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The Rashba-Edelstein effect stems from the interaction between the electron’s spin and its mo-
mentum induced by spin-orbit interaction at an interface or a surface. It was shown that the inverse
Rashba-Edelstein effect can be used to convert a spin- into a charge current. Here, we demonstrate
the reverse process of a charge- to spin current conversion at a Bi/Ag Rashba interface. We show
that this interface-driven spin current can drive an adjacent ferromagnet to resonance. We employ a
spin-torque ferromagnetic resonance excitation/detection scheme which was developed originally for
a bulk spin-orbital effect, the spin Hall effect. In our experiment, the direct Rashba-Edelstein effect
generates an oscillating spin current from an alternating charge current driving the magnetization
precession in a neighboring permalloy (Py, NiggFesg) layer. Electrical detection of the magnetiza-
tion dynamics is achieved by a rectification mechanism of the time dependent multilayer resistance

arising from the anisotropic magnetoresistance.

Conventional spintronics relies on the exchange inter-
action between conduction electrons on one side and lo-
calized spins in magnetic materials on the other side [1].
Stimulated by the experimental demonstration of spin-
to charge current conversion using bulk spin Hall effects
(SHE), these kind of spin-orbital phenomena were ac-
tively investigated in the last decade and opened up the
door to the research field of spin-orbitronics [2-6]. SHEs
can be investigated by means of spin-current injection
from a ferromagnet (FM) into materials with large spin-
orbit coupling, usually normal metals (NM) such as Pt
or Pd [7], and sensing the generated voltage generated
by means of the inverse spin Hall effect (ISHE) [6, 8-
15]. Other interesting applications of SHEs are the ef-
fective magnetization switching of nanomagnets or the
movement of domain walls [16-18]. Furthermore, the
ferromagnetic linewidth modulation as well as the excita-
tion of spin waves and ferromagnetic resonance by SHE
was demonstrated in ferromagnetic metals and insulators
[19-24]. The SHE is a bulk effect occurring within a cer-
tain volume of the NM determined by the spin-diffusion
length. The conversion efficiency can be expressed by a
material-specific parameter, the spin Hall angle ysug [4].

Very recently, it has been shown that the inverse
Rashba-Edelstein effect (IREE) can also be used for
transformation of a spin- into a charge current [25-29].
The IREE is the inverse process to the Rashba-Edelstein
effect (REE) [30]. The REE originates from spin-orbit
interaction in a 2D electron gas at interfaces or surfaces,
which effectively produce a steady non-equilibrium spin
polarization from a charge current driven by an electric
field. The Hamiltonian of this interaction is given by [25]:
Hgr = ar(k x é,) - 0, where ap is the Rashba coefficient,
é, is the unit vector in z-direction [see Fig. 1(b,c)] and
o is the vector of Pauli matrices. As a result of this in-
teraction the dispersion curves of the 2D electron gas are
spin-split if ar # 0, as illustrated in Fig. 1(a). Analo-

gous to the spin Hall angle, the spin- to charge current
interconversion parameter can be defined as [25]:

AREE = orTs/h, (1)

where 79 is the effective relaxation time describing the
ratio between spin injection and spin-momentum scatter-
ing and h is the reduced Planck constant. The spin-split
2D electron gas dispersions and Fermi contours of many
Rashba surfaces and interfaces have been investigated
spectroscopically [31]. In general, large Rashba couplings
occur at interfaces between heavy elements with strong
spin-orbit interaction (such as Bi, Pb, and Sb) and other
non-magnetic materials with small spin-orbit coupling
such as Ag, Au, and Cu [31, 32]. Even though, the in-
teraction between a charge current and a non-zero spin
density at a Rashba interface has been demonstrated by
injection of a spin-pumping driven spin current at fer-
romagnetic resonance, the reverse process remains to be
explored experimentally until now.

