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Conversion between spin and charge currents in topological-insulator/nonmagnetic-metal systems
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The charge current in a topological insulator (TI) will induce a spin accumulation (Edelstein effect or EE),
from which the spin current will be generated. Inversely, the spin current injection into the TI will induce a charge
current called the inverse Edelstein effect (IEE). Some experimental and theoretical works have been done for the
understanding of either EE or IEE. However, little experimental work incorporating both processes in the same TI
sample has been done. In this work, we propose a phenomenological model to understand EE and IEE in the TI-
based system. Based on this model, efficiencies of EE and IEE can be directly derived, which is consistent with
previous theoretical work based on Boltzmann transport theory and obeying the energy conservation law. We
also measure EE and IEE efficiencies experimentally in a TI/Ru/CoFeB system by spin-torque ferromagnetic
resonance and spin pumping, respectively. The experimental results are consistent with our model, which proves
that the spin-charge conversion in TI can be understood in the framework of (I)EE instead of (inverse) spin Hall
effect. By combining theories and experiments, we find that enhancing interfacial transparency is crucial for
enhancing EE efficiency, and avoiding metallic contact is crucial for enhancing IEE efficiency.
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The conversion between charge and spin is a central aspect
of spintronics and is crucial for practical spintronic devices.
Magnetization can be efficiently switched by applying an
electrical current via charge to spin conversion [1–3], which
can be used as a writing technique in the new generation of
magnetic random-access memory. Spin to charge conversion
can potentially be used to read the magnetic state, as pro-
posed in the magnetoelectric spin-orbit (MESO) logic [4,5].
In conventional three-dimensional (3D) heavy metal (HM)
systems, charge current can be converted to spin current by
the spin Hall effect (SHE) [6–9] while the inverse process is
called the inverse spin Hall effect (ISHE) [10]. As shown in
Figs. 1(a) and 1(b), SHE and ISHE have a similar mechanism,
i.e., intrinsic effect and extrinsic spin-dependent scattering.
Therefore, the efficiencies for both processes are the same
[11,12] and can be described by a single parameter called spin
Hall angle (θSH), i.e., Js,3D/Jc,3D = Jc,3D/Js,3D = θSH. Mean-
while, the scattering process limits θSH < 1 [9].
However, experimentally, θSH in the spin to charge side

and charge to spin side are not equal in some novel ma-
terial systems such as the topological insulator (TI), which
has the unique spin-momentum locking surface states. In the
charge to spin measurement for a TI-based system, θSH can
be larger than 1 at room temperature [13–18] and even as
high as several hundred at cryogenic temperature [19–21]. On
the contrary, θSH obtained by spin to charge measurement in
similar systems is smaller than 0.1 even at 15 K [22,23]. To
explain the experimental results, several groups introduced the
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concept of qEE based on the Edelstein effect (EE) [24] and
λIEE based on the inverse Edelstein effect (IEE) [25,26], which
are defined in the two-dimensional (2D) system by qEE =
Js,3D/Jc,2D, λIEE = Jc,2D/Js,3D. Phenomenological models for
either qEE [24,27] or λIEE [25,28] are proposed, in which
qEE ∝ 1/τEE, λIEE ∝ τIEE, where τEE and τIEE are elusive time
constants in these pioneering works. Several theoretical works
[29,30] put forward the analytical expressions for qEE (τEE)
and λIEE (τIEE) in TI/nonmagnetic metal (NM)/ferromagnet
(FM) systems based on the Boltzmann transport theory, but
they did not consider the fundamental limit qEEλIEE < 1 from
the energy conservation law (see more discussion in the Sup-
plemental Material [31]). Although qEE and λIEE have been
measured in the same Rashba system [32] and then modeled
in a recent publication [33], the relation of qEE and λIEE has
not been measured and understood in the same TI system,
which can be more important in application due to higher
spin-charge conversion efficiency in TI. In addition, the spin
mixing conductance between NM and FM can play an im-
portant role in τEE, which is not considered in the previous
Rashba model [33].
In this work, we propose a phenomenological model incor-

