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We study the manipulation of the spin polarization of photoemitted electrons in Bi2 Se3 by spin- and angleresolved photoemission spectroscopy. General rules are established that enable controlling the photoelectron
spin-polarization. We demonstrate the  100% reversal of a single component of the measured spinpolarization vector upon the rotation of light polarization, as well as full three-dimensional manipulation by
varying experimental configuration and photon energy. While a material-specific density-functional theory
analysis is needed for the quantitative description, a minimal yet fully generalized two-atomic-layer model
qualitatively accounts for the spin response based on the interplay of optical selection rules, photoelectron
interference, and topological surface-state complex structure. It follows that photoelectron spin-polarization
control is generically achievable in systems with a layer-dependent, entangled spin-orbital texture.
DOI: 10.1103/PhysRevLett.112.076802
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The central goal in the field of spintronics is to realize
highly spin-polarized electron currents and to actively
manipulate their spin polarization direction. Topological
insulators (TIs), as a new quantum phase of matter with a
spin-polarized topologically-protected surface state [1–3],
hold great promise for the development of a controllable
“spin generator” for quantum spintronic applications [4]. A
possible avenue is via the spin Hall effect and the spin
currents that appear at the boundaries of TI systems, and the
electric-field-induced magnetization switching achieved at
the interface between a TI and a ferromagnet [5]. In
addition, it has been demonstrated that a spin-polarized
photocurrent can be generated from the topological surface
state (TSS) using polarized light, suggesting the possibility
of exploiting topological insulators as a material platform
for novel optospintronic devices [6–8].
All these exciting developments fundamentally rely on
the spin properties of the TSS, which have been extensively
studied by density functional theory (DFT) [9–11] and
spin- and angle-resolved photoemission spectroscopy
(spin-ARPES) [12–19]. In Bi2 Se3 , we have shown that
the TSS is not a simple two-dimensional state. Rather, it has
a layer-dependent spin-orbital entangled structure—
extending over 10 atomic layers (∼2 nm)—challenging
the hypothesis of 100% spin polarization for the TSS Dirac
fermions [20]. Our DFT work also suggested a new
pathway to control the spin polarization of photoelectrons
via photon energy and linear polarization [20]; although
this is consistent with some experimental observations by
spin ARPES [17–19], no conclusive understanding of the
phenomenon and its governing principles has yet been
0031-9007=14=112(7)=076802(5)

