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In a joint effort of both experiments and first-principles calculations, we resolve a hotly debated
controversy and provide a coherent picture on the pure spin transport between Ag=Bi and ferromagnets. We
demonstrate a strong inverse Rashba-Edelstein effect (IREE) at the interface in between Ag=Bi with a
ferromagnetic metal (FM) but not with a ferromagnetic insulator. This is in sharp contrast to the previously
claimed IREE at Ag=Bi interface or inverse spin Hall effect dominated spin transport. A more than one
order of magnitude modulation of IREE signal is realized for different Ag=Bi-FM interfaces, casting strong
tunability and a new direction for searching efficient spintronics materials.
DOI: 10.1103/PhysRevLett.129.097203

Spin-orbit coupling (SOC), which describes the entanglement of electrons’ spin and orbital degrees of freedom, is
the central ingredient of modern condensed matter physics
[1,2]. It plays pivotal roles in the formation of topological
band structures [3,4] and topological spin textures [5], as
well as in spin-charge interconversions [2,6,7]. In bulk
materials, SOC enables the generation and detection of pure
spin current through the spin Hall effect (SHE) [8,9] and
inverse spin Hall effect (ISHE) [10,11], respectively. These
reciprocal effects have been widely used in the spin Hall
nano-oscillators [12,13], spin-orbit torque-induced magnetization switching [14–16], spin pumping measurements
[10,17–21], etc. At the surface or interface with broken
inversion symmetry, Rashba SOC emerges with a spindependent band splitting featured with spin-momentum
locking [1,6]. Consequently, the flow of an in-plane charge
current in the Rashba system also generates a pure spin
current in its transverse direction and vice versa. These are
the Rashba-Edelstein effect (REE) [22] and the inverse
Rashba-Edelstein effect (IREE) [23], respectively.
Recently, there has been a hot debate on the mechanism
of the pure spin transport in Ag=Bi related systems [24–
35]. Utilizing a ferromagnetic metal (FM) permalloy (Py)
as the spin injector, Sánchez et al. first reported the
observation of the IREE at Ag=Bi interface using spin
pumping measurements [24]. They observed a large
enhancement of the converted charge current in Ag=Bi
bilayer as compared to a Bi or Ag single layer and
attributed it to the IREE at the Ag=Bi interface. This
seminal work stimulated hot discussions about pure spin
0031-9007=22=129(9)=097203(6)

transport in Ag=Bi bilayers [25–34]. However, a relatively
weaker signal was found when a ferromagnetic insulator
(FI) Y3 Fe5 O12 (YIG) was selected as the spin current
source [30], whereas no sign change was observed with
reversing stacking order of Ag and Bi, inconsistent with the
IREE scenario [30]. In addition, thermal injection of spin
current from YIG into both Bi and Ag=Bi bilayer results in
only negligibly small spin-charge conversion [33,35]. Very
recently, Shen et al. performed a spin-charge conversion
study in the Ag=Bi bilayer by spin pumping with two spin
current sources, namely, Fe=Ag=Bi=Py multilayer, and
attributed it to the ISHE rather than the IREE [34]. The
considerable controversy calls for a comprehensive study
of the Ag=Bi related spin-charge conversion.
In this Letter, utilizing spin pumping, we report a
systematic study of the spin-charge conversion in systems
of Ag=Bi in contact with various FMs (Fe, Ni, and FeNi
alloy) and a FI (YIG) and sandwiched between them. We
unambiguously identified the IREE at the interface between
Ag=Bi and FMs, rather than the previously claimed IREE at
Ag=Bi interface or ISHE-dominated pure spin transport.
Our findings not only are supported by both our experiments and first-principles calculations, but also reconcile
almost all the published experimental data in the literature
with controversial conclusions. Thus, it provides a coherent
picture on the pure spin transport between Ag=Bi and
ferromagnets. In addition, we find that the amplitude of the
IREE can be tuned with more than one order of magnitude
for Ag=Bi in contact with different FMs. The strong
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Here, αR is the Rashba coefficient, S is the nonequilibrium
spin density due to the spin injection, and z⃗ is the direction
vector along the Rashba electric field (typically normal to
the interface) [24,34]. As the sign of the Rashba electric
field depends on the stacking order of the two layers
⇀

