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Fingerprint of the inverse Rashba-Edelstein effect at heavy-metal/Cu interfaces
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We report the direct observation of the fingerprint of the inverse Rashba-Edelstein effect (IREE) via investiga-
tions of the spin-to-charge conversion in Ta(Pt)/Cu and Cu/Ta(Pt) as a function of the heavy-metal thickness. The
converted charge voltages have opposite signs for samples with reversed stacking orders in the ultrathin regime
and have the same sign at higher thickness. The effect is demonstrated with two independent experimental
approaches and supported by first-principles calculations. Our observations unambiguously demonstrate the
existence of the IREE at heavy-metal/Cu interfaces and provide a framework for manipulating the spin-charge

conversion via interface engineering.
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Spintronics has relied on exchange interactions between
conduction electrons and localized spins in magnetic ma-
terials to create spin-polarized currents, or to manipulate
the magnetization via the spin-transfer torque [1-3]. Sub-
sequently, interest has centered on the generation and
manipulation of pure spin current, which is not accompanied
by a net charge current and corresponding stray field. The
generation and detection of the pure spin current generally
occur in materials with spin-orbit coupling (SOC), both in
the bulk and at the surface/interface. In the bulk, the effect
is referred to as the spin Hall effect (SHE) and its reciprocal
the inverse spin Hall effect (ISHE), depending on whether it
converts charge current fc to spin current T s or vice versa
[4,5]. At the surface/interface, the Rashba-Edelstein effect
(REE) or the inverse Rashba-Edelstein effect (IREE) [6-8]
has similar functionality. While the SHE/ISHE has been ex-
tensively discussed among different materials, the REE/IREE
has only recently been reported and remains hotly debated.

REE was previously invoked to explain the sign change
of the spin-orbit torque effective fields in Ta/CoFeB/MgO
with ultrathin Ta thickness [9]. However, the transport be-
havior of metallic ferromagnet is nontrivial. Other possible
contributions such as anomalous Hall torque [10], planar Hall
torque [11], spin-swapping torque [12], and magnetization-
independent SHE torque [13] need to be carefully excluded.
The first experimental report of the IREE at metallic interface
was conducted by Rojas Sanchez et al., where the spin-to-
charge conversion in pure Bi, pure Ag, and Bi/Ag bilayer
were compared utilizing the spin-pumping technique [14].
The authors found a surprisingly large enhancement of the
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converted charge current in Bi/Ag bilayer as compared to Bi
or Ag single layer and attributed it to the IREE at the Bi/Ag
interface. Their report stimulated several investigations on in-
terfaces between metals [15-19]. Interestingly, using the spin
Seebeck effect (SSE), another commonly used spin-injection
technique, Yue et al., however, observed a negligibly small
IREE at the Bi/Ag interface [20], in sharp contrast to previous
findings. It was also pointed out that the spurious effects in
metallic ferromagnet and multiple carriers of Bi thin film may
complicate the analysis [21,22]. Beside metallic interfaces,
the IREE has also been reported in two-dimensional (2D)
electron gases formed at the SrTiO3/LaAlO; interface but the
intrinsic mechanism also remains in debate [23-25]. In short,
though there are interesting indirect findings attributed to the
IREE, the effect is still under intense debate, especially in
metallic systems, and requires direct experimental evidence.
The REE/IREE originates from the SOC at interfaces with
broken inversion symmetry, namely the Rashba-type SOC
[26-28]. The Hamiltonian of the Rashba-type SOC can be
described | as Hy = aR(Fx o) - Z, where ap is the Rashba co-
efficient, k is the electron momentum, & are the Pauli matrices,
and 7 is the direction vector perpendicular to the interface
[29,30]. In this scenario, it induces a shift of the parabolic
dispersion in k space, resulting in two Fermi contours with
opposite spin-momentum locking textures [Fig. 1(a)]. From
the Hamiltonian, one can readily find that the spin orientations
of the two Fermi contours are reversed if the stacking order re-
verses [Fig. 1(b)]. When a spin current with spin polarization
oy is injected, it causes an accumulation of spin-up (o} > 0)
electrons and a depletion of spin-down (o, < 0) electrons.
This process shifts the two inequivalent Fermi contours, gen-
erating a transverse charge current along the x direction, hence
the IREE [Fig. 1(c)]. The IREE converts a three-dimensional
(3D) spin current into a 2D charge current with an efficiency
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FIG. 1. (a) Schematic of the Rashba splitting and its corresponding Fermi contours with helical spin configurations of opposite helicity.
(b) The Rashba splitting and spin helicity change signs when the stacking order is reversed. (c) Injection of spin current with spin polarization
along y shifts the two inequivalent Fermi contours generating a transverse charge current along the x direction. (d) The generated charge current
changes sign when the stacking order is reversed. Green arrows in (c) and (d) denote the directions of the generated charge currents through