achieved. This is of critical importance for future applications, and will require a full examination of the photoelectron spin-polarization response in specifically designed
spin-resolved ARPES experiments.
In this Letter—guided by a DFT analysis of the TSS
layer-dependent entangled spin-orbital texture—we present
a systematic spin-ARPES study to elucidate the dependence of the photoelectron spin on light polarization,
experimental geometry, and photon energy. We demonstrate a reversal of the spin polarization from −100% to
þ100% upon switching from π to σ polarized light. By
changing sample geometry and tuning photon energy we
can manipulate the photoelectron spin polarization in three
dimensions. While a material-specific DFT analysis is
needed for the complete quantitative description, here we
introduce a minimal and fully general two-atomic-layer
model that qualitatively captures the unusual spin-ARPES
response in terms of TSS spin-orbital texture, optical
selection rules, and photoelectron interference. This paves
the way to generating fully controllable spin-polarized
photocurrents in TI-based optospintronic devices.
Spin-ARPES experiments were performed at the
Hiroshima Synchrotron Radiation Center (HSRC) on the
Efficient Spin Resolved Spectroscopy (ESPRESSO) endstation [21,22], with 50 meV and ≤ 0.04 Å−1 energy and
momentum resolution, respectively. This spectrometer can
resolve both in-plane (Px;y ) and out-of-plane (Pz ) photoelectron spin-polarization components. These are obtained
from the relative difference between the number of spin-up
and spin-down photoelectrons, according to the relation
Px;y;z ¼ ðI ↑x;y;z − I ↓x;y;z Þ=ðI ↑x;y;z þ I ↓x;y;z Þ, and are presented
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in the sample frame. The crystals were oriented by Laue
diffraction and cleaved in situ at ∼7 × 10−11 torr; all
measurements were performed at 30 K once the surface
evolution had mostly stabilized [23], using 21 eV photons
unless otherwise specified.
In Bi2 Se3 , the TSS wave function is composed of both
in-plane (px;y ) and out-of-plane (pz ) orbitals. As a consequence of spin-orbit coupling, the spin texture associated
with each orbital is remarkably different, and has been
referred to as entangled spin-orbital texture [20,24,25]. In
Fig. 1, we sketch the orbital-dependent in-plane spin
polarization of the upper-branch Dirac fermions (with the
out-of-plane spin component not shown). We see that the
well-known TSS chiral spin texture is only present
in the out-of-plane pz orbitals [Fig. 1(c)]; instead, the
individual px and py spin configurations are not chiral,
and are also opposite to one another [Figs. 1(a) and 1(b)]. By
comparing the spin orientation of in-plane and out-of-plane
orbitals, we learn that at different momentum-space locations
they can be parallel, antiparallel, or even perpendicular to
each other. For example, px and pz spin polarizations are
parallel along the Γ̄-M̄ direction (i.e., the kx axis), but
antiparallel along Γ̄-K̄ (i.e., the ky axis). As for probing these
different orbital-dependent configurations, we note that—
based on the optical selection rules and assuming excitations
into final states of s symmetry—photoelectrons are emitted
from a given px;y;z orbital if the photon electric field has a
nonzero component εx;y;z along the corresponding direction
[26]. Thus, using linearly polarized photons with electric
field parallel to the kx =ky =kz directions, we can probe the
px =py =pz spin textures individually in spin ARPES (Fig. 1).
Figure 2 demonstrates the  100% manipulation of
photoelectron spin polarization upon switching the light
polarization from π to σ in spin ARPES. When we measure
the energy distribution curve (EDC) at kx ¼ 0.07 Å−1 with
π polarization [photon electric field in the xz plane, as in
Figs. 2(a) and 2(b)], we observe a peak only in the spindown y channel at the TSS upper-branch binding energy at
∼0.1 eV [green curve in the top panel of Fig. 2(c)]. Thus
we obtain Px;z ≃ 0 [as shown by the red data sets in
Figs. 3(c) and 3(e)], and remarkably Py ≃ − 100% for the
spin-polarization vector components, as highlighted in the
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FIG. 1 (color online). (a)–(c) In-plane spin texture as obtained
separately for the px (a), py (b), and pz (c) orbital contributions to
the topological surface state (TSS). Red and blue arrows indicate
the light electric field (π=σ polarization) that must be used to
excite photoelectrons from each of the individual orbitals,
according to the electric dipole selection rules.
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FIG. 2 (color online). (a) ARPES dispersion of TSS Dirac
fermions measured along the M̄-Γ̄-M̄ direction with π polarization. (b) Schematics of the experimental geometry, with π
(horizontal) and σ (vertical) linear polarization also indicated.
(c) The top panel shows spin-ARPES EDCs, with spin quantization axis along the y direction, measured with π polarization
along the gray bar highlighted in (a) [27]; the corresponding Py
spin polarization is shown in the lower panel (the TSS is located
at 0.1 eV in these data taken at kx ¼ 0.07 Å−1 ). (d) Spin-ARPES
data analogous to those in (c), now measured with σ polarization.

bottom panel of Fig. 2(c) by the green arrow at 0.1 eV (note
that the positive Py value at ∼0.4 eV originates from the
TSS bottom branch and its reversed spin helicity [20,24]).
Most importantly, when light polarization is switched from
π to σ, while Px;z remain zero Py suddenly becomes
þ100% at 0.1 eV, as shown in Fig. 2(d).
We note that a spin polarization as high as  100% is
rarely reported in previous spin-ARPES studies of Bi2 Se3
[12–17]; this is achieved in this study owing to the high
efficiency of the spin polarimeter and the perfect alignment
within the photoelectron emission plane of both the light
polarization and sample Γ̄-M̄ direction, which eliminates
the interference-induced deviations to be discussed below.
The spin-polarization switching in Fig. 2 can be directly
visualized based on the experimental configuration and the
entangled spin-orbital texture (Fig. 1): π polarization
excites photoelectrons from px and pz orbitals only, both
of which are − 100% spin polarized along y for all positive
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FIG. 3 (color online). (a),(b) Schematics of photoelectron interference effects in two configurations: (a) π-polarization incident in the
xz plane probes px and pz orbitals with the same spin state (Fig. 1); (b) when incident in the yz plane, π polarization probes py and pz
orbitals with opposite spin states (Fig. 1). (c)–(e) Spin polarization curves at the þkx point as sketched in (e), measured for (a) or (b)
configurations (red or blue curves). (f)–(h) Spin polarization curves at kx as sketched in (h) for the (b) configuration, together with
kx ¼ 0.04 Å−1 DFT calculated values [28] [for the red data in (c)–(e), DFT gives P⃗ ¼ ð0; −1; 0Þ].

