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Three-dimensional topological insulators possess topologically protected surface states with spin-
momentum locking, which enable spin-charge-current interconversion (SCI) by the inverse Edelstein
effect (IEE). However, it remains experimentally challenging to separate the surface-related IEE from the
bulk-type inverse spin Hall effect (ISHE). Here we search for distinct time-domain signatures of the two
SCI phenomena in an F/TI model stack of a ferromagnetic-metal layer F (Co and Fe) and a topological-
insulator (TT) layer (Bi,Tes;, SnBi;Tey, and Bi;_,Sb, with x =0.15 and x = 0.3), where the focus is on
Bi,Te;. A femtosecond laser pulse serves to induce a transient spin voltage 17 in F and, thus, drive an
ultrafast spin current out of F. SCI results in a transverse charge current with a sheet density /. that is
detected by sampling of the emitted terahertz electric field. Analysis of the dynamics of /() vs time 7 rela-
tive to w7 (#) reveals two components with distinct timescales: (1) a quasi-instantaneous response and (2)
a longer-lived response with a relaxation time of 270 fs, which is independent of the F material chosen.
Component (1) is consistently ascribed to the ISHE. In contrast, we interpret component (2) as a signature
of interfacial spin accumulation and the IEE at the F/Bi,Tes; interface, with a fraction of less than 1072
of the incident spins participating. This assignment is fully consistent with respect to its dynamics and
magnitude. We rate other possible signal contributions, such as spin trapping in intermediate states, as less
likely. Our results show that the femtosecond dynamics of photocurrents allow us to differentiate the ISHE
and the IEE and, more generally, provide important insights into the mechanisms of spin transport and
SCI in F/TI stacks.

DOI: 10.1103/nInw-2wyg

I. INTRODUCTION

Spin transport and spin-charge-current interconversion
(SCI) are important functionalities in future spintronic
devices. To keep pace with the speed of other information
carriers, such as photons and electrons [1], one needs to

*Contact author: tobias kampfrath@fu-berlin.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the

author(s) and the published article’s title, journal citation, and
DOL

2331-7019/26/25(2)/024054(12)

024054-1

push the speed of these functionalities to terahertz frequen-
cies. An important spintronic model system is an F/\
stack consisting of a ferromagnetic metal layer F (e.g., Fe,
Co, Ni) and a nonferromagnetic layer ' (e.g., Pt) [2,3].
Two major SCI mechanisms in F/N stacks are the
inverse spin Hall effect (ISHE) and the inverse Edelstein
effect (IEE). The ISHE occurs in the N and/or F bulk
regions [Fig. 1(a)] and converts a longitudinal spin cur-
rent of density j; into a transverse charge current of density
Je proportional to jg, i.e., j. o js. For the IEE, in contrast, a
charge current arises from a transient excess magnetization
or spin accumulation ,ulF at an interface, e.g., between F
and N\ [Fig. 1(b)], where the local inversion symmetry is

Published by the American Physical Society
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Mechanisms of spin transport and spin-charge-current interconversion in F/T1 stacks. (a) A spin current with density js flows

from the ferromagnetic-metal layer F with magnetization M into a topological-insulator layer TI. j is converted into a transverse
charge current with density j. by the ISHE in the TI bulk, and (b) the IEE at the F/TI interface (IF), which hosts a transient spin
accumulation p!F. Here f* is the fraction of the total spin current js that is injected into the interfacial states and, thus, induces !F.
(c) Before the fraction 1 — f* of j; reaches the TI bulk, some of these spins may be trapped in an interlayer X. As indicated in (a), the
spin current is, in our experiment, driven by a femtosecond laser pulse through, e.g., the spin voltage 17 that arises from the optical
heating of electrons in F. The z-integrated charge current j, is detected by measuring the emitted terahertz electromagnetic pulse.

broken. The IEE charge current is proportional to u'f, i.e.,
Je X M;F-

In three-dimensional topological insulators (TIs), such
as BiyTe; [4], noteworthy contributions to SCI are
expected from both the ISHE [5] and the IEE [6,7]. In
particular, topologically protected surface states (TSS) and
spin-momentum locking at the F/TI interface may lead to
an enhanced IEE and, thus, a potential increase of SCI
efficiencies [8,9]. At the same time, calculations predict
that the contact between a ferromagnet F, such as Co,
and a TI, such as Bi,Ses, shifts the TSS below the Fermi
level, thereby potentially distorting the helical spin texture
[10—12]. Note that Rashba-type states of two-dimensional
electron gases can also contribute to SCI at interfaces. In
the following, we use the term “IEE” for SCI by both TSS
and topologically trivial Rashba states.

