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We report the observation of a spin-orbit torque (SOT) originating from the surface Rashba-Edelstein
effect. We find that the SOT in a prototypical spin-orbitronic system, a Pt/Co bilayer, can be manipulated
by molecular self-assembly on the Pt surface. This provides evidence that the Rashba spin-orbit coupling
at the Pt surface generates a sizable SOT, which is hidden by the strong bulk and interface spin-orbit
coupling. We show that the molecular tuning of the surface Rashba-Edelstein SOT is consistent with
density-functional-theory calculations. These results illustrate the crucial role of the surface spin-orbit
coupling in the SOT generation, which alters the landscape of metallic spin-orbitronic devices.
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L. INTRODUCTION

Spin-orbit coupling is central to magnetism and spin-
tronics [1-6]. It describes the relativistic interaction
between the electrons’ spin and momentum degrees of
freedom, which has a dramatic impact on both the equi-
librium and nonequilibrium properties of condensed mat-
ter. Of particular recent interest is the interplay between
spin-orbit coupling and space-inversion symmetry, which
triggers a variety of phenomena, such as chiral spin
textures and spin-momentum locking [7,8]. In systems
with broken-inversion symmetry, the spin-orbit coupling
lifts the electron-spin degeneracy [9]. This phenomenon,
termed the Rashba effect, has been observed across various
surfaces and interfaces [10—13].

The Rashba effect couples the spin and charge transport
through spin-momentum locking; an in-plane charge cur-
rent induces a transverse spin accumulation [14,15]. This
phenomenon, the Rashba-Edelstein effect or the inverse-
spin galvanic effect, can generate spin-orbit torques
(SOTs), which allow electric manipulation of the magneti-
zation in metallic heterostructures [16—20]. A prototypical
spin-orbitronic system is a Pt/Co bilayer, where the strong
spin-orbit coupling of the most fundamental charge-spin
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converter, Pt, plays a key role in the generation of the SOT.
The SOT in such spin-orbitronic devices is expected to
be generated by the surface, bulk, and interface spin-orbit
coupling. However, the SOT has been generally attributed
to two mechanisms: the interface Rashba-Edelstein effect
and bulk spin Hall effect [5,21,22]. Despite the extensive
studies on the SOT over the past decade, the SOT origi-
nating from the surface Rashba-Edelstein effect has been
neglected.

In this paper, we report the observation of the SOT aris-
ing from the surface Rashba-Edelstein effect: the surface
Rashba-Edelstein SOT. The crucial evidence is obtained by
using the molecular tuning of the Rashba-Edelstein effect
[23]. Using the molecular tuning as a tool to study the SOT,
we find that the dampinglike (DL) SOT in a Pt/Co bilayer
is manipulated by decorating the Pt surface with self-
assembled organic monolayers, while the fieldlike (FL)
SOT is unaffected by the molecular self-assembly. This
result is consistent with the prediction of the SOT arising
from the surface Rashba-Edelstein effect and the spin-
transfer mechanism, illustrating the crucial role of surface
spin-orbit coupling in spin-orbitronic devices.

II. EXPERIMENTAL METHODS

The molecular tuning of the surface Rashba-Edelstein
effect is demonstrated by measuring the SOTs in Pt/Co

© 2020 American Physical Society
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FIG. 1. (a) A schematic illustration of the Pt/Co bilayer
and the experimental setup. (b) A schematic illustration of
l-octadecanethiol (ODT) and 1H,1H,2H,2H-perfluorode-
canethiol (PFDT) molecules on the Pt surface. The arrows
represent the dipole moment of the self-assembled-monolayer-
(SAM) forming molecules [23]. (c) The square root of the
photoelectron emission yield as a function of the scan energy,
measured with an atmospheric photoelectron spectrometer for
pristine Pt/Co (black), ODT-Pt/Co (red), and PFDT-Pt/Co (blue).
The solid lines are linear fits, from which the baseline intercept
gives the work function.