porating both EE and IEE in a TI-based system, from which
the difference between (I)EE and (I)SHE can be distinguished.
Besides, the expressions for qEE(τEE) and λIEE(τIEE) can be
directly derived; they are consistent with previous theoreti-
cal work based on the Boltzmann transport theory and obey
the energy conservation law. Experimentally, we employ a
(Bi,Sb)2Te3/Ru/CoFeB film stack and measure λIEE and qEE
through two standard methods: spin pumping and spin-torque
ferromagnetic resonance (ST FMR), respectively. τEE and τIEE
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FIG. 1. (a,b) Schematics for the spin Hall effect (SHE) and in-
verse spin Hall effect (ISHE) in a heavy metal (HM) attached to
another nonmagnetic metal (NM). SHE and ISHE are both based on
spin-dependent scattering. When electrons with spin polarization σ

get a velocity due to electrical or spin potential, they will be scattered
into the orthogonal direction. (c,d) Schematic for the Edelstein effect
(EE) and inverse Edelstein effect (IEE) in a topological insulator
(TI) attached to a NM. Spin-momentum locked surface states in the
TI lead to a one to one correspondence between charge current Jc
in TI and spin potential at the TI interface μσ . Spin currents Js
are related to μσ by scattering and diffusion processes. Therefore,
EE and IEE can be understood by two independent steps: intrinsic
spin-momentum locking and extrinsic spin diffusion.

are obtained and turn out to be consistent with our model. Our
work provides a platform to understand ultrahigh θSH in some
systems and guides the way to increase either qEE or λIEE for
potential applications.
Figures 1(c) and 1(d) show the schematic for EE and

IEE in TI/NM, respectively. Spin-momentum locked surface
states in TI lead to a one to one correspondence between
2D charge current Jc in TI and accumulated spin-polarized
electrons�n (or spin potential at TI interface μσ). The unique
correspondence between spin and charge comes from intrinsic
properties of TI band structure, and it can be directly derived,
Jc = e�nvF [25], where vF is the Fermi velocity. On the other
hand, 3D spin current Js strongly depends on the electron tun-
neling across the TI/NM interface and the diffusion process
in the adjacent NM layer. Therefore, the conversion between
�n and Js comes from the extrinsic properties of TI and is
governed by the continuity equation, Jc = e�n/τ , where τ is
the time constant for spin transport. Note that τ is different
in EE and IEE due to different spin potential distribution as
shown in Figs. 1(c) and 1(d). In the EE case, �n is fixed
and spin current comes from the diffusion process. To get
the spin current, the spin-polarized electrons need to over-
come the potential barrier at the TI/NM interface and then
diffuse into the NM layer. As a result, two series processes are
involved so that τEE = τt + τsf , where τt represents electron
tunneling time across the TI/NM interface and τsf represents
the spin-flip time. Note that τsf plays a role in the spin current
generation since the spin current is generated by the gradient
of extra spin. If NM has infinite τsf , spin diffusion length
will also be infinite which leads to zero spin currents. In the
IEE case, the spin current source continuously injects extra

carriers into the TI interface, which must be scattered out in
the equilibrium state. There are two independent channels for
such scatterings: in the TI band or tunneling into the NM layer.
Therefore, 1/τIEE = 1/τTI + 1/τt as a parallel circuit or a set
of two parallel events, where τTI represents the scattering time
within TI band structure. Combining all the above arguments,
the following equations can be derived directly:

qEE = 1

vF (τt + τsf )
, (1)

λIEE = vF
1

τTI
+ 1

τt

. (2)

Note that Eqs. (1) and (2) here, which are simply derived
from the physical model, have a very similar form com-
pared with equations derived previously from more detailed
Boltzmann transport theory [29,30]. Equation (1) is the same
as Ref. [29], while Eq. (2) has the same physical meaning
but differs by a factor of 2 compared with the equations
in Ref. [30] (see additional discussions in the Supplemental
Material [31]). Although more detailed theoretical study still
needs to be explored in the future for further understanding,
in general, our simple physical model captures the main fea-
tures and is consistent with the previous theory. Also, the
product of qEE and λIEE is always smaller than 1 by mul-
tiplying Eqs. (1) and (2), which originates from the energy
conversion law. If we suppose qEEλIEE > 1, by putting two
such materials together and applying electrical current, the
infinite spin-charge conversion loop with amplification be-
tween two materials will finally induce an infinite electrical
current, which is wrong. The above arguments in principle
are not limited to the TI/NM case but also applicable to
other TI/nonmagnetic insulators and TI/FM cases. For the
TI/nonmagnetic insulator case, electrons tunneling into the
insulator is almost forbidden, so τt is very large. As a result,
qEE will approach zero but λIEE will be larger compared with
the TI/NM case. For the TI/FM case, one major concern is
that the band structure of TI may be significantly changed by
the exchange interaction, as suggested in the α-Sn/Fe case
[25]. However, the similar phenomenon seems not to happen
in the Bi2Se3 [13] and BST [18], which can still give a large
qEE, even directly contacting with FM.
Above we only discuss the situation for bilayer cases.