adjacent to the interface, jC reverses its sign when the
stacking order is flipped. This is generally considered as the
fingerprint of the IREE and has been used to distinguish it
from ISHE [36]. In addition, due to the spin-momentum
⇀
jC

locking,
depends on only the spin polarization of the
pure spin current but is irrelevant with its flow direction.
Considering the Ag=Bi bilayer sandwiched by two ferromagnets, i.e., F1=Ag=Bi=F2, spin current can be injected
from either side to Ag=Bi interface under their different
resonance conditions [Fig. 1(a)]. The spin pumping curve is
expected to exhibit a “double-peak” (“peak-and-dip”)
feature if IREE at Ag=Bi interface (ISHE) is the dominant
mechanism for the spin-charge conversion [Fig. 1(b)]. This
approach was first proposed by Shen et al. and used as the
criterion to distinguish IREE and ISHE recently [34].
Figure 1(c) presents the measured spin pumping signal
for Feð10Þ=Agð5Þ=Bið6Þ=Pyð10Þ (the numbers in parentheses represent their thicknesses in units of nanometers).
For the details of the sample preparation, measurements,
and x-ray diffraction, see Supplemental Material [37],
Note 1. Consistent with Ref. [34], we also observed a
peak-and-dip feature. The current changes sign with
reversing the magnetic field, reflecting its pure spin current
origin. Based on the aforementioned criterion, one may
draw the conclusion that the spin-charge conversion herein
is conducted mainly through the ISHE of Ag=Bi bilayer.
However, we observed a completely different behavior
when the metallic Fe is replaced with YIG, a FI. A double
peak appears in YIG=Ag=Bi=Py multilayers [Fig. 1(d)].
The opposite conclusion may be drawn based on the abovementioned criterion.
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FIG. 1. (a) Schematic illustration of spin pumping measurement for Ag=Bi bilayer sandwiched by two different ferromagnets. Under their different resonance conditions, the spin current
can be injected into Ag=Bi from either side. (b) Spin currents
injected from opposite directions result in the same (opposite)
sign of charge currents in the IREE (ISHE) mechanism, with a
double-peak (peak-and-dip) feature. Spin pumping signals at the
frequency of 14 GHz for (c) Feð10Þ=Agð5Þ=Bið6Þ=Pyð10Þ and
(d) YIG=Agð5Þ=Bið6Þ=Pyð10Þ, respectively.

The opposite feature of spin pumping signals in
Fe=Ag=Bi=Py and YIG=Ag=Bi=Py multilayers indicates
that the ferromagnetic layer itself or the interface between
Ag=Bi and ferromagnet may also have a strong impact on
the results. In the following, we will discuss these two
influences one by one. It has been recognized that FM not
only can act as a spin current source, but also can serve as a
spin detector to probe spin current via ISHE [45,46]. Thus,
the spin-charge conversion in FMs may complicate the
analysis. To minimize this influence, one need to find a FM
with θSH ≈ 0. Fortunately, Fe and Ni have negative and
positive θSH [46], respectively. FeNi alloy, thus, provides a
platform to tailor the effective θSH by controlling the relative
concentration. Figure 2(a) presents the spin pumping curves
for YIG=Fe1−x Nix ð10Þ bilayers with different concentrations. The negligibly small signal in YIG=Fe0.65 Ni0.35
bilayer indicates θSH ≈ 0 at x ¼ 0.35. We, thus, further
fabricate the YIG=Agð5Þ=Bið6Þ=Fe0.65 Ni0.35 ð10Þ multilayers where the spin-charge conversion in the ferromagnetic layer itself is minimized. Interestingly,
YIG=Ag=Bi=Fe0.65 Ni0.35 still exhibits a double-peak feature [Fig. 2(b), top panel], evidencing that the ISHE in
ferromagnetic metal plays a minor role in the samples
studied here.
In the following, we continue our discussion on the
interface effect. In the past, tremendous attention has
been focused on the Ag=Bi interface, while the interface
between ferromagnet and Ag=Bi bilayer was basically
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FIG. 2. (a) Spin pumping signals for YIG=Fe1−x Nix ð10Þ
bilayers, with x varying from 0 to 1. The resonance signal
vanishes at x ¼ 0.35, evidencing θSH ≈ 0 for Fe0.65 Ni0.35.
(b) Spin pumping signals for YIG=Agð5Þ=Bið6Þ=Fe0.65 Ni0.35 ð10Þ
(top),
YIG=Fe0.65 Ni0.35 ð7Þ=Agð5Þ=Bið6Þ
(middle),
and
YIG=Fe0.65 Ni0.35 ð7Þ=Bið6Þ=Agð5Þ (bottom).