“þkx ” locations [Figs. 1(a) and 1(c)]; this gives Py ≡
− 100% in spin ARPES, consistent with the experiment in
Fig. 2(c). On the contrary, in σ polarization photoelectrons
originate only from the py orbitals, which at þkx locations
are þ100% spin polarized along the y direction, i.e., Py ≡
þ 100% as detected in Fig. 2(d).
By rotating light polarization between σ and π, we would
observe a continuous change of Py between  100%, as
experimentally verified by Jozwiak et al. [17]. Here we
argue that, in addition to the TSS symmetry properties
already accounted for in previous work [17,29,30], also the
TSS layer-dependent spin-orbital texture must be taken into
account to fully explain the manipulation of photoelectron
spin polarization by light, as evidenced by the dependence
on geometry and photon energy presented below. The spinARPES response is indeed most unusual for configurations
different from the one in Fig. 2—which is unique in that
electrons photoemitted by either π or σ light all have the
same spin polarization even if originating from multiple
orbitals. This is shown in Figs. 3(c)–3(e) where we examine
the photoelectron spin polarization at þkx [33], for the two
configurations of Figs. 3(a) and 3(b). Case I—ε∥xz:
photoelectrons are emitted from px;z orbitals in the same
spin state [Fig. 3(a)], and as before we observe a close
to−100% Py [34]andzeroPx;z [redsymbolsinFigs.3(c)–3(e)].
Case II—ε∥yz: photoelectrons are emitted from py;z orbitals
with mixed spin states [Fig. 3(b)], and are no longer fully
polarized along Py . Instead Py decreases and an unexpected—
within a two-dimensional TSS description—Px ≃ 70%
appears [blue symbols in Figs. 3(c)–3(e) and sketch in 3(e)].
Another interesting aspect is that while both Py and Pz [35]
switch sign at opposite momenta kx , as expected from

time-reversal symmetry [Figs. 3(g) and 3(h)], the Px retains
the same nonzero value [Fig. 3(f) and sketch in 3(h)].
To understand the unexpected results of Fig. 3—seemingly
inconsistent with the TSS time-reversal invariance—we need
to consider photoelectron-interference effects specific for spin
ARPES. To this end, we express the measured spin polarization vector P⃗ in terms of the expectation value of generalized spin operators (see the Supplemental Material [36]),
P
hSηi;τ;i;τ ijMi;τ j2
Pη ¼ i;τ
I total
P
i;τ;i0 ;τ0 ikz ðzi −zi0 Þ 
ie
M i;τ M i0 ;τ0
i≠i0 ;τ≠τ0 hSη
þ
;
(1)
I total
where η ∈ fx; y; zg, τ ∈ fpx ; py ; pz g, i is the atomic-layer
index (the TSS layer-dependent structure is a key factor here
[20]); M i;τ ∝ heik∥·r ∥ jA · pjψ i;τ i is the matrix element of the
optical transition between an atomic wave function of orbital τ
centered around the atomic layer i and a free-electron final
state; the kz part of the latter has been factorized in the phase
term eikz ðzi −zi0 Þ , which accounts for the optical path difference
for photoelectrons from different layers; and I total is the sum of
intensity from spin-up and spin-down channels. The
gener0 ;τ0
alized spin operator in the expectation value hSi;τ;i
i is
η
0

0

;τ
Si;τ;i
¼ jψ i;τ ihψ i0 ;τ0 jσ η ;
η

(2)

where σ x;y;z are the Pauli spin matrices. The crucial point is
that in Eq. (1) the i ≠ i0 , τ ≠ τ0 off-diagonal terms account for
the interference effects. If the initial states ψ i;τ and ψ i0 ;τ0 being
probed all have0 0 the same spin expectation value, then
;τ
hSηi;τ;i;τ i ¼ hSi;τ;i
i and Pη ¼ 100 % for the η component
η
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FIG. 4 (color online). (a)–(c) Solid blue lines: calculated photon-energy dependence of the photoelectron spin-polarization-vector
components, as obtained at the −ky point for π-polarized light incident in the xz plane as shown in the sketch in (d). Solid red symbols
are spin-ARPES data from this work; open red symbols are from Refs. [16,17]; solid yellow symbols were measured on crystals from
Golden’s group [31] and a 6-quintuple-layer film (22 eV data) by Tjernberg and collaborators [32].