Importantly, as the F/TI interface is buried, its elec-
tronic structure around the Fermi energy and, thus, possible
IEE features remain hidden to electron probes such as
photoelectron emission spectroscopy [13]. Therefore, it
has been a long-standing challenge to probe these states
directly and unambiguously. Likewise, as the ISHE and
IEE have identical macroscopic symmetry properties, they
are hard to distinguish in transport experiments without
measures such as stacking modification [14].

However, the ISHE and IEE may exhibit different tem-
poral dynamics, which would, in principle, allow one to
separate the two phenomena. For example, in heavy met-
als, the ISHE is expected to be instantaneous on a timescale
of 50 fs and below because of the ultrashort relaxation
time of electronic spin currents [15] and charge currents
[16]. In contrast, the IEE has potentially slower dynam-
ics because it requires an accumulation ! of electron
spin at the F /N interface [Fig. 1(b)] and, thus, a temporal

integration of the feeding spin current j;. Consequently, we
need to study SCI on the femtosecond timescale to look for
possible temporal signatures of the IEE. Ultrafast studies
on F/TI stacks based on terahertz emission spectroscopy
have already been conducted [6,7,17,18], but they focused
on signal amplitudes rather than dynamics.

In this work, we use femtosecond laser pulses to drive
spin transport in JF/TI stacks and JF/Pt reference stacks,
where we choose Co and Fe for F. The resulting photocur-
rent j. is measured by detecting the concomitantly emitted
terahertz electromagnetic pulse [Fig. 1(a)]. We find that
the photocurrent dynamics in F/TI contain an additional
slower component relative to J/Pt. By assuming that j.
is predominantly caused by the optically induced transient
spin voltage of F, we infer a response function that sum-
marizes the temporal response of spin transport and SCI
following a fictitious §(¢)-like spin voltage. A noninstanta-
neous exponentially decaying response component with a
time constant of 270 fs is found, which is independent of
the choice (Co or Fe) of the F material. We consistently
ascribe this contribution to noninstantaneous SCI by the
IEE. The fraction of the spin current that is injected into the
TSS is determined to be smaller than 1072 This small cou-
pling is essential to achieve the relatively long relaxation
time of 270 fs.

II. EXPERIMENTAL SETUP

To study spin transport and SCI on ultrafast timescales,
we use broadband terahertz emission spectroscopy, as
schematically shown in Fig. 1(a). In brief, a femtosecond
laser pulse excites the sample, thereby driving an ultrafast
longitudinal spin and, thus, transverse charge current that
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is probed by measuring the terahertz electromagnetic pulse
it emits.

A. Samples

Our samples, all grown on Si substrates, are F/N\ or
N/F stacks with F being Co or Fe. For \V, we choose the
TIs Bi,Tes, SnBi;Tey, and Bi;_,Sb, (x =0.15 or x =0.3),
and, as reference SCI material, Pt. Our main emphasis
lies in the investigation of Bi,Te;. Note that the struc-
tures containing Bi,;Te; or SnBi,Tes are grown on top of
an InAs seed layer (thickness 30 nm) on the Si substrate
(see Supplemental Sec. 1 [19]). Samples are characterized
by dc conductivity measurements with the use of a four-
point probe system. More in-depth characterization of the
same samples, e.g., by X-ray diffraction, angle-resolved
photoelectron emission spectroscopy (ARPES), and scan-
ning transmission electron microscopy, can be found in
Refs. [17,18].

B. Terahertz emission spectroscopy

In the terahertz emission experiment [Fig. 1(a)], an
external magnetic field of strength greater than 30 mT sets
the direction of the static in-plane magnetization M of
F. An optical pump pulse (nominal duration 10 fs, cen-
ter wavelength 800 nm, incident fluence up to 0.3 mJ/cm?,
repetition rate 80 MHz) from a Ti:sapphire laser oscillator
transiently heats the metallic heterostructure and induces a
transient excess of spin angular momentum in F [15]. This
so-called spin voltage 17 and, potentially, other forces
such as temperature gradients [15] drive an ultrafast spin
current with density js from F to N. SCI due to, e.g., the
ISHE and the IEE results in a transverse charge current j.,
which acts as a source of an electromagnetic pulse with
frequencies extending into the terahertz range [20].

We measure the emitted terahertz electric field by
electro-optic sampling with a linearly polarized gate pulse
from the same laser in a GaP(110) crystal (thickness
250 pum; see Supplemental Sec. 2 [19]) [21,22]. The
resulting electro-optic signal S(z, M ) is the terahertz-field-
induced gate-pulse ellipticity as a function of the time
delay ¢ between the terahertz pulse and the gate pulse.
We acquire terahertz signals for opposite J magnetizations
+M . Because we are interested in effects linear in the spin
voltage u7, we focus on the signal component

S(ta +M0) - S(Za _MO)

S = > (1

odd in M,. Signals even in M, are typically 1
order of magnitude smaller than the odd-in-M signals
for F/IN or N/F stacks (see Supplemental Fig. S1
[19]). We observe no odd-in-M, signal for a sam-
ple with A/ = Bi,Te; but without F (see Supplemen-
tal Fig. S2 [19]). Likewise, we confirm that the pres-
ence of an InAs seed layer between the substrate and

Fe has no impact on the signal dynamics obtained
from the Fe/Pt reference sample (see Supplemental
Fig. S2 [19]).