Here, we demonstrate that a Bi/Ag Rashba inter-
face can drive spin-torque ferromagnetic resonance (ST-
FMR) in an adjacent ferromagnetic layer. We interpret
our results in terms of an excitation by the direct REE,
which drives an oscillating spin current from an alter-
nating charge current that scatters of the Rashba inter-
face (Ag/Bi). The generated spin current excites the
magnetization precession in a neighboring permalloy (Py,
NiggFeqq) layer by the spin-transfer torque effect [22, 34].
The precessional magnetization leads to resistance oscil-
lations on account of the anisotropic magnetoresistance
(AMR) of Py. The mixing between the applied alter-
nating current and the oscillating resistance allows for
a direct voltage detection of the induced magnetization
dynamics [22, 24]. Injecting an additional DC current to
the sample results in an additional spin current gener-
ation due to the REE which enables to manipulate the
ferromagnetic resonance linewidth by exerting a torque



FIG. 1. (Color online) (a) Dispersion curves of a 2D electron
gas are spin-split due to the REE. (b) Scheme of the ST-FMR
experimental setup. (c¢) ST-FMR mechanism in Py/Ag/Bi
multilayers. The alternating RF current drives an Oersted
field hrr exerting a field-like torque 7, on the magnetization
M. At the same time a oscillatory transverse spin accumula-
tion at the Py/Ag interface generated at the Ag/Bi interface
by the REE exerts a damping-like torque )| on the magneti-
zation.

on the magnetization. Besides that, we find an enhanced
Gilbert damping for the trilayers and a systematic vari-
ation of the damping with the Ag interlayer thickness.

We fabricated the devices using magnetron sputtering
and photolithography. The multilayers were prepared in
the shape of 30 x5 yum? stripes using lithography and lift-
off on intrinsic Si substrates with 300-nm thick thermally
grown SiOs. Four different types of multilayers were de-
posited using magnetron sputtering: Py, Py/Bi, Py/Ag
and Py/Ag/Bi. In the case of the Py/Ag/Bi systems, the
Ag thickness was ta, = 2, 4, 6, 10, 15 nm, the Py thick-
ness tpy = 9 nm and the Bi thickness ¢g; = 4 nm (resistiv-
ities ppy ~ 0.4 pQm, pp; ~ 4.87 pm, pae ~ 0.04 pOm,
[26]). The control samples feature a Py thickness of 9 nm,
Ag thickness 10 nm and Bi thickness 4 nm. In a subse-
quent process step, the coplanar waveguide (CPW) was
fabricated on top of the multilayers. Figure 1(b) illus-
trates the experimental setup. A bias-T is used to apply
a microwave signal and to detect the rectified DC voltage
at the same time. The applied microwave power is kept
constant at +10 dBm, unless otherwise mentioned. An
in-plane magnetic field is applied at an angle of & = 45°
[see illustration in Fig. 1(b,c)]. While sweeping the exter-
nal magnetic field the DC voltage is detected by a lock-in
amplifier with an amplitude modulation of the microwave
current at 3 kHz. All measurements were performed at
room temperature.

Figure 2 shows typical spectra at an excitation fre-
quency of f = 4 GHz. Let’s first discuss the trilayers
[Fig. 2(a)]. In our experiment, magnetization dynamics is
excited simultaneously by the Oersted field as well as by

the REE which generates an oscillating spin current from
the alternating charge current driving the magnetization
precession in the neighboring permalloy layer when the
condition of ferromagnetic resonance is fulfilled,

f= |27—| H(H + 47 Mg). (2)

Here, Mg is the effective magnetization and || is the
gyromagnetic ratio. Electrical detection of the magneti-
zation dynamics is achieved by a rectification mechanism
of the time dependent multilayer resistance arising from
the AMR of Py. A rectification by spin pumping and
IREE is a secondary effect in our experiment (see sup-
plemental material, SM). As is apparent from Fig. 2(a),
the Py/Ag/Bisamples exhibit a superimposed symmetric
and antisymmetric Lorentzian lineshape. The smallest
Ag interlayer thickness of 2 nm shows the largest symmet-
ric contribution, but the smallest absolute signal. With
increasing taq the signal tends to be more antisymmetric
and the absolute value increases. The control samples
are depicted in Fig. 2(b). The pure Py sample features a
small, antisymmetric Lorentzian signal due to a rectifica-
tion by AMR. The Py/Bi sample exhibits a very small,
mostly symmetric signal. Py/Ag features a large anti-
symmetric signal: The Ag layer is beneficial for the ab-
solute voltage because a larger Oersted field is generated
in the Py layer resulting in a higher AMR signal with a
substantial antisymmetric lineshape. We obtain the same
sign in both Py/Bi and Py/Ag/Bi samples showing that
the REE has the same polarity as the pure ISHE in Bi
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FIG. 2. (Color online) Spectra of REE-driven ST-FMR mea-
sured at a frequency of 4 GHz and an applied microwave
power of +10 dBm. Thickness in brackets given in nm. (a)
Ag thickness dependence of the resonance signal. (b) Com-
parison between control samples and Py(9)/Ag(10)/Bi(4).
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FIG. 3. (Color online) (a) Frequency vs. field dependence
for different Ag interlayer thicknesses, tpy = 9 nm, tg; =
4nm. A fit to Eq. (2) confirms the excitation of ferromagnetic
resonance; shown as solid lines. (b) Determination of Gilbert
damping parameter «. Solid lines show a fit to Eq. (3). (c)
Gilbert damping parameter « and inhomogeneous linewidth
broadening for the different samples.

in agreement with earlier works [25, 27].

