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Abstract7

An electric current in the presence of spin-orbit coupling can generate a spin accumulation8

that exerts torques on a nearby magnetization. We demonstrate that, even in the absence of9

materials with strong bulk spin-orbit coupling, a torque can arise solely due to interfacial spin-10

orbit coupling, namely Rashba-Eldestein effects at metal/insulator interfaces. In magnetically soft11

NiFe sandwiched between a weak spin-orbit metal (Ti) and insulator (Al2O3), this torque appears12

as an effective field, which is significantly larger than the Oersted field and qualitatively modified13

by inserting an additional layer between NiFe and Al2O3. Our findings point to new routes for14

tuning spin-orbit torques by engineering interfacial electric dipoles.15
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An electric current in a thin film with spin-orbit coupling can produce a spin accumula-16

tion1–3, which can then exert sizable torques on magnetic moments4–7. First demonstrated17

in a ferromagnetic semiconductor8, “spin-orbit torques” are nowadays studied in room-18

temperature ferromagnetic metals (FMs) interfaced with heavy metals (HMs) with strong19

spin-orbit coupling, such as Pt, Ta, and W9–25. These torques can arise from (1) spin-20

dependent scattering of conduction electrons in the bulk of the HM, i.e., the spin-Hall ef-21

fect2,3,9–13, and (2) momentum-dependent spin polarization at the HM/FM interface, i.e., the22

Rashba-Edelstein effect1,5,14–17. Since a HM/FM system can exhibit either or both of these23

spin-orbit effects, it can be a challenge to distinguish the spin-Hall and Rashba-Edelstein24

contributions3,6,7,18,19. Spin-orbit torques may be further influenced by spin scattering26,27 or25

proximity-induced magnetization28 at the HM/FM interface. Moreover, in many cases9–25,26

the FM interfaced on one side with a HM is interfaced on the other with an insulating27

material, and the electric dipole at the FM/insulator interface29,30 may also give rise to a28

Rashba-Edelstein effect. Recent studies21–25 indeed suggest nontrivial influences from insu-29

lating oxide capping layers in perpendicularly-magnetized HM/FM systems. However, with30

the FM only <∼1 nm thick21–25, changing the degree of oxidation of the capping layer may31

modify the composition of the adjacent ultrathin FM and hence the HM/FM interface. The32

points above make it difficult to disentangle the contributions from the HM bulk, HM/FM33

interface, and FM/insulator interface, thereby posing a challenge for coherent engineering34

of spin-orbit torques.35

Here, we experimentally show a spin-orbit torque that emerges exclusively from metal/36

insulator interfaces in the absence of materials with strong bulk spin-orbit coupling. Our37

samples consist of magnetically soft Ni80Fe20 (NiFe) sandwiched between a weak spin-orbit38

light metal (Ti) and a weak spin-orbit insulator (Al2O3). We observe a “field-like” spin-orbit39

torque that appears as a current-induced effective field, which is significantly larger than40

the Oersted field. This torque is conclusively attributed to the Rashba-Edelstein effect, i.e.,41

spin accumulation at the NiFe/Al2O3 interface exchange coupling to the magnetization in42

NiFe4,5. Furthermore, an insertion layer at the NiFe/Al2O3 interface qualitatively modifies43

this observed torque: Inserting an atomically thin layer of a strong spin-orbit metal (Pt)44

causes the field-like torque to vanish, whereas inserting a conductive weak spin-orbit metal45

(Cu) layer results in a “nonlocal” field-like torque where the spin accumulation couples to the46

magnetization in NiFe across Cu. Our findings demonstrate novel model systems exhibiting47
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purely interfacial spin-orbit coupling, which are free from complications caused by strong48

spin-orbit HMs, and open possibilities for spin-orbit torques enabled by engineered electric49

dipoles at interfaces.50

Thin-film heterostructures are sputter-deposited on Si substrates with a 50-nm thick SiO251

overlayer. All layers are deposited at an Ar pressure of 3×10−3 Torr with a background pres-52

sure of <∼2×10−7 Torr. Metallic layers are deposited by dc magnetron sputtering, whereas53

