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We study ultrafast magneto-photocurrents in a three-dimensional topological insulator. For this purpose,
we excite ðInrBi1−rÞ2Se3 thin films with a femtosecond laser pulse in the presence of an external magnetic
field Bext up to 0.3 T parallel to the film plane. The resulting in-plane photocurrent is measured by detecting
the emitted terahertz electromagnetic pulse. It is proportional and perpendicular to Bext. Strikingly, for
r ≥ 4%, we observe an abrupt photocurrent reduction, which is strongly correlated with the indium-
induced quenching of the topological surface states. The rise time, decay time, and amplitude of the
terahertz magneto-photocurrent can consistently be explained by the following scenario: optically excited
spin-polarized electrons propagate toward the film surface where the accumulated spin is converted into an
in-plane charge current due to spin-velocity locking. Our results are highly relevant for contact-free probing
of spin-charge conversion in systems without spontaneous magnetic order and without having to add
invasive spin-source layers.

DOI: 10.1103/yvbq-rdkz

Motivation—Three-dimensional topological insulators
(TIs), such as Bi2Se3, Bi2Te3, and Sb2Te3, are fascinating
materials for both fundamental and applied reasons [1–5].
While the bulk of an ideal TI is insulating, the surface hosts
topologically protected electronic surface states (TSS) with
high conductivity and spin-velocity locking. As TSS enable
efficient spin-to-charge-current conversion (SCC) [6–11],
TIs are highly interesting for generating spin torque [12–15]
and terahertz (THz) photocurrents [16–19].
However, in most of these studies [8,14–16], the TI was

in contact with a ferromagnetic spin source whose impact
on the TSS is elusive [20] but potentially highly invasive
[21]. Therefore, methodologies to probe SCC by TSS
without additional perturbing layers are very desirable.
In this Letter, we use femtosecond laser pulses to drive

ultrafast photocurrents in thin films of the model TI Bi2Se3
under the influence of an external static in-plane magnetic
field Bext [Fig. 1(a)]. By detecting the resulting THz
emission, we find an in-plane photocurrent proportional

and perpendicular to Bext. Strikingly, as TSS are quenched
by indium substitution of bismuth, the amplitude of the
magneto-photocurrent drops by more than 95%.
We can consistently explain our observations by a

scenario in which the laser pulse launches an out-of-plane
bulk electron current with a spin polarization of ∼0.3%
owing to Pauli-type paramagnetism [22,23]. Once the spin
current arrives at the surface, it is converted into a sizeable
in-plane charge current because of the large SCC in the
Bi2Se3 TSS [16–19]. Our results are highly interesting for
contact-free probing of SCC in paramagnetic materials
without having to add perturbing spin-source layers.
Experiment—Our Bi2Se3 films (thickness d ¼ 10–50 QL

with 1QL ¼ 1 quintuple layer ≈1 nm) are grown by
molecular-beam epitaxy on sapphire substrates (thickness
0.5 mm) and capped by a selenium protection layer (20 nm).
We further study ðInrBi1−rÞ2Se3ð30 QLÞ films whose TSS
disappear for an indium fraction of r > 7% [24–26].
Identically grown samples were characterized exten-

sively in previous works [24–28]. Angle-resolved photo-
emission spectroscopy (ARPES) [24] and dc transport [27]
revealed that the Fermi energy ϵF is located 15 meV above
the bulk conduction-band bottom and 0.4 eVabove the TSS
Dirac point. Our THz Hall measurements (Supplemental
Material Sec. I [29]) are consistent with previous dc results
[25,27] and show an impact of r on the conduction-electron
density.
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In our setup, an external magnetic field Bext ¼ Bextuy
with jBextj ≤ 0.3 T is applied along the y-axis unit vector
uy [Fig. 1(a)]. Femtosecond laser pulses are normally
incident onto the sample’s substrate side and launch a
photocurrent with density jðz; tÞ in the TI. The current gives
rise to the emission of an electromagnetic pulse with
frequencies extending into the THz range (Supplemental
Material Sec. II [29]). The THz electric field is charac-
terized by electro-optic sampling in a 1-mm-thick ZnTe
(110) window [38]. Its component along ux and uy,
respectively, results in an electro-optic signal Sxðt; BextÞ
and Syðt; BextÞ. All measurements (Figs. 1–3, 5, and 6, and
Supplemental Material Secs. III–V [29]) are conducted
under ambient conditions in dry air.
Photocurrent contributions—The THz signals Sx and Sy