IREE.

denoted by ARrgg = %’ which has the unit of length [14].
Due to the inversion symmetry-breaking nature of the Rashba
Hamiltonian, the generated charge current will reverse its
direction when the stacking order is reversed [Fig. 1(d)]. This
feature is regarded as the fingerprint of the IREE. Previous
attempts also tried to show IREE with this fingerprint but they
either found the same sign, or the opposite sign only in the
thick regime, in contrast to the interfacial nature of the IREE
[19,31].

In this work, we report the direct observation of the finger-
print of the IREE at heavy-metal (Ta and Pt)/Cu interfaces.
We prepare two series of samples with reversed stacking
orders, Ta(Pt)/Cu and Cu/Ta(Pt) with different Ta(Pt) thick-
nesses. The charge current converted from pure spin current,
injected using both spin pumping and SSE technique, shows
opposite sign for samples with reversed stacking orders in the
ultrathin region. The observed interfacial characteristics and
sign change with reversed stacking order directly reflect the
distinct nature of the IREE. The effect is further supported
by control experiments and first-principles calculations. Our
observations unambiguously demonstrate the existence of
the IREE at Ta(Pt)/Cu interfaces, and provide a framework
for manipulating the spin-charge conversion via interface
engineering.

We use 30-nm-thick high-quality yttrium iron garnet (YIG)
films as the spin-current injectors. Two heavy metals, Ta
and Pt, are chosen as they have strong SOC but opposite
signs of the spin Hall angle 6y [32]. For the sample growth

and characterization details, please refer to Supplemental
Material, Note 1 [33]. Figure 2(a) presents the schematic of
the experiment setup for the spin-pumping measurements.
The samples are placed, with the gadolinium gallium gar-
net substrate facing up, onto a coplanar waveguide. Under
microwave excitation, the magnetization of the YIG film pre-
cesses and pumps a pure spin current into the nonmagnetic
layers which is subsequently converted into a charge current
via the ISHE and/or the IREE. Figure 2(b) presents typical
curves of the detected dc voltage Vi, for YIG/Pt(5) (red) (the
number in parentheses is the layer thickness in nm and here-
after) and YIG/Ta(5) (blue), where the magnetic field sweeps
along the +y direction. In this configuration, spin rectification
is minimized [34,35] as confirmed in Supplemental Material,
Note 2 [33]. As shown in Fig. 2(b), the signals detected at
their resonance fields for YIG/Pt and YIG/Ta exhibit positive
and negative values, consistent with their signs of 6sy [32,36].
Thus, a benchmark is established to probe the sign of spin-to-
charge conversion.