corresponding to the spin quantization axis, as in case I of
Fig. 3(a). However, when the initial states being simultaneously probed have different spin states, as in case II of
Fig. 3(b), nontrivial effects should be expected for the
measured spin polarization due
to the contribution of the
0 ;τ 0
generalized spin operator Si;τ;i
.
η
To qualitatively demonstrate that Eq. (1) describes the
spin-ARPES results in Fig. 3, in the Supplemental Material
[36] we build a phenomenological two-atomic-layer wave
function as the minimal model needed to capture interference effects, starting from the effective TSS wave function
derived by Zhang et al. [9,24,37]. For the upper branch of
the Dirac-cone this becomes [36]




2
X
αi ie−iφ
βi −1
pﬃﬃﬃ
Ψ¼
jpx i
jpz i −
1
2 ie−iφ
2
i¼1


βi −i
jpy i;
þ
2 e−iφ

(3)

where αi and βi are layer-dependent coefficients, and the inplane phase φ (defined as the angle between k and the þkx
direction) reproduces the orbital-dependent spin texture
shown in Fig. 1. To further simplify the problem we
assume—without
loss of p
generality—that
α1 ¼ β2 ¼ 0,
pﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃﬃﬃ
α2 ¼ 3=2, and β1 ¼ 1= 2; this choice matches the
1∶3 overall in-plane or out-of-plane orbital weight ratio
calculated by DFT for Bi2 Se3 [20]. Then, for ε∥yz (case II),
the initial-state components being probed reduce to [36]
pﬃﬃﬃ 
pﬃﬃﬃ  −iφ 

3 ie
2 −i
Ψpz ¼
:
(4)
and Ψpy ¼
2
4 e−iφ
1
At kx (φ ¼ 0 and π, respectively), the intrinsic spin
polarization is ∓ 100% (100%) along the ky direction for
the pz (py ) orbital [36], as in Fig. 1. By means of Eq. (1),
we can now calculate the photoelectron spin-polarization
vector P⃗ as seen at kx in spin ARPES, obtaining [36]
⃗
Pðk
x Þ ∝ ðsin θkz ; ∓0.6; ∓ cos θkz Þ;

(5)

where θkz ¼ kz ðz1 − z2 Þ. We see that, although the spin
polarization of each individual initial state is purely along
y, the photoelectron spin polarization can have nonzero
components along x and/or z, if z1 − z2 ≠ 0. This highlights the need for a minimal two-atomic-layer model. Also
note that the explicit presence of kz leads to photon-energy
dependence (more below), and all Px;y;z components
oscillate sinusoidally with different phases, upon varying
kz (see the Supplemental Material [36] for a full analytic
derivation); this is responsible for the maximal Px and
minimal Pz in Figs. 3(f)–3(h). Finally, Eq. (5) confirms that
only Py and Pz components reverse their signs, while Px
retains the same value at kx , again as observed in our
spin-ARPES data in Figs. 3(f)–3(h) [38].
While our two-atomic-layer model reproduces the spinARPES results qualitatively, we stress that the quantitative
description must be based on the complete ∼ 10-atomiclayer TSS wave function obtained for Bi2 Se3 by DFT [20].
To this end, in Fig. 4 we present the photon-energydependence of the photoelectron spin polarization Px;y;z
at −ky , for ε∥xz. We find that our DFT-based results—with
their remarkable oscillating behavior, which, however,
⃗ ¼ 1—are in agreement with the
always guarantees jPj
spin-ARPES data from this and other studies [16,17].
This conclusively demonstrates that the photon-energycontrolled photoelectron spin polarization stems from
interference effects acting in concert with the TSS layerdependent, entangled spin-orbital texture.
In conclusion, we have explained the underlying mechanism of the manipulation of photoelectron spin polarization
in TIs, as a consequence of the TSS entangled spin-orbital
texture, optical selection rules, and quantum interference.
This is responsible also for the significantly different
ARPES intensities observed at kx in Fig. 2(a), implying
that a net spin-polarized current can be photoinduced by
linearly polarized light [6]. Thus, our spin-ARPES study
demonstrates how to generate a spin-polarized photocurrent in Bi2 Se3 and manipulate its absolute spin polarization
by linearly polarized light, a fundamental step in TI-based
optospintronics. We argue that all these phenomena could
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be valid in other spin-orbit coupled systems, as long as
the initial states are characterized by a similarly layerdependent entangled spin-orbital texture.
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Spin-ARPES response in terms of expectation value of spin operators
Based on Fermi’s golden rule, the photoemission intensity can be written as [1]:
I ∝ |hΨfinal |A · p|Ψinitial i|2 ,