can be used to retrieve the components JxðtÞ ¼ JðtÞ · ux
and JyðtÞ ¼ JðtÞ · uy of the photocurrent sheet density
JðtÞ ¼ R

dz jðz; tÞ flowing inside the sample [Fig. 1(a)]
[38]. Note that a nonzero JðtÞ requires inversion asymme-
try (IA) of the sample. We focus on in-plane magneto-
photocurrents due to sample-intrinsic IA (SIA). To mini-
mize contributions by light-induced IA (LIA), in particular,

due to pump-intensity gradients inside the sample, films
thicker than 50 QL are excluded here but addressed in
Supplemental Material Sec. V [29].
To minimize signals from (i) z-directed photocurrents

and (ii) in-plane shift currents [39], we (i) choose nearly
normal incidence of the pump (Supplemental Material
Sec. II [29]) and (ii) set one of the mirror axes of the
Bi2Se3ð111Þ plane parallel to uy [Fig. S4(a) [29]].
Raw data—Figure 1(b) shows typical THz waveforms

Sxðt; BextÞ from Bi2Se3ð16 QLÞ for opposite magnetic
fields Bext ¼ �0.3 T. All signals scale linearly with the
pump power [Fig. S3(h) [29]]. Remarkably, Sxðt; BextÞ
partially reverses when Bext is reversed. A similar behavior
is observed for the other film thicknesses as well (Fig. 5).
One can write the THz signal Sxðt;�BextÞ ¼ SxþðtÞ �
Sx−ðtÞ as sum of even (Sxþ) and odd (Sx−) components
under reversal of Bext with

Sx�ðtÞ ¼
Sxðt;þBextÞ � Sxðt;−BextÞ

2
; ð1Þ

and analogous for Sy� and J�.

FIG. 1. (a) Schematic of the experiment. A femtosecond (fs) laser pulse drives an ultrafast photocurrent with density jðz; tÞ in a thin
film of the TI Bi2Se3ð16 QLÞ on a sapphire substrate in an external magnetic field Bext ¼ Bextuy. By detecting the THz electric field
emitted by j, we retrieve the current sheet density JðtÞ ¼ R

dz jðz; tÞ vs time t. Gray and yellow regions indicate the Bi2Se3 bulk and TSS,
respectively. (b) Typical signals Sxðt;�BextÞ of the x-polarized THz electric-field component [see panel (a)]. (c) Signal components
Sx−ðtÞ and Sy−ðtÞ odd in Bext [Eq. (1)]. The signal S180°x− ðtÞ from the 180°-turned sample was corrected for the THz transmission through
the substrate. (d) Root-mean-square of Sx− and Sxþ vs Bext along with a linear fit to Sx−.

t (ps)

S
x

(t)
 (1

0-7
)

(f) (g) (h) (i) (j)

t (ps)t (ps) t (ps) t (ps)

0% 4% 7% 10% 20%

(a) (b) (c) (d) (e)0% 4% 7% 10% 20%

0

-0.2

-0.4

-0.6

-0.8
-0.2 0 0.2

k (A-1)
-0.2 0 0.2

k (A-1)
-0.2 0 0.2

k (A-1)
-0.2 0 0.2

k (A-1)
-0.2 0 0.2

k (A-1)

(e
V)