We then investigate the samples with opposite stacking
orders, Cu/Ta(Pt) and Ta(Pt)/Cu. We fix the thickness of
the Cu layer to 6 nm and perform the study as a func-
tion of the heavy-metal thickness. Figures 2(c) and 2(d)
present the spin-pumping curves for YIG/Cu(6)/Ta(0.6)
and YIG/Ta(0.6)/Cu(6). Vy, shows a positive sign for
YIG/Cu(6)/Ta(0.6) but a negative sign for YIG/Ta(0.6)/Cu(6).
Thus, the spin-to-charge conversion shows the fingerprint of
the IREE, i.e., opposite sign for samples with reversed stack-
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FIG. 2. (a) Schematic of the experimental setup for spin pumping. (b) Field-dependent spin-pumping voltage curves for two representative
samples with opposite spin Hall angles, YIG/Pt(5) (red curve) and YIG/Ta(5) (blue curve) excited by 6-GHz microwave. The dc magnetic field
is along +y direction. Here, “/1000” means the signal has been divided by 1000. (c)—(f) Spin-pumping voltage curves for YIG/Cu(6)/Ta(0.6),
YIG/Ta(0.6)/Cu(6), YIG/Cu(6)/Ta(2.5), YIG/Ta(2.5)/Cu(6), respectively. Ta thickness-dependent spin-pumping voltages at the resonant field
for opposite stacking orders: (g) YIG/Cu(6)/Ta(tr,) and (h) YIG/Ta(tr,)/Cu(6), respectively.

ing orders at ultrathin regime. With an increase of fr,, both
YIG/Cu(6)/Ta(2.5) and YIG/Ta(2.5)/Cu(6) exhibit negative
Vsp [Figs. 2(e) and 2(f)], the same sign as that of YIG/Ta(5).
Note the smaller value obtained for the samples with the Cu
layer is due to the shunting effect as confirmed by control
experiment (Supplemental Material, Note 3 [33]).

Figures 2(g) and 2(h) summarize the t1,-dependent spin-
pumping voltage for samples with reversed stacking orders
(the f1,-dependent current is also provided in Supplemental
Material, Note 4 [33], which exhibit essentially the same
feature as the voltage data as the resistance is dominant by the
Cu layer). Vi, has an opposite sign for all samples when tr, <
1.5 nm, indicating that it is a general feature of the samples.
This matches the fingerprint of the IREE as discussed above.
At higher thicknesses, Vi, shows the same negative sign as that
of the bulk ISHE of Ta. The thickness-dependent sign change
of Vg for Cu(6)/Ta(tr,) can be understood as the competi-
tion of the interfacial IREE and the bulk ISHE. When t1, <
1.5nm, the IREE at the Cu/Ta interface is dominant, thus
Vsp of Cu(6)/Ta(tr,) is positive [red dots in Fig. 2(g)]. When
t1, > 1.5nm, the bulk ISHE is dominant, thus V,, changes its
sign to negative [blue dots in Fig. 2(g)]. The initial increase
of Vi, of Cu(6)/Ta(ty) up to tr, = 0.6nm can be explained
by the gradual establishment of the Cu-Ta interface. As for
Ta(t1,)/Cu(6), since both the IREE of the Ta/Cu interface and
the ISHE of the Ta have the same sign (negative), we only
observe negative values of Vi, [Fig. 2(h)]. Our control exper-
iments for YIG/Ta exclude that the sign reversal is caused by
the Ta/air interface, demonstrating that the effect is indeed due
to the Cu/Ta interface (Supplemental Material, Note 5 [33]).

To confirm our findings, which should be independent
of the experimental technique, we also perform the spin-to-
charge measurements of the same samples using the SSE [37].

Figure 3(a) presents the schematic for the SSE measurements.
The samples are placed in between a heater and thermal bath,
where a perpendicular temperature gradient is established.
The SSE in YIG drives a spin current that flows along the z
direction and enters the nonmagnetic layers, which can be de-
tected as a voltage Vssg. Figure 3(b) presents typical curves of
the detected Vssg for YIG/Pt(5) (red) and YIG/Ta(5) (blue). Pt
(Ta) exhibits a positive (negative) Vssg for positive magnetic
field, and the sign of Vssg changes when the field direction
is reversed. Both Vj;, and Vssg are consistent in reflecting the
sign of Osy for the heavy metals.

