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We present results on spin to charge current conversion in experiments of resonant spin pumping into the
Dirac cone with helical spin polarization of the elemental topological insulator (TI) a-Sn. By angle-
resolved photoelectron spectroscopy (ARPES), we first check that the Dirac cone (DC) at the @-Sn (0 0 1)
surface subsists after covering Sn with Ag. Then we show that resonant spin pumping at room temperature
from Fe through Ag into a-Sn layers induces a lateral charge current that can be ascribed to the inverse
Edelstein effect by the DC states. Our observation of an inverse Edelstein effect length much longer than
those generally found for Rashba interfaces demonstrates the potential of TIs for the conversion between
spin and charge in spintronic devices. By comparing our results with data on the relaxation time of TI free
surface states from time-resolved ARPES, we can anticipate the ultimate potential of the TI for spin to

charge conversion and the conditions to reach it.
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Most spintronics devices [1] are today based on the
manipulation of spin currents that do not carry electrical
charges but can be described as equal flows of electrons
with opposite spins in opposite directions. The main
operations in spintronics are the creation of spin currents
from charge currents (electrical currents) and the detection
of spin currents by transforming them into charge currents,
in other words, conversions between charge and spin
currents. Classical spintronics generally uses magnetic
materials for these conversions, but it now appears that
they can also be obtained by harnessing the spin-orbit
coupling (SOC), the relativistic correction to the equation
of quantum physics that can be significantly strong in
materials containing heavy atoms. Typical examples of
SOC effects are the spin Hall effect (SHE) of heavy metals
by which a charge current can be converted into a trans-
verse spin current and the inverse spin Hall effect (ISHE)
for the inverse conversion [2]. An example of an applica-
tion based on SHE is the so-called spin-orbit torque random
access memory [3]. Today, it turns out that a more efficient
conversion can be obtained by exploiting the SOC-induced
properties of a two-dimensional electron gas (2DEG) at
some surfaces and interfaces, the so-called Rashba inter-
faces [4] and the surfaces or interfaces of new materials
called topological insulators (TIs) [5-9].

The electronic states of the 2DEG at Rashba interfaces
(for example, Bi|Ag [4]) or at the surfaces or interfaces of a
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TI [5-9] are characterized by a locking between spin
and momentum by SOC. Figures 1(a) and 1(b) present
an artist’s view of dispersion surfaces of Rashba states
(a) and Dirac dispersion cones (DCs) at a TI surface or
interface (b), as well as the helical spin configuration
associated with the spin-momentum locking on their
respective Fermi contours. Dirac cones and Fermi contours
similar to those in Fig. 1(b) have been characterized in the
recently discovered TI a-Sn [10,11]. As depicted in
Figs. 1(c) and 1(d), a current carried by a 2DEG with
helical spin polarization is automatically accompanied by a
nonzero spin accumulation with the spins along the in-
plane direction transverse to the current. This effect has
been predicted in 1990 by Edelstein [12] and can be
described as a charge to spin conversion effect [13]. The
Edelstein effect (EE) has been recently demonstrated by
spin-polarized positron experiments [14] for the Rashba
interface Bi|Ag and has been also observed in experiments
with TIs [15-17].

The inverse Edelstein effect (IEE) [18-23] can be
described as the inverse conversion of the one in the EE.
As depicted in Figs. 1(e) and 1(f), the injection of a vertical
spin current into 2DEGs at a Rashba or TI surface or
interface induces a charge current in the 2DEG. The IEE
length Ajgg [18-23] is the ratio between the 2D horizontal
charge current density jch (in A/m) induced by IEE in the
surface or interface 2DEG and the injected vertical 3D spin
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FIG. 1. Edelstein and inverse Edelstein effect. (a),(b) Top: Energy dispersion surfaces of the 2D states at a Rashba interface (a) and
Dirac dispersion cone of the surface or interface states of a topological insulator (b). Bottom: Fermi contours of Rashba states (a) with
two contours with hehcal spin configurations of opposite chirality and TI surface or interface states (b). (c),(d) Edelstein effect: A flow of
electrons along x (j-2P®) < 0 in the figure) in Rashba (c) or TI (d) 2DEGs is associated with shifts Ak of the Fermi contours generating
an extra population of spin along the y direction (for Rashba there is a partial compensation of the contributions of the two contours). (e),