F

0 1 2 3
-1
0
1
2
3

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

FIG. 2. Impact of indium substitution. (a)–(e) THz magneto-photocurrent signal Sx−ðtÞ from ðInrBi1−rÞ2Se3ð30 QLÞ with an indium
content of (a) r ¼ 0%, (b) 4%, (c) 7%, (d) 10%, and (e) 20%, all for jBextj ¼ 0.3 T. (f)–(j) Photoelectron emission intensity vs in-plane
electron wave vector k and energy ϵ − ϵF from identical samples for Bext ¼ 0 T. The spectra show the disappearance of the TSS at
r > 7% [24]. Panels (f)–(j) are adapted with permission from Ref. [24], Springer Nature.
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First, Sx− reverses nearly completely when the sample is
turned by 180° about Bextkuy [Figs. 1(c) and S8 [29]]. It,
therefore, predominantly arises from SIA. As Sx− is about
50 times larger than Sy− [Figs. 1(c) and 6], the associated
photocurrent J−ðtÞ is perpendicular to Bext ¼ Bextuy.
Further, Sx− is proportional to Bext [Figs. 1(d), S3(d),
S3(f) [29]], but independent of the Bi2Se3 azimuth and
pump polarization [Figs. S4(c) and S4(d) [29]]. The
presence of the selenium cap layer results in only minor
changes in Sx− (Fig. S6 [29]).
Second, the even-in-Bext part Sxþ behaves very differ-

ently from Sx−: It is independent of Bext [Fig. 1(d)] and has
a strong pump-polarization dependence [Figs. S4(c) and S4
(d) [29]] and faster dynamics (Fig. S5 [29]). The different
behavior suggests that Sxþ and Sx− have very different
origins. In fact, Sxþ is known to predominantly arise from a
surface shift current rather than bandlike electron transport
[39]. The sizable Sxþ is not completely quenched in our
experiment because the Bi2Se3 mirror axis is not perfectly
aligned along uy [Fig. S4(c) [29]]. Consequently, Sx does

not fully reverse with Bext [Figs. 1(b), 5, and S9 [29]], and
Syþ is much larger than Sy− (Fig. 6).
Third, any z-directed photocurrent JzðtÞ is detected by

tilting the sample, such that Jz is partially projected onto
the plane of the electro-optic detection [39]. Because Jz
changes with Bext only very weakly, it is indistinguishable
from the shift current.
All these observations are fully consistent with the C3v

point-symmetry group of our sample (Supplemental
Material Sec. VI [29]). In the following, we focus on
signal Sx− [Fig. 1(c)] because it arises from a magnetic-
field-dependent photocurrent Jx− ∝ Bext, i.e., a magneto-
photocurrent.
Impact of r and d—To gain more insight into Jx−ðtÞ, we

measure Sx−ðtÞ from ðInrBi1−rÞ2Se3ð30 QLÞ [Figs. 2(a)–
2(e)] for Bext ¼ �0.3 T. In these films, the substitution
of bismuth by indium modifies the TSS by weakening
spin-orbit coupling [25]. Indeed, previous ARPES mea-
surements on samples from the same batch [24] confirm
that the TSS band gap opens for r > 7% [Figs. 2(f)–2(j)].

FIG. 3. Bi2Se3 thickness variation. (a) THz signals Sx−ðtÞ from Bi2Se3ðdÞ for d ¼ 10, 30, and 50 QL. They are normalized to 1 and
displaced by an offset. (b) Amplitude of SSIAx− , i.e., the component of Sx− that arises from the SIA of the sample. Fits based on model
scenarios (A) and (B) are also shown. (c) Sheet density Jx−ðtÞ of the THz magneto-photocurrent extracted from Sx−ðtÞ. Dashed lines are
fits to the data (see main text). The inset shows the extracted relaxation time τjz of the photocurrent vs d.
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FIG. 4. (a) Schematic of the suggested scenarios (A), (B), and (B’) of the magneto-photocurrent. The pump pulse triggers a bulk
charge current with density jz and a spin current js ¼ jzPs with Ps ∝ Bext. Both flow toward the Bi2Se3 surface at z ¼ d. In scenarios
(A) and (B’), respectively, jz and js are converted into an in-plane bulk charge current by the ordHE and ISHE. In scenario (B), the IREE

converts js into a surface charge current. The resulting sheet density J
ðAÞ
x− þ JðBÞx− þ JðB

