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We show here that using spin orbit coupling interactions at a metallic interface it is possible to
control the sign of the spin to charge conversion in a spin pumping experiment. Using the intrinsic
symmetry of the “Inverse Rashba Edelstein Effect” (IREE) in a Bi/Ag interface, the charge current
changes sign when reversing the order of the Ag and Bi stacking. This confirms the IREE nature of
the conversion of spin into charge in these interfaces and opens the way to tailoring the spin

sensing voltage by an appropriate trilayer sequence. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919129]

Classical spintronics relies on the generation and manip-
ulation of spin polarized electrical currents in magnetic con-
ductors. It has been recently understood that spin currents
can also be generated in non-magnetic materials using the
spin-orbit coupling (SOC) interaction opening a new field
called spin-orbitronics. The best known of these is the Spin
Hall Effect (SHE) first introduced in the seventies.'? It relies
on a preferential directional scattering of electrons of differ-
ent spins by SOC on crystalline imperfections. It thus results
in the generation of a transverse spin current when a charge
current flows in a large SOC material like, for instance, Pt.
The inverse SHE (ISHE) has been widely used lately to
sense a spin current as the SOC interaction converts it into a
(transverse) charge current. Very recently, another SOC
effect based on the Rashba interaction has been evidenced. It
stems from the joint action of the SOC and built-in electric
potentials in two-dimensional electron gases (2DEGs) exist-
ing at surfaces, interfaces, or semiconductor quantum wells.
In these systems, a charge current generates a non-zero spin
density and transverse spin accumulation®* in virtue of the
Rashba Hamiltonian

—

Hg = ag(k x 2) - §, (1)

where s is the spin vector, k is the momentum of charge car-
riers, z is the coordinate normal to the interface, and oy, is the
Rashba coefficient, proportional to the induced internal elec-
tric field. When in contact with a magnetic material, this spin
density can apply a torque on the magnetization, a mecha-
nism put forward to explain experimental results on current
induced domain wall motion and magnetization switching.>°
Recently, a related effect, the Inverse Rashba Edelstein
Effect (IREE) has been demonstrated’ where a spin current
generated by ferromagnetic resonance (FMR)® in a magnetic
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layer, is converted into a charge current when flowing
through an adjacent Ag/Bi interface. Bi(111) is indeed
known to produce interface states with many materials where
strong Rashba coupling takes place”'? and the Bi/Ag inter-
face is known to be a particularly good one.” Interestingly,
because the asymmetrical potential at the interface is respon-
sible for generating the transverse spin/charge density, one
can envision to tailor the spin to charge conversion by shap-
ing the asymmetric well. In particular, and quite straightfor-
wardly, the charge current direction should be reversed when
Ag/Bi is replaced by Bi/Ag, i.e., the interface asymmetry is
reversed. This is the aim of the present paper.

Controlling the stack sequence is not such a straightfor-
ward matter, mainly because of the tricky deposition of good
quality Bi. Our trilayer system is therefore a little different,
as shown in Figure 1. Spins are injected using the ferromag-
netic resonance induced pumping from a 10-nm thick epitax-
ial Fe layer DC sputtered on a single-crystal MgO(001)

(a)

FIG. 1. Schematics of the Fe/Bi samples for ISHE measurements (a) and the
Fe/Bi/Ag samples for IREE measurements (b). (c) Sketch of the experimen-
tal configuration. The dc field is along y and the rf field along x. The spin
current is injected into the Bi layer through the Fe-oxide layer.
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substrate. The films were grown at a temperature of 200 °C
in a combined pulsed laser deposition (PLD)-sputtering sys-
tem with a base pressure of <5 x 10~ ° Torr. They were then
taken to air and introduced into another electron-beam evap-
oration system where bismuth layers with thickness between
7 and 40nm were grown at room temperature in high vac-
uum (10" Torr). Importantly, an approximately 2-nm thick
native Fe oxide layer is formed after the air exposure. The
MgO(001)//Fe(10 nm)/FeOx(~2 nm)/Bi(t) stacks were fully
characterized by X-ray diffraction and reflectivity and vibrat-
ing sample magnetometry.