(f) Inverse Edelstein effect: Injection of a spin current density spin polarized along y (jg(y) D < 0 in the figure) into Rashba (e) or TI
(f) 2DEGs induces an extra population on one of the sides of the Fermi contour (along the x direction), a depletion on the other side, and
therefore a charge current density j*P¥) (<0 in the figure). jg,) > and j?P*) of this figure can be seen as carried by the electrons of the
wave vector (wavy arrow) and spin (straight arrow) in the schematic at the bottom of (a) and (b). For a circular Fermi contour, the
expressions of the IEE length A;gg are given in the bottom right of the figure as a function of the relaxation time of the topological states
and Rashba coefficient ap or Fermi velocity vy of the DC. All the figures are drawn for electron-type conduction in the 2D states.

current density j?()i)' Note that we define the spin current
density jgl(% as the difference between the charge current

densities along z carried by electrons having their spin
along +i (i = x or y), so that the corresponding injected
spin flow density is jg) 72/2e, where e = —|e|. For both
Rashba and TI interfaces, and in the simple situation of
circular spin contours, Az can be expressed as a function
of the relaxation time 7 of an out-of-equilibrium distribu-
tion in the topological states by the expressions: App =
agt/h for Rashba interfaces [18,19], where ay is the
Rashba coefficient, and

AEE = VFT, (1)

where vy is the Fermi velocity of the DC for the TI [24].

Mg is defined as jZCD(x) / ji?w or — jch(y )/ ng()x)’ where the
upper (lower) index refers to the positive current (spin
quantization) axes. With this choice of definition, for the
same spin injection, a positive A produces a current in the
same direction as an ISHE with a positive spin Hall angle
(example: Pt). Ajgg is expected to be positive for the
situation of spin injection into a counterclockwise
(CCW) helical Fermi contour of electrons [Figs. 1(a)
and 1(b) and Ref. [24]].

The spin to charge conversion by IEE was first demon-
strated by resonant spin pumping onto Bi|Ag Rashba
interfaces [18], and this approach was then extended to
other Rashba interfaces [20-23] and to TIs [24,27,28]. The
spin-charge current conversion (SCC) has also been
obtained by tunneling spin injection into TIs [29]. Here
we present spin pumping experiments on thin a-Sn (0 0 1)
films, a recently characterized new type of TI [9-11].
They reveal an unprecedented SCC efficiency by IEE. The
SCC by EE and IEE is promising for the generation
and detection of spin currents in spintronic devices,
but for applications, an efficient conversion subsisting at
room temperature (RT), as we find with a-Sn, is also
mandatory.

Band gap opening and TI properties can be induced in a-
Sn (0 0 1) layers either by strain or quantum-size effects in
thin films [9-11]. Recent ARPES measurements of
Ohtsubo et al. [11] performed on thin @-Sn (0 0 1) films
grown in situ by molecular beam epitaxy have revealed a
Dirac cone (DC) linear dispersion with helical spin polari-
zation around the I" point of the surface Brillouin zone for
thicknesses between about 24 and 34 monolayers (ML).
The Fermi energy Ep is in the lower cone at 20 meV below
the Dirac point for 24 ML and in the upper cone for
30-34 ML. The spin-resolved ARPES indicated clockwise
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(CW) or CCW spin helicity in the lower or upper cone,
respectively.

For our experiments, as described in Ref. [24],
InSb(001)|a-Sn(001),  InSb(001)|a-Sn(001)|Fe, and
InSb(001)|a-Sn(001)|Ag|Fe samples with 30 ML thick
a-Sn(001) layers were grown by molecular beam epitaxy
inside the Cassiopee beam line of the synchrotron SOLEIL
in the same conditions and in the same beam line as those
used by Ohtsubo er al.[11] (details in [24]). The growth
inside the beam line allows us to check by ARPES (Fig. 2)
if the DC subsists after covering a-Sn by thin Fe or Ag
layers and before growing the complete structure of
Fig. 3(a) and taking it off for spin pumping.

In the ARPES images of Fig. 2, a DC is clearly seen at
the free surface (top surface) of a-Sn(001), and it dis-
appears for Fe coatings as thin as half of a monolayer, i.e.,
0.09 nm (left), but subsists when a-Sn is covered with even
1.2 nm of Ag (right). As shown in Ref. [24], we find that,
without and with Ag, the Fermi energy E is in the upper
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FIG. 2. ARPES characterization of the interfaces states of a-Sn
(00 1) films covered by Fe or Ag. Top: ARPES intensity plots of
the DC along [100] or [110] on the free surface of a-Sn
(approximately 30 ML thick). Below: ARPES plots after cover-
ing by 0.9 or 1.8 A of Fe (left) and 4.3 or 12 A of Ag (right). The
intensity is color coded with the same color scale in each panel
(arbitrary units).The DC subsists if a-Sn is covered by Ag, and it
can still be seen when the Sn|Ag interface is buried below 12 A of
Ag. It disappears after covering by Fe, but the overlap with the
high intensity of the Fe 3d band dispersion at the Fermi level
precludes definitive conclusions on the complete suppression of
the DC.

