359

spins depolarize when their carriers (e.g., electrons)360

are scattered38,39,41,42,59. However, a recent quantum361

transport study indicates the dominance of DP spin362

relaxation in crystalline Pt57, which is in line with our363

conclusion here. Possible origins of the DP mechanism364

include symmetry breaking between the substrate and365

the surface of the crystalline Pt film74 and strong spin366

mixing caused by the distinct band structure (large spin367

Berry curvature) of Pt58. DP spin relaxation may also368

be more pronounced when proximity-induced magnetism369

in Pt is negligible58, as is likely the case for Pt interfaced370

with the insulating MAFO75. We also note that DP371

spin relaxation has been previously used to model the372

angular dependence of spin-Hall magnetoresistance76,77373

in MAFO/Pt49. The combination of skew scattering and374

DP spin relaxation, though not reported in prior SOT375

experiments, is reasonable for MAFO/Pt.376

We now discuss the parameters quantified with our377

model, as summarized in the “skew scatt.+DP” row378

in Table I. The value of G↑↓ ≈ 1 × 1014 Ω−1m−2
379

is comparable to those previously reported for FI/Pt380

interfaces33,49,78,79, and λs ≈ 3 nm is in the intermediate381

regime of λs ∼ 1−10 nm in prior reports on Pt20,23,28–43.382

We find a large internal spin-Hall ratio of θSH ≈383

0.8. While a few studies have alluded to θSH on384

the order of unity in transition metals23,33,42,80,81, our385

experimental study is the first to derive such a large386
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value in Pt without uncertainties from a conductive387

FM23,42,80,81 or microwave calibration23,33,80,81. Our388

finding of θSH approaching unity is also distinct from389

previously reported spin-Hall ratios < 0.1 in all-epitaxial390

FM/Pt59,82–85. This discrepancy may be partially391

explained by the conductive FM reducing the apparent392

charge-to-spin conversion efficiency, or by the indirect393

nature of the measurements in these reports. With direct394

SOT measurements on the model-system MAFO/Pt395

bilayers, our study points to the possibility of a strong396

model αSML G↑↓ (Ω−1m−2) λs (nm) θSH

intrinsic + EY 0 2.5× 1014 21 0.21

skew scatt. + EY 0 1.1× 1014 4.7 1.2

intrinsic + DP 0 1.8× 1014 5.7 0.25

skew scatt. + DP 0 1.3 × 1014 3.3 0.83

TABLE I. Parameters for the modeled curves in Fig. 4. For
charge-to-spin conversion = intrinsic (for spin relaxation =
EY), θSH (λs) is the value at ρPt = ρbulkPt = 1.1× 10−7 Ωm.