bilayers using spin-torque ferromagnetic resonance (ST-
FMR). Figure 1(a) shows a schematic illustration of the
device structure. The bilayers are fabricated by radio-
frequency (rf) magnetron sputtering. First, a Co layer
with thickness of #c, is grown on a thermally oxidized
Si substrate. Then, on the top of the Co layer, a 1-nm-
thick Pt layer is sputtered without breaking the vacuum.
To study the effect of the decoration of organic mono-
layers on the surface of the Pt layer, we use 2 mM
solutions of 1-octadecanethiol (ODT) and 1H,1H,2H,2H -
perfluorodecanethiol (PFDT) in ethanol. The Pt/Co films
are immersed in the solution for 20 h at room temperature,
which results in the formation of self-assembled monolay-
ers (SAMs) on the surface of the ultrathin-Pt layer [see
Fig. 1(b)] [25-30]. The SAM formation is confirmed by
the change of the work function @. Figure 1(c) shows that
the ODT formation decreases @, whereas the PFDT forma-
tion increases @. This result is consistent with the opposite
dipoles of ODT and PFDT molecules, since the change
in the metal work function is associated with the dipole
moment of the SAM-forming molecule perpendicular to
the surface [26]. The SAM formation is also confirmed
by x-ray photoelectron spectroscopy (see the Supplemental
Material [31]).

For the ST-FMR measurement, the Pt/Co films are
patterned into rectangular strips with widths of 10 um
and lengths of 100 um by photolithography and Ar ion
etching. Along the longitudinal direction of the Pt/Co

device, an rf current with a frequency of f is applied
and an in-plane external field H is applied at an angle
of 45° with respect to the longitudinal direction of the
device. In the Pt/Co bilayer, the rf current flowing in
the Pt layer generates DL- and FL-SOTs, as well as
an Oersted field, which excite magnetization precession
in the Co layer under the FMR condition: (2nf/y) =
v 1oHemr (oHpmr + toMesy), where y is the gyromag-
netic ratio, Hrmr 1s the FMR field, and M. is the effective
demagnetization field [32]. The magnetization precession
generates a direct-current (dc) voltage Vyix through the
mixing of the rf charge current and the oscillating resis-
tance due to the anisotropic magnetoresistance (AMR) in
the Co layer [33,34]:

WZ
Viix = V-
o ™ (woH — poHemr)? + W2
W(uwoH — noH,
Vs (1o HoHrvR) 0

(oH — poHpvr)? + W2’

where W is the spectral width. In the ST-FMR signal, the
magnitude of the symmetric component Vg, is propor-
tional to the DL spin-orbit effective field Hpp [35],

HoHrvr
woHemr + oMes”

Vsym = IrfAR,u/OHDL;\/ (2)

where ¢ = (roHrvr + HoMew) /[272W(2 o Hrwr +
woMe)]. Lr and AR are the rf current and the resistance
change due to the AMR in the bilayer, respectively. The
magnitude of the antisymmetric component V,y is propor-
tional to the sum of the FL spin-orbit effective field Hg.
and the Oersted field Ho. = jfttpt /2, where tp; is the thick-
ness of the Pt layer and j ™' is the charge current density in
the Pt layer [35]:

Vanti = Ie AR (o Hrr + poHoe)< 3)

In a system in which Hg is negligible compared to Hoe,
the DL-SOT efficiency corresponds to the FMR spin-
torque generation efficiency, defined as [33]