For the measurements, we proceed as in Ref. 7 where
the signals from SiO,//Bi/Ag/NiFe systems were compared
to the reference SiO,//Bi/NiFe bilayer. In this geometry (the
spin current is coming from the top NiFe layer), the pure
ISHE in Bi has the same sign as the IREE at the Ag/Bi inter-
face.” In our trilayers (Fig. 1(b)), the spin current is gener-
ated from the bottom Fe layer and same comparison is made
with the pure ISHE in the Bi of the simple system of Fig.
1(a). In our experiment, an rf field is generated parallel to the
long axis of the sample by a 500—um wide Au microwave
line as illustrated in Figure 1(c). The ISHE/IREE voltage is
measured through two gold contacts separated by 7mm by a
lock-in technique at room temperature. The rf signal, modu-
lated by a square wave at a few kHz, is sent to the transmis-
sion line at frequencies between 8 and 14 GHz and at 15
dBm. The transmission cell was positioned between the
poles of a rotating electromagnet providing dc magnetic
fields up to 1.2 T at any in-plane angle.

When the static magnetic field and the microwave fre-
quency fulfil the FMR condition, the precessing magnetiza-
tion in the Fe layer generates a vertical spin current via spin
pumping which is injected into the Bi layer through the
native Fe oxide layer. It is then converted into a charge cur-
rent in the Bi layer perpendicular to the magnetization direc-
tion by ISHE'!

2e
Je= %@)SHJS, 2

where e is the electron charge, 7 is the reduced Planck con-
stant, Jg is the pumped spin current, and gy is the spin Hall
angle which quantifies the conversion efficiency between
spin and charge currents. This dc current flows along the x-
axis of Figure 1(c) and gives rise, in an open circuit configu-
ration, to a dc voltage, V.

The frequency dependence of this ISH voltage measured
along the hard axis of the Fe film (Fe[110], y-direction in
Figure 1(c)) is shown in Figure 2(a) for an Fe(10 nm)/Bi(t)
with t="7.7nm. As expected for ferromagnetic systems with
a large magnetocrystalline anisotropy, two resonances can be
observed along the hard direction at frequencies below a
threshold value of the order of 10 GHz. The higher field ISH
voltage peak corresponds to resonance in the saturated state
where the magnetization and the static magnetic field are
parallel, whereas these are not aligned for the lower field
peak. The full dependence of the frequency on the static res-
onant magnetic field along the easy (Fe[100], in-plane direc-
tion at 45° from both the x and y axes) and hard axes is
summarized in Figure 2(b). The obtained dispersion relation
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FIG. 2. (a) Frequency dependence of the ISH voltage measured for an
Fe(10nm)/Bi(7.7 nm) stack along the hard axis of the Fe film (y-direction in
Figure 1(c)). The microwave power is 15 dBm. (b) Frequency dependence
of the resonant magnetic field (dispersion relation) for the epitaxial Fe film
along the easy and the hard axes.

of epitaxial Fe films is in very good agreement with the one
previously determined by ISH measurements in Fe/Pt
stacks.'?

The estimation of the spin Hall angle in bismuth can be
extracted from the Bi thickness dependence of the ISH volt-
age in the stacks Fe(10 nm)/FeOx(~2 nm)/Bi(t). This is plot-
ted in Figure 3(a) where ISH voltages were measured at
9.46 GHz and 15 dBm for Bi thickness between 7 and 24 nm.
The signal increases from 270 to 360 nV as the Bi thickness
goes from 7.7 to 9.3 nm where it approaches its maximum
and then decreases to 264 nV as the thickness is increased to
22.5nm. This dependence with the thickness of the non-
magnetic layer is in good agreement with that recently
reported by Emoto et al.'® in Py/Bi bilayers and by other
authors in similar magnetic/non-magnetic  bilayers."*
Interestingly, we do not observe the anomalous dependence
reported by Hou ez al.'® in Py/Bi bilayers. This effect was
attributed to a modification of the spin Hall angle and the
spin diffusion length (0.019 and 50 nm, respectively, in the
bulk) at the Bi/Py interface (—0.071 and 2.4 nm, respec-
tively), due to the electric field across this interface which
locally shifts the Fermi level in Bi. In our stacks, the pres-
ence of the native Fe oxide impedes the band bending at the
magnetic layer/Bi contact and suppresses any anomalous
contribution to the ISH voltage from interfacial effects.