(S1)

where p is the electron momentum operator, A the photon vector potential, and Ψinitial
and Ψfinal the initial- and final-state wavefunctions. Here we focus on photoemission from
spin-polarized states with p orbital character, which is relevant for the topological surface
state (TSS). The initial-state wavefunction Ψinitial can be written as a linear combination of
atomic wavefunctions:
X
Ψinitial =
Ci,τ ψi,τ ,
(S2)
i,τ

where i is the atomic-layer index along the z axis with the top-most-layer at i = 1, the
orbital basis is given by τ ∈ {px , py , pz }, Ci,τ are kk -dependent coefficients, and ψi,τ are the
atomic wavefunctions of orbital τ centered around the atomic layer i.
The photoelectron final states are treated as free-electron-like, whose wavefunction can
be described by a plane wave Ψfinal = eik·r . We also define a matrix element term Mi,τ :
Mi,τ ≡ heik·r |A · p|ψi,τ i.

(S3)

Now the photoemission intensity from spin-up (↑) and spin-down (↓) channels becomes:
X ↑
X ↓
I↑ = |
Ci,τ Mi,τ |2 and I ↓ = |
Ci,τ Mi,τ |2 .
(S4)
i,τ

i,τ

And the total photoemission intensity I = I ↑ +I ↓ can be explicitly written as:
X ↑ ∗ ↑
X
↓ ∗ ↓
↑ ∗ ↑
↓ ∗ ↓
∗
Itotal =
(Ci,τ Ci,τ + Ci,τ
Ci,τ )|Mi,τ |2 +
(Ci,τ
Ci0 ,τ 0 + Ci,τ
Ci0 ,τ 0 )Mi,τ
Mi0 ,τ 0 .
i,τ

(S5)

i6=i0 ,τ 6=τ 0

One should note however that spin- and angle-resolved photoemission spectroscopy (spinARPES) measures not simply the intensity I ↑ or I ↓ at a given k-point, but instead the
1

relative intensity difference between spin-up and spin-down channel. This provides a direct
estimate of the photoelectron spin-polarization vector P~ , defined as:
Px,y,z =

I ↑x,y,z − I ↓x,y,z
.
I ↑x,y,z + I ↓x,y,z

(S6)

Hereafter, we define ↑ (↓) ≡↑z (↓z ) and make use of the usual spin relations between the
eigenstates of the σx , σy , and σz Pauli matrices:
1
| ↑i = √ (| ↑x i + | ↓x i) =
2
1
| ↓i = √ (| ↑x i − | ↓x i) =
2

1
√ (| ↑y i + | ↓y i),
2
−i
√ (| ↑y i − | ↓y i).
2

(S7)

Based on Eqs. S5, S6, and S7, we can calculate Px,y,z for the TSS photoelectrons:
P ↑ ∗ ↓
↓ ∗ ↑
(Ci,τ Ci,τ + Ci,τ
Ci,τ )|Mi,τ |2 +
Px =

i,τ

P
Py =

∗

↑
↓
i(−Ci,τ
Ci,τ

i6=i0 ,τ 6=τ 0

,
∗

i6=i0 ,τ 6=τ 0

i,τ

i,τ

∗

↑
↓
∗
(Ci,τ
Ci↓0 ,τ 0 + Ci,τ
Ci↑0 ,τ 0 )Mi,τ
Mi0 ,τ 0

Itotal
P
↓ ∗ ↑
2
+ Ci,τ Ci,τ )|Mi,τ | +

P ↑ ∗ ↑
↓ ∗ ↓
(Ci,τ Ci,τ − Ci,τ
Ci,τ )|Mi,τ |2 +
Pz =

∗

P

∗

↑
↓
∗
i(−Ci,τ
Ci↓0 ,τ 0 + Ci,τ
Ci↑0 ,τ 0 )Mi,τ
Mi0 ,τ 0

,

Itotal
P
↑ ∗ ↑
↓ ∗ ↓
∗
(Ci,τ
Ci0 ,τ 0 − Ci,τ
Ci0 ,τ 0 )Mi,τ
Mi0 ,τ 0

i6=i0 ,τ 6=τ 0

.