0Þ
x− emits a THz pulse. (b) Both jz and js arise from

the built-in electrostatic field ESC ¼ ESCuz that drives photoexcited electrons toward the TSS at z ¼ d for a duration τjz . The indicated
qualitative z dependence of the energy ϵ of the bottom of the bulk conduction band (CB) and the top of the valence band (VB) results
from jESCj ∝ z. The TSS at z ¼ 0 are not shown. (c) The ordHE converts jz into a transverse current γBext

jz. (d) In the IREE, injection of
js into the TSS at z ¼ d shifts the Fermi contour due to spin-velocity locking and, thus, induces a surface charge current. (e) The ISHE
converts js into a bulk charge current γISHEjs.
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Figures 2(a)–2(e) reveal that the THz-emission signals
Sx−ðtÞ have approximately identical shape for all r [Fig. S7
(c) [29]]. In contrast, their amplitude exhibits a drastic
reduction to 71%, 42%, and 4%, respectively, as r increases
from 7% to 10% and 20%. Strikingly, the monotonic
amplitude reduction of Sx−ðtÞ [Figs. 2(a)–2(e)] is strongly
correlated with the decreasing intensity of the TSS in the
ARPES spectra [Figs. 2(f)–2(j)]. It is not related to
potentially r-dependent pump conditions [Fig. S7(a) [29]].
Finally, we increase the Bi2Se3 thickness d from 10 to 50

QL. The shape of the THz signal waveform Sx−ðtÞ changes
significantly [Fig. 3(a)]. However, the sign of Sx− still
reverses when the sample is turned by 180° (Fig. S8 [29]).
Figure 3(b) displays the signal amplitude that arises from
the sample’s SIA (Supplemental Material Sec. V [29]). It
increases up to d ¼ 30 QL, but, importantly, saturates
at 50 QL.
It is instructive to extract the dynamics of the charge-

current sheet density Jx−ðtÞ from Sx−ðtÞ [Fig. 3(c)] [38].
Remarkably, as d increases from 10 to 30 and 50 QL, the
rise and decay of Jx−ðtÞ slow down significantly.
Interpretation—Our THz-emission data imply five essen-

tial findings. (F1) Sx− and, thus, Jx− is independent of the
linear pump polarization [Fig. S4(d) [29]]. (F2) Sx− changes
sign when the sample is turned by 180° [Figs. 1(c) and S8
[29]]. (F3) As the sample thickness increases, the relaxation
time of Jx− increases [Fig. 3(c)], whereas its amplitude
saturates [Fig. 3(b)]. (F4) Sx− drops abruptly as the indium
fraction in ðInrBi1−rÞ2Se3 rises [Figs. 2(a)–2(e)] and the TSS
intensity in the ARPES spectra is quenched [Figs. 2(f)–2(j)].
(F5) The magneto-photocurrent J− ¼ Jx−ux is perpen-
dicular and proportional to Bext ¼ Bextuy [Fig. 1(d)].
Finding (F1) implies that shift currents [39] make a

minor contribution to Jx−. (F2) means that the signal arises
predominantly from the sample’s SIA for d ≤ 50 QL.
LIA-type contributions due to pump-intensity gradients
along the z axis and, thus, Seebeck-type effects are minor
[40]. (F3) suggests that Jx− involves charge carriers
throughout the TI thickness. (F4) indicates that the TSS
play an essential role for the generation of Jx−.
(F5) can be summarized by the Hall-type relationship