V. Mtcot, M,
Ervp = sym €UoMslcolpt 1+ MHoMefr , 4)
Vanti h HoHrMr

where #p; is the thickness of the Pt layer and M, is the
saturation magnetization of the Co layer. However, pre-
vious studies have shown that a sizable FL-SOT is gener-
ated by the Rashba-Edelstein effect at the Co/Pt interface
[32,36]. In the presence of a non-negligible FL-SOT, the
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FIG. 2. The spin-torque ferromagnetic resonance (ST-FMR) spectra for the (a) Pt/Co, (b) PFDT-Pt/Co, and (c) ODT-Pt/Co films
at f = 10.3 GHz, where ¢, is the thickness of the Co layer. The open circles are the experimental data and the solid curves are
the fitting results using the sum of the symmetric and antisymmetric functions. The 1/f¢, dependence of 1/&rpyr for the (d) Pt/Co,
(e) PFDT-Pt/Co, and (f) ODT-Pt/Co films. The solid circles are the experimental data. The solid lines are the linear fitting results
using Eq. (6). (g) The Pt-layer thickness fp; dependence of ESL,Surface and %L,bmk’ calculated using Egs. (7) and (8), respectively, for
Pt/Co films. (h) The tp; dependence of B = &5 , 1/ (551 ui + EBL urface)- The inset shows the e, dependence of the Pt-layer resistivity
ppt, calculated using a model that takes into account the carrier scatterings at film surfaces and grain boundaries with the parameters
p =097, poo =31 uQ cm, A = 10 nm, and ¢ = 0.25 (for details, see Ref. [24]).

determination of the DL- and FL-SOT efficiencies,

2e

Hpyrr)
SSL(FL) = (%) poMitco—=t),

- 5)

requires disentanglement of Hpp and Ho. in the ST-FMR
signal, where £ is the applied electric field. This is possi-
ble by measuring the ST-FMR with various values of #c,
because of the different 7c, dependence of Hp. and Hpp;
Ho. is independent of #c,, while Hgpp decreases with #c,.
Under the assumption that SSL(FL) does not have a strong

dependence on #c, in the range examined, S]};L(FL) can be
determined from the #c, dependence of &pyr, using [32]

1 & L
= iE <— + i ) ;
EpL \ Ppt

€ 47 Mtcolpy
where pp; is the resistivity of the Pt layer.
III. MOLECULAR TUNING OF SURFACE
RASHBA-EDELSTEIN SPIN-ORBIT TORQUE

1 1
(6)

SFMR

In Figs. 2(a)-2(c), we show the Vp;x signals for various
values of 7¢,, measured using a bias tee at room tempera-
ture. We also show 1/&pvr as a function of 1/f¢, for the
Pt/Co bilayers in Figs. 2(d)-2(f). Using this result with
Eq. (6), we determine &5, and &f for the Pt/Co, ODT-
decorated Pt/Co (ODT-Pt/Co), and PFDT-decorated Pt/Co
(PFDT-Pt/Co) films.

Our finding is that only the DL-SOT is modulated by
the molecular self-assembly. From the 1/#c, dependence of
1/&rmr, We obtain the DL- and FL-SOT efficiencies, SgL
and &f , for the Pt/Co bilayers, as shown in Table 1. The
obtained values for the pristine Pt/Co bilayer are consis-
tent with the literature values [36]. Here, we note that £

is almost unchanged by the SAM formation, as shown in
Table 1. The change of &£ due to molecular self-assembly
is less than 3%, which is within the experimental error. In
contrast, &5, is manipulated by the molecular decoration;
the PFDT formation enhances &5; by 14%, while the ODT
formation suppresses &5, by 10%.

In the Pt/Co bilayer, the SOTs can be generated by (i)
the spin Hall effect in the Pt layer, (ii) the Rashba-Edelstein
effect at the Pt/Co interface, and (iii) the Rashba-Edelstein
effect at the Pt surface. The spin Hall effect and the sur-
face Rashba-Edelstein effect generate SOTs through the
spin-transfer mechanism. In this picture, the ratio of the
DL and FL components roughly matches the ratio between
the real and imaginary parts of the spin-mixing conduc-
tance and thus the dominant component of the SOT in
metallic bilayers is the DL-SOT [37]. In contrast, the inter-
face Rashba-Edelstein effect primary exerts a torque on the
magnetization at the interface through the exchange cou-
pling. In this scenario, the FL-SOT is much greater than

TABLE I. The summarized parameters for the pristine and
SAM-decorated Pt/Co films: the DL-SOT efficiency £, , the FL-
SOT efficiency S}‘?L, the resistivity pp; of the Pt layer, and the work
function @. The Pt resistivity pp; is determined from the mea-
sured resistance of the pristine and SAM-decorated Pt/Co films
based on a parallel-circuit model with the measured resistivity of
the Co layer, pc, = 42.1 u Qcm.