Itotal

(S8)

To further clarify the relationship between the photoelectron spin polarization (Eq. S8) and
the TSS intrinsic one, we can express the photoelectron spin polarization in terms of expectation values of generalized spin operators, with the latter defined as:
0

0

Sηi,τ ; i ,τ = |ψi,τ ihψi0 ,τ 0 |ση ,

(S9)

where η ∈ {x, y, z} and σx,y,z are the Pauli spin matrices. Using Eq. S2 and Eq. S9, we obtain
the layer- and orbital-projected expectation value of the spin operators:
0

0

0

0

∗

∗

↓
↑
hSxi,τ ; i ,τ i = Ci,τ
Ci↑0 ,τ 0 ,
Ci↓0 ,τ 0 + Ci,τ
∗

∗

↑
↓
hSyi,τ ; i ,τ i = i(−Ci,τ
Ci↑0 ,τ 0 ),
Ci↓0 ,τ 0 + Ci,τ
0 0
hSzi,τ ; i ,τ i

=

↑ ∗ ↑
Ci,τ
Ci0 ,τ 0

−

(S10)

↓ ∗ ↓
Ci,τ
Ci0 ,τ 0 .

Finally, by substituting Eq. S10 into Eq. S8, we can rewrite the photoelectron spin polarization in terms of the expectation value of the generalized spin operators, obtaining:
P
P
i,τ
2
i,τ ; i0 ,τ 0
∗
hS
i|M
|
+
iMi,τ
Mi0 ,τ 0
i,τ
η
i,τ
i6=i0 ,τ 6=τ 0 hSη
Pη =
.
(S11)
Itotal
2

P
Interference effects are described in Eq. S11 by the interference term i6=i0 ,τ 6=τ 0 . To emphasize the dependence of photoelectron interference on the optical path length difference of
photoelectrons from different layers, kz ∆z, we can factorize out of the matrix element the
kz -dependent part of the plane wave by redefining Mi,τ in terms of kk = {kx , ky } only:
Mi,τ ≡ heikk ·rk |A · p|ψi,τ i,

(S12)

Now the photoelectron spin polarization can be written as in Eq. 1 of the main text:
P
P
∗
2
i,τ ; i0 ,τ 0 ikz (zi −zi0 )
i,τ
Mi,τ
Mi0 ,τ 0
ie
i6=i0 ,τ 6=τ 0 hSη
i,τ hSη i|Mi,τ | +
.
(S13)
Pη =
Itotal
A minimal two-layer model to describe interference effects in spin-ARPES
While ab initio density functional theory (DFT) calculations – as presented in Ref. [2] for
Bi2 Se3 – are required in order to describe the complex layer-dependent wavefunction of the
TSS in realistic TI materials, and especially to quantitatively reproduce the experimental
data, it is illuminating to explore certain fundamental aspects with as simple a model as
possible. Here we will develop a most basic time-reversal-obeying model to qualitatively
capture interference effects on the spin polarization of photoelectrons, based on the solution
of the effective TSS Hamiltonian [3, 4]. First we will express the wavefunction of the TSS
in a basis set of px,y,z orbitals to account for the entangled spin-orbital texture. Then we will
generalize it to a model wavefunction for two atomic layers, to allow for a layer-dependent
spin-orbital texture. Finally we use it to calculate the spin polarization of photoelectrons
using π-polarized light incident in the yz plane, as one of the examples treated in the paper.
The model Hamiltonian for the three-dimensional topological insulators belonging to the
Bi2 Se3 family of materials has been fully derived by Zhang et al. [3, 4]. In the basis set
[Φ+ 1 , Φ− 1 ] formed by the total angular momentum with Jz = ± 12 , the effective Hamiltonian
2
2
for the TSS of Bi2 Se3 near the Γ̄ point can be written as [3, 4, 5]:
HTSS = ζ(σx ky − σy kx ),