6

spin-Hall effect in highly crystalline Pt in the skew-397

scattering regime, where the charge-to-spin conversion398

efficiency could be greater than the limit set by the399

intrinsic spin-Hall effect1,3,37,42.400

D. Mechanisms and Parameters for Charge-Spin401

Interconversion in Pt: Finite Spin-Memory Loss402

A natural question at this point is how finite spin-403

memory loss at the MAFO/Pt interface impacts the404

parameters quantified in our modeling. Moreover, while405

bare MAFO exhibits negligible two-magnon scattering44,406

an overlayer (Pt in this case) on top of MAFO may407

give rise to two-magnon scattering at the interface86.408

Both spin-memory loss and two-magnon scattering would409

have the same consequence in that they enhance the410

apparent damping parameter, α, independent of tPt
23,87.411

We therefore model spin-memory loss and two-magnon412

scattering with a phenomenological parameter, αSML.413

Figure 5 and Table II summarize our modeling results414

incorporating finite spin-memory loss or two-magnon415

scattering (i.e., αSML > 0). Finite αSML does not416

improve the fit quality in σDL vs. tPt of the EY models417

(Fig. 5(a,b)). By contrast, the fit quality is improved for418

the DP models with increasing αSML, particularly in α419

vs. tPt (Fig. 5(c,d)). We therefore focus on the results420

for the DP models.421

As shown in Table II, increasing αSML significantly422

decreases G↑↓, consistent with the reduced share of spin423

pumping in the damping enhancement. To compensate424

for the smaller G↑↓, the internal spin-Hall ratio θSH425

must increase to reproduce the tPt dependence of σDL426

(Ref. 87). In the “skew scattering + DP” model, shown427

to be most plausible in Sec. III C, θSH increases to values428

exceeding unity with finite αSML. At a sufficiently large429

αSML of ≳ 0.002, the “intrinsic + DP” model appears to430

becomes plausible (see Fig. 5(c)), but this scenario also431

yields θSH > 1.432

In both of the above DP scenarios, substantial spin-433

memory loss or two-magnon scattering apparently leads434

to an unphysically large value of internal spin-Hall ratio435

in Pt exceeding unity. It is then reasonable to conclude436

that spin-memory loss and two-magnon scattering is437

negligibly small in epitaxial MAFO/Pt. This is in438

stark contrast to the large spin-memory loss deduced for439

all-metallic FM/Pt bilayers23. The small spin-memory440

loss in MAFO/Pt also suggests fundamentally different441

spin-transport mechanisms between FM/Pt and FI/Pt442

systems, which could be exploited for more efficient SOT443

devices in the future. Our finding motivates further444

studies to test whether the negligible spin-memory loss445

is due to the crystalline growth or due to the absence of446

proximity-induced magnetism.447

E. Implications of the Large Internal Spin-Hall448

Ratio in Pt449

From our analysis in Sec. III C, we have arrived450

at a large internal spin-Hall ratio of θSH ≈ 0.8 in451

epitaxial Pt. Yet, the observed spin-torque efficiency452

of θDL ≲ 0.15 implies an interfacial spin transparency453

ratio θDL/θSH of ≲ 0.2. In other words, at most only454

20% of the spin accumulation generated by the spin-Hall455

effect in Pt is transferred to the magnetic MAFO layer456

as the damping-like SOT. The origin of this inefficient457

spin transfer, according to the spin diffusion model458

employed here, is the small spin-mixing conductance459

of G↑↓ ∼ 1 × 1014 Ω−1m−1, which is several times460

lower than G↑↓ computationally predicted for FM/Pt461

interfaces88–90. The small G↑↓ results in a substantial462

spin backflow87,91 that prevents efficient transmission of463

spin angular momentum across the MAFO/Pt interface.464

We emphasize that spin-memory loss is likely negligible465

at the MAFO/Pt interface (see Sec. IIID) and hence not466

responsible for the inefficient spin transfer.467

There may be an opportunity to enhance the spin468

transparency – and hence the SOT efficiency – by469

engineering the interface. One possible approach is470

to use an ultrathin insertion layer of NiO, which has471

been reported to increase the spin transparency ratio472

to essentially unity in FM/Pt systems91. However,473

it remains to be explored whether the ultrathin NiO474

insertion layer can increase the spin transparency without475

causing substantial interfacial spin scattering86 in FI/Pt476

bilayers. An increased spin transparency (via enhanced477

G↑↓) also leads to higher spin-pumping damping71,92,478

which may not be desirable for applications driven by479

precessional switching or auto-oscillations.480

Another striking implication of the large internal spin-481

Hall ratio is a large maximum spin-Hall conductivity482