C. Terahertz-photocurrent extraction

The signal S(#) contains electric-dipole and magnetic-
dipole contributions [15]. The electric-dipole component
arises from the charge current with sheet density

Io(t) = / & jo(z, 1), P

i.e., the charge-current density integrated along the stack
normal [15,23]. A nonzero /. requires broken inversion
symmetry and includes the charge current due to SCI in
the TI layer [Fig. 1(a)]. The magnetic-dipole contribu-
tion is induced predominantly by the optically induced
magnetization dynamics in the ferromagnetic layer F
[15,24-26]. It is ignored here because it is typically 1 order
of magnitude smaller than the signals measured.

With this assumption, the terahertz signal in the fre-
quency domain is given by the product [15]

S(w) = Hsg(0)Z(0)](w), 3)

where the tilde denotes Fourier transformation of the rel-
evant quantity, and w/2x is the frequency. The sample’s
sheet impedance Z quantifies the conversion of 7, into the
terahertz electric field £ = ZI, directly behind the sample.
Finally, Hg;: captures the propagation of E from the sample
to the detector and the electro-optic detection process that
result in the measured signal S.

By using Eq. (3), we can retrieve I.(w) and, thus,
I.(¢) [Eq. (2)] from the measured terahertz signal S(w)
[15,23,27]. To determine Hge(w), we choose the spintronic
stack [28,29] W(2 nm)/CoFeB(1.8 nm)/Pt(2 nm) as a ref-
erence emitter, whose current evolution is known [15,30].
From terahertz time-domain reflection spectroscopy, we
conclude that the sheet impedance Z(w) has a negligible
frequency dependence (see Supplemental Fig. S3 [19]).
Therefore, we approximately determine Z(w) from the dc
sheet conductance (see Supplemental Table S1 [19]).

II1. RESULTS AND DISCUSSION

A. Terahertz raw signals

Figure 2(a) shows normalized terahertz signals S(?)
odd in M, from F(1.5 nm)/Bi;Tes(5 nm) and the
F(2 nm)/Pt(4 nm) reference stack, where F is Co or
Fe. For Co(1.5 nm)/BiyTe3(5 nm), we confirm explic-
itly that the terahertz signal depends linearly on the
pump power (see Supplemental Fig. S4 [19]). Note that
we multiply the signals from the TI samples by —1
to account for the reverse growth order of F/Pt and
Bi2T63/f .
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FIG. 2. From terahertz signals S to currents /. to response functions H of F/Bi, Tej; stacks. (a) Normalized electro-optic signals S(¢)
of terahertz pulses emitted from the photoexcited samples. Solid lines show signals from F/Bi,Tes, while dash-dotted lines indicate
signals from the J/Pt reference, where F is Co or Fe. Layer thicknesses in nanometers are given as numbers in parentheses. All
data are normalized to data for Co/Pt and scaled by the indicated factors. (b) Normalized magnitude of the Fourier amplitude S(w)
vs frequency w/2m for the signals shown in (a). (¢) Normalized charge-current sheet density /.(¢) as extracted from the signals in (a)
through Eq. (3). I.(?) of F/Pt has the same temporal dynamics as the transient spin voltage u7 (#) of F = Fe and F = Co. (d) Fourier
magnitude |H ()| of the uZ -to-I, response function H [see Eqgs. (5) and (6)], normalized to an average of 1 over the frequency interval
915 THz. The dash-dotted black line is the Fourier amplitude §(w) = 1 of the Dirac 8-function, whereas Sxp(w) (dash-dotted gray
line) accounts for the finite bandwidth of our setup. (e¢) Normalized ,usf -to-I; response function (H * 8y,)(¢) in the time domain. It
summarizes the spin-transport and SCI dynamics following an impulsive spin voltage uZ(#) o 8xp (1) (dash-dotted gray line), which is
the inverse Fourier transformation of Sxp (w) in (d). In some panels, waveforms are vertically offset for clarity and horizontally shifted
such that signal maxima coincide.

While all waveforms in Fig. 2(a) have a somewhat sim-
ilar shape, there are still notable qualitative differences.
For example, the Co/Pt signal has sharper features than
all other signals. This perception is reinforced by the mag-

B. Terahertz charge currents

To enable a more direct comparison of the four terahertz
signals in Fig. 2(a), we extract the charge-current evolution
1.(¢¥) from S(#) (Sec. II C) [15,23]. As seen in Fig. 2(c),

nitude of the Fourier-transformed signal S(w) [Fig. 2(b)],
which is enhanced at higher frequencies w/2x within the
accessible bandwidth compared with other signals. The
spectral dip at w/2x = 8 THz is a characteristic feature
of the electro-optic sampling in GaP [21].