(S14)

where ζ is the constant coefficient containing the strength of spin-orbit coupling (SOC), σx,y
are the spin Pauli matrices, and kx,y represent the electron momentum. The eigenstates of
this model Hamiltonian are [3, 4, 5]:
1
Ψ± = √ [±ie−iϕ |Φ 1 i + |Φ− 1 i],
2
2
2

(S15)

with ϕ defined by kk eiϕ = kx + iky . The exact kk -dependent form of Φ± 1 is determined by
2
the material details. As verified based on the DFT calculations for Bi2 Se3 , near the Γ̄ point
3

(i.e. away from the bottom of the conduction band) the kk dependence of Φ± 1 is very weak,
2
and is dominated by the zeroth-order term in kk . Therefore, here we express Φ± 1 in terms
2
of px,y,z orbitals by only retaining the zeroth-order term, and the basis becomes [5]:
β
Φ± 1 = α|pz , ↑ (↓)i ∓ √ [|px , ↓ (↑)i ± i|py , ↓ (↑)i],
2
2

(S16)

where α and β are now material-dependent real numbers. Finally, the eigenstates of the
model Hamiltonian (Eq. S14) expressed in terms of the [px , py , pz ] basis, with spin up (↑) and
spin down (↓), become [5]:
 ↑
Ψ±
Ψ↓±







β
α ±ie−iϕ
−1
β
−i
|pz i −
=√
|px i +
|py i.
1
2 ±ie−iϕ
2 ±e−iϕ
2

(S17)

The orbital-dependent spin texture for this model wavefunction – which qualitatively reproduces the behavior obtained through a complete DFT slab calculations [2] – can be obtained
by calculating the expectation value of spin operators for individual p orbitals [5]:
β2
= ∓ [sin ϕ, cos ϕ, 0],
2
β2
py
hS± i = ± [sin ϕ, cos ϕ, 0],
2
pz
hS± i = ±α2 [sin ϕ, − cos ϕ, 0],

hS±px i

(S18)

where ± refers to the upper- and lower-branch of the Dirac cone, respectively. Here we see
that the px , py and pz orbitals are associated with different spin textures – as shown in the
main text Fig. 1 – and are also similar to the results of the full DFT calculations [2].
As for the interpretation of experimental ARPES and spin-ARPES data, we emphasize
that the wavefunction presented in Eq. S17 alone is not sufficient to give rise to interferenceinduced photoelectron spin-polarization modulation, which has been observed in spin-ARPES
experiments. Our ab initio DFT calculations indicate that, in order to describe the unusual
spin-ARPES data, we need to account for the interference between photoelectrons with different optical path lengths, i.e. a model with at least two atomic layers is required. We
construct this by generalizing the wavefunction of the single-layer system (as described by
Eq. S17) to a two-layer system. To ensure that the two-layer model has an entangled spinorbital texture similar to the one obtained by DFT [2] and also by the effective TSS model
(Eq. S18), the spin-related phase information of each of the individual orbitals are assumed
to be layer-independent; however, we note that the details of the px,y,z orbital superposition in the TSS wavefunction can be layer-dependent. This way, the wavefunction of the
two-layer model will have a layer-dependent spin-orbital texture, as reported by DFT calculations in realistic materials [2]. Following this strategy, we rewrite the J = 1/2 basis states
4

by introducing a layer-dependent orbital character through the coefficients αi and βi :
Φ± 1 =

2
X

2

i=1

βi
αi |pz , ↑ (↓)i ∓ √ [|px , ↓ (↑)i ± i|py , ↓ (↑)i].
2

(S19)

We note once again that αi and βi are material-determined coefficients, and their value can
be estimated with the aid of ab initio DFT calculations. Combining Eq. S15 and Eq. S19, the
two-layer model wavefunction with a layer-dependent spin-orbital texture can be obtained:


Ψ↑model
Ψ↓model









2
X
−1
βi
−i
βi
αi ±ie−iϕ
√
|px i +
|py i.
|pz i −
=
2 ±ie−iϕ
2 ±e−iϕ
1
2
i=1

(S20)

In the following, we use this two-layer model wavefunction to qualitatively show that
quantum interference effects can allow a manipulation of photoelectron spin polarization in
spin-ARPES experiments. We take the experiment in Figs. 3(f)–3(h) as an example, where
the spin polarization was measured at both ±kx positions with π-polarized light incident in
the yz plane. Since π polarization incident in the yz plane would only excite photoelectrons
from the py and pz orbitals, the initial-state components of the TSS upper-branch being
probed then reduce to the py and pz terms in Eq. S20, and can thus be rewritten as:
 ↑  X