Al2O3 is deposited by rf magnetron sputtering from a compositional target. The deposi-54

tion rates are calibrated by X-ray reflectivity. For each structure, unless otherwise noted, a55

1.2-nm thick Ti seed layer is used to promote the growth of NiFe with narrower resonance56

linewidth and near-bulk saturation magnetization. Devices are patterned and contacted by57

Cr(3 nm)/Au(100 nm) electrodes by photolithography and liftoff.58

We first examine the current-induced field in a trilayer of Ti(1.2 nm)/NiFe(2.5 nm)/59

Al2O3(1.5 nm) by using the second-order planar Hall effect (PHE) voltage technique devised60

by Fan et al.10,11. As illustrated in Fig. 1(a), a dc current Idc along the x-axis generates61

a planar Hall voltage VPH along the y-axis in a 100-µm wide Hall bar, which is placed in62

the center of a two-axis Helmholtz coil. The second-order planar Hall voltage ∆VPH =63

VPH(+Idc) + VPH(−Idc) is measured while sweeping the external field Hx (Fig. 1(b)). The64

total current-induced in-plane transverse field HI (which includes the Oersted field) pulls65

the magnetization away from the x-axis at an angle θ. When |Hx| is large enough (>∼1066

Oe) to magnetize the soft NiFe layer nearly uniformly, θ is small and ∆VPH is proportional67

to I2dcH
−1
x dHI/dIdc

10. Following the procedure in Ref. 11 (with data at |Hx| < 10 Oe dis-68

carded to eliminate spurious effects from nonuniform magnetization), we apply a constant69

transverse bias field |Hy| = 1 Oe (Fig. 1(a),(b)) and extrapolate the critical Hy required to70

cancel HI, i.e., to null the ∆VPH spectrum. For the data in Fig. 1(b), Hy =-0.75 Oe would71

null ∆VPH, so HI = 0.75 Oe at Idc = 8 mA.72

As shown in Fig. 1(c), HI scales linearly with Idc with slope dHI/dIdc = 0.095 Oe per73

mA. To estimate the Oersted field contribution to HI, the current is assumed to be uniform74

within each conductive layer, such that the Oersted field comes only from the current in75

the Ti layer, HOe,Ti = fTiIdc/2w, where fTi is the fraction of Idc in Ti and w is the Hall76

bar width. The sheet resistances 2000 Ω/sq for Ti(1.2 nm) and 350 Ω/sq for NiFe(2.5 nm),77

found from four-point resistance measurements on a series of films (each with an insulating78

capping layer that prevents oxidation), yield fTi = 0.15 and |HOe,Ti| = 0.009 Oe per mA. The79
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net HI is therefore an order of magnitude larger than HOe,Ti, and moreover, the direction of80

HI opposes HOe,Ti.81

The actual Oersted field may deviate from HOe,Ti because of nonuniform current distri-82

bution within each conductive layer and interfacial scattering, both of which are difficult to83

quantify. However, we can place the upper bound on the Oersted field, |HOe,max| = |Idc|/2w,84

by assuming that the entire Idc flows above or below the magnetic layer. In Fig. 1(c), we85

shade the range bounded by |HOe,max|. The magnitude of HI still exceeds HOe,max, confirm-86

ing the presence of an additional current-induced field with a component collinear with the87

Oersted field.88

We also measure HI with a technique based on spin-torque ferromagnetic resonance (ST-89

FMR)31,32. As illustrated in Fig. 2(a), the rf excitation current is injected into a 5-µm wide,90

25-µm long strip through a ground-signal-ground electrode. While the in-plane external91

field H is swept at an in-plane angle θ, the rectified mixing voltage Vmix across the strip is92

acquired with a lock-in amplifier33. The resulting spectrum (e.g., Fig. 2(b)) is well fit to a93

Lorentzian curve Vmix = VsFs+VaFa consisting of the symmetric component Fs = W 2/((H−94

