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FIG. 1. (a) Schematic of a time-of-flight based angle-resolved
photoemission spectrometer. PSD: position-sensitive detec-
tor. (b) A typical iso-intensity surface in (E, kx, ky) space
from Bi2Se3 collected simultaneously using linearly polarized
photons. (c) Difference of TOF-ARPES data measured using
right- and left-circularly polarized light. hν denotes the inci-
dent photon direction. (d) E − k cut through the CD data
volume in (c) along the angle denoted by the green dash in (e).
(e-h) Constant energy slices through (c) at the Fermi level and
at 0.1eV above the DP (insets) for sample rotation angles of
φ = 0◦, 30◦, 60◦ and 90◦ respectively. Green hexagons repre-
sent the Brillouin zone of Bi2Se3(111), red lines are the mirror
planes and the arrow denotes the photon incident direction.

shows that at a constant energy the sign of CD is re-
versed for states of opposite momentum and is reversed
again across the DP. Furthermore, the CD pattern is in-
variant under rotation (φ) of the crystal mirror plane
relative to the scattering plane [Figs. 1(e)-(h) insets].
These behaviors match the known in-plane spin texture
in the low energy region, which are tangential to the ro-
tationally isotropic constant energy contours [4, 5] and
reverse chirality across the DP.

The CD patterns change drastically away from the
low energy region (|E| > 0.1eV), where the Fermi sur-
face evolves from being circular to hexagonal in shape
[19, 23]. Here we observe new modulations in the magni-
tude and sign of CD as a function of the angle θ around
the constant energy contours [Figs.1(e)-(h)]. In partic-
ular, extrema along the ky axis (at θ = 90◦ and 270◦)
at low energy [Figs. 1(e)-(h) insets] become nodes in the

high energy φ = 0◦ spectrum [Fig. 1(e)]. Furthermore,
in stark contrast to the low energy region, CD patterns
at high energy undergo dramatic changes as φ is varied.
For instance, the nodes along ky in the Fig. 1(e) spec-
trum become extrema again in the φ = 60◦ spectrum
[Fig. 1(g)] and only repeats itself under φ = 120◦ rota-
tions, consistent with the symmetry of the underlying lat-
tice. This is reminiscent of the predicted θ dependence of
the out-of-plane component of spin ⟨Sz⟩ at high energies
[19, 20], which goes from minimum to maximum under
φ = 60◦ rotation. Such behavior has been observed us-
ing Mott polarimetry only in Bi2Te3 [5] but not in Bi2Se3
[6] owing to the much larger value of ⟨Sz⟩ in the former.
Given that the overall CD patterns observed closely fol-
low the predicted spin-texture of the SS, we investigate
their possible connection by developing a standard model
of photoemission from topological SS.
The microscopic Hamiltonian for a system with spin-

orbit coupling is given by:

H =
P⃗ 2

2m
+ V (r⃗) +

!

4m2c2
(P⃗ × ∇⃗V ) · s⃗ (1)

where P⃗ is momentum operator, V (r⃗) is the crystal po-
tential, and s⃗ is the electron spin. Coupling to an elec-
tromagnetic field is obtained via P⃗ → P⃗ − eA⃗, where A⃗
is the photon vector potential, such that to first order in
A⃗:

H(A⃗) = H − P⃗ · A⃗ (2)

where P⃗ ≡ e
m P⃗− !e

4m2c2 (∇⃗V ×s⃗). The photoemission ma-
trix element between the initial and final states is given
by

M(k⃗, f) = ⟨fk⃗| P⃗ · A⃗|⃗k⟩ (3)

where A⃗ ≡
∫

dtA⃗(t)eiωt is the Fourier transform of

A⃗ and |f
k⃗
⟩ is the bulk final state. The initial state

|⃗k⟩ = u
k⃗
|φi

+⟩ + v
k⃗
|φi

−⟩ is a linear combination of two-
fold degenerate pseudospin states |φi

±⟩ at the DP that
are eigenstates of total angular momentum (orbital plus
spin), which is widely used in standard k · p descrip-
tions of topological SS [2, 17, 19, 24]. Because of strong
spin-orbit coupling, only pseudospin is a good quan-
tum number [19]. The coefficients uk⃗ and vk⃗ deter-
mine the expectation value of three pseudospin compo-
nents: ⟨Sx⟩k⃗ = !(u∗

k⃗
v
k⃗
+ v∗

k⃗
u
k⃗
), ⟨Sy⟩k⃗ = !(v∗

k⃗
u
k⃗
− iu∗

k⃗
v
k⃗
),

⟨Sz⟩k⃗ = !(|u
k⃗
|2 − |v

k⃗
|2). Importantly, because spin

is directly proportional to pseudospin [19], we refer to
the two interchangeably. For circularly polarized light
incident onto the surface with wavevector in the xz
plane, A⃗(t) = (Ax sinωt, Ay cosωt, Az sinωt) and A⃗ =
(−iAx, Ay,−iAz). Straight-forward application of time-
reversal and crystal symmetries [21] yield the following
expression for the photoemission transition rate:

I(k⃗) = a2
(

|Ax|
2 + |Ay|

2
)

+ b2|Az|
2 + a2Im

(

AxA
∗
y

)

⟨Sz⟩k⃗
+ 2abIm[A∗

xAz⟨Sy⟩k⃗ −A∗
yAz⟨Sx⟩k⃗] (4)
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FIG. S4: (a) ARPES spectrum of the Bi2Se3 material used to fabricate devices revealing the

absence of Rashba-split states in ultra-high vacuum. (b) Comparison of Rashba-split quantum well

states and topological surface states. CPGE currents induced in Rashba-split states experience a

cancellation e↵ect that is absent in the linearly dispersing surface states.