After establishing this benchmark, we performed the SSE
measurements for samples with reversed stack orders and
different 71, (Supplemental Material, Note 6 [33]). Similar
to the spin-pumping experiments, the value of Vgsg of the
YIG/Cu(6)/Ta(tr,) sample first increases with fr,, reaches a
peak value at ~0.6 nm, and then gradually decreases and
changes sign to negative at ~1.5 nm [Fig. 3(c)]. Vssg is always
negative in YIG/Ta(f,)/Cu(6) in the investigated thickness
range [Fig. 3(d)]. The SSE measurements reproduce all fea-
tures observed in the spin-pumping measurements. Thus, the
fingerprint of the IREE, opposite signs for interfaces with
reversed stacking orders in the ultrathin regime, is observed
via both techniques for the Cu-Ta interface.

We also performed a control experiment with a de-
signed Cu/Ta/Cu trilayer system. As discussed above,
YIG/Cu(6)/Ta(0.9) possesses a positive spin-pumping voltage
due to the dominant positive interfacial IREE contribution
[Fig. 3(e)]. Adding another Cu layer on top of the Ta will
introduce an additional Ta/Cu interface. If this interface has
the negative Ajrgg (opposite to Cu/Ta interface), it will weaken
the total IREE contribution, and the sign of the measured
signal may change to negative as the bulk ISHE dominates.
Indeed, Vg, of YIG/Cu(6)/Ta(0.9)/Cu(6) changes sign to neg-
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FIG. 3. (a) Schematic of the experimental setup for SSE. (b) Field-dependent SSE curves for YIG/Pt(5) (red curve) and YIG/Ta(5) (blue
curve). Ta thickness-dependent SSE amplitude for opposite stacking orders: (¢) YIG/Cu(6)/Ta(tr,) and (d) YIG/Ta(tr,)/Cu(6), respectively.
(e), (f) Spin pumping and SSE curves for YIG/Cu(6)/Ta(0.9), respectively. (g), (h) Spin pumping and SSE curves for YIG/Cu(6)/Ta(0.9)/Cu(6),

respectively.

ative [Fig. 3(g)]. Thermal measurements exhibit the same
behavior, as shown in Figs. 3(f) and 3(h). The spin-to-charge
conversion in Cu/Ta/Cu trilayer changes its sign at thinner
Ta thickness (~0.6 nm) as compared to the Cu/Ta bilayer
system (~1.5 nm) due to the added Ta/Cu interface. This
further confirms that the Cu/Ta and Ta/Cu interfaces have the
opposite sign in spin-charge conversion, consistent with the
IREE fingerprint.

In addition to Ta, Pt is also a heavy metal with strong
SOC, albeit with a positive value of the 6sy [32], and has
been widely studied in the detection of spin currents and in
magnetization switching with spin-orbit torque [38—42]. We
thus performed similar measurements on the Cu/Pt system.
The spin-to-charge conversion in YIG/Cu(6)/Pt(tp;) shows a
negative sign when #p; < 0.4 nm and changes to positive sign
with further increase of #p;. In YIG/Pt(tp)/Cu(6), it is always
positive in the whole thickness range that we investigated
(Supplemental Material, Note 7 [33]). These findings reveal
an IREE also exists in the Pt-Cu interface. We note that Cu
has been widely used as an inserted layer in spin-transport
studies [42-46]. In these references, the Pt films used are
however too thick to observe the sign change. In addition,
the influence of composition in CuTa(Pt) alloys on the sign
of spin Hall angle can be ruled out (Supplemental Material,
Note 8 [33]).

As discussed above, the spin-charge conversion changes
sign at ~1.5 nm for YIG/Cu/Ta. We defined the critical thick-
ness as t.. where the ISHE and IREE canceled each other. We
can use it to make a rough estimation with a simplified model,
ARee = 1/260sut. [14]. The characterization of 6gy of normal
metals is very important, albeit still highly debated. Choosing
Osyg = —0.0062 for Ta [36], we obtain Argg = 0.005 nm for
Cu/Ta interfaces. It is important to point out that the esitimated
AIReE 18 propotional with spin Hall angle 6sy. If one chooses

Osu(Ta) = —0.15 [47], Aree(Cu/Ta) = 0.12nm. Note that
this rough estimate ignores the effect of the interface spin loss.