Pt/Co PFDT-Pt/Co ODT-Pt/Co
gL (10* Q@ 'm™') 3.7940.17 4334014 3.4240.19
g (10* Q7 'm™') 2.504+0.17 2.584+0.15 2.5540.17
ope (12 cm) 84.7£4.0 849+£23 853 +4.1
P (eV) 4.7£0.2 50£02 44+£04
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the DL-SOT, especially in the thin-heavy-metal-layer limit
[37]. Thus, in the ultrathin-Pt/Co bilayer, the DL-SOT can
be attributed to the bulk spin Hall effect and the surface
Rashba-Edelstein effect, while the FL-SOT is dominated
by the interface Rashba-Edelstein effect. The interface-
dominated FL-SOT is consistent with the fact that &% is
unchanged by the molecular self-assembly; because the
charge screening length in Pt is less than 0.5 A, the Pt/Co
interface, as well as the Co layer, cannot be affected by
the ODT and PFDT formation on the Pt surface. Here, in
the Pt/Co bilayer, there is a possibility that part of the Co
layer is exposed to the surface due to a possible discontinu-
ity of the thin Pt layer. The Rashba-Edelstein effect at the
Co surface can also generate the FL-SOT [38]. The neg-
ligible change of &~ indicates that the effect of the SAM
formation on the bare Co surface is also negligible in the
observed molecular tuning of the SOT.

The observed change of the DL-SOT induced by molec-
ular self-assembly originates from the molecular tuning of
the surface Rashba-Edelstein effect in the Pt/Co bilayer.
We note that the electron transport in the bulk of the Pt
layer is also unaffected by the SAM formation, which is
evidenced by the negligible change of the resistivity pp;
or the carrier density of the Pt layer after the formation of
the ODT and PFDT, as shown in Table I. The change of
ppy due to the SAM formation is less than 1%. This indi-
cates that the observed change of £, cannot be attributed
to the change of the bulk spin Hall effect, since the spin
Hall effect can be changed through the change of the car-
rier density, or pp [39]. Since the spin Hall effect, as well as
the interface Rashba-Edelstein effect, is unaffected by the
SAM formation, the change of &5, can only be attributed
to the change of the DL-SOT arising from the Rashba-
Edelstein effect at the Pt surface, tuned by the molecular
self-assembly.

The observed modulation of the SOT induced by the
molecular self-assembly indicates that the surface Rashba-
Edelstein effect generates a sizable SOT in the ultrathin-
Pt/Co bilayers. Under the assumption that the DL-SOT is
generated by the spin-transfer mechanism, the measured
&5 can be decomposed into two terms: &5 = §]§L,bulk +
EgL,surface’ where SgL,bulk and ggL,surface are the DL-SOT
efficiencies due to the bulk spin Hall effect and the sur-
face Rashba-Edelstein effect, respectively. The DL-SOT
efficiency due to the spin Hall effect is expressed as [36]

2e t

E Pt

= —o0 1 —sech|{ —
EDL’bu"( h - [ e <)»Pt>]

opq tanh (¢p¢/Apy) -
1+— 7
x [ 4o NG

where osy, op, and Ap; are the spin Hall conductiv-
ity, the conductivity, and the spin-diffusion length of the

Pt layer, respectively. G; is the real part of the spin-
mixing conductance. Using Eq. (7) with G, = 0.59 x
10° Q7 'm™!, ogy = 1.8 x 10° Q7 'm™! and Ap/op =
0.77 x 1071 Qm?* [36,40], we obtain &f , ;= 2.42 x
10* Q7 'm~!. For the ultrathin-Pt/Co bilayer, from the
measured &5 we obtain the DL-SOT efficiency due to
the surface Rashba-Edelstein effect in the Pt/Co bilayer as
gll)sL,surface = gll)ZL - éll);L,bulk =137 x 104 Qilmil' Here,
SSL’Surface is proportional to the conversion efficiency from
the applied two-dimensional (2D) charge current j2P
into the three-dimensional (3D) spin current j2°, gree =
j3P/j2P, due to the Rashba-Edelstein effect (REE) at the
Pt surface as [41]

