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Conversions between charge and spin currents by spin-orbit interactions have become usual in today’s
spintronics, either by using the spin Hall effect (SHE) and inverse spin Hall effect (ISHE) of heavy metals
or the Edelstein effect and inverse Edelstein effect of a two-dimensional (2D) electron gas. These conver-
sions can be characterized by the spin Hall angle for SHE or ISHE and by the conversion parameters gic
for EE and Agg for IEE. Using typical experimental values of these different parameters for heavy metals
and 2D electrons of topological insulators (TIs), we show that, compared to heavy metals, the TIs lead to
a gain of about an order of magnitude in the conversion between spin to charge or charge to spin currents
and even more in the production of voltage or electrical power by conversion of spin currents. Thus, we
anticipate a giant spin Seebeck power generated in devices designed with an insulating magnetic layer and
2DEGs of a TI as «-Sn or Rashba 2DEGs. We also discuss the detrimental role of additional shunts in

these conversion experiments.

DOI: 10.1103/PhysRevApplied.11.054049

I. INTRODUCTION

The conversions between charge and spin currents are
essential operations in any spintronic device. In classical
spintronics, spin filtering by magnetic materials is used for
these conversions. Typically, in a spin-transfer torque ran-
dom access memories [1,2] for example, tunneling from
a reference ferromagnetic layer creates the spin-polarized
current used to switch the magnetization of the free layer
by spin transfer torque, which means charge to spin cur-
rent conversion followed by transfer of spin momentum to
nonvolatile magnetization. For the inverse conversion, the
tunneling magnetoresistance transforms the spin informa-
tion into charge current and voltage signals. More efficient
conversions between charge and spin are obtained today by
using spin-orbit coupling (SOC) effects. Charge currents
can be converted into pure spin currents by the spin Hall
effect (SHE) of heavy nonmagnetic metals (HM) as Pt or
W; see the review by Hoffmann [3]. Similar conversions
can be obtained by the Edelstein effect (EE) associated
with the locking between the spin and charge degrees
of freedom in a bidimensional electron gas (2DEG) at
a Rashba interface or a topological insulator (TI) sur-
face or interface [4—13]. Inversely, conversions from spin
to charge current can be obtained with the inverse SHE
(ISHE) and inverse EE (IEE) [4—15].
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II. PARAMETERIZATION OF SPIN-TO-CHARGE
CONVERSIONS

Comparing the conversion efficiencies of SHE (or
ISHE) and EE (or IEE) is not straightforward: the con-
version by SHE or ISHE involves three-dimensional (3D)
current densities in 3D conductors (heavy-metal and adja-
cent layers). In contrast, the conversion by EE or IEE
involves two-dimensional (2D) current densities in 2DEGs
and 3D current densities in 3D adjacent layers. In a layer
with 3D conduction states (the heavy-metal layer), the
equivalent of a 2D current density is the total current in
a layer of unit width, which corresponds to the integral
of the 3D current density from the top to the bottom of
the layer. In this paper, we show how spin-to-charge con-
version in 3D and 2D systems can be compared and we
illustrate our results on typical examples of experimental
results.

We begin with a reminder of the usual expression of the
spin-to-charge conversion by SHE, ISHE, EE, and ISHE.
Our notation is j3P and ;3P (defined as the difference
between charge current with opposite spin, P =3P —
j2P) for respectively charge and spin 3D current densi-
ties (in A/m?) and j2° and ;2P (defined as ;2P = ;2P —
J2P) for respectively charge or spin 2D current densities
(in A/m).