J− ∝ uz × Bext [Fig. 1(a)]. To reveal its origin, we note that
there are only two fundamental microscopic couplings of a
magnetic field Bext to electrons: (M1) Bext exerts the
Lorentz force ∝ v × Bext on an electron with velocity v.
To obtain a current ∝ uz × Bext, a nonzero mean velocity
hvikuz is required. (M2) Bext couples to the electron spin S
through Zeeman interaction, which induces an average spin
hSi ∝ Bext in paramagnetic materials like Bi2Se3. Spin-
orbit coupling, in turn, exerts a Lorentz-type force ∝ v × S
on the electrons in a quasiclassical picture [41]. We obtain a
current ∝ uz × Bext if hvikuz.
Note that (M1) and (M2) require, respectively, a charge

current jz and a spin current js along uz [Fig. 4(a)]. We
assume that the bulk current jz of photoexcited electrons is

driven by the space-charge field ESC of the Bi2Se3
film [Fig. 4(b)]. It is accompanied by a bulk spin current
js ¼ jzPs because Bext causes a spin polarization Ps ∝ Bext.
The couplings (M1) vs (M2) naturally lead to three
scenarios (A) vs (B), (B’) [Fig. 4(a)].
In scenario (A), jz is converted into a charge current jx ∝

Bext in the bulk by the Lorentz force of (M1) and, thus, the
ordinary Hall effect (ordHE) [Figs. 4(a) and 4(c)]. In
scenarios (B) and (B’), js ¼ jzPs ∝ jzBext is converted into
a charge current jx by the spin-orbit coupling of (M2)
[Fig. 4(a)]. Such SCC has two flavors: the inverse Rashba
Edelstein effect (IREE) at the Bi2Se3 surface and the inverse
spin Hall effect (ISHE) in the bulk [20]. Accordingly, in
scenario (B), js is injected into the TSS at z ¼ d, where the
IREE leads to a surface charge current [Figs. 4(a) and 4(d)].
In (B’), js is converted into a charge current throughout the
TI bulk by the ISHE [Figs. 4(a) and 4(e)].
While all three scenarios are consistent with the sym-

metry properties of signal Sx−ðtÞ, scenario (B) explains our
findings quantitatively significantly better. We, thus, con-
sider it first.
Scenario (B)—The big picture and its steps (B1)–(B3)

are summarized in Figs. 4(a), 4(b), and 4(d). (B1) The
external magnetic field Bext causes a spin polarization
Ps ∝ Bext of the Bi2Se3 bulk electrons. We estimate Ps ¼
0.3% for Bext ¼ 0.3 T.
(B2) Photoexcitation together with the built-in space-

charge field ESC ¼ ESCuz of the Bi2Se3 film [Fig. 4(b)]
launches an electron current jz ∝ ESC with spin polariza-
tion Ps toward the Bi2Se3 surface. Its relaxation time τjz
equals the mean time for the photoexcited bulk electrons to
drift toward the surface.
(B3) The associated spin-current density js ¼ jzPs

induces a spin-polarized occupation of the TSS. Owing
to spin-velocity locking, a charge current with sheet density

JðBÞx− perpendicular to Bext results [Fig. 4(d)]. Indeed, TSS
are known to have a large IREE and, thus, SCC efficiency
[42]. In Appendix C and Supplemental Material Sec. VII
[29], we discuss the plausibility of model steps (B1)–(B3)
and derive the resulting dynamics of the magneto-photo-

current JðBÞx− [Eq. (C2)].
As seen in Fig. 3(c), we obtain excellent fits of JðBÞx− to our

measured Jx− waveforms, where the momentum relaxation
time τTSS of the TSS, the jz relaxation time τjz and an
overall amplitude scaling are fit parameters. The extracted

τTSS ≈ 100 fs determines the rise time of JðBÞx− [Fig. 3(c)]
and agrees with previously inferred values [26,28]. The
modeled (8 A m−1) and measured peak magnitude
(5 A m−1) of the current sheet density Jx− agree well, too.
The observed linear increase of the relaxation time τjz

with the TI thickness d [inset of Fig. 3(c)] is in line with
τjz ∝ 1=n0 [Eq. (C1)] and the space-charge density n0 ¼
NSC=d that arises from the selenium vacancies (Fig. S11
[29]) with sheet density NSC ∼ 1012 cm−2 [43].
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The relaxation time τjz of Jx− in ðInrBi1−rÞ2Se3ð30 QLÞ
depends on r only weakly [Fig. S7(e) [29]], suggesting that
the space-charge field remains persistent vs r. As τjz ≤
0.5 ps is substantially faster than the typical electron-hole
recombination time (≈2 ps) of Bi2Se3 [44], the latter is not
visible in our current traces [Fig. 3(c)]. Interestingly, in the
ultrafast ARPES signal from TSS [44], the extended rise
time of ≈0.5 ps could be interpreted as fingerprint of τjz
and, thus, the photocurrent jz.
To summarize, we find good agreement between the