HFMR)2 + W 2) and antisymmetric component Fa = W (H −HFMR)/((H −HFMR)2 + W 2),95

where W is the resonance linewidth and HFMR is the resonance field. We inject a small dc96

bias current |Idc|≤2 mA to measure the shift in HFMR caused by the net Idc-induced field97

HI
33. Although the scatter in the ST-FMR data is greater than the PHE data (Fig. 1(c)),98

Fig. 2(c) shows that the observed shift in HFMR is significantly larger than (and opposes)99

the contribution from HOe,Ti, and its magnitude exceeds the maximum possible shift from100

HOe,max.101

Fig. 2(d) shows the Idc-induced shift ∆HFMR as a function of in-plane magnetization102

angle, equal to the applied field angle θ for the soft NiFe layer. This angular dependence103

is well described by a sin θ relation, which implies that HI is transverse to the current axis.104

Fig. 2(e) shows that the constant HI = −∆HFMR/ sin θ indeed agrees well with the PHE data105

measured at θ ≈ 0. This finding confirms that HI, including the non-Oersted contribution,106

is entirely transverse to the current and is independent of the magnetization orientation.107

In Fig. 3(a), we plot the dependence of HI (normalized by HOe,max for clarity) on NiFe108

thickness tNiFe. The two independent techniques, PHE at low applied fields and ST-FMR109

at high applied fields34, confirm the presence of HI that cannot be accounted for by the110

Oersted field alone for a wide range of tNiFe. The observed HI opposes HOe,Ti in all samples,111
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and HI is more than a factor of 2 larger than HOe,max at tNiFe ≈ 2 nm. The drop in HI112

for tNiFe
<∼ 2 nm is caused by the increasing magnitude of HOe,Ti, as NiFe becomes more113

resistive and a larger fraction of current flows through Ti with decreasing tNiFe.114

The anomalous portion of HI, which cannot be explained by the classical Oersted field,115

may be due to a spin-orbit torque that acts as a “spin-orbit field” HSO. In Fig. 3(b), we116

plot the estimated HSO = HI−HOe,Ti normalized by the current density in NiFe, JNiFe. This117

normalized HSO scales inversely with tNiFe, implying that the source of HSO is outside or at118

a surface of the NiFe layer. Therefore, HSO does not arise from spin-orbit effects within the119

bulk of NiFe35, i.e., the reciprocal of the recently reported inverse spin-Hall effect in FMs36–39.120

Moreover, any possible spin-orbit toques arising from the bulk of NiFe would depend on the121

magnetization orientation35 and are thus incompatible with the observed symmetry of HSO122

(Fig. 2(e)). It is unlikely that HSO is generated by the spin-Hall effect in Ti, because its123

spin-Hall angle is small (<0.001)40,41 and only a small fraction of Idc is expected to be in the124

resistive ultrathin Ti layer. In Ti/NiFe/Al2O3, we also do not observe a damping-like torque125

that would be expected to arise from the spin-Hall effect6,42; the linewidth W is invariant126

with Idc within our experimental resolution <∼0.2 Oe/mA33.127

With spin-orbit effects in the bulk of NiFe and Ti ruled out as mechanisms behind HSO,128

the only known mechanism that agrees with the observed HSO is the Rashba-Edelstein ef-129

fect1,4,5, with an interfacial spin accumulation (polarized transverse to the current) exchange130

coupling to the magnetization in NiFe. Indeed, tight-binding Rashba model calculations re-131

veal a field-like torque, but no damping-like torque, in the first order of spin-orbit coupling132

due to transverse spin accumulation that is independent of the magnetization orientation43.133