The voltage due to the ISHE generated in our samples
can be calculated using the following expression:'®

@SHELPfg”/Isd sin20 tanh( ligj ) ,
OFelFe + OBilBi

3

Visu =
Aosd

where f is the frequency of the microwave field, op; and op,
are the charge conductivities of Bi and Fe layers and tz; and
tr. are their thicknesses, L is the length of the Fe/Bi stack
being excited by the microwave field (500 um), gy, is the
spin-mixing conductance at the Fe/Bi interface, A, is the
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spin-diffusion length in Bi, 0 is the angle of magnetization
precession in the Fe layer, and P is the correction factor
accounting for the elliptical nature of the magnetization tra-
jectory due to the strong perpendicular demagnetization
fields."” Moreover, the difference in the Gilbert damping pa-
rameter, o, for a Fe/Bi bilayer with a sufficiently thick Bi
layer, ar./g;, and for a Fe sample without Bi capping, og.,
allows the determination of the spin-mixing conductance'®

. AnMgtr,

Hp

811 (%Fe/Bi — OFe); “)
where g is the Landé factor, iz is the Bohr magneton, and Mg
is the Fe saturation magnetization. The values of the Gilbert
damping parameter obtained for the reference sample (tz; = 0)
and for one of the thickest stacks studied (tz; =22.5nm) are
ore=0.0073 and o, p;=0.0084, respectively. These values,
together with the parameters extracted from the fitting of
the in-plane dispersion relation data in Fe using the Kittel
equation,19 M; = 1720 emu cm > and H, = 550 Oe, allow us to
estimate the spin-mixing conductance at the interface Fe//Bi:
g =102 x 10" m ™2 which is significantly lower than the one
reported previously for the Py/Bi interface (1.06 x 10'm™?).
We attribute this to the insulating nature of the Fe oxide layer
present at the interface, which partly suppresses the spin pump-
ing from the ferromagnetic layer. Hence, at the price of this
reduced transparency, interfacial contributions are overcome
and only “bulk” ISHE in Bi can be considered. Moreover, the
analysis of the dc voltage dependence on the Bi thickness (see
Fig. 3(c)) demonstrates the predominance of bulk contributions
to the dc signal measured in our Fe/Bi stacks.

The variation of the Fe/Bi bilayers conductance with Bi
thickness is displayed in Figure 3(b). The resulting linear varia-
tion indicates a constant resistivity of the Bi layer:
ppi= 132 Q) cm, in very good agreement with the bulk value
(130 uQ cm). Fitting the Bi thickness dependence of the ISH
voltage at different microwave frequencies with the expression
given by Eq. (2) (see Fig. 3(c)), we have extracted the value of

50
f(GHz)

the spin Hall angle and the spin diffusion length at each fre-
quency in Fig. 3(d). They are both found to be, within the over-
all experimental error, frequency independent, which is
consistent with the fact that ®gy and Ay, are material specific
parameters. Taking into account all the parameters’ values
determined at different frequencies, we obtain ® gy = 0.0158(8)
and A,;=15.3(5) nm. This value for the spin Hall angle is in
reasonably good agreement with the ones previously reported
(0.019(2) in Ref. 15 and 0.02 in Ref. 13). Furthermore, the spin
diffusion length we obtain is also in between the two previously
reported values estimated from ISH voltage measurements
(50(12) nm in Ref. 15 and 8 nm in Ref. 13). This spread in 4y,
can be attributed to the different crystalline qualities of the Bi
layers under study: ours are polycrystalline but strongly tex-
tured, with the trigonal axis ([001] in hexagonal indexing) per-
pendicular to the plane of the film;*® whereas, the Bi layers in
Ref. 13 are amorphous and those in Ref. 15 are polycrystalline
with no preferred orientation.