The conversions by SHE or ISHE between 3D spin and
charge current are characterized by a number, the spin
Hall angle defined as the ratio between the transverse spin

© 2019 American Physical Society
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current density j*P and the longitudinal charge current
density ij in an infinite material:

Osue = j;° /5" (1)

The conversions by EE or IEE are conversions between
a 2D charge current density j*° in a 2DEG and a 3D
spin current density jP ejected into or injected from an
adjacent layer. They are characterized by the conversion
coefficients Ajgg for IEE (notation introduced in Refs.
[9,16] and gics for EE (notation introduced in Ref. [12])
as follows:

JZP /P = Mg, ()
iR 1i2° = qucs. 3)

In measurements of spin-to-charge conversion, the spin
current ij seen by the experimentalist is defined in dif-
ferent ways in different types of experiments. The situation
is simpler in spin to charge experiments by ISHE or IEE,
as, for example, in an experiment of spin pumping by fer-
romagnetic resonance (FMR) from a ferromagnetic layer
(FM) into a heavy metal or 2DEG.If there is no spin relax-
ation in an intermediate layer or by interface spin memory
loss, generally the linewidth FMR broadening directly
indicates the spin current density j; received and accom-
modated by the heavy-metal layer at its interface (z =0)
or by the 2DEG and relaxing inside the heavy-metal layer
down to its free interface at z =¢ (¢ = thickness) or in the
2DEG. Thus the conversion is due to purely internal mech-
anisms. In the heavy metal, the conversion depends only
on its internal parameters Osyg, spin diffusion length Agg,
and thickness ¢ [3]. In the 2DEG, the coefficient Ajgg of
spin-to-charge conversion by IEE depends only on intrin-
sic parameters of the 2DEG [16]. We see that the situation
is slightly different in most experiments of charge-to-spin
conversion in which it is more difficult to separate internal
parameters of the SOC system from external ones, as, for
example, interface parameters [16].

III. SPIN-TO-CHARGE CURRENT CONVERSION:
INVERSE SPIN HALL EFFECT VS INVERSE
EDELSTEIN EFFECT

We thus begin with the calculation of the conversion
coefficients in the simpler situation of spin-to-charge con-
version by ISHE and IEE. In addition, to begin with the
very simplest case, we consider that the magnetic material
is insulating [such as Y3FesOj,, yttrium iron garnet (Y1G),
for example], which suppresses any shunting by a conduct-
ing material other than the heavy metal or the 2DEG. We
treat the shunting effects at the end of the paper.

In ISHE and from classical spin-transport equations, the
spin current density decaying as a function of the depth z

from z =0 to z = ¢ can be written as [3,17—19]
3D N o : -3D
Js (z) = sinh[(z — ©)/AsF]/ sinh[t/Asp] x j77,  (4)

where j3P is the spin current density received at the inter-
face z =0, ¢ the layer thickness, and Agp the spin diffusion
length. The 3D density of the resulting charge current is

7P (2) = s sinh[(z — 1) /Asp]/ sinh[t/Ase] x j2P. (5)

The equivalent 2D current density ;2P (total current in a
unit width layer) is obtained by integration from z=0 to
z=t1in Eq. (5), which leads to

J2P /)P = OsupAsptanh[t/2)sk]. (6)

The maximum conversion, [j2P/j3P]na = Osuarsk, is
obtained for # > Agr and the efficiency of the conversion
is characterized by the length Af;,: as follows:

Msue = OsHEASF- (7

To compare the efficiency of ISHE and IEE, Ajg; has to
be compared to the IEE length Apg defined by Eq. (2) and
characterizing the spin-to-charge conversion by the inverse
Edelstein effect at Rashba or topological interfaces. The
gain g is given by