overlooked. In order to unveil the intriguing spin-charge
conversion in an Ag=Bi related system, it is imperative to
carefully investigate each interface in the YIG=Ag=Bi=FM
multilayers. Figure 3(a) presents the spin pumping signals
for Pyð10Þ=Bið11Þ and YIG=Bið11Þ bilayers under a
positive magnetic field [11-nm thickness Bi is chosen to
maintain the same total thickness with Agð5Þ=Bið6Þ].
Similar to the observations in the literature [47,48], the
charge current in Py=Bi is almost one order of magnitude
larger than that in YIG=Bi. This, however, is counterintuitive, as typically YIG possesses much higher spin
pumping efficiency. We also observed negligibly small
signals in both YIG=Agð5Þ=Bið6Þ and YIG=Bið6Þ=Agð5Þ,
(a)
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FIG. 3. (a) Spin pumping curves for Pyð10Þ=Bið11Þ (orange)
and YIG=Bið11Þ (black). (b) Spin pumping curves for
Pyð10Þ=Agð5Þ=Bið6Þ (purple), Pyð10Þ=Bið6Þ=Agð5Þ (red),
YIG=Agð5Þ=Bið6Þ (blue), and YIG=Bið6Þ=Agð5Þ (green). An
almost vanishing signal is obtained with insulating YIG as the
spin source, while an enhanced signal can be found by using
metallic Py as the spin source.