1.(?) rises instantaneously within our time resolution for
all samples, but decays fastest in Co/Pt, followed by Fe/Pt,
Co/Bi,Tes, and Fe/Bi, Tes.

As shown previously [15], the photocurrent /7°(#) in the
Fe/Pt and Co/Pt reference samples monitors the dynamics
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of the spin voltage u7 (1) of F, i.e.,

1) o pud (o). )

Figure 2(c) reveals that the spin voltage rises steplike for
both F =Co and F =Fe, but decays more rapidly in Co
than in Fe. Assuming a biexponential-decay model [15],
the dominant time constant, i.e., the electron-spin equili-
bration time, is 80 and 126 fs, respectively [31-34] (see
Supplemental Sec. 3 [19]). This observation implies that
spin relaxation in Co is substantially faster than in Fe [15].

C. Charge-current origin

Importantly, Fig. 2(c) indicates that the presence of N' =
Bi,Tes slows down the dynamics of the photocurrent rela-
tive to the presence of A/ = Pt for both choices of F, i.e.,
Fe and Co. To understand this slowing down, we recall that
for N/ = Pt, the terahertz emission signal was previously
shown to arise from a spin current j; and its conversion into
a charge current j, analogous to what is seen in Fig. 1(a)
[15]. As we observe terahertz emission for both Co/Bi, Tes
and Fe/Bi,Te;, we assume an analogous two-step process
for the BiyTes; samples and briefly review SCI and spin
transport in the following sections.

1. 8CI

The charge-current density j, due to SCI generally scales
linearly with the spin-current density js(z,#) [Fig. 1(a)].
For metallic A/, SCI by the ISHE is quasi-instantaneous
[16], resulting in j.(z,?) = Osu(2)js(z,t), where the spin
Hall angle 0sy quantifies the efficiency of this kind of SCI.

In contrast, for the IEE, SCI is localized at the F /N
interface. The resulting interfacial charge-current sheet
density /. [Eq. (2)] is proportional to the instantaneous
interfacial spin accumulation p!f through I.(r) o nlF (¢).
Because a nonzero pu!f requires an accumulation of the
incident spin, we expect a time-integrating behavior of
the feeding spin-current density js. In other words, .(?) is
expected to decay more slowly than js(z, ¢), as also found
in our measurements [Fig. 2(c)].

2. Spin transport in F/TI

The spin current js (Fig. 1) can originate from a num-
ber of processes. First, a direct photoinduced shift-type
spin transfer at the F /A interface [35,36] would yield
a very short derivativelike feature similar to 95(¢)/0t
around the photocurrent onset [15], which is, however,
not observed here [Fig. 2(c)]. We conclude that j arises
from bandlike electron transport, which can, in general, be
induced by gradients of electronic temperature (Seebeck-
type contribution) or of spin voltage (pyrospintronic con-
tribution) [15].

The Seebeck-type contribution is proportional to the dif-
ference between the electron temperature in N and the

magnon or electron temperature in F [15,23,27,37]. One
can estimate the impact of the Seebeck-type contribution
on js by increasing the pump fluence. As the electron heat
capacity of N = Bi,Tes at 400 K is 3040 times smaller
than that of 7 =Fe and F = Co [15,32,38] (see Supple-
mental Table S2 [19]), the electronic temperature in Bi, Tes
directly after sample excitation has a much more sub-
linear dependence on the pump fluence than in F (see
Supplemental Fig. S5 and Supplemental Sec. 4 [19]). Con-
sequently, the resulting Seebeck-type signal should depend
very nonlinearly on the pump fluence for the fluences
available in our experiment [39]. More precisely, the tera-
hertz signal amplitude vs pump fluence would deviate from
the initially linear trend by more than 70% already for an
incident fluence of 0.1 mJ/cm?. In contrast, we observe a
highly linear dependence of the terahertz signal over the
full range of pump fluences (see Supplemental Fig. S4
[19]). Therefore, a temperature difference between F and
N contributes negligibly to j.