We now gain further insight into the origin of HSO by examining its dependence on134

the layer stack structure, as summarized in Fig. 4(a-f). In the symmetric Al2O3(1.5135

nm)/NiFe(2.3 nm)/Al2O3(1.5 nm) trilayer (Fig. 4(a)), HI vanishes, which is as expected136

because the Oersted field should be nearly zero and the two nominally identical interfaces137

sandwiching NiFe produces no net spin accumulation. Breaking structural inversion symme-138

try with the Ti(1.2 nm) seed layer results in an uncompensated interfacial spin accumulation139

that generates a finite HSO = HI −HOe,Ti (Fig. 4(b)).140

Inserting Pt(0.5 nm) between the NiFe and Al2O3 layers suppresses HSO, such that the141

estimated Oersted field HOe,NM from the nonmagnetic Ti and Pt layers entirely accounts142

for HI (Fig. 4(c)). This may seem counterintuitive since Pt exhibits strong spin-orbit cou-143
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pling and a large Rashba-Edelstein effect may be expected44. However, Pt is also a strong144

spin scatterer, as evidenced by an increase in the Gilbert damping parameter from ≈0.013145

for Ti/NiFe/Al2O3 to ≈0.03 for Ti/NiFe/Pt/Al2O3. Any accumulated spins may quickly146

become scattered by Pt, such that there is no net field-like torque mediated by exchange147

coupling4,5 between these spins and the magnetization in NiFe45. Based on the suppression148

of HSO by Pt insertion, we infer that the Rashba-Edelstein effect at the NiFe/Al2O3 interface149

is the source of HSO.150

We observe another unexpected result upon inserting a layer of Cu, a metal with151

nearly zero bulk spin-orbit coupling, at the NiFe/Al2O3 interface: The direction of HSO =152

HI − HOe,NM is reversed (Fig. 4(d)). Just as in Ti/NiFe/Al2O3, this observed HSO in153

Ti/NiFe/Cu/Al2O3 is independent of magnetization orientation, and no damping-like torque154

is detected within our experimental resolution. We deduce a Rashba-Edelstein effect (op-155

posite in sign to that of NiFe/Al2O3) at the Cu/Al2O3 interface, rather than the NiFe/Cu156

interface, because (1) if NiFe/Cu generates the reversed HSO, we should see an enhanced157

HSO for NiFe sandwiched between Cu (bottom) and Al2O3 (top), but this is not the case158

(Fig. 4(e)); and (2) inserting a spin-scattering layer of Pt(0.5 nm) between Cu and Al2O3159

suppresses HSO (Fig. 4(f)). Fig. 4(g) plots the dependence of HI on Cu thickness tCu. In160

the limit of large tCu (≈10 nm), HI approaches HOe,NM that is predominantly due to the161

current in the highly conductive Cu layer. From the estimated current distribution, we162

obtain HSO = HI − HOe,NM normalized by the current density in the Cu layer, JCu. As163

shown in Fig. 4(h), HSO/JCu ≈ 1-2 Oe/1011 A/m2 exhibits little dependence on tCu. This164

is consistent with the Rashba-Edelstein effect at the Cu/Al2O3 interface that is present165

irrespective of tCu.166

Persistence of HSO even at large tCu indicates a nonlocal Rashba-Edelstein field, whereas167

the absence of a damping-like torque implies negligible diffusive (dissipative) spin trans-168

port from the Cu/Al2O3 interface to the NiFe layer. Evidently, the spin accumulation at169

the Cu/Al2O3 interface exchange couples to the magnetization in NiFe across the Cu layer.170

However, further studies are required to elucidate the mechanism involving Cu, since we do171

not observe any apparent oscillation in HSO with tCu that would be expected for exchange172

coupling across Cu46. Theoretical studies may also clarify why the directions of HSO aris-173

ing from NiFe/Al2O3 and Cu/Al2O3 are opposite. Another outstanding question that can174

be addressed by further experimental work is how the level of oxidation or disorder at the175
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metal/insulator interface influences HSO.176

At tCu ≈ 2 nm, HI vanishes because HSO and HOe,NM compensate each other (Fig. 4(g)).177