Mg

— )\IEE (8)
Msup  OSHEASF

In Table I, we present experimental values of Ajpg for
the topological insulator and Rashba 2D states, as well
as experimental values of Osyg, Asp, and corresponding
values of A{gy in Pt, W, and Ta (among many experimen-
tal data, we choose typical examples in a well-admitted
range for the spin Hall angle and spin diffusion length
of these classical heavy metals). We compare the conver-
sion efficiencies of systems for which these data have been
obtained at room temperature: Pt, W, and Ta for ISHE and
the TT «-Sn for IEE. In the last column of Table I, the ratio
g = Mgp/Afsye represents the gain g in production of the
charge current j 7 for the same injected spin current den-
sity j 3P brought by a TI such as a-Sn as a replacement for
the heavy metal. These gains vary between 6.2 (gain from
the ISHE of W to the IEE of «-Sn) and 11 (gain from the
ISHE of Pt to the IEE of «-Sn). One can say that proceed-
ing from the ISHE of the heavy-metal layers to the IEE
of a TI such as «@-Sn increases the conversion efficiency
by about an order of magnitude. If we consider the gain in
voltage for the same injected spin current density, the gain
is even larger as, in most cases, the electrical resistance per
square of a 2DEG is higher than the corresponding resis-
tance of a heavy-metal layer (see a similar discussion in
the next paragraph for the gain in electrical power).
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TABLE L.

Some examples of experimental data on spin-to-charge conversion coefficients Ajg,; =6sue Asp for the ISHE of heavy

metals (HM) and A for the IEE of 2D systems (topological insulators, Rashba interfaces). In order to compare the conversion
efficiency of HMs and a TI such as «-Sn, we present in the last column the ratios Ajgg(a-Sn)/Ajg,; (HM) characterizing the gain in
production of the charge current with the TI for the same injected spin current density.! For Ta, we use the value of Agp given by Hahn
et al. [24] to calculate two values of Afg; corresponding to the spin Hall angle data measured by Liu et al. [23] and Hahn et al. [24].

The position of the substrated is indicated by //.

Gain g in charge
current production

Spin diffusion h
Inverse Edelstein Spin Hall length Agp Msug = with [EE Of;{;?s‘g)“
System length Ajgg (nm) T (K) angle Osyg (nm) OsueAsF (nm) SHE g = ‘ i?:HE
//YIG/BizSe;/ 0.0354+0.004 [13] 300
MgO
In-Sb//e-Sn/ 2.1£0.2[9] 300
Ag/Fe
Bi/Ag/Ni-Fe 0.2-0.3 [5] 300
[111]Ge//Fe 0.13 [20] 20
SrTiOs//LaAlO;/ 6.4 [10] 7
Ni-Fe/Al
Pt 300  0.056+0.010[19] 3.440.4[19] 0.19 11.0
w 300 —0.33+£0.02 [21] Not given
300 —0.27[22] 1.26 [22] —0.34 6.2
B-Ta! 300 —0.15+0.03 [23] Not given —0.27 7.8
300 —0.02£50% [24] 1.8 £0.7 [24] —0.04 53

When the spin-to-charge conversion is obtained in spin
pumping ferromagnetic resonance experiments, it is also
interesting to compare directly the experimental charge
current productions with heavy metals and 2DEGs for the
same strength of radio-frequency magnetic field. Fig. 1
shows results on the maximum experimental production
of the 2D charge current (current per unit of width) at
room temperature by the ISHE of Au, AuW, AuTa, and Pt
and the IEE with a Ag/Bi Rashba interface and «-Sn TI.
Although the ratio 7, CzD /(h:)? is not exactly proportional to
72P/j3P but also involves extrinsic parameters such the as
interface spin mixing conductance G', one sees that the
experimental results on IczD /(hy)? follow rather well our
calculations for j2P/j3P. In the data of Fig. 1, -Sn has
a clear advantage and this advantage would be enhanced
by normalizing the charge current production by the spin
current injected.