cone as in the results of Ohtsubo et al. [11] for 30 ML, and
its distance from the energy of the Dirac point (Epp) is
larger (~75 4+ 8 meV) with Ag [24] than for the free
surface of a-Sn (~30 meV). The slopes of the DC do
not depend significantly on the direction in k space
(compare [100] and [110] on the top images in Fig. 2),
which justifies a picture with an approximately circular
Fermi contour and the use of Eq. (1), and they correspond
to a Fermi velocity vy around 6.0 x 10° m/s without Ag
and 5.6 x 10° m/s with Ag [24]. As the DC does not
subsist with Fe, we can thus expect that only the
a-Sn|Ag|Fe samples will show SCC by IEE (and not the
a-Sn|Fe ones).

The correlation between the existence of a DC at the
surface of @-Sn covered by Ag and the observation of SCC,
as well as the absence of SCC with Fe directly on a-Sn, is
confirmed by the results in Figs. 3(b) and 3(c). The main
points are as follows: (i) A large enhancement of the
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FIG. 3. Spin to charge current conversion by spin pumping into

the topological states of @-Sn (0 0 1). (a) Experimental setup for
spin pumping into a-Sn by ferromagnetic resonance (FMR) of a
Fe layer [24]. (b) Broadband frequency dependence of the
peak-to-peak FMR linewidth when the magnetic field H is
applied along the [1 O O] direction of the InSb substrate for
InSb|Fe|Au (reference for the Fe layer), InSb|a-Sn|Fe|Au, and
InSb|a-Sn|Ag|Fe|Au samples. The effective damping coefficient
of Fe, proportional to the slopes, is definitely larger with the Ag
interface (a = 0.028 compared to 0.008 and 0.006 for the two
other structures), which shows the strong spin absorption by the
a-Sn|Ag interface. (c) FMR and dc charge current signals from
measurements in a cylindrical X-band resonant cavity on
InSb|Fe|Au, InSb|a-Sn|Fe|Au, and InSb|a-Sn|Ag|Fe|Au sam-
ples. Only the third sample shows a dc current signal in agree-
ment with the observation of a Dirac cone at only the a-Sn|Ag
interface.
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damping coefficient revealing significant spin absorption is
seen in Fig. 3(b) only for a-Sn|Ag|Fe and not for a-Sn|Fe.
(i1) In Fig. 3(c), a dc charge current /. peak at the resonance
is only seen for a-Sn|Ag|Fe (left figure). As the direct
contact of Fe on a-Sn suppresses the Dirac cone of the
surface states but should not change the spin injection into
the lower part of the film, the absence of a charge current
signal for the a-Sn|Fe samples [central part of Fig. 3(c)]
shows that the SCC seen for a-Sn|Ag|Fe comes only from
the interface (a contribution from the spin Hall effect of the
Ag layer can also be ruled out as shown by previous
experiments with Ag layers in the same thickness
range [18]).

We used the standard analysis of spin pumping on SHE
materials [30,31], a Rashba system [18,20-22] and TIs
[27,28,32] to extract [24] the injected vertical spin current
density j3P, the resulting 2D lateral charge current density
j® =1¢/(width), and finally, using Agg = j2/j3P as
defined just after Eq. (1), the IEE length Ajgg = 2.1 nm
characterizing the SCC by the Dirac states at the Sn/Ag
interface (we have shown a few lines above why additional
contributions from below or above this interface can be
excluded). The positive sign of Ajgg is consistent [24] with
the CCW helical spin configuration of the electron-type
Fermi contours in a-Sn [11].

The parameter characterizing the spin to charge con-
version by our a-Sn|Ag|Fe samples, Ajgg = 2.1 nm, is one
order of magnitude larger than Ajpg = 0.1-0.4 nm found at
the Bi|Ag and various other Rashba interfaces [18,20-23],
as it could be expected from the disadvantage of the partial
compensation of the two Fermi contours of Rashba 2DEGs.