Thus, by exclusion, we deduce that the spin current in
F/Bi,Tes with F =Co or F =Fe is solely driven by the
pump-induced spin voltage in F. Further, because the mea-
sured terahertz signals scale linearly with the pump fluence
(see Supplemental Fig. S4 [19]), the spin-current density
Js» all spin accumulations, and the resulting charge-current
density j. are connected to the spin voltage u by a linear
relationship. In particular, the charge-current sheet density
1. [Eq. (2)] is given by a linear response to the spin voltage
w? and, thus, is formally described by the convolution

I(1) = (Hxpl) (@) = / dH@E =l @), (5)

3. Spin-transport and SCI response function

In Eq. (5), H(¢) can be understood as the charge cur-
rent [.(¢) that is induced by an impulsive spin voltage,
ie., ,usf (?) = 8(¢), which has a much simpler temporal
structure than the actual spin voltage [Fig. 2(c)] [30]. The
impulse response function A summarizes all information
on the subsequent spin-transport and SCI dynamics. We,
thus, term it the “spin-transport and SCI response function”
or “u7 -to-I. response function” of the given sample.

Importantly, any deviation of H (¢) from a §(¢)-like shape
is a signature of noninstantaneous dynamics of spin trans-
port and/or SCI [see Fig. 2(c)]. An example of a quasi-
instantaneous process is spin transport into Pt, where the
lifetime of j; and any accumulation is less than 15 fs
[40]. A noninstantaneous spin-current response is the trap-
ping of spin-polarized electrons in a layer such as a MgO
layer between F and A [30]. Because of its much sim-
pler interpretation, we focus on the dynamics of H rather
than of signals S [Fig. 2(a)] or currents /. [Fig. 2(c)] in the
following.
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D. Analysis of response function H
1. Frequency domain

To extract the p7-to-I. response function H of an
JF/Bi,Tes stack, we Fourier-transform Eq. (5) into the fre-
quency domain and obtain the simple product I(w) =
H (a))[LSf (w). For the F/Pt reference sample, one has
I (¢) o w7 (#) [15,30], and, consequently, 7™f(w) is con-
stant over the whole bandwidth (0.3—15 THz) of our exper-
iment. By applying Eq. (3) to both the sample signal S(w)
(F/TI) and the reference signal S*f(w) (F/Pt), we find

- Ie(w) S()/Z(w)
H — — R 6
(w) x @) « Tetio)/ @) (6)

where Z™f(w) is the terahertz sheet impedance of the F/Pt
reference sample. Importantly, the instrument response
function HSE(w) [Eq. (3)] cancels in Eq. (6). Further,
7 (w) and Z(w) are independent of frequency to a very
good approximation (see Supplemental Fig. S3 [19]).
Therefore, H(w) is, apart from a global scaling factor,
obtained by straightforward division of terahertz emission
signals from the F/Bi,Te; and F/Pt samples in the fre-
quency domain [Eq. (6)], without the need to measure any
instrument response functions.

Note that S(w) and S™f(w) exhibit a dip at 8 THz
[Fig. 2(b)], which arises from a zero of the electro-optic
response of our GaP detector [21]. To avoid division by the
very small and, thus, relatively uncertain S*f(w) in Eq. (6),
we determine H(w) at 8 THz by interpolation of H(w) at
the adjacent frequencies.

The modulus of the extracted p7 -to-I. response func-
tion H(w) of Co/BiyTe; and Fe/Bi,Tes is displayed in
Fig. 2(d). The magnitude of A (w) decreases from 0.3 to
5 THz and subsequently remains constant up to the max-
imum frequency covered of 15 THz. Therefore, the range
5-15 THz appears to be dominated by an instantaneous,
scaled §(¢)-like response with constant Fourier transfor-
mation §(w) = 1 [Fig. 2(d)]. In contrast, in the interval
0.3-5 THz, H (w) has significant variation, which suggests
noninstantaneous contributions to the dynamics of spin
current and/or SCIL.

2. Time domain

It is highly instructive to consider the 7 -to-I, response
functions of Co/Bi,Tes and Fe/Bi, Te; in the time domain.
Before the inverse Fourier transformation, we multiply
H () by a filter function Sxp (w) to account for the finite
usable bandwidth of our data [Fig. 2(d)]. We choose Sxp (w)
to be a Norton-Beer window function with a cutoff at
w/2m = £15 THz [41,42] because its time-domain coun-
terpart 8,,(f) is almost unipolar with a full width at half
maximum of 74 fs [Fig. 2(e)]. By inverse Fourier transfor-
mation of the filtered A (a))gxp (w), we obtain (H * 8y,) ()

T T T T T

101

Fe/Bi,Te; x1.0

(H = dyp,)(¢) (arb. units)

-0.2 0 0.2 0.4 0.6 0.8
Time ¢ (ps)

FIG. 3. Fitto the /LS}- -to-/ response functions (H * 8,;,)(¢) of
F/BiyTe; with F = Fe and F = Co [see Fig. 2(e)]. The mod-
eled H [Eq. (7)] for Fe/Bi, Te; (thick gray line) contains the sum
of a scaled instantaneous response aé(f) (dash-dotted gray line)
and a scaled single-sided exponential decay bD; () (dashed gray
line). Both components include a convolution with the exper-
imental §-function 8x,(f) [see Fig. 2(e)], which accounts for
the finite bandwidth of our terahertz emission setup. The mea-
sured response functions are horizontally shifted such that signal
maxima coincide. Note the scaling factors.

in the time domain. The convolution of the response func-
tion H (f) with the unipolar peak &, (#) possibly smoothens
features of H that are finer than the width of dy,, but
otherwise leaves the shape of H unchanged.