In a device of the spin Seebeck power-generator type
[27] based on the ISHE or IEE conversion of spin currents
generated by thermal fluxes though a ferromagnetic layer
(preferably insulating), we have to consider the gain in
electrical power for the same injected spin current density.
The production of electrical power scales with the product
of the sheet resistance rg of the SHE layer or 2DEG by
the square of the total charge current J-. Consequently,
the advantage of IEE on ISHE comes not only from the
more efficient conversion by the factor Ajge/A gy, but also
from the higher resistance of the 2DEG. When one goes
from ISHE (Pt, Ta, or W) to IEE («-Sn), the gain in output
power Py, for the same injected spin current density can

be written as

_ Pw(EE)  ro(Th [ j2P(EE) 7’

o P.+(ISHE) o rog(HM) % [jczD(ISHE)]

_ ro(TI) o <MEE )2. )
ro(HM) )‘TSHE

To calculate the gain G, we took the values for Ajpg(a-
Sn)/Afgye in Table I, the value ro(a - Sn) ~ 16k esti-
mated from the Fermi contour radius and mean free path
for a-Sn in [9], ro(HM) = p/t derived for the thickness
t = Agr giving an almost optimal efficiency of SHE, values
of Asr in Table I, and the following experimental values of
the resistivity: pa17.3 x 1078 Q m for Pt [19], p &~ 260
x 1078 Q m for W [21], and p~190 x 1078 Q m for
Ta [23]. The result is that the large value of »o(TI) for a
2DEG leads to very large gains for the production of elec-
trical power from a spin current. From Eq. (9), the gain
G with the IEE of «-Sn equals 3.8 x 10%, 295, and 917
with respect to the energy production from SHE respec-
tively in Pt, W, (Osyg from [21] and Agg from [22]), and
Ta (Osug from [23] and Agg from [24]). However, we note
that the above gains are calculated for the situation of an
insulating magnetic layer (no shunt) and that the advantage
of a large »o(TI) disappears if there is shunting by a low-
resistance metallic magnetic layer. We note that there are
experimental evidences of the advantage of TI for the pro-
duction of electrical power in spin-Seebeck-based devices.
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Charge current production
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FIG. 1. Ratio between charge current production and A%
(where 7 is the magnetic rf field) by ISHE (Au [25], Pt [19],
Aug97Woo7 [25], AuggrsTageas [26]) or IEE (Ag/Bi [5] and
Ag/a-Sn [9]) in experiments of spin pumping ferromagnetic res-
onance at room temperature. The results are obtained in the same
setup (f~9.7 GHz) and with the same geometry (i.e., width
of 0.4 mm). The definitely larger experimental production with
the «-Sn TI is in reasonable agreement with the calculated gain
results in Table I (if normalized by the injected spin current,
the advantage of «-Sn is even larger). We should point out that
12P /% depends not only on the intrinsic parameters of the spin-
orbit coupling material, Osyg , Asp, Agg, but also on extrinsic
parameters such as interface parameters throughout the whole
stack.

For example, Jiang et al. has shown that the output volt-
age using (Big24Sbg76)2Tes /YIG is 10 times the one using
Pt/YIG [28].

IV. CHARGE-TO-SPIN CURRENT CONVERSION:
SPIN HALL EFFECT VS EDELSTEIN EFFECT

The situation is a little more complex in the conver-
sion of charge current to spin current and spin torque
by a direct SHE or direct Edelstein effect in spin torque
ferromagnetic resonance [12,29-33] or second harmonic
technique experiments [34—40]. From the interpretation
of the data, the experimentalist knows the spin current
accommodated by the ferromagnet after coming from the
heavy metal through the interface. Therefore, the interface
transparency is also involved in the spin current accom-
modated by the adjacent ferromagnetic layer, for example,
via the spin mixing conductance G4, [16]. For SHE, in
the optimal conditions with transparent enough interfaces,
the transferred spin current density j P is simply related to
the charge current j*° in the SHE layer by the expression
[30,41,42]

j2P = Ogup(1 — sech[t/Asr]) x 2P (10)

for a heavy metal of thickness . With a total current or
2D charge current density j2P equal to ¢ x j 3P, this result

leads to

. |

J3P = Osue (1 = sech[t/aseD— x j2° (1)
and, for t=1.5Agp, to a maximum ratio for the conver-

sion from a 2D charge current density to a 3D spin current
density equal to

-3D
Js Osue

=038—— =g~ 12
7P ASF 1 (12)

The maximum efficiency for the production of spin cur-
rent density ( jS3D) and related spin torque density from a
given 2D electrical current density (j2P) can be therefore
characterized by the merit factor ¢", to be compared with
the equivalent merit factor for conversion by the Edelstein
effect in 2D systems, ¢jcs in the notation of Kondou et al.
[12], defined in Eq. (3).