σSH = θSH/ρ
bulk
Pt of ≈ 8 × 106 Ω−1m−1, which is at483

least an order of magnitude greater than σSH ∼ 104 −484

105 Ω−1m−1 typically predicted from band structure485

calculations93–97. It should be noted, however, that these486

calculations are for the intrinsic spin-Hall effect, whereas487

our experimental data are best captured by the extrinsic488

spin-Hall effect of skew scattering. We thus speculate489

that this difference in mechanism could account for the490

discrepancy in σSH derived from our experimental work491

and from prior calculations.492

Finally, we comment on remaining open fundamental493

questions. Comparing MAFO/epitaxial-Pt and494

MAFO/polycrystalline-Pt could reveal the critical495

role of crystallinity in charge-spin interconversion, spin496

relaxation, and the internal spin-Hall ratio in Pt. This497

comparison study is precluded here due to the difficulty498

in growing polycrystalline Pt on MAFO; Pt has a strong499

tendency to be epitaxial on MAFO due to the excellent500

lattice match, even when Pt is sputter-deposited with501

the substrate at room temperature. Moreover, while the502

epitaxial Pt film on MAFO is single-crystalline in the503

sense that its out-of-plane crytallographic orientation504
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FIG. 5. Pt thickness dependence of the Gilbert damping parameter α and the damping-like SOT conductivity σDL, taking into
account different strengths of spin-memory loss or two-magnon scattering (parameterized by αSML), 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 α)
and ST-FMR linewidth vs. dc bias current density (for σDL).

intrinsic + EY skew scatt. + EY intrinsic + DP skew scatt. + DP

αSML G↑↓ (Ω−1m−2) λs (nm) θSH G↑↓ (Ω−1m−2) λs (nm) θSH G↑↓ (Ω−1m−2) λs (nm) θSH G↑↓ (Ω−1m−2) λs (nm) θSH

0 2.5× 1014 21 0.21 1.1× 1014 4.7 1.2 1.8× 1014 5.7 0.25 1.3× 1014 3.3 0.83

0.001 1.5× 1014 23 0.40 0.7× 1014 4.7 2.7 1.0× 1014 6.2 0.53 0.9× 1014 3.6 1.5

0.002 0.6× 1014 26 1.3 0.4× 1014 5.0 7.5 0.6× 1014 7.1 1.2 0.5× 1014 3.8 4.1

TABLE II. Parameters for the modeled curves in Fig. 5. For charge-to-spin conversion = intrinsic (for spin relaxation = EY),
θSH (λs) is the value at ρPt = ρbulkPt = 1.1× 10−7 Ωm.

is exclusively (111), it is yet unclear how the twin505

domains (discussed in Sec. II) influence charge-spin506

interconversion in Pt. Determining the impact of507

microstructure on spin-Hall and related effects in Pt508

remains a subject of future work.509

Furthermore, we acknowledge the possibility that510

the model employed in our present study (outlined in511

Sec. III B and Appendix E) is incomplete. For instance,512

we have assumed that the damping-like SOT and spin-513

pumping damping are reciprocal phenomena with shared514

G↑↓ and λs. This commonly made assumption23 – with515

prior studies suggesting that such reciprocity holds46,52516

– is necessary for constraining the fitting of the limited517

number of experimental data points. Further studies are518

required for confirming whether the damping-like SOT519

and spin-pumping damping can be captured by the same520

values of G↑↓ and λs.521

IV. SUMMARY522

We have measured SOTs in a low-damping, epitaxial523

insulating spinel ferrite (MgAl0.5Fe1.5O4, MAFO)524

interfaced with epitaxial Pt. This model-system bilayer525

enables a unique opportunity to examine charge-spin526

interconversion mechanisms in highly crystalline Pt,527

while eliminating complications from electronic transport528

in (or hybridization with) a magnetic metal. Our key529

findings are as follow.530

1. Charge-to-spin conversion in Pt appears to be531

primarily a bulk effect, rather than an interfacial532

effect. A sizable damping-like SOT, which depends533

strongly on the Pt thickness, arises from the spin-534

Hall effect within Pt. An order-of-magnitude535

smaller field-like SOT, independent of the Pt536

thickness, is attributed to the Rashba-Edelstein537

effect at the MAFO/Pt interface.538

2. In crystalline Pt, the extrinsic spin-Hall effect539

of skew scattering and the Dyakonov-Perel spin540

relaxation mechanism likely dominate. This is541

in contrast to the combination of the intrinsic542

spin-Hall effect and Elliott-Yafet spin relaxation543

typically reported for Pt-based systems.544

3. The internal spin-Hall ratio deduced for crystalline545

Pt is large, i.e., θSH ≈ 0.8. While a546

similar magnitude has been suggested before from547

experiments on all-metallic FM/Pt bilayers, greater548

confidence may be placed in our result owing to549

the cleanliness of the MAFO/Pt system, the direct550

nature of the SOT measurement method, and551
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the self-consistent modeling of the SOT and spin-552