2
Ψinitial
αi ie−iϕ
βi −i
√
=
|pz i +
|py i,
1
2 e−iϕ
Ψ↓initial
2
i=1

(S21)

where αi and βi represent the layer-dependent orbital characters. Note that the TSS wavefunction (Eq. S20) has a first-order kk dependence derived only from the spin-orbit coupling
effects. Instead, as discussed in relation to Eq. S16, the αi and βi coefficients are expanded
only to the zeroth-order in kk and are thus approximated to real numbers.
At the +kx point, ϕ = 0, we calculate the measured spin polarization of photoelectrons
by using Eq. S13 and Eq. S21:
Px =
Py =

2(α2 β1 − α1 β2 ) sin(kz z1 − kz z2 )Mpy Mpz
,
Itotal
(β12 + β22 )Mp2y − (α12 + α22 )Mp2z + 2(β1 β2 − α1 α2 ) cos(kz z1 − kz z2 )Mpy Mpz

Itotal
2(α1 β1 + α2 β2 ) + 2(α2 β1 − α1 β2 ) cos(kz z1 − kz z2 )
Pz = −
Mpy Mpz ,
Itotal

,

(S22)

We can see that although the initial state is fully spin polarized along the y direction, with a
value of 100% for the py orbital and −100% for the pz orbital (Eq. S18), the photoelectron spin
polarization measured by spin-ARPES can have non-zero components along the x and/or
z direction, as long as α1 6= α2 , β1 6= β2 , and z1 6= z2 . Also, all the components of the
5

photoelectron q
spin polarization can be controlled by tuning the photon energy (hν) because
e
we have kz = 2m
(hν − EB ) − kx2 − ky2 , with EB being the binding energy.
~2
Similarly, for the −kx point, ϕ = π, we obtain the photoelectron spin polarization:

2(α2 β1 − α1 β2 ) sin(kz z1 − kz z2 )Mpy Mpz
,
Itotal
(β12 + β22 )Mp2y − (α12 + α22 )Mp2z + 2(β1 β2 − α1 α2 ) cos(kz z1 − kz z2 )Mpy Mpz
Py = −
,
Itotal
2(α1 β1 + α2 β2 ) + 2(α2 β1 − α1 β2 ) cos(kz z1 − kz z2 )
Mpy Mpz .
Pz =
Itotal

Px =

(S23)

Comparing Eq. S22 to Eq. S23, we find that both Py and Pz change their signs when moving
from +kx to −kx ; on the contrary, Px maintains the same value, consistent with our spinARPES data shown in Figs. 3(f)–3(h).
These model results demonstrate that a layer-dependent entangled spin-orbital texture
is key to observe and manipulate the photoelectron spin polarization in spin-ARPES experiments (as shown in Fig. 3 and Fig. 4 of the main text). At variance with the observed
behavior – for single atomic-layer model – all the results would be photon-energy independent because the kz term in Eq. S22 and Eq. S23 vanishes when z1 − z2 = 0; in addition – for
systems with layer-independent orbital character – also the value of the (α2 β1 − α1 β2 ) term
becomes zero leading to a constant photoelectron spin polarization in Eq. S22 and Eq. S23.
In the main text, we chose a simpler situation to illustrate the effects of interference
on the photoelectron spin polarization. This simplified situation is obtained by using these
p
√
parameters: α1 = 0, β1 = 1/ 2, α2 = 3/2, and β2 = 0, and also by assuming Mpy = Mpz .

References
[1] Damascelli, A. Probing the electronic structure of complex systems by ARPES. Physica
Scripta T109, 61–74 (2004).
[2] Zhu, Z.-H. et al. Layer-by-layer entangled spin-orbital texture of the topological surface
state in Bi2 Se3 . Phys. Rev. Lett. 110, 216401 (2013).
[3] Zhang, H. et al. Topological insulators in Bi2 Se3 , Bi2 Te3 and Sb2 Te3 with a single Dirac
cone on the surface. Nat. Phys. 5, 438–442 (2009).
[4] Liu, C.-X. et al. Model hamiltonian for topological insulators. Phys. Rev. B 82, 045122
(2010).
[5] Zhang, H., Liu, C.-X. & Zhang, S.-C. Spin-orbital texture in topological insulators. arXiv
e-prints, 1211.0762 (2012).
6