When one goes from the SHE of heavy metal to the EE
of TI, the gain g’ in the 3D spin current density j*Pand STT
for the same j 2P is

, qics  2.6qicsAsy
g = " = —
q OsHE

(13)

As the conversion ratios for the SHE and ISHE depend
on the thickness ¢, the spin diffusion length Agg and the
choice of the optimal #/AgF ratio (with different choices for
spin-to-charge and charge-to-spin conversions), there is no
strict symmetry but only similarities between Eq. (13) for
the factor g’ and Eq. (8) for the factor g of the inverse
conversion.

Calculating ¢* for Pt, W, and Ta from values of Agr and
Ospe in Table 1 [19,22-24] and taking as a reference the
value gics ~0.5 nm~! found by Kondou et al. [12] for
the TI (Bi;-xSby),Tes for x=0.5 (0.5 turning out as the
concentration x with purely interface effects), we find that
the gain g’ in the production of spin current with the TI is
88.4 with respect to Pt, 6.1 with respect to W, and 15.6
with respect to Ta (calculation for Ta with Ogyg =0.15
from [23] and Asp = 1.8 nm from [24]). These gains are
in the same range as the gains we find for the inverse con-
version (however, note that the results on g are based on
the IEE results at room temperature on «-Sn, whereas, for
those on g’, we took the EE results at low temperature for
(Big.5Sbo5)2Tes.

V. SHUNTING BY MAGNETIC METALLIC LAYER

Finally, we consider the situation with a conducting
magnetic layer of thickness #r and resistivity pr shunting
the heavy metal or 2DEG (the shunt by the substrate or the
bulk of the TI can be taken into account in the same way).

For the spin-to-charge conversion in both ISHE and IEE,
there is no change in the production of the 2D charge cur-
rent density ;2P by a given injected spin current density

054049-4
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/P and the gain in current with IEE is still A1gg/Ajgys [Eq.
(8)], as calculated above (Table I).

In contrast, in the case of a spin Seebeck power-
generator type device, the production of electrical power is
lowered by the reduction of the 2D resistances appearing in
Eq. (9) by the respective factors 1/(1 4+ pumtr/prAsg) for
rg(HM), when one assumes ¢ = Agr for optimal conversion
and by 1/[1 4+ ro(TDtr/pr] for ro(TI). Thus, the gain G
of Eq. (9) can be rewritten, with shunting, as

ro(TI) aee ) 1
GWS = X ( - > X
ro(HM) PR 1 + (pumir/ prisr)

X ! . (14)
1+ [ro(Thr/ pF]

These reduction factors are the most important for heavy
metals of large resistivity and short spin diffusion lengths
(W, Ta), and even more for 2DEGs of large sheet resis-
tance. With the parameters already used in the article for
Pt, W, Ta, or «-Sn and typical values for the thickness of a
metallic magnetic layer such as CoFeB, pr =200 u2 cm,
tp =5 nm, we find that the gain Gws in electrical power
obtained by using the TI «-Sn instead of Pt is reduced to
about 807. With respect to W, Gws with @-Sn decreases to
about 1.5 and, with respect to Ta, to about 6 or 55, depend-
ing on the reference for the SHE or Ta. Shortly speaking,
the advantage of the large 2D sheet resistance of the TI is
partly compensated by dominant shunting effects.