To include the spin loss at the interface between Cu and
Ta and bulk contribution from ISHE, we follow the model
proposed by Chen and Zhang [48,49], where the effective
spin-mixing conductance is

gt =GN 1 — (1 = 6)%l. (1

factor,
characterizes the spin backflow,

6 represents the loss

N

G+ (2/3)k2 (Ajf/xu, Ytanh(iy/Asa)
and kg is the Fermi vector of the Ta layer. The spin current
transmitted into Ta is G™ (1 — &)(1 — §), which converts into
charge current via ISHE; and the spin current absorbed by
the interface is G™V (1 + & — £8)8, which converts into charge
current via IREE. Then, the normalized spin-pumping voltage
can be written as

spin-memory &=

Vsp

—>  —aweeGMQ —£8)8
wfpewsR rReeG'Y (1 + & — &8)

: (5)

+G (1_8)(1_8)95H)\sd tanh , (2)
2 5

where «, B is the in-plane and out-of-plane precessing angle

of YIG, respectively, w is the width of the sample, f is the

microwave frequency, R is the resistance of the sample, and #y

is the thickness of Ta.

Experimentally, the effective spin-mixing conductance can
be obtained with gt = (4w Mstr/gus)(ar/N — ar), Where
4w My is the saturation magnetization, fg is the thickness of
the ferromagnetic layer, g is the Landé factor, ug is the Bohr
magnetron, and ar/y and ar represent the damping constant
for the YIG/Cu/Ta and YIG, respectively. Saturation magneti-
zation can be obtained from the resonance field Hg-dependent
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FIG. 4. (a) The square of the frequency vs ferromagnetic res-
onance field for YIG. The red line is the fit using the Kittel
equation. (b) The half linewidth vs frequency for YIG (black)
and YIG/Cu(6)/Ta(0.6) (red), respectively. The lines are linear fit-
tings. (c¢) Thickness-dependent effective spin-mixing conductance
for YIG(30)/Cu(6)/Ta(tr,). The blue symbols are the experimental
data and the red lines are the fittings. (d) Comparison of the contri-
butions from IREE and ISHE for YIG/Cu(6)/Ta(tr,). The symbols
are the experimental data and the lines are the fittings.

microwave frequency f [Fig. 4(a)]. Fitting the Kittel equa-
tion f2= (y /27)*(HRr)(Hgr + 47 M) yields 47 Mg = 1689G.
The damping constants are obtained from the slope of the
ferromagnetic resonance half-linewidth AH as a function of
fsAH = AHy + cxf27” [Fig. 4(b)], where 5~ ~ 2.8 GHz/kOe
is the gyromagnetic ratio. We obtain the damping constants
for YIG, YIG/Cu(6)/Ta(0.6) as ayig = (1.3 £0.1) x 1073,
and aryig/cyyma = (2.6 £0.1) x 1073, respectively. Therefore,
ggg{ for YIG/Cu(6)/Ta(0.6) can be calculated as (3.4 & 0.5) x
10" m~2. The values is comparable with those reported in the
literature [40]. Fitting the Ta thickness-dependent effective
spin-mixing conductance experimental data [Fig. 4(c)], we
obtain G™ = (6.4 4 0.9) x 10'® m~2 and the spin-loss factor
6§ =0.11 £0.04. In the calculation, we chose kr = 5.3 nm
[50], A,yy = 3.7 nm, and Agy = 5.1 nm [36].

At the critical thickness 7., the ISHE and IREE cancel.
Equation (2) can be rewritten as

le
)\.IREE(I—FS—SS)S + (1—8)(1—8)95H)Lsd tanh (2)\ ) =0
sd
3

By taking the fitting results shown above, and Osy =
—0.006 reported in the reference [36], we can obtain the
Rashba length for the Cu/Ta interface as Argg(Cu/Ta) =
(0.0090 £ 0.0013) nm. Again, if larger value of fsy of Ta
is chosen, we can obtain Argg(Cu/Ta) = (0.22 £ 0.03) nm.
With the above fitting parameters, we can separate the in-
terface IREE and bulk ISHE contributions with Eq. (2), as
presented in Fig. 4(d). For YIG/Cu(6)/Ta(tr,), the IREE is