The excitation of ferromagnetic resonance is confirmed
by a fit to Eq. (2), see Fig. 3(a). Furthermore, the data
shown in Fig. 3(b) is governed by a linear dependence
between linewidth AH and the excitation frequency f:

!

AH(f) = AH0+47Tf|7|, (3)

where AHy is the inhomogeneous linewidth broaden-
ing given by the zero-frequency intercept and « is the
Gilbert damping parameter. This confirms the excitation
of FMR in our samples. As is apparent from Fig. 3(b), we
observe a clear Ag-thickness dependence of the Gilbert
damping parameter (slope). To highlight this observation
we plotted the the Gilbert damping parameter o and the
inhomogeneous linewidth broadening AHy of the differ-
ent samples in Fig. 3(c). The following trend is observed:
The Py/Bi sample (tao; = 0 nm) exhibits the largest o
and AHg, which is conceivable because Bi is known to
be a good spin sink, e.g. [26, 33]. Please note that the
signal of the Py/Bi is very small compared to those of
all other samples [see Fig. 2] and, thus, the error bar is
larger. With increasing Ag thickness « decreases, which
indicates that spin-transfer process by spin sinking/spin
relaxation occurs at the Ag/Bi interface or within the
first atomic layers in Bi. This process is likely due to
the REE and in qualitative agreement with a three-layer
spin transport model presented by Boone et al. [35]. The
control samples Py and Py/Ag are shown for compari-

son, and it is found that the Gilbert damping parameter
for both samples is lower than for the trilayers and the
Py/Bi sample, corroborating our interpretation of an in-
terfacial spin-transfer process at the Ag/Bi interface. An
increase of AHy for the Py/Ag/Bi trilayers is observed,
see Fig. 3(c). This is possibly due to a roughening of
the Ag occurring during its growth, which then leads
to a rougher Py top layer and a larger inhomogeneous
linewidth.

The magnetization dynamics in a macrospin model is
governed by a modified Landau-Lifshitz-Gilbert equation
[24]:

dm . - . dm . .

Fr —|v|r X Heg+am x s + |y x (§ x 1)

+|7|TJ_Q X ’ﬁ’L,

(4)

where m is the magnetization direction, Heg is the effec-
tive magnetic field, 7| and 7, are the two acting torque
components, and the coordinate system (Z, 9, 2) is de-
fined as shown in Fig. 1(b,c).

The two vector components of the current-induced
torque 7y, 7. can be related to the lineshapes of the sym-
metric and antisymmetric components of the resonance
lineshape [24]: (1) An in-plane component (damping-
like) 7)) ~ mm x (g x M) results in a symmetric con-
tribution and (2) an out-of-plane component (field-like)
T, ~ gy X m results in an antisymmetric contribution, see
Fig. 1(c) [24]. We employ a two-torque model capturing
these two contributions 7, and 7 to analyze our data
(see SM). Figure 4 illustrates the Ag-thickness depen-
dence of the ratio damping-like vs. field-like torques for
different excitation frequencies. We find the largest ra-
tio of the torques 7 /7, for the smallest Ag interlayer
thickness. Strikingly, this illustrates that the interfa-
cial spin-current driven damping-like torque is the largest
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FIG. 4. (Color online) Ratio damping-like vs. field-like

torques 7);/7. as function of tag for various frequencies. The
inset shows the phase difference determined from the Py/Ag
and Py control samples.



for small Ag thicknesses. With increasing Ag thickness
field-like torques play a more important role. Further-
more, we find a frequency dependence of the torque ra-
tio, which is usually not expected in ST-FMR. It might
suggest that other effects play a role here. In order to
rule out any spurious contributions that could possibly
affect the lineshapes, we used the Py and Py/Ag control
samples to determine the phase difference between the
microwave Oersted field and the alternating charge cur-
rent (see SM). A non-zero phase can lead to a symmetric
Lorentzian lineshape which would contaminate the re-
sults. As is apparent from the inset in Fig. 4, the phase
is basically zero [pure antisymmetric lineshape [36], see
Fig. 2(a)] corroborating our interpretation that the ob-
served damping-like torque is solely due to an interfacial
REE rather than due to other spurious effects such as
AMR of Py. In order to gain further insights into the in-
volved effects, in-plane angular dependent measurements
were performed. The symmetric and antisymmetric com-
ponents to the signal follow a cos(¢)sin(2¢) corroborating
the two-torque model, see SM. Conventional angular de-
pendent magnetoresistance measurements reveal a value

of dR/d¢ of the order of a few /rad (SM).