It is straightforward to show that shunting by a metal-
lic magnetic layer reduces the production of spin current
from charge current (SHE or EE) by the same factors
1/(1 + pHMtF/,OF)LSF) and 1/[1 + V[](TI)ZF/,OF]. By includ-
ing the parameters used above and for the shunt by a
metallic magnetic layer, we find that Pt, the heavy metal
of lowest resistance and smallest shunting effects, gives
the most efficient conversion. The situation would come
back definitely at the advantage of a TI only if its sheet
resistance amounts to only a few hundreds of ohms, and,
of course, in the ideal situation with an insulating magnetic
layer and no shunting effect. For instance, a relatively large
IEE efficiency, Ajgg =0.4 nm, has been reported using
YIG/MoS,; [43].

VI. SPIN HALL CONDUCTIVITY AND ¢ics

The conversion between charge to spin currents in
2DEGs is not always described by gjcs but is also (cor-
rectly) characterized in some publications by the spin Hall
conductivity o gy, defined as the ratio between the spin cur-
rent density js and the electric field in the 2DEG and related
to qics by

-3D -2D
= S = ¢ = 15
OSH E. qics E, q1cso2D (15)

where o;p is the conductivity of the 2DEG, so that osy
describes both the conversion from charge current to spin
current (via gics) and the conduction efficiency of the
2DEG (via o3p).

VIIL. 3D PICTURE FOR 2DEGS

In other publications, the 2DEG is treated as a layer
of heavy metal characterized by its thickness ¢, a verti-
cal spin diffusion length Agr uniformly distributed from
the top to the bottom of the 2DEG, and a SHE angle
OsuE also uniformly distributed. In spin-to-charge conver-
sion (e.g., in spin pumping), the ratio j2°/;j3P is given
by Eq. (6),2P/j3P = OsupAsrtanh[t/2Asr], and the result
obtained for Osyg for the same experimental ratio depends
on the choice of the thickness ¢ of the 2DEG and its ver-
tical Asp. Depending on this rather arbitrary choice, one
finds a value of Ogur ranging between 2j2P/(j3Pr) and
J2P/(j3Phry), ie., expressed as a function of the intrinsic
parameter Agg for conversion between 3D and 2D cur-
rents, between 2Aggp/t and Ajgp/Asp. The arbitrary choice
of the thickness and spin diffusion length of the 2DEG
probably explains the large dispersion of the spin Hall
angle obtained for similar TI. Similarly, for charge-to-spin
conversion, the ratio j3P/j2P is given by Eq. (11), ;3P =
Osue(1 — sech[t/Asp])+ x j2P. Thus, the same experimen-
tal value of j3P/j2P leads to values of Osyr depending
on the choice of ¢ and Agp. For example, it results in
(P j22y(2a%e/Ofor t < 1.5hsk and (2P /j2P)(2.6AsF)
when # = 1.5Agp. This arbitrary choice, again, can explain
the dispersion of the spin Hall angle derived from similar
experimental values.

VIII. CONCLUSIONS

The objective of this article is to clarify the problem of
the parametrization of spin-to-charge conversion experi-
ments by SOC. We have proposed a way to compare the
efficiency of the conversion in 3D and 2D systems when
they are characterized by the spin Hall angle Ogyg for the
SHE of 3D heavy metals and the parameters Agg or gics
for the inverse Edelstein or Edelstein effects in 2DEGs.
By considering some examples of heavy metals and topo-
logical insulators, we find that, in these examples, the
production of charge current from spin current and spin
current by charge current is more efficient by about 1 order
of magnitude with the 2DEGs of topological insulators.

The higher g (resistance per square) in 2DEGs means
that the advantage of the TI is even more important when
considering the production of voltage (as in the magneto-
electric spin-orbit logic device proposed by Intel [44]) or
electrical power (as in devices such as a spin Seebeck
power generator [27]). With a shunt by typical metallic
magnetic layers, the large advantage of TI in terms of
charge current production from spin current remains. In
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contrast, in terms of spin current production from charge
current, the advantage is expected to be with HMs of low
resistivity such as Pt or 2DEGs of resistance per square
below 1 k2.
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