Experimentally, trilayer system TI/NM/FM stacks are
more often studied since the FM is essential for spin
current generation and detection as well as application.
In the trilayer case, NM thickness is much smaller
than the spin diffusion length so that the spin poten-
tial can be considered as a step function across the
NM/FM interface. The spin-flip process will happen
in the NM/FM interface instead of NM bulk so τs f should be
replaced by an effective time constant τmix across the NM/FM
interface, i.e.,

qEE = 1

vF (τt + τmix)
. (3)

Also, τmix has a simple relation with spin mixing conduc-
tance g↑↓

mix in the NM/FM interface:

τmix = π h̄NF

g↑↓
mix

(4)
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FIG. 2. Room temperature spin pumping setup and results. (a)
An optical micrograph of the actual fabricated device. (b) Spin
pumping voltage signal at 6.5 GHz, 16 dBm for BST/Ru/CoFeB
and SiO2/CoFeB. (c) Resonance frequency for BST/Ru/CoFeB as
a function of the magnetic field, which can be fitted well by the Kittel
equation. (d) Half width at half maximum �H as a function of fre-
quency for the BST/Ru/CoFeB and the SiO2/CoFeB, respectively.
The damping constant α is obtained from the slope by linear fitting.

where NF represents the density of state of Ru at the Fermi
level projected into 2D [29]. From Eqs. (3) and (4), it is clear
that a higher g↑↓

mix will give a higher charge to spin conversion
efficiency, as expected. The above expressions for τEE and τIEE
are also applicable for the Rashba 2D system, while Ref. [33]
did not consider the influence of τmix, which is the major
difference between our model and their model.
To further confirm the model as well as to measure these

time constants, we conduct experiments in the (Bi,Sb)2Te3
(BST)/Ru/CoFeB system. Six quintuple layers of BST were
grown on Al2O3 (0001) substrates by molecular beam epi-
taxy, and then Ru(5 nm)/CoFeB(5 nm)/MgO(2 nm)/Ta(2
nm) multilayers were deposited by magnetron sputtering. Spin
pumping is a standard method to determine spin to charge
conversion efficiency in HM [10,34,35], TIs [22,23,36,37], or
other Rashba material systems [26,38] via ferromagnetic res-
onance (FMR). The device geometry and measurement setup
are shown in Fig. 2(a). Here, an additional 50 nm of AlOx

is grown to insulate the samples and the coplanar waveguide.
Figure 2(b) shows the room temperature spin pumping result
for BST/Ru/CoFeB and the reference sample SiO2/CoFeB
at the frequency of 6.5 GHz. The signal in the reference
sample originates from the thermal effect [39] (see the Sup-
plemental Material [31] for more detail), while the signal in
the BST/Ru/CoFeB has the opposite sign, which comes from
spin pumping. Figure 2(c) shows the resonant field Hres as the
function of microwave frequency f , which can be fitted well
by the Kittel formula f = μ0γ

2π

√
Hres(Hres + Meff ) with γ =

1.9× 1011 (T−1 s−1) and μ0Meff = 1.35T. A half width at the
half maximum (HWHM) �H can be fitted by �H = H0 +
2π f α/(γμ0) as shown in Fig. 2(d), from which the values
of Gilbert damping constant α for the BST/Ru/CoFeB and

SiO2/CoFeB are obtained from the slopes around 0.0063 and
0.0035, respectively. The enhanced damping �α for the TI-
based sample can be the evidence for spin pumping [40], but
may also originate from the quality difference in the CoFeB.
The latter one is hard to separate and will induce minor er-
rors in the estimation of the spin mixing conductance (see
additional experiments and discussions in the Supplemental
Material [31]). The effective spin mixing conductance of the
whole system g↑↓

eff can be evaluated by g↑↓
eff = 4πMstCoFeB

gμB
�α,

where tCoFeB is the thickness for CoFeB, Ms is the satura-
tion magnetization, g is the Landé g factor, and μB is the
Bohr magneton. g↑↓