in line with the results obtained with thermal injection [33].
This indicates negligibly small IREE and ISHE in both
Ag=Bi and Bi=Ag bilayers [Fig. 3(b)]. On the other
hand, strongly enhanced signals were obtained in
Pyð10Þ=Agð5Þ=Bið6Þ and Pyð10Þ=Bið6Þ=Agð5Þ [Fig. 3(b)].
The contradictory behavior in the spin pumping measurements of Bi and Ag=Bi systems in contact with YIG and Py
has been a long-lasting puzzle and remains unsolved. In
addition, it is worth noting that the polarity of the spin
pumping signals of Py=Bi, Py=Ag=Bi, and Py=Bi=Ag are
opposite to that of YIG=Ag=Bi=Py at the resonance condition of YIG. Opposite signs of the obtained charge current
with an identical spin current direction indicates that the
spin-charge conversion in these systems unlikely relates to
the ISHE in possible alloy of Ag=Bi or Ag=Bi with Py.
Instead, it can be well explained by the IREE at the interface
between Bi or Ag=Bi and Py. And the sign change between
Py=Bi=Ag and YIG=Ag=Bi=Py is due to the reversed
stacking order of Ag=Bi with Py. To further confirm
this, we also reverse the stacking order of Ag=Bi and
Fe0.65 Ni0.35 and perform the control measurement with
YIG=Fe0.65 Ni0.35 =Ag=Bi and YIG=Fe0.65 Ni0.35 =Bi=Ag as
compared to YIG=Bi=Ag=Fe0.65 Ni0.35 . As shown in the
middle and bottom panels in Fig. 2(b), the spin-charge conversions at both YIG and Fe0.65 Ni0.35 resonance conditions
reverse their sign as compared to YIG=Ag=Bi=Fe0.65 Ni0.35 ,
which again evidences the IREE at the interface between
Ag=Bi and Fe0.65 Ni0.35 . We note that the slight difference
between the signals at positive and negative fields at
Fe0.65 Ni0.35 resonance conditions is due to the planar
Hall-effect-induced spin rectification [49], while the potential artifact from thermal signals is negligible in the spin
pumping measurements [50]. Based on the above observations, we unambiguously identify the IREE at the interface
between Ag=Bi and Fe0.65 Ni0.35 . To verify the generality of
the observed IREE between Ag=Bi and FM and to demonstrate its tunability, we further performed the spin pumping measurements with a series of YIG=Ag=Bi=FMs, where
FMs refer to the metallic Fe, Fe0.65 Ni0.35 , Py, and Ni, and
found they varied with different FMs (Supplemental
Material [37], Note 3). Especially, the spin pumping signal
at the resonance condition of YIG is almost one order of
magnitude larger in YIG=Bi=Ag=Ni than those in the other
systems. And we also discussed the spin diffusion lengths in
Bi and Fe0.65 Ni0.35 layers (Supplemental Material [37],
Note 4).
With the understanding of the IREE at Ag=Bi-FM
interfaces, we now provide a possible explanation for
the peak-and-dip feature observed in the Fe=Ag=Bi=Py
as presented in Fig. 1(c). In this multilayer with double
FMs as the spin sources, due to the spin diffusion, it can be
anticipated that Fe=BiðAgÞ and BiðAgÞ=Py interface plays
a major role in the spin-charge conversion when spin
current is injected from the Fe and Py side, respectively. It
is important to note that the Rashba coefficient of
Fe=BiðAgÞ interface is opposite to that of BiðAgÞ=Py
interface with comparable amplitude (Fig. S3 [37]), as
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FIG. 4. Spin-projected band structures along K − Γ − K (ky ≡ 0) in the two-dimensional Brillouin zone for three different interfaces:
(a) disordered Ag=Bi interface, (b) disordered Ni=Bi interface, and (c) Bi-dopedpAg=Ni
ﬃﬃﬃ pﬃﬃﬃ interface. The top panels illustrate the
corresponding atomic structure at the interfaces. To model the interfacial disorder, a 3 × 3 supercell of the (111) Ag (Ni) surface is
used, and the atoms in the interfacial layers (between the two black dashed lines) are allowed to be randomly occupied by Ag (Ni) and
Bi. The color map represents the y component of the projected spins contributed by interfacial atomic layers. The green arrows indicate
the typical Rashba splitting, where the Rashba coefficient αR is extracted.

the stacking order of Bi(Ag) and FM is reversed. Therefore,
spin current injected from the opposite direction results in
opposite charge current in the Fe=Ag=Bi=Py multilayer,
consistent with the IREE mechanism at the BiðAgÞ=FM
interface albeit exhibiting a peak-and-dip feature. To
further confirm this, we subtract the spin pumping curve
of YIG=Ag=Bi=Py with that of YIG=Bi=Ag=Fe and find
the result indeed is very similar to that of Fe=Ag=Bi=Py
(Supplemental Material [37], Note 5), consolidating the
above analysis. A comprehensive table as well as a brief
description for the criteria to distinguish the ISHE or IREE
at different interfaces can be found in Supplemental
Material [37], Note 6. We note that, although IREE has
been claimed in different FM=NM interfaces [51–54], the
IREE at Ag=Bi-FM interfaces has never been considered
previously. And we also provided an estimation of effective
spin mixing conductance and the inverse Rashba-Edelstein
length of different interfaces (Supplemental Material [37],
Note 7).
To understand the IREE at the interfaces between Ag=Bi
and FMs instead of the Ag=Bi interface itself, we calculate
the corresponding interfacial electronic structure based
upon density functional theory. Consistent with the study
by Ast et al. [55] and Bihlmayer, Blügel, and Chulkov [56],
our calculation shows the surface states with a giant Rashba
splitting of αR ¼ 2.92 eV Å when Ag(111) is doped by 1=3
monolayer of Bi (Supplemental Material [37], Note 8).
Such a giant splitting arises from the pz -dominated surface
states localized at the surface alloy monolayer [56].
However, the pz component can be hybridized with other
p bands of Bi with a larger Bi coverage at the surface. The