Shiomi et al. [27] also observed SCC by spin pumping
on several TI but only at a low temperature and explained
the weak efficiency of the conversion by a reduction factor
n = 10~* ascribed to “the imperfect insulation of the bulk
states.” By spin pumping on Bi,Se;, Deorani et al. [28]
found that the SCC signal includes contributions from both
the bulk part of the sample and the “surface layer” supposed
to be 3 nm thick with an ISHE characterized by its spin Hall
angle (SHA) Ogygp (ratio between spin and charge 3D
current densities) and a spin coherence length /;;. Actually,
the SCC by ISHE in such a surface layer can be expressed
in terms of an IEE length if one integrates the ISHE-
induced 3D charge current density from top to bottom of
the surface layer to obtain the 2D charge current density.
The maximum value of the 2D charge current for 7 > [ is
J#2(ISHE) = Ogpglysj3° and corresponds to a maximum
possible value of the IEE length equal to 4" = Ogygl,f [24],
so that the results of Deorani et al. [28], Ogyg ~ 0.01 and
;s ~6 nm at RT for the surface layer, correspond to a
maximum value of IREE Ilength equal to about
6 x 1072 nm, well below A = 2 nm with @-Sn. Jamali
et al. [32] also observed SCC with Bi,Se; but did not
separate the bulk and surface contributions.

It also turns out that the SCC by a-Sn is definitely better,
in terms of efficiency, than what can be obtained by the 3D
SHE or 3D ISHE of the Pt or W layers used in most
applications. We again consider that, in the optimal
situation with layers thicker than a few /;f, the maximum
2D charge current induced by ISHE is equivalent to the 2D
current production by an effective IEE length 4* = Ogpgl s
[24]. For Pt, with [,y ~ 3.4 nm and Ogyg = 0.056 [31], the
conversion efficiency of a-Sn, Ap = 2.1 nm, could be
obtained with a SHA equal to 0.62, a value 10 times
larger than the SHA of Pt, Ogyg =~ 0.05 [31]. For thin W
films, with /;; & 1.3 nm [33], the conversion efficiency of
a-Sn would be obtained with a SHA as large as 1.6, well
above the SHA of W in the literature, Osyg =~ 0.33 [34] or
0.27 [33].

In the situation of an approximately circular Fermi
contour justified by our ARPES data (see also [24]),
Eq. (1) can be used to derive the relaxation time 7 of
out-of-equilibrium distributions in the topological states
from the IEE length A;pr and the Fermi velocity vy. Using
Mg ~ 2.1 nm and vy % 5.6 x 10° m/s, we find 7~ 3.7 fs.
Interestingly, the 7 derived from spin pumping on TI or
Rashba “interfaces” (5 fs for the Bi|Ag Rashba interface
[18]) are definitely shorter than the relaxation times in the
picosecond range derived from time-resolved ARPES
measurements on “free surfaces” of TI [35]. We suggest
that the long relaxation time on free topological surfaces
characterizes the slow relaxation inside the DC, whereas,
by interfacing the TI with a metal such as Ag, we introduce
a faster additional relaxation mechanism provided by spin-
flips in the exchange of electrons with the adjacent metal.
We conclude that the best conditions for the exploitation of
topological states of TIs in spintronics should be with TIs
interfaced with insulators instead of metals, for example, in
experiments of spin pumping or thermal [36] spin injection
from an insulating ferromagnet. If one remarks that v,z is
also the critical length for ballistic transport, one can also
anticipate that ballistic transport should be generally
limited to the nanometer range at a TI-metal interface
but can probably reach or exceed the micrometer range on
free surfaces and possibly at interfaces with insulating
materials.

In summary, a very efficient spin to charge SCC at room
temperature is achieved by spin pumping into the recently
discovered topological insulator @-Sn in thin films, in clear
relation with the IEE induced by the CCW helical spin
configuration of the Dirac cones that we have identified by
ARPES at the a-Sn(001)|Ag interface. To our knowledge,
these results are the first combining ARPES characteriza-
tion of Dirac cones and SCC by IEE on the same series of
samples. We have also used a parameterization of the SCC
recently introduced for Rashba interface states [18,20-22]
but, to our knowledge, never for TI interfaces. The efficient
SCC at RT by a-Sn films is certainly promising for
spintronic devices. On the other hand, the theoretical

096602-4



PRL 116, 096602 (2016)

PHYSICAL REVIEW LETTERS

week ending
4 MARCH 2016

picture [8,9] of their TI properties is not completely clear
yet, but our results open the road to further experiments (on
the dependence of the IEE on thickness, temperature, and
gate voltage, not in the scope of this Letter) for a better
understanding of this new TIL. The final result, the much
shorter relaxation time of the topological states at the
a-Sn(001)|Ag interface in comparison with the relaxation
time at T1 free surfaces derived from time-resolved ARPES,
is probably due to the electron exchange with the adjacent
3D metal layer, allowing us to anticipate much more
efficient IEE at the interface of TIs with insulators.
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