The extracted (H * dx,)(f) of both Co/BiTe; and
Fe/Bi,Te; is zero for t < 0 ps [Fig. 2(e)], as expected for a
causal response. At time ¢ ~ 0 ps, it turns into a peak with
a shape similar to &4, (#), which characterizes the time reso-
lution with which H is determined. Importantly, the scaled
relaxation tail of i * dy,, is identical within the accuracy of
our experiment for both Co/Bi,Te; and Fe/Bi, Te; (Fig. 3).

Consequently, we tentatively parameterize the measured
response function by

H(t) = ad(t) + bD, () with D, (f) = %@(t)e_t/f. (7)

It is the sum of a §-function and a single-sided exponential
decay D (f) with f dtD.(t) = 1, where ©(¢) denotes the
Heaviside step function. The weight coefficients @ and b
and the time constant t are free parameters. Figure 3 shows
that a fit using H * 8, with H from Eq. (7) excellently
reproduces our experimental results for 7 &~ 270 £ 20 fs for
the F/TI stacks with the TI Bi, Te;.

We summarize this significant result. Within our experi-
mental accuracy, the charge-current response H (¢) induced
by an impulsive spin voltage uZ (f) = §(¢) in F is the
sum of an instantaneous response [ad(?)] and an expo-
nential decay [bD, (f)]. Remarkably, when the spin-current
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source F = Co is replaced by Fe, only the amplitudes a
and b change, whereas the changes in the relaxation time
7 are minor. This finding indicates that the photocurrent
1.(¢) arises from a superposition of two processes of spin
transport and/or SCI in Bi;Tes rather than in . The first
process [ad(¢)] is instantaneous within our time resolution,
whereas the second one [bD, (f)] has a relaxation time t of
approximately 270 fs.

Supplemental Figure S6 [19] shows the correspond-
ing response function (H * dx,)(#) for Co/SnBi,Tey and
Co/Bi;_,Sb, samples with differing thickness and com-
position (x =0.15 and x=0.3). SnBi,Te, displays very
similar dynamics in comparison with Bi;Tes, in line with
the model of Eq. (7). In contrast, Bi;_,Sb,(5 nm) shows
a faster and more complex response (see Supplemental
Sec. 5 [19)).

E. Interpretation: ISHE and IEE

On the basis of the previous analysis and discussion,
we suggest the following microscopic scenario to explain
our observations. First, if we assume a §-like spin volt-
age, it drives a §-like spin current across the /Tl interface
[Fig. 1(b)]. A fraction f* of this current (0 < f < 1) is cou-
pled into the interfacial TSS and/or Rashba-type states,
whereas the remaining part 1 — f° flows into the TI bulk
[Fig. 1(b)].

We tentatively assign Hisgg := a8 in Eq. (7) to the
ISHE in the bulk of F and Bi,Tes, whereas Higg := bD,
is ascribed to the IEE at the F/Bi,Te; interface, which
is slower because of the required spin accumulation u'F
[Fig. 1(b)]. The coefficients @ and b are proportional to
1 — f and £, respectively. We, thus, have

H(t) = Hisue(f) + Hige (). 3

Importantly, this interpretation of our measured p7 -to-I;
response function H is consistent with respect to the sign,
magnitude, and temporal shape of the ISHE and IEE, as
discussed in the following sections.

1. ISHE

The é-like spin voltage in F injects spin-polarized elec-
trons into the TI bulk, where they propagate with the Fermi
velocity vg into the depth of the film. This ballistic current
relaxes on the timescale of the bulk momentum-relaxation
time 7® and is, simultaneously, converted into an in-plane
charge current by the ISHE. Therefore, Hisyg is propor-
tional to the product (1 — f )v]‘?QSH, where 6sy is the spin

Hall angle of the TI and relaxes according to ® (f)e™"/ RN
tB88(¢). The latter approximation is justified because the
bulk Drude scattering time t2 [16] is significantly shorter
than our time resolution of 74 fs. Examples include ferro-
magnets such as Fe (t® = 30 fs) [43,44] and typical TIs

such as Bir Tes (18 < 40 fs) [45]. We, therefore, obtain
Hispg(1) o< (1 — £ )vp T%605u8 (1) ©)

in the ballistic limit, which is relevant on ultrafast
timescales [46]. We note that Eq. (9) is fully consistent
with the ad term in Eq. (7). Further, the sign of a and, there-
fore, Osy is positive, analogous to that for Pt [Fig. 2(c)].
This finding agrees with the sign of the spin Hall angle
from previous studies on Bi, Te; grown by molecular-beam
epitaxy [47]. We note that a possible ISHE in Fe and Co
may contribute to a, but the ISHE in TIs dominates because
the spin Hall angle of Fe and Co is negative relative to that
of Pt [48].