pumping damping.553

4. Spin-memory loss appears to be minimal in554

the epitaxial MAFO/Pt system. Modeled555

scenarios with substantial spin-memory loss yield556

unphysically large internal spin-Hall ratios that557

exceed unity.558

5. The factor limiting the damping-like SOT efficiency559

in the MAFO/Pt bilayer, despite the apparently560

large θSH, is the small spin-mixing conductance561

G↑↓. Enhancing G↑↓ while keeping spin-memory562

loss minimal could increase the SOT efficiency.563

Overall, our work demonstrates the utility of564

epitaxial insulating-ferrite-based heterostructures565

for understanding spin-transport phenomena in the566

widely-used spin-Hall metal of Pt, as well as for567

engineering materials for efficient spintronic devices.568
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Appendix A: Effect of Sample Processing on the595

Magnetic Properties of MAFO596

We have used both broadband FMR (i.e., with597

unpatterned films placed on a coplanar waveguide, see598

Ref. 44 for details) and ST-FMR (i.e., with microwave599

current injected through patterned 10-µm-wide strips)600

to measure the frequency dependence of FMR linewidth601

and resonance field. Thus, it is important to confirm the602

consistency of measurements between the two techniques.603

Figure 6(a) plots the linewidth vs. frequency data604

for a bare MAFO film (13 nm) that we started with,605

the MAFO (13 nm)/Pt (5 nm) film after Pt deposition,606

and the ST-FMR pattern with MAFO (13 nm)/Pt607

(5 nm) after the microfabrication processes. The608

damping constants of the MAFO/Pt unpatterned film609

and patterned strip are essentially identical, confirming610

the consistency of the broadband FMR and ST-FMR611

measurements.612

We also show in Fig. 6(b) that the frequency613

dependence of resonance field is unaltered before and614

after microfabrication. The fit using the Kittel615

equation44 indicates negligible (≪ 5%) difference in the616

effective magnetization (dominated by mangnetoelastic617

easy-plane anisotropy) and gyromagnetic ratio for the618

unpatterned film and patterned strip. The results619

in Fig. 6 therefore confirm that the microfabrication620

processes have little to no effect on the essential magnetic621

properties of MAFO/Pt.622
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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 the623

Spin-Torque Ferromagnetic Resonance Signal624

Figure 7 shows the dependence of the ST-FMR signal625

amplitude on the microwave power. The ST-FMR626

voltage increases linearly with the microwave power,627

indicating that all the measurements are done in the628

linear regime in this present study.629
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Field

FIG. 7. (a) Exemplary ST-FMR spectra at different
microwave powers. (b) ST-FMR amplitude vs. microwave
power.

Appendix C: Frequency Dependence of the630

Spin-Orbit Torque Efficiencies631

FIG. 8. Dependence of SOTs in MAFO (13 nm)/ Pt (5 nm).
(a) Damping-like torque efficiency θDL. (b) Field-like torque
efficiency θFL.

We have carried out a frequency dependence study of632

damping-like and field-like SOT efficiencies. The dc-633

biased ST-FMR method is used to extract each data634

point. Figure 8 shows that both the damping-like and635

field-like SOT efficiencies are nearly constant across the636

frequency range of 3-8 GHz. This verifies that the SOT637

efficiencies are independent of the microwave frequency.638

Appendix D: Model for the Pt Thickness639

Dependence of Resistivity640

We model the Pt thickness dependence of resistivity641

ρPt by using an approach similar to that reported by642

Berger et al.23. This model takes into account the643

conductivity σ as a function of position along the film644

thickness axis z, expressed as the sum of bulk and645

interfacial contributions,646

σ(z) =
1− exp

(︁
− z

L

)︁
ρbulkPt

+
exp

(︁
− z

L

)︁
ρint

, (D1)

where ρbulkPt = 1.1×10−7 Ω−1m−1 is the bulk resistivity of647

Pt, ρint is the interfacial resistivity, and L is an empirical648

characteristic length scale capturing the decay of the649

interfacial contribution to resistivity. The resistivity of650

the Pt film with thickness tPt is then given by,651

ρPt(tPt) =

(︃
1

tPt

∫︂ tPt

0

σ(z)dz

)︃−1

=
ρbulkPt

1 + L
tPt

(︂
ρbulk
Pt

ρint
− 1

)︂ (︁
1− exp

(︁
− tPt

L

)︁)︁ . (D2)