eff in our system is estimated around 9 ×
1018 m−2, comparable with the result in TI/NiFe [22,36]. The
spin current density (in A/m2) generated at resonance can

be described as Js = eg↑↓
effω

2hr f
2

4π�H2

μ0Meffγ+
√
(μ0Meffγ )2+4ω2

(μ0Meffγ )2+4ω2 [35],
where e is the electron charge, ω = 2π f , and hrf is the mi-
crowave magnetic field amplitude (∼1.7 Oe) at 6.5 GHz. The
spin current can generate charge current via IEE and induce an
open circuit voltage V = JsλIEERW, where R is the total sheet
resistance shunted by metal, 55 
 for the sample; W is the
effective length of the device. Thus, λIEE ∼ 0.091 nm for our
BST/Ru/CoFeB sample, which is comparable with previous
reports [22,36,39].
ST FMR is commonly used to evaluate the charge to

spin efficiency for HM [41] or TI [13,24], which is also
based on FMR. However, different from spin pumping de-
scribed before, here the microwave current is directly injected
into the devices, which induces additional spin-orbit torque
besides the Oersted field. We applied this technique for
BST/Ru/CoFeB, as shown in the schematic of Fig. 3(a).
Figure 3(b) shows the room temperature ST FMR signal mea-
sured at 6.5 GHz, which can be fitted well by a symmetric
part and an antisymmetric part [41], V = S �H2

�H2+(H−Hres )2
+

A �H (H−Hres )
�H2+(H−Hres )2

, where S and A represent the coefficient of
the symmetric part and the antisymmetric part, respectively.
The symmetric part comes from the spin torque (damping-
like torque) from TI, which is proportional to the 2D current
density in the TI surface state while the antisymmetric part
is dominated by the Oersted field, which is determined by
the current density in the Ru layer due to its low resistivity.
Note that the fieldlike torque can be ignored by comparing
the sample with and without BST (see the Supplemental
Material [31]). The value of qEE can be expressed as qEE =
RS
RRu

S
A

eμ0MstCoFeB
h̄

√
1+ (Meff/Hres ) [24,41], where RRu, RS rep-

resent the sheet resistance of Ru and the topological surface
state. We can obtain qEE at different frequencies in Fig. 3(c)
with the assumption that TI bulk is perfectly insulating and
the top and bottom surfaces have the same resistance. For
comparison with the literature, we also get the value of θSH
in Fig. 3(c) by treating BST like a uniformly conducting 3D
HM. Note that numerically, θSH = qEEtS, where ts is 3 nm, half
of the TI thickness. In Fig. 3(c), qEE is almost constant at dif-
ferent frequencies, and the average value is 0.45± 0.06 nm−1
(θSH = 1.35± 0.18), which is comparable to the previous
results measured by ST FMR [13,24] or harmonic methods
[16,17] at room temperature.
The temperature dependence of λIEE, qEE, and g↑↓

eff is
obtained and shown in Figs. 4(a)–4(c), respectively. λIEE
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FIG. 3. Room temperature ST FMR. (a) Schematic of ST FMR measurement for a BST/Ru/CoFeB system. (b) ST FMR signal for the
BST/Ru/CoFeB at 6.5 GHz which can be fitted well by a symmetric part (refer to the right axis) plus an antisymmetric part. (c) Charge to
spin conversion efficiency qEE (defined in 2D) and θSH (defined in 3D) are almost independent of frequency. θSH > 1 at all frequencies, which
suggests the 3D model cannot explain the data.

increases with decreasing the temperature while qEE rapidly
increases when the temperature drops to 250 K and remains
almost constant down to 77 K. Note that qEE is underestimated
above 230 K due to the shunting of bulk carriers at high
temperature (see TI resistance as a function of temperature
in the Supplemental Material [31]). The data in Figs. 4(a)
and 4(b) could not be interpreted by the 3D model for two
reasons. Firstly, θSH > 1 in the temperature range we mea-
sured. Secondly, in the SHE model, the spin diffusion length
λsd is around λIEE/θSH [25], which is lower than 0.1 nm for
all the temperatures. Such an ultrashort spin diffusion length
does not make sense. Also, this 0.1 nm is more than one order
of magnitude smaller than HM [34], and even smaller than
some oxides such as SrTiO3 [42]. Therefore, our experimental
results should be understood in the 2D model, where Eqs. (2)
and (3) are applied (note that the spin diffusion length of Ru
is much thicker than 5 nm [43]).
In the BST/Ru/CoFeB system, vF and τTI are intrinsic

parameters of BST, whose values are reported around 3.7 ×
105 m/s [44] and 1 ps [45], respectively. Since metallic states
are involved in terms of τt and τmix, both time constants are in