2. IEE

Here the §-like spin voltage in F injects spin angular
momentum into TSS or Rashba-type states of the JF/TI
interface [Fig. 1(b)]. Because of spin-momentum locking
of these states, each excess spin parallel to Mj is accom-
panied by one electron moving with the interface Fermi
velocity vl in the interface plane but perpendicular to
M, [10]. Therefore, the IEE-related charge current Higg of
TSS scales with vl

To model the dynamics of Higg, we note that the total
electron spin in the F/TI interface is proportional to the
interface spin accumulation u!f. The latter decays with
a rate dull /9t = —ulf /7" due, e.g., to spin-conserving
transfer (Tr) into F or TI bulk states or, possibly, spin-flip
(SF) scattering. We obtain u!F (f) o« @ (r)e™" " with a total

inverse time constant (t'") ™! = 7' 4 7¢;'. Therefore, we
have

Hige (O o f vl T D (2). (10)
Equation (10) is in line with the D, term in Eq. (7).
Moreover, the sign of b and, thus, the assumed IEE is
positive, analogous to the sign of the ISHE of Pt. This
finding may suggest that D, in Eq. (7) arises from
the IEE of the TSS rather than trivial Rashba states
[6]. The reason is that these two kinds of states usually
contribute with opposite sign to SCI, as inferred from
ARPES measurements on similar TIs such as Bi;Se; and
from spin-transfer ferromagnetic-resonance measurements
on (Big4Sbgg),Te; [49—51]. However, exceptions to this
notion have already been observed [52].

Remarkably, the characteristic time t'f of 270 fs found
in our experiment (Fig. 3) is compatible with interface
spin relaxation times measured by time-resolved ARPES
in Sb,Te; samples under similar excitation conditions
[53,54]. Further, terahertz-transmission and terahertz-
reflection spectroscopy studies of Bi, Te; suggest momen-
tum scattering times of around 200 fs for the surface states
at room temperature [45,55]. We emphasize, however,
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that these time constants were determined for TI samples
without any adjacent layer F.

3. Estimation of f

It is instructive to estimate the fraction f of the spin cur-
rent from F to TI that is coupled into the TSS [Fig. 1(b)].
To this end, we note that in the measured H * dy,, the
area under the peak (ad) and the area under the relax-
ation tail (bD.) are roughly equal (Fig. 3). This observa-
tion along with our interpretation implies f dt Hispe(t) ~
[ dt Higg(1). By using Egs. (9) and (10), we conclude that

f UETBQSH
1—f ff¢IF

)

To estimate f, we take the reported bulk Drude scattering
time T8 < 40 fs of Bi, Te; [45], while we use T'F = 270 fs
as found in our experiment (Fig. 3). The Fermi velocity
vifassociated with the TSS is 0.4 nm/fs [56,57], and for
the bulk Fermi velocity, we make the reasonable assump-
tion vf < vff. Together with the calculated spin Hall angle
Osy = 0.06 of Biy Tes [58], Eq. (11) yields f < 1072,

Interestingly, the inferred /' < 1 implies a relatively
small probability that an electron spin traversing the inter-
face from F to TI is transferred into the TSS. It, thus,
suggests a relatively weak coupling of F and the TSS of
the adjacent TI. This conclusion is consistent with the long
lifetime t'F = 270 fs, which is comparable to the lifetime
for Biy Te; samples without any layer on top [45,55].

4. Static case

As a final check, we extend our considerations to the
quasistatic regime and calculate the SCI efficiency for
the IEE as Agg = fdt [c/ fdfjs = fdtH]EE(t). We find
Mee = folf t!F, in agreement with the result Ajgg = vff t/
for static currents [59], if we identify v/ = ft'f. Note,
however, that the physically meaningful time constant
is the spin relaxation time t'f of the TSS, and not the
much smaller 7/, which was determined in previous work
[60,61].

For vif = 0.4 nm/fs [56,57], /<1072, and t'F =270 fs
as inferred above, we obtain Ajgg < 1 nm. This value
is consistent with Agg ~ 0.1 nm [60—62] as obtained in
experiments with spin pumping of j; and contact-based
detection of the resulting static current /. for similar TIs
[8,9,63].

In summary, our assignment of a§ in Eq. (7) to the ISHE
in the bulk of F and Bi,Te; [Fig. 1(a)] and of bD; to
the IEE at the F/Bi,Te; interface [Fig. 1(b)] is highly
consistent with respect to the amplitude and the shape of
the dynamics of the measured response function H * dy,

(Fig. 3).