£E _ (2xpt/opt) Grsech (tpe/Apt)  OPtgREE ®)
DLsurface ™1 4 (2Apr/op) Gy tanh (tp/Ap1) 24/2

where o; is the conductivity of the Pt surface. Assuming
0y = op;, we obtain grgg = 0.045 nm~! for the surface
Rashba state of Pt. This value is comparable to grgg for
other Rashba systems, such as the interfaces between a
nonmagnetic metal and indium tin oxide [41].

Using the obtained parameters, we also calculate the Pt-
layer thickness #p; dependence of SSL’bulk, SSL,surface: and
B = &1 bt/ EbLbutk T EbLsurtace) for PU/Co bilayers, as
shown in Figs. 2(g) and 2(h). For the calculation, we take
into account the #p; dependence of the Pt-layer resistivity
opt [see the inset to Fig. 2(h)] [24].

Figures 2(g) and 2(h) demonstrate that the surface con-
tribution is significant only when #p; < 3 nm. In fact, we
confirm that &5, measured for a Pt/Co bilayer with tp, =
10 nm is not affected by the SAM formation. The negli-
gible contribution from SSL,surface to &5 when fp > 3 nm
is consistent with previous reports where the surface effect
has been neglected.

From the measured values of &5, shown in Table I,
we obtain &5 (. = 1.91 x 10* @~ 'm~" for the PFDT-
Pt/Co and &5 ece = 1.00 x 10 @7'm™! for the ODT-
Pt/Co under the assumption that the ESL’bulk is unchanged
by the molecular self-assembly, which is supported by the
negligible change of pp;. This result shows that the PFDT
formation enhances the surface Rashba-Edelstein SOT
efficiency &5 (e DY 39%, while the ODT formation
suppresses SgL,Surface by 27%. The enhanced(suppressed)
surface Rashba effect induced by the PFDT(ODT) forma-
tion is supported by spin-pumping experiments (see the
Supplemental Material [31]).

IV. DENSITY-FUNCTIONAL-THEORY
CALCULATIONS

To reveal the mechanism of the molecular tun-
ing of the surface Rashba-Edelstein SOT, we perform
plane-wave-based  density-functional-theory  (DFT)
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FIG. 3. (a) The top view and side view of the optimized

geometries of PFDT- and ODT-adsorbed surfaces. The brown,
yellow, blue, white, and gray spheres represent C, S, F, H, and
Pt atoms, respectively. The unit cell is shown by the solid line.
(b) The planar-averaged charge density |i/|? and (c) the electric
potential ¥ for Pt (black), PFDT-Pt (blue), and ODT-Pt (red). The
coordinate represents the z axis.

calculations using the VASP software package [42]. We
assume the ODT- and PFDT-adsorbed surface structure
to consist of (v/3 x +/3)R30° unit cells (see Fig. 3 and
the Supplemental Material [31]). This surface structure
is often found in thiol-adsorbed Pt surfaces [43]. The
Bayesian error estimation functional with van der Waals
correlation (BEEF-vdW) is used [44] and the plane-wave
cutoff is set to 400 and 500 eV for the geometry optimiza-
tion and electrostatic potential calculations, respectively.
We place approximately 15-A vacuum layers between the
surface slabs and a 6 x 6 x 1 k point is used for the
reciprocal space integration.