observed and modeled dynamics, time constants and
magnitude of the magneto-photocurrent sheet density
Jx−. This agreement indicates that scenario (B) captures
the crucial features of the underlying mechanisms.
Comparison to (B’) and (A)—In scenario (B’), the spin

current js ¼ jzPs is converted into a charge current with

density jðB
0Þ

x− ¼ γISHEjs by the ISHE [Fig. 4(e)] throughout

the bulk [Fig. 4(a)]. By z integration of jðB
0Þ

x− and with
γISHE ∼ 0.1 for the ISHE angle of Bi2Se3 [8], we obtain a

sheet density JðB
0Þ

x− ∼ 0.1 A m−1, which is 1 order of
magnitude smaller than the measured value. Therefore,
scenario (B’) can be disregarded.
In scenario (A), the charge current jz is converted into an

in-plane charge current by the ordHE [Fig. 4(c)]. According

to Eq. (D1), JðAÞx− rises and decays with the time constants
of, respectively, τbulk and τjz , where τbulk is the bulk
momentum relaxation time. This shape agrees with the

experiment [Fig. 3(c)], and the estimated peak JðAÞx− ∼
3 A m−1 is comparable with the measured 5 Am−1.
The agreement of scenario (A) and our experimental data

should be taken with caution. First, the modeled JðAÞx− is
overestimated because our model ignores that electrons and

holes contribute to JðAÞx− with opposite sign [45]. Second, the
τbulk ¼ 37 fs of the Bi2Se3 bulk (Table S1 [29]) is signifi-
cantly smaller than the observed rise time of Jx− of ≈100 fs
for r ≤ 10% [Figs. S7(d) and S7(e) [29]].
Third, and most importantly, the in-plane charge currents

in scenario (B) and (A) flow, respectively, at the Bi2Se3
surface [Eq. (C2)] and throughout the Bi2Se3 bulk
[Eq. (D1)]. Therefore, the current sheet density Jx− scales
differently with the sample thickness. Scenario (B) explains
the saturation of the photocurrent for d > 30 QL well
[Fig. 3(b)], whereas (A) implies a quasilinear increase with
d (Supplemental Material Sec. V [29]). These three argu-
ments indicate that scenario (A) makes a minor contribu-
tion to the observed magneto-photocurrent.
Scenario (B) can further rationalize the impact of indium

substitution (Fig. 2): As r increases, the TSS intensity in the
ARPES spectra decreases [Figs. 2(f)–2(j)], and so does the
strength of the IREE [Fig. 4(d)] and the THz signal Sx−
[Figs. 2(a)–2(e)]. Interestingly, at r ¼ 10%, the Dirac point
is not visible anymore [Fig. 2(i)], whereas Sx− is still
substantial [Fig. 2(d)]. This observation suggests the

presence of an IREE without TSS [46], which vanishes
at r ¼ 20% [Fig. 2(e)]. To summarize, scenario (B) is
consistent with all findings (F1)–(F5) of our experiment.
Conclusion—We observe THz photocurrents in the

three-dimensional topological insulator Bi2Se3 as a func-
tion of an in-plane magnetic field Bext. It has two
components. The first is independent of Bext and arises
from surface-localized shift currents [39]. The second
component is perpendicular and proportional to Bext. It
can consistently be explained by a spin-polarized out-of-
plane current of optically excited electrons in the TI bulk
that is converted into an in-plane charge current by the
IREE at the TI surface [Figs. 4(a), 4(b), and 4(d)].
Interestingly, at a magnetic field of 0.3 T, the magneto-

photocurrent is only 1 order of magnitude smaller than in
stacks of ferromagnetic Co and the TI Bi2Te3 [42]. We
believe that this relatively strong amplitude is a result of
very efficient spin injection from the Bi2Se3 bulk into TSS.
Importantly, THz magneto-photocurrents allow us to

characterize the SCC efficiency of TSS without the need to
attach ferromagnetic thin films that may strongly perturb
the TI. We expect that our method can be transferred to
other three-dimensional TIs and, more generally, para-
magnetic materials to study their SCC capabilities. If the
sample lacks SIA, one can simply employ LIA.
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End Matter