The fit curve for the experimentally measured tPt-652

dependence of ρPt (Fig. 4(a)) is obtained with Eq. D2653

with ρint = 1.3× 10−6 Ω−1m−1 and L = 10. nm.654

Appendix E: Equations for the Pt Thickness655

Dependence of α and σDL656

We fit the tPt dependence of α with35657

α(tPt) = α0 + αSML + αSP

= α0 + αSML +
gµBℏ

2e2MstM

[︃
1

G↑↓
+ 2ρPtλs coth

(︃
tPt

λs

)︃]︃−1

,

(E1)

where α0 = 0.0017 is the mean value for the658

five bare MAFO films (tPt = 0) prior to Pt659

deposition for the MAFO/Pt bilayers, αSP is the660

spin-pumping contribution to Gilbert damping, αSML661

is the phenomenological parameter capturing the tPt-662

independent enhancement of damping (from interfacial663

spin-memory loss or two-magnon scattering), g = 2.05 is664

the spectroscopic g-factor44, Ms = 93 kA/m is the mean665

value of the saturation magnetization of MAFO used in666

this study, and tM = 13 nm is the thickness of MAFO.667

The tPt dependence of σDL is fit with6668

σDL(tPt) =
θDL

ρPt
=

θSH
ρPt

⎧⎪⎪⎨⎪⎪⎩
(1− e−tPt/λs)2

(1 + e−2tPt/λs)

G′

G′ + tanh2
(︃
tPt

λs

)︃
⎫⎪⎪⎬⎪⎪⎭

αSP

αSML + αSP
, (E2)

where G′ = G↑↓2ρPtλs tanh(tPt/λs). We also remark669 that ρPt is dependent on tPt as given by Eq. D2.670
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FIG. 9. Exemplary fit results for the Pt thickness dependence of the Gilbert damping parameter α and the damping-like SOT
conductivity σDL with several values of G↑↓. 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 α) and ST-FMR linewidth vs. dc bias current density (for σDL).

intrinsic + EY skew scatt. + EY intrinsic + DP skew scatt. + DP

G↑↓ (Ω−1m−2) λs (nm) θSH G↑↓ (Ω−1m−2) λs (nm) θSH G↑↓ (Ω−1m−2) λs (nm) θSH G↑↓ (Ω−1m−2) λs (nm) θSH

(a) 1.5×1014 16 0.24 1.0×1014 0.1 48 1.2×1014 5.7 0.32 1.1×1014 3.2 0.96

(b) 2.0×1014 19 0.22 1.1×1014 4.7 1.2 1.6×1014 5.6 0.27 1.2×1014 3.3 0.89

(c) 2.5×1014 21 0.21 1.2×1014 5.7 0.96 1.8×1014 5.7 0.25 1.3×1014 3.3 0.83

(d) 3.0×1014 22 0.20 1.3×1014 6.7 0.80 2.0×1014 5.8 0.23 1.4×1014 3.4 0.77

(e) 5.0×1014 24 0.19 1.4×1014 6.1 0.68 2.5×1014 6.1 0.21 1.5×1014 3.5 0.72

TABLE III. Parameters for the modeled curves in Fig. 9. For charge-to-spin conversion = intrinsic (for spin relaxation = EY),
θSH (λs) is the value at ρPt = ρbulkPt = 1.1× 10−7 Ωm.

By using Equations E1 and E2, along with the671

interpolated ρPt (Eq. D2), we find the values of G↑↓,672

λs, and θSH that adequately capture the experimentally673

measured α(tPt) and σDL(tPt). In particular, α(tPt) and674

σDL(tPt) are fit simultaneously98 with a series of fixed675

values for G↑↓ (e.g., Figs. 9 and Table III).676
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