The calculation reveals that the manipulation of the
surface Rashba-Edelstein effect is induced by molecular
tuning of the wave-function asymmetry and the electro-
static potential near the Pt surface. At metal surfaces, the
symmetry-breaking surface potential distorts the atomic
orbitals through the admixture with the other orbitals, giv-
ing rise to asymmetric wave functions close to the nucleus,
where the spin-orbit coupling is strong [45—48]. The wave-
function asymmetry plays a key role in the Rashba physics
[46]. In fact, tight-binding calculations have shown that
the strength of the Rashba spin-orbit coupling is deter-
mined by the asymmetry of the surface-state wave function
near the position of the nucleus, in combination with the
atomic spin-orbit coupling [47]. In Fig. 3(a), we show
the optimized geometry of the PFDT- and ODT-adsorbed
surfaces. For the optimized structure, we calculate the
planar-averaged charge density and the planar-averaged
electrostatic potential as shown in Figs. 3(b) and 3(c). This
result shows that both the change density and the electro-
static potential close to the Pt surface are modulated by the
SAM formation.

In plane-wave-based calculations, the Rashba parameter
can be expressed as [49]

K2 aV
oR = —/—W dz, ©)
0z

4m2c?

where ¢, dV/dz, and |y |*> are the speed of light, the
potential gradient, and the electron density distribution,
respectively. Equation (9) indicates that the asymmetry
of the charge-density distribution and the potential gra-
dient gives rise to the Rashba spin-orbit coupling. Using
Eq. (9) with the charge-density distribution and electro-
static potential shown in Figs. 3(b) and 3(c), we calculate
the Rashba parameter. The calculation shows that the
Rashba parameter af' of the Pt surface is enhanced by the
PFDT formation, while it is decreased by the ODT for-
FEDT-Pt /Pt — 1.4 and aQPTP! /Rt = 0.94, where

mation: oy

PFDT(ODT) P! is the Rashba parameter of the PFDT(ODT)-
Pt Although the ODT-induced change of ag in this simple
model is smaller than the experimental value, this result is
qualitatively consistent with the enhanced(suppressed) sur-
face Rashba-Edelstein SOT induced by the PFDT(ODT)
formation.

The calculation shows that both the PFDT and ODT for-
mation on the Pt surface induce the transfer of electrons
from the Pt to the molecule; 0.320 electrons per Pt atom
are transferred to PFDT and 0.268 electrons per Pt atom are
transferred to ODT. This indicates that the electron trans-
fer alone cannot explain the fact that the PFDT formation
enhances o, while the ODT formation suppresses ag. We
note that the change of ar due to the PFDT formation is
strongly affected by the out-of-plane buckling of Pt atoms;
as shown in Fig. 3(a), a Pt atom of the outermost surface
adsorbed by PFDT is protruding upward while other atoms
are pushed into the bulk. Such surface reconstruction is
insignificant in ODT-Pt. This surface reconstruction can
be conjectured to optimize the hybridization of the (s, p.)
surface state of PFDT-Pt. The buckling of surface atoms
has been shown to play an important role in the realization
of strong spin splitting, such as in heavy-metal-Ag(111)
and 2D-honeycomb systems [50,51]. Interface phenomena
manipulated by molecular layers have been investigated
in the field of so-called “spinterface science” [52,53]. The
research in this field mainly focuses on manipulation of
the magnetic properties of ferromagnetic metals, such as
the magnetic anisotropy and the spin polarization. Our
result demonstrates that organic molecules also provide
a way to control the SOTs in metallic heterostructures,
extending the research fields of spinterface science and
spin orbitronics.

V. CONCLUSIONS

In summary, we demonstrate that the surface Rashba-
Edelstein effect generates a sizable SOT. We note that the
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surface Rashba-Edelstein SOT has not been observed even
in Pt, the most fundamental and widely used heavy metal
in spin orbitronics. We also note that despite the theoretical
prediction of a strong Rashba effect [54], the observation
of Rashba spin splitting at Pt surfaces using photoelectron
spectroscopy is still lacking. Our discovery of the surface
Rashba-Edelstein SOT in the prototypical spin-orbitronic
system alters the landscape of SOT generation, promising
significant advances in the spin-orbit physics of solid-state
devices.
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