FIG. 4. Temperature-dependent measurements. (a–c) represent
λIEE, qEE, and effective spin mixing conductance as a function of tem-
perature, respectively. (d) Scattering time τt at the BST/Ru interface
and effective spin mixing time τmix at the Ru/CoFeB interface as a
function of temperature. Both τt and τmix are not strongly dependent
on temperature due to the tunneling nature.

the femtosecond range. With the condition τTI � τt , Eq. (2)
can be simplified to

λIEE ∼ vF τt . (5)

Combining Eqs. (3) and (5) as well as qEE and λIEE at
different temperatures, τt and τmix can be obtained and plotted
in Fig. 4(d). Note that if the τmix term is ignored, qEE λIEE
∼1, which is far away from our experimental result. On the
contrary, the τmix term in our system turns out to dominate
the charge to spin conversion since τmix > 10τt . τt slightly
increases as the temperature decreases, while τmix remains
almost constant. Meanwhile, the relation between measurable
g↑↓
eff and g↑↓

mix can be derived analytically based on Eq. (2)
and Refs. [29,30] (see the Supplemental Material [31] for the
derivation):

g↑↓
eff = g↑↓

mix

τsf

τsf + 4τt
∼ g↑↓

mix. (6)

Combining Eqs. (4) and (6), τmix ∼ π h̄NF

g↑↓
eff

(7) is obtained,

which gives the relation between two independently measured
parameters g↑↓

eff and τmix, so it can be used to verify our model.
It turns out these equations can match our data well. Firstly,
both g↑↓

eff and τmix are almost constant from 77 to 250 K as
shown in Figs. 4(c) and 4(d). Secondly, using the NF value
from the first principle calculation [46] and g↑↓

eff we measured,
Eq. (6) gives τmix around 8.7 fs, which is not far from the value
(∼3.8 fs) we obtained. τt and τmix are both spin tunneling time
across the interface, so in principle, they should both be tem-
perature independent. Experimentally, an almost constant τmix
and weak temperature-dependent τt are observed, which is
close to the expected results, though more study is still needed
to further understand the different temperature dependences of
them.
Finally, we want to discuss the potential application for TI

in spintronics based on our model. Fundamentally, a TI or 2D
system has limitations on the product of qEE and λIEE but may
not have a limit on either qEE or λIEE, which suggests a 2D
system can potentially have ultrahigh charge to spin or spin
to charge conversion efficiency, while in 3D SHE material
θSH < 1 from both sides. Different strategies should be used
to enhance qEE and λIEE. For enhancing qEE, τmix + τt should
be reduced. Since in our BST/Ru/CoFeB system τmix ∼
10τt , reducing τmix (or increasing g↑↓

mix) at the NM/FM inter-
face may be more crucial compared with reducing τt at the
TI/NM interface, which converts the complicated TI interface
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problem to a classic metallic interface problem. On the other
hand, avoiding direct contact between the TI surface state
and metal is crucial for enhancing λIEE. In the extreme case
where τt is much larger than τTI, Eq. (2) gives λIEE on the
order of 100 nm. By this way, previously reported λIEE with
1000 times difference in BST/MgO/CoFeB (∼100 nm) [47]
and BST/NiFe (∼0.1 nm) [36,37] can be explained. This
insulating strategy can also be applied to other TI systems
such as HgTe [48] or the Rashba 2D gas system [30], where
λIEE can be larger than 10 nm in SrTiO3/Al2Ox/NiFe [38,49].
In conclusion, TI or more general 2D systems do not suffer

from the strict limit θSH < 1 in 3D systems. Phenomenologi-
cally, it is possible to obtain larger than 1 conversion efficiency
in either the charge to spin or spin to charge side. We propose a

simple but clear physical model to understand the conversion
between charge and spin for TI, which is consistent with
previous theories and energy conservation law, as well as our
experimental results. Based on our understanding, we suggest
that enhancing interfacial spin mixing conductance is crucial
for a high qEE and avoiding metallic contact is important for
enhancing λIEE.
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