hybridization is considerably enhanced when atomic interdiffusion occurs at the interface. We explicitly calculated
the band structure of a disordered interface of Ag=Bi by
randomly occupying atoms at the interfacial layers, as
shown in Fig. 4(a). Here, owing to the slight intermixing of
Ag and Bi atoms, no Rashba-type splitting is found in the
vicinity of the Fermi level, indicating the fragility of the
giant Rashba splitting of Ag=Bi surface states.
Then we repeat the band structure calculation by
modeling a similar disordered interface of Ni=Bi, which
is plotted in Fig. 4(b). Strikingly different from the Ag=Bi
interface, Rashba-type energy splitting survives at the
disordered Ni=Bi interface. Two typical cases are marked
by the thick white lines, where the Rashba coefficients
αR ¼ 1.74 and 0.96 eV Å are extracted at E − EF ¼ 0.8
and −0.2 eV, respectively. This is because the Bi surface
states consist of a mainly pz component at the outmost
layer [56,57], which are hardly affected by the minorityspin d states of Ni near the Fermi level. The hybridization
of majority-spin 4s state of Ni and pz surface states of Bi
only partially reduces the magnitude of Rashba splitting
[56]. The above picture is consistent with the conclusion by
a tight-binding model study that the asymmetry of electronic wave functions in both sides of the surface or
interface plays an essential role in the quantitative magnitude of Rashba splitting [58]. A specific comparison of
projected spin texture near the Fermi energy between clean
and disordered Ni=Bi interface is provided in Supplemental
Material [37], Note 8, which again confirms that the
Rashba splitting at the Ni=Bi interface is less sensitive
to the interdiffusion of atoms.
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Finally, we study the Ni=Ag interface, where 33% of Ag
atoms are replaced by Bi at the interfacial layer inspired by
the experimental observation that Bi atoms diffuse till the
interface between Ag and FMs (Supplemental Material
[37], Note 2). As shown in Fig. 4(c), Rashba energy
splitting, αR ¼ 2.65 eV Å, is even larger than those at
the Ni=Bi interface, indicating that SOC strength is not the
only factor to determine the splitting size. The above
electronic structure calculations about the Rashba energy
splitting at interfaces qualitatively agree with the phenomena observed in our spin transport experiment that the
dominant spin-to-charge conversion via IREE occurs at the
interfaces between FMs and the Ag=Bi bilayer.
Our findings provide a coherent picture for the former
seemingly contradictory results. The large value of Rashba
coefficient reported by angular resolved photoemission
spectroscopy [55] is for a relatively sharp Ag=Bi interface
only. This Rashba interface can be achieved with submonolayer Bi coverage (Fig. S8 [37]). With further
increasing the Bi thickness, the intermixing between Ag
and Bi, however, strongly reduces the IREE, resulting
negligibly small spin-charge conversion when Ag=Bi is in
contact with YIG [33]. A new Rashba interface can be built
when Ag=Bi is in contact with a FM, resulting a strong
spin-charge conversion [24,25,28,29,31]. As the IREE is
dominant at the interface between FM, the spin-charge
conversion does not flip its sign when the stacking order of
Ag=Bi is reversed [30] and shows a peak-and-dip feature
when Ag=Bi is sandwiched by two FMs [34].
In summary, we have performed comprehensive spin
pumping measurements for the systems of Bi and Ag=Bi
bilayer in contact with both a ferromagnetic insulator (YIG)
and ferromagnetic metals (Fe, Fe0.65 Ni0.35 , Py, and Ni) or
sandwiched between them. The sign reversal of the spincharge conversion for the opposite stacking order between
Ag=Bi and ferromagnetic metals unambiguously proves the
existence of IREE at the interface between them rather than
the extensively debated Ag=Bi interface. Electronic structure calculations confirm that both Ni=Bi interface and Bidoped Ni=Ag interface have significant Rashba splitting,
which is attributed to the asymmetry of the electronic wave
functions at the interface. In contrast, the Rashba splitting at
Ag=Bi interface is sensitively dependent on the interface
disorder due to the hybridization of pz states between Bi
and Ag. The finding of IREE between nonmagnetic
material and ferromagnetic metals may have strong potential in applications, since the converted pure spin current
can exert spin-orbit torque directly onto the ferromagnet
without diffusion in the nonmagnetic material. The demonstrated strong tunability of IREE also points a new
direction for searching spintronics materials with high
efficiency.
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