F. Alternative contributions and mechanisms

Even though our interpretation of our experimental
results is consistent, other mechanisms may also explain
the observed current dynamics in Fig. 2(c). According
to Eq. (5) and the remarks preceding it, a noninstanta-
neous modification D, (¢) [Eq. (7)] of the photocurrent
relative to the reference A/ = Pt may arise not only from
(1) changes in the SCI as discussed in Sec. III E but also
from (2) changes in the spin-voltage dynamics and (3) the
spin-current propagation.

Regarding scenario (2), the spin-voltage dynamics
wl () in F may change when N = Pt is replaced by
Bi;Te; due to a modified spin transfer from F to N,
thereby invalidating Eq. (6). This scenario is unlikely
because spin transport into A/ was shown to only negligi-
bly change the spin-voltage dynamics of F [15]. Alterna-
tively, u7 (#) can be modified by a change in the electron-
temperature dynamics in F due to heat flow from A to
F. In this case, the dynamics would sensitively depend
on the difference of electronic temperature between F and
N = Bi,Tes. As discussed in Sec. III C, a highly non-
linear fluence dependence of the terahertz signal would
result from this hypothesis, which is not observed. A major
reason why the heat flow from N = Bi,Te; to F is not
relevant for the temperature dynamics in J is that the
electronic heat capacity and electron-phonon coupling of
Bi,Tej; are significantly smaller than those of F = Co and
JF =Fe (see Supplemental Sec. 4 [19]).

Concerning scenario (3), the noninstantaneous contribu-
tion D; may arise from a longer-lived ballistic spin-current
propagation in A/ = Bi,Te;. This assumption is, however,
inconsistent with previous work [5] that found that js(z, 7)
in Bi, Te; relaxes over as little as 2 nm. Moreover, the char-
acteristic bulk Drude scattering time of Bi,Te; is less than
40 fs and, thus, below t =270 fs [45]. Alternatively, D,
may result from the buildup of a longer-lived spin accu-
mulation in the bulk of A' = Bi,Te;. In this scenario, a
non-negative §-like spin voltage in F would, by transport,
lead to a non-negative spin voltage in A. The latter, in
turn, would drive spin back to F and imply a longer-lived
spin-current component, but with opposite sign compared
with a6, which is not observed.

A final option for scenario (3) would rely on structural
imperfections of the F/Bi, Te; sample, i.e., a third layer X
between F =Co or F =Fe and N = Bi,Te; [Fig. 1(c)].
The emerging localized states of X could partially trap
spin-polarized electrons from F and later release them
into . Indeed, such relaxation behavior on timescales
of 100 fs was recently observed for MgO tunnel barriers
between CoFeB and Pt thin films [30]. In our Co/Bi,Tes
sample, the existence of a third intermixing layer & is not
implausible: Previous studies observed the formation of a
magnetically dead layer and interdiffusion between ferro-
magnets such as Fe or Co and TIs such as Bi,Se; [64,65]
or Sb, Te; [66,67]. Likewise, for Co/Bi, Tes, the formation
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of interfacial CoTe, was proposed [68]. Similarly, at inter-
faces between ferromagnetic-metal and organic-molecule
layers, spins can be trapped for up to 1 ps in hybrid inter-
face states [69]. Possibly, such trapping could even occur
in F/TI interface states with negligible SCI. In any case,
one would expect that the trap layer X and, thus, the
trapping time depend sensitively on the adjacent layer F.
However, as an almost identical time constant 7 of approx-
imately 270 & 20 fs of the delayed feature D, is observed
for both 7 = Co and F =Fe (Fig. 3), we consider scenario
(3) as rather unlikely.

A short discussion of the u7-to-I; response functions
of Co/SnBi, Te4 and Co/Bi;_,Sb, can be found in Supple-
mental Sec. 5 [19].

IV. CONCLUSIONS

In conclusion, we use terahertz emission spectroscopy
to investigate ultrafast spin-transport and SCI dynamics in
JF/Bi,Tes stacks. Extraction of a suitable response function
permits a detailed quantitative analysis of these processes
on the basis of their temporal signatures. It reveals a non-
instantaneous relaxation component with a relaxation time
of 270 fs that is independent of the F material chosen, Fe
or Co. It can consistently be ascribed to spin accumulation
and SCI by the IEE at the F/TI interface [Fig. 1(b)].

In general, on the one hand, our study may serve
as a blueprint to disentangle the complex spin transport
and SCI responses in spintronic multilayers and, more
generally, other conversion processes, such as trap and
release [Fig. 1(c)]. On the other hand, this work reveals an
approach toward emitters and detectors of broadband ter-
ahertz electromagnetic radiation [70,71] whose response
can be tailored by interface tuning.
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