SI VI. Ruling out alternative photocurrent mechanisms

A. Circular PGE from Rashba-split quantum well states in the inversion layer

The circular photogalvanic e↵ect (CPGE) has been observed from Rashba spin-split states

in quantum well structures [24,25]. Similar states have been observed using ARPES in the

surface inversion layer of Bi2Se3 samples that were intentionally surface electron doped by

depositing certain gases or metals on the surface [34,35,36]. To check for these states, we

performed ARPES measurements on our Bi2Se3 material [Fig.S4]. The spectrum was taken

in ultrahigh vacuum and at room temperature several hours after the sample was cleaved to

approximate the band-bending that occurs in air. We find no evidence of Rashba-splitting.

The Fermi level is approximately 120 meV above the Dirac point. Typically, Rashba-split

states do not appear until the surface Fermi level is doped to around 600 meV above the

Dirac point [34,35,36].
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FIG. S5: Time-resolved Kerr rotation spectroscopy measurement on the same Bi2Se3 material used

to fabricate devices. A 100 fs circularly polarized pump pulse of 795 nm laser light creates a non-

equilibirum bulk state spin-polarization. The spin relaxation dynamics are probed by monitoring

the Kerr rotation of a time-delayed linearly polarized probe pulse. �+ and �� represent left and

right circular polarizations respectively.

conduction band by circularly polarized light. Owing to the s-orbital nature (zero spin-orbit

coupling) of the conduction band, the spin-lifetime of these electrons is exceptionally long,

on the order of 10-100 ns [38]. This is long enough for optically excited carriers on the surface

to di↵use into the bulk while retaining their spin polarization. Spin-dependent scattering

can then occur to generate a spin Hall e↵ect current.

In materials such as Bi2Se3, any photo-induced spin-polarized bulk states will rapidly

depolarize before significant di↵usion can occur. This is because both the initial and final

states are spin-orbit coupled (p-orbital nature), in contrast to GaAs, which greatly reduces

the spin-lifetime of excited carriers. To show that this is the case, we performed time-

resolved Kerr rotation spectroscopy measurements on the same material used to fabricate

devices [Fig.S5]. A more extensive study was performed in ref. [39]. We find that the spin-

polarization of optically oriented bulk carriers completely depolarizes in ⇠ 100 fs, which

is the resolution limit of our measurement. This is 5-6 orders of magnitude shorter than

the spin-lifetime in GaAs and short enough that any carrier di↵usion from the surface into

the bulk can be expected to have a negligible spin-polarization. Contributions from the
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line is drawn to highlight the sub-linear behavior at high intensities.

SI III. Deviation from linear photocurrent response at higher laser intensities

As shown by eq. (1) in the previous section, photocurrents are expected to scale quadrat-

ically with the ac electric field of the incident light, which is to say that they scale linearly

with the laser intensity. Figure 1(e) of the main text shows that jy(↵ = 0) scales linearly

with laser intensity up until around I = 60 W/cm2, below which is the low intensity regime

where all reported photocurrent measurements were performed. Here we show the intensity

dependence of the corresponding polarization dependent fit coe�cients C, L1 and L2 from

eq.(1) of the main text over a broad range of laser intensities. Figure S1(a) shows that

their amplitudes likewise begin to deviate from the expected linear scaling when intensities

of greater than I = 60 W/cm2 are used, and become highly sub-linear at even greater in-

tensities [Fig.S1(b)]. These behaviors may be attributed to a combination of multi-photon

absorption processes, the saturation of certain interband transitions, and a temperature in-

crease caused by excessive laser heating. The last-mentioned is likely responsible for the

sub-linearity since Fig.3(a) of the main text shows that the photocurrent amplitudes de-

crease as the temperature is increased. This is further evidenced by the sign reversal of L2

in Fig.S1(b), which likewise occurs in the temperature dependence. It is therefore necessary

that all photocurrent measurements on Bi2Se3 be performed at low laser intensities.

4

( )

( = )



incident laser polarization

0

1.0

0.5

-0.5

-1.0

j y 
(n

or
m

al
iz

ed
)

T=24 K

FIG. S2: Photocurrent jy(↵) taken with pulsed (red circles) and continuous wave (black squares)

795 nm laser light. Traces were taken in the Fig.2(a) (main text) geometry at 24 K and were

normalized to account for the small laser intensity changes that accompany changing the laser

emission mode, which slightly modify the current amplitude, to highlight the identical polarization

dependence.

SI IV. Identical photocurrent response by continuous wave and pulsed laser

excitation

While pulsed laser light is standardly used to induce polarization dependent photocurrents

in quantum well structures [24], we confirmed independently that the pulsed nature of the

light does not influence jy(↵). Fig.S2 shows that traces taken with continuous wave laser

light and pulsed laser light of the same wavelength are virtually identical.
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at 15 K.

SI V. Consistent results across multiple devices

To confirm that the photon polarization induced currents observed were consistent across

multiple devices, a second device of similar dimensions was characterized [Fig.S3]. The

photocurrent response jy(↵) of the second device proved to be qualitatively similar to the

data reported in the main text. The slight di↵erences between the signals may be due to

a di↵erent crystal axes orientation relative to the contacts, which could a↵ect the relative

photocurrent magnitudes as discussed in SI II.
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