Appendix A: THz signals Sx for various d—Figures 5(a)–
5(c) show THz signals Sxðt;�BextÞ at Bext ¼ Bextuy with
jBextj ¼ 0.3 T for three Bi2Se3 thicknesses up to 50 QL.
Each signal Sxðt;�BextÞ ¼ SxþðtÞ � Sx−ðtÞ is a linear
superposition of signals Sx− and Sxþ odd and even in Bext

[Eq. (1)]. Both components have comparable order of
magnitude.
A variation of Bext shows that Sx− is linear in Bext and

Sxþ is independent of Bext [Fig. 1(d)]. Therefore, Sx− and
Sxþ add up independently of each other (see Supplemental

(a) (b) (c)

FIG. 5. THz signals Sxðt;�BextÞ for jBextj ¼ 0.3 T from Bi2Se3 with thicknesses of (a) d ¼ 10 QL, (b) 30 QL, and (c) 50 QL.
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Material Sec. V [29]). Similarly, all mechanisms contrib-
uting to Sx− add up independently as their currents are
linear in Bext.

Appendix B: Additional odd and even signal
components—Figure 6(a) shows the raw signals
Sxðt;�BextÞ identical to Fig. 1(b). Following Eq. (1),
THz signals Sx�ðtÞ even and odd in the external
magnetic field Bext ¼ Bextuy with Bext ¼ 0.3 T are
displayed in Fig. 6(b). The raw signals Syðt;�BextÞ and
resulting components Sy�ðtÞ are shown in Figs. 6(c) and
6(d). Because Syðt;þBextÞ and Syðt;−BextÞ are
approximately identical, the odd-in-Bext THz component
Sy−ðtÞ [Fig. 6(d)] is more than 2 orders of magnitude
smaller than the even-in-Bext part SyþðtÞ. The Syþ
amplitude is proportional to cosð3φA þ 2φPÞ, analogous
to Sxþ ∝ sinð3φA þ 2φPÞ in Figs. S4(c) and S4(d) [29].
The amplitude of Sy− is about 2% of Sx−.

Appendix C: Steps of scenario (B)—We discuss the
plausibility of steps (B1)–(B3) of scenario (B) [Fig. 4
(a)] in the framework of a simple analytical model.
More details can be found in Supplemental Material
Sec. VII [29].
(B1) We assume Pauli paramagnetism where the external

magnetic field shifts spin-up and spin-down bands of the
Bi2Se3 bulk electrons by an energy�gsμBBext. Here, gs ≈ 2
is the g factor of the free electron, and μB is the Bohr
magneton. The induced spin density N↑ − N↓ ¼
gsμBBextDeðϵFÞ scales with the electronic density of states
De at the Fermi energy ϵF. In our sample, the known band
structure [48,49] and known ϵF ∼ 15 meV [27] imply a
spin polarization of Ps ¼ ðN↑ − N↓Þ=ðN↑ þ N↓Þ ≈ 0.3%
for Bext ¼ 0.3 T. The initial pump-induced photoexcited
spin density of ΔðN↑ − N↓Þ0 ∼ 1022 m−3 is estimated by
multiplying the excited electron density ΔðN↑ þ N↓Þ0
with Ps.
(B2) Bi2Se3 has an internal space-charge field ESC ¼