Fan et al. also show near vanishing of HI in NiFe(2 nm)/Cu(tCu)/SOi2(3.5 nm) at tCu ≈ 3178

nm10, and Avci et al. report a current-induced field in Co(2.5 nm)/Cu(6 nm)/AlOx(1 nm)179

that is well below the estimated Oersted field20. In each of these studies10,20, a spin-orbit180

field due to the Rashba-Edelstein effect at the Cu/oxide interface may have counteracted181

the Oersted field. More generally, various metal/insulator interfaces, where the metal is fer-182

romagnetic or nonmagnetic, may exhibit Rashba-Edelstein effects. In some HM/FM/oxide183

heterostructures, the Rashba-Edelstein torque from the FM/oxide interface may even dom-184

inate over torques from the HM bulk or HM/FM interface, e.g., when the HM is thin and185

hence resistive, which possibly explains the reported sign reversal in the field-like torque186

with decreasing HM thickness13,19.187

In summary, we have shown a current-induced spin-orbit torque due to Rashba-Edelstein188

effects at NiFe/Al2O3 and Cu/Al2O3 interfaces. This torque is distinct from previously189

reported spin-orbit torques in that it arises even without spin-orbit coupling in the bulk of190

the constituent materials. The origin of this torque is purely interfacial spin-orbit coupling,191

which likely emerges from the electric dipoles that develop at the metal/insulator inter-192

faces29,30. This mechanism is supported by recent theoretical predictions of current-induced193

spin polarization at metal/insulator interfaces in the absence of bulk spin-orbit coupling47–49.194

Rashba-Edelstein effects at metal/insulator interfaces may be universal and should motivate195

the use of various previously neglected materials as components for enhancing spin-orbit196

torques and as model systems for interfacial spin-dependent physics, perhaps combined with197

gate-voltage tuning21,22,50. One possibility is to apply interfacial band alignment techniques,198

similar to those for semiconductor heterostructures51, to control dipole-induced Rashba-199

Edelstein effects.200
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42 F. Freimuth, S. Blügel, and Y. Mokrousov, Phys. Rev. B 90, 174423 (2014).278

43 A. Kalitsov, S. A. Nikolaev, J. Velev, W. H. Butler, M. Chshiev, and O. Mryasov, unpublished279

(2016).280

44 H. J. Zhang, S. Yamamoto, Y. Fukaya, M. Maekawa, H. Li, A. Kawasuso, T. Seki, E. Saitoh,281

and K. Takanashi, Sci. Rep. 4 (2014).282

45 With the insertion of Pt(0.5 nm), while the field-like torque is suppressed, a small damping-like283

torque emerges with an estimated effective spin-Hall angle θDL (defined in [33]) of ≈0.01.284

46 S. S. P. Parkin, Phys. Rev. Lett. 67, 3598 (1991).285

47 X. Wang, J. Xiao, A. Manchon, and S. Maekawa, Phys. Rev. B 87, 081407 (2013).286

48 J. Borge, C. Gorini, G. Vignale, and R. Raimondi, Phys. Rev. B 89, 245443 (2014).287

49 S. S.-L. Zhang, G. Vignale, and S. Zhang, Phys. Rev. B 92, 024412 (2015).288

50 U. Bauer, L. Yao, A. J. Tan, P. Agrawal, S. Emori, H. L. Tuller, S. van Dijken, and G. S. D.289

Beach, Nat. Mater. 14, 174 (2015).290

51 H. Kroemer, Rev. Mod. Phys. 73, 783 (2001).291

10



0 2 4 6 8
-1.0

-0.5

0.0

0.5

1.0

H
Oe,Ti

H
Oe,max

 

 

H
I (

O
e

)

I
dc

 (mA)
-60 -40 -20 0 20 40 60

-2

-1

0

1

2

I
dc

=8 mA

 

 


V

P
H
 (

m
V

)

H
x
 (Oe)

H
y
=+1Oe

H
y
=0 

H
y
=-1Oe

(a) 

(b) (c) 

Hy

Hx

M
θ x

y

HI

I-

I+

V-

V+

Al2O3

NiFe

Ti

Figure 1. (a) Schematic of the second-order PHE measurement. (b) Second-order planar Hall

voltage ∆VPH curves at different transverse bias fields Hy. (c) Current-induced field HI versus Idc.

The dotted line shows HOe,Ti based on the estimated fraction of Idc in Ti. The shaded area is

bounded by the maximum possible Oersted field HOe,max.