(@ (b) 4

E (eV)

z
O Ta M
© Cu x
FIG. 5. (a) Schematic illustration of the bilayer geometry in the
calculation. (b) Calculated energy bands near the Fermi energy of
Cu/Ta with one atomic layer of Ta on top of Cu. The size of the
symbols represents the contribution of the interfacial Cu and Ta lay-
ers. The red and blue symbols denote the spin-splitting states whose
in-plane spin components have a clockwise and counterclockwise
circulation, respectively. The thick orange and green lines are the
fittings using the analytical Rashba model. (c) Magnified plot for the
Rashba bands yielding o = 0.09eV A (upper) and ag = 0.13eV A
(lower). (d) The distribution of projected in-plane spin components
for the Rashba splitting states shown in (c).

M+«—T—>K

positive and the ISHE is negative. We do the same procedure
for Cu/Pt interface (Supplemental Material, Note 9 [33]).

To gain a microscopic understanding of the experimental
observation, we calculate the electronic structure of Cu/Ta
and Cu/Pt interfaces via density-functional theory. We first
construct a thin film consisting of 13 atomic layers of fcc Cu
oriented along (111), on top of which another one to three
atomic layers of Ta (Pt) are added [Fig. 5(a)]. The in-plane
lattice constant of the Ta (Pt) layers is kept the same as that
of the fcc Cu. Perpendicular to the interface, the distance
between neighboring atomic layers in Ta (Pt) is chosen to keep
the atomic volume conserved, as in corresponding equilibrium
bulk structures. The electronic structure is self-consistently
calculated using a plane-wave basis in combination with the
projector-augmented wave method. A 20x20 k-mesh is em-
ployed to sample the 2D Brillouin zone. SOC is included
in the calculation. Figure 5(b) presents the calculated band
structure of Cu/Ta interface with one Ta layer, where the
symbol size represents the contribution of the interfacial Cu
and Ta layers. These states localized at the interface usually
have spin-dependent splitting owing to the enhanced SOC.
The states are marked by red or blue symbols if they have
clockwise or counterclockwise-oriented spin polarization in
the x —y plane, respectively, and the projected spin com-
ponents are explicitly plotted in Fig. 5(d). The Rashba-like
energy splitting appears near the Fermi energy yielding the
coefficient g = 0.09 ~ 0.13 eV /0\, and with more Ta layers
on top of Cu leads to ag = 0.09 ~ 0.14eV A.
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Now we consider a spin current moving from Cu to Ta
with its polarization along y. It results in an overall spin
accumulation at k, in the Brillouin zone and hence a particle
current along x. Because of the negative spin Hall angle in
bulk Ta, a spin current with its polarization along y mov-
ing towards the z direction leads to a particle current along
—x. Therefore, considering the spin current injected through
YIG/Cu/Ta, the measured voltages due to the IREE and ISHE
are expected to be opposite, in agreement with the experi-
mental observations. We also repeat the same calculation for
the Cu/Pt interface (Supplemental Material, Note 10 [33]).
Consistent with the experiments reported herein, the Rashba
splitting between Cu/Pt and Cu/Ta interfaces is opposite. The
calculated Rashba coefficient is ag = —(0.25 ~ 0.42)eV A
for 1 ~ 3 atomic layers of Pt on Cu. They are reasonably
consistent with the values estimated experimentally (Supple-
mental Material, Note 11 [33]).

In summary, utilizing the spin-pumping and spin Seebeck
effect measurements, we investigated the spin-to-charge
conversion at heavy-metal (Ta and Pt)/Cu interfaces for
samples with reversed stacking orders. When the thickness
of heavy metal is ultrathin, we observe opposite signs in

spin-to-charge conversion for samples with reversed stacking
orders, which serves as the fingerprint of the IREE. We show
that the sign and amplitude of the spin-to-charge conversion
can be manipulated by reversing the stacking order, changing
the thickness of heavy metals, or adding a capping layer. Our
observations unambiguously demonstrate the existence of the
IREE at heavy-metal/Cu interfaces and provide a framework
for modification of the spin-charge conversion via interface
engineering.
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