After analysing the spin-to-charge conversion due to the
pure ISHE in Bi, an Ag layer is added on top in order to
study the effect of the Bi/Ag interface. For this purpose, we
have grown an Fe(10.0 nm)/Bi(8.0nm)/Ag(20.0nm) stack,
represented in Figure 1(b), in which the Fe layer is again
natively oxidised and the Bi/Ag bilayer is deposited in situ
using the same evaporation conditions. Similar to the Fe/Bi
stacks, a vertical dc spin current Jg is pumped from the Fe
layer set in resonance. Inside the Bi layer, this spin current
decays exponentially on a length scale given by Ay, leading
to a spin current impinging the Bi/Ag interface proportional
to  exp(—tgi/ise). For our Fe(10.0nm)/Bi(8.0 nm)/
Ag(20.0nm) stack, this corresponds to a decrease of 0.59
with respect to the spin current injected into the Bi layer.
The large Rashba coupling at the Bi/Ag interface converts
this spin current into a charge current (I;zg) carried by the
Rashba 2DEG.>?! This gives rise, in an open circuit configu-
ration, to the IREE dc voltage, V gzE.

In Figure 4, we compare the field dependence of the dc
voltage measured in two different stacks: Fe(10.0nm)/
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FIG. 4. Measured DC voltage and inferred DC, for two stacks: Fe/
Bi(7.7nm) (blue squares, red axes) and Fe/Bi(8.0 nm)/Ag(20 nm) (red dots,
right axes) at positive magnetic fields. Microwave frequency and power are,
respectively, 8.80 GHz and 15 dBm.

Bi(7.7nm) and the Fe(10.0nm)/Bi(8.0nm)/Ag(20.0 nm)
with the added Vg contribution. The first important point
is the sign reversal between (negative) Fe/Bi and (positive)
Fe/Bi/Ag. In their recent study, Rojas-Sanchez er al.’
obtained the same sign in both NiFe/Bi and NiFe/Ag/Bi
stacks demonstrating that the IREE in Ag/Bi is in the same
direction as the pure ISHE in Bi. Therefore, our measure-
ment of an opposite dc voltage in Fe/Bi and Fe/Bi/Ag indi-
cates that the sign of Vgzgr in Fe/Bi/Ag is opposite to that in
NiFe/Ag/Bi. This implies that the Rashba charge current,
LireE, 1s indeed reversed through the inversion of the order of
the Ag and Bi layers composing the interface. Although the
measured ISH voltage in Fe/Bi is larger than the IREE volt-
age in Fe/Bi/Ag, the values converted into charge currents
are comparable (see outer axes in Figure 4) despite the fact
that the spin current injected at the Bi/Ag interface is lower
than that at the Bi layer, as explained above. The larger dc
charge current obtained in the Fe/Bi/Ag stack cannot be
explained via the contribution from ISHE in Ag due to the
small and, more importantly, positive, spin Hall angle in Ag,
Ogy(Ag) = 0.0068(7).?* Thus from the inferred IREE current
in Fe/Bi/Ag, we can extract the value of the IREE length,
MreE, characterizing the conversion of the injected spin cur-
rent into a 2D charge current’

Je = Jireeds, )

where J is the 2D charge current density in A m ™" and J; is
the spin current density injected at the interface in A m™ 2.
From our measurements, we estimate the charge current den-
sity tobe Jo=1.75 x 107> A m™ " and the spin current density
reaching the interface to be Jg=—5.23 x 10*A m™ 2 Thus,
we obtain an IREE characteristic length A,z = —0.33 nm.
This value is in very good agreement with the previous mea-
surement’ of Aree=+0.2nm  for NiFe(15nm)/Ag(tAg)/
Bi(8nm) stacks with ty,=5nm and Ajggr=+0.33nm for
tye =20 nm.

To summarize, we have determined here, from the ISHE
measurements on Fe/Bi stacks, values for the spin Hall angle
and the spin diffusion length in Bi of ®g;=0.0158(8) and
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Asq=15.3(5) nm, in good agreement with the previous
repor'[s.l3’15 Based on these results, we have shown that the
contribution due to IREE in Fe/Bi/Ag stacks has an opposite
sign, thus demonstrating that the sense of the Rashba charge
current is determined by the order of the Ag and Bi
sequence. This confirms the IREE nature of the spin to
charge conversion at the Ag/Bi interface and paves the way
for future research on design of spintronic devices, where the
controlled generation and detection of spin currents are
required.
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