11



200 300 400 500 600
-40

-20

0

20

40
I
dc

= -1.5 mA

I
dc

= 0 mA

I
dc

= -1.5 mA

 

 

V
m

ix
 (


V
)

H (Oe)

-180 -90 0 90 180

-2

-1

0

1

2

 

 


H

F
M

R
/I

d
c
 (

O
e

/m
A

)

 (deg.)
-180 -90 0 90 180

-1

0

1

2

H
Oe,Ti

 

 

H
I/H

O
e
,m

a
x

 (deg.)

ST-FMR

PHE

(e) 

(a) 

(b) 

390 400 410

 

 

(c) 

(d) 

-2 -1 0 1 2
398

400

402

404

H
Oe,max

H
Oe,Ti

 

 

H
F

M
R
 (

O
e

)

I
dc

 (mA)

Vmix

~ref

signal

lock-in Irf

 Idc

HI

x

y

θ

M H

Al2O3

NiFe

Ti

Figure 2. (a) Schematic of the ST-FMR setup. (b) ST-FMR spectra at different dc bias currents

Idc, with rf current excitation at 5 GHz and +8 dBm and external field H at θ = 40◦. Inset:

Idc-induced shift of ST-FMR spectra. (c) Shift of resonance field HFMR due to Idc at θ = 40◦.

The error bar is the standard deviation of 5 measurements. The dotted line shows the estimated

Oersted field from Ti, HOe,Ti. The shaded area is bounded by the maximum possible Oersted field,

HOe,max. (d) Angular dependence of Idc-induced HFMR shift. The solid curve indicates the fit to

sin θ. (e) Transverse current-induced field HI = −∆HFMR/ sin θ normalized by HOe,max at various

θ. The error bar is the error in linear fit of HFMR versus Idc. The solid line indicates the average

of the ST-FMR data points. The dotted line indicates estimated HOe,Ti. The PHE data point at

θ = 0 is the average of three devices.
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Figure 3. (a) NiFe-thickness tNiFe dependence of HI normalized by HOe,max. The dotted curve

indicates the estimated Oersted field from Ti, HOe,Ti. Each ST-FMR data point is the mean of

results at several frequencies 3.5-7.0 GHz at θ = 45◦ and −135◦. HI/HOe,max > 0 is defined as

HI//+y when Idc//+x (illustrated in Figs. 1(a) and 2(a)). (b) Estimated spin-orbit field HSO per

unit current density in NiFe, JNiFe. The solid curve indicates the fit to tNiFe
−1.

13



-1

0

1

2

 

 H
I
/H

Oe,max

 H
Oe,NM

/H
Oe,maxH

I/H
O

e,
m

ax
, H

O
e,

N
M

/H
O

e,
m

ax
(g) 

(h) 

-2

-1

0

1

2

H
Oe,NM

 

 

H
I/H

O
e
,m

a
x

PHE

ST-FMR

0 2 4 6 8 10 12

-4

-2

0

2

 

 

H
S

O
/J

C
u
 (

O
e
/1

0
1
1
 A

/m
2
)

t
Cu

 (nm)

Al2O3 

Ti 

NiFe 

Cu 
Pt 

Ti 

NiFe 

Al2O3 

Cu 
Al2O3 

Ti 

NiFe 

Pt 

Ti 

NiFe 

Al2O3 

Al2O3 

NiFe 

Al2O3 

(a) 

Ti 

NiFe 

Al2O3 

Cu 

(b) (c) (d) (e) (f) 

Figure 4. (a-f) Structural dependence of HI (mean of measurements on three PHE devices)

normalized by HOe,max. HOe,NM is the Oersted field from current in the nonmagnetic metal layers

(Ti, Cu, Pt). The nominal layer thicknesses are NiFe: 2.3 nm, Al2O3: 1.5 nm, Ti: 1.2 nm, Cu:

1.0 nm, and Pt: 0.5 nm. (g) Cu-thickness tCu dependence of HI normalized by HOe,max at NiFe

thickness 2.5 nm. The blue dotted curve indicates HOe,NM. (h) Estimated spin-orbit field HSO per

unit current density in Cu, JCu.
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