According to the spin-torque theory [34], an addi-
tional spin current injected into the FM layer will in-
crease or decrease the effective magnetic damping, i.e.,
the linewidth, depending on its relative orientation with
respect to the magnetization [22; 23]. Since Ag features
a very small spin Hall angle [38] and our Bi layer is al-
most non-conducting [26], the demonstration of the fer-
romagnetic linewidth manipulation by an additional DC
current injection would be an independent manifestation
of charge- to spin current conversion by the REE. Fig-
ure 5 shows unambiguously that it is indeed possible to
manipulate the resonance lineshape if an additional DC
current is injected into the sample. For this purpose a
rather small RF power of +2 dBm is chosen. Appar-
ently, for a positive magnetic field polarity, a positive DC
current leads to an enhanced linewidth, i.e., a damping
enhancement. In contrast, a negative current leads to a
decreased linewidth, i.e., a damping reduction. Reversing
the field polarity results in an opposite trend. It might be
possible to improve the efficiency of the observed effects
by using epitaxially grown samples. In fact, it is known
from first principle calculations that a (111)-orientation
yields a large Rashba spin splitting [39, 40] and, thus,
presumably a larger interface-driven ST-FMR.

Although it is not physical to speak of a thickness in
case of an interface effect, it is still possible to adapt a
lineshape analysis approach which was presented origi-
nally in Ref. [22] to relate the spin Hall angle to the ratio
symmetric/antisymmetric components of the resonance
lineshape. We can estimate a spin Hall angle equiva-
lent v* if we hypothetically assume that the charge-spin
conversion process was a bulk- rather than an interface-

110[@ T —T T =
@ Negative field (]
@ Positive field
] — Linear fit, neg. field
g 105+ = Linear fit, pos. field T
=S
<
£1 1001 -
=<
=
[0]
£ 95 —
- 0
1 1 1 1 9|
-10 -5 0 5 10

DC current Iy (MA)

FIG. 5. (Color online) Manipulation of the FMR linewidth
by a simultaneous injection of an electrical DC current. The
zero-current linewidth is 27.5 Oe. Py(15)/Ag(4)/Bi(4), f =
4 GHz, Prr = 42 dBm. Comparative control measurements
on Py(15)/Ag(4) did not show any DC linewidth modulation,
not shown here.

driven effect [22]:

* S EUOMstpytNM 47TMCH
= YR 1 = 5
T h V' TE 5)

Here, txu is the non-magnetic layer thickness. We find
the spin Hall angle equivalent to be v* ~ 18% for our
Py/Ag/Bi samples (average value for different Ag thick-
nesses), exceeding most paramagnetic metals. In our pre-
vious work we determined the REE conversion parameter
ArgE ~ 0.1 nm [26]. Using the relation Aggg = 1/2d~v*,
where d is the interface layer thickness [25], we obtain
d =~ 1 nm, which is a reasonable estimate. Finally, we
note that the resistivities of our materials are larger than
for thicker films, which might indicate an enhanced in-
terface scattering. Thus, the observed effect might have
contributions from electron scattering in the Bi layer par-
tially leading to a spin-current generation at the Bi sur-
face by the spin-Hall effect.

In summary, we demonstrated the conversion of a
charge- into a spin current by Rashba coupling of in-
terface states by adapting a spin-torque ferromagnetic
resonance excitation/detection technique. The Ag thick-
ness dependence clearly demonstrates that the spin dy-
namics in the adjacent Py layer is driven by an interface-
generated spin-polarized electron current that exerts a
torque on the magnetization rather than a bulk effect
such as the spin Hall effect. Our conclusions are further
validated by a FMR linewidth modulation due to the spin
current injection by applying an additional DC charge
current to the sample stack. Our results will stimulate
experimental and theoretical endeavors to explore novel
interface- and surface-driven spin-orbital phenomena for
the efficient excitation of magnetization dynamics.
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