ESCuz along the z axis. It arises from positively charged
selenium vacancies at the Bi2Se3 interface and is modeled
by ESCðzÞ ¼ −Z0cen0z=εDC [see Figs. 4(b) and S11 [29] ]
[27,33,50]. Here, n0 is the homogeneous spatial charge
density, Z0 is the vacuum impedance, c is the light velocity
in vacuum, and εDC is the static dielectric function. ESC

accelerates the photoexcited electrons to a local drift
velocity veðzÞ ¼ −μeESCðzÞ ¼ z=τjz, where μe > 0 is the
bulk electron mobility and

τjz ≔
εDC

Z0cen0μe
: ðC1Þ

The resulting current density jzðz; tÞ ¼ ΔðN↑ þ
N↓ÞðtÞveðzÞ and its dynamics are determined by charge
conservation and possible relaxation of the photoexcited
carriers. At the TI-air interface (z ¼ d), we obtain
jzðd; tÞ ¼ AjzΘðtÞe−t=τjz with Ajz ¼ ΔðN↑ þ N↓Þ0d=τjz
and the Heaviside step function ΘðtÞ. Therefore, τjz
[Eq. (C1)] sets the relaxation time of the charge current
jz and spin current js ¼ jzPs. It equals the mean time for
the photoexcited bulk electrons to drift toward the surface
(Supplemental Material Sec. VII [29]).
(B3) The js arriving at the surface z ¼ d leads to spin

accumulation in the TSS, which, due to spin-velocity
locking, results in an in-plane charge current with sheet
density Jx− proportional to the accumulated spin sheet
density (IREE) [Fig. 4(d)]. Assuming the surface current
flows at the TSS group velocity vTSS and decays with the
time constant τTSS, we find that

JðBÞx− ðtÞ ¼ ½HTSS � ðjzPsÞ�ðtÞjz¼d: ðC2Þ

Thus, JðBÞx− ðtÞ equals the convolution (�) of the spin current
js ¼ jzPs at z ¼ d and the TSS relaxation function
HTSSðtÞ ¼ vTSSΘðtÞe−t=τTSS [51]. From right to left, the
three terms of Eq. (C2) summarize the three steps discussed
above: (B1) spin polarization Ps ∝ Bext, (B2) drift of the
photoexcited electrons in the space-charge field [jz, Fig. 4
(b)], and (B3) SCC in TSS [HTSS, Fig. 4(d)]. According to

Eq. (C2) and for τTSS ≪ τjz, J
ðBÞ
x− rises and decays expo-

nentially with the time constants τTSS and τjz , respectively.
The modeled (vTSSτTSSAjzPs ≈ 8 A m−1) and measured

peak magnitude (≈5 A m−1) of the current sheet density
Jx− agree well. Our model further implies τjz ∝ 1=n0
[Eq. (C1)] with the space-charge density n0 ¼ NSC=d of
the electrons and the sheet density NSC of the selenium
vacancies (Fig. S11 [29]). Thus, the mean duration τjz of

(a) (b) (c) (d)

FIG. 6. THz signals from Bi2Se3ð16 QLÞ with Bext ¼ 0.3 T. (a) Signals Sxðt;þBextÞ and Sxðt;−BextÞ and (b) the resulting
components SxþðtÞ and Sx−ðtÞ. Similarly, (c) Syðt;�BextÞ and (d) Sy�ðtÞ. In panel (c), Syðt;−BextÞ is vertically offset.
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electrons to traverse the Bi2Se3 film increases linearly with
the film thickness d.

Appendix D: Scenario (A)—Here, the charge
photocurrent jz is converted into a transverse charge
current by the ordHE [Fig. 4(c)]. The conversion is
characterized by the Hall angle γBext

∼ μeBext, the
electron mobility μe and the momentum relaxation time
τbulk of the bulk electrons [52]. The resulting magneto-
photocurrent sheet density is given by the convolution

JðAÞx− ðtÞ ¼
�
HordHE �

Z
dz jz

�
ðtÞ ðD1Þ

with HordHEðtÞ ¼ ðγBext
=τbulkÞΘðtÞe−t=τbulk (Supplemental

Material Sec. VII [29]). The z integration arises because
the ordHE proceeds through the whole Bi2Se3 thickness
[Fig. 4(a)].
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