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Understanding the fine interplay between spin and orbital degrees of freedom in the surface states
of topological insulators is the key to the development of next generation spintronics devices. So
far the majority of studies have focused on the helical spin texture of the topologically protected
surface state (T'SS) and little attention has been devoted to the spin texture of the other surface
states: the bulk-originated quantum well states (QWSs). This work presents the first of such study

in a prototypical topological insulator, BizSes.

By using spin and angle resolved photoemission

spectroscopy we reveal a full momentum dependent spin texture of the QWSs and their response to
light polarization. We find that these states share a similar spin-orbital texture with the T'SS. This
work shows an intimate correlation between the surface and bulk states, which was overseen before,
and provides new relevant information to understand how the surface states evolve with the bulk

states.

I. INTRODUCTION

The interplay between spin-orbit interaction (SOI) and
structural symmetry has become one of the most active
topics in condensed matter physics. Under this circum-
stance, topological insulators (TIs) have attracted ex-
tensive attention because of their exotic properties' ™ as
well as their potential in device applications and quan-
tum computation* 7. The crystal symmetries and strong
SOI, which mixes the orbital and spin degrees of free-
dom, not only provide levers to control spin® but also
enable intriguing phenomena including quantum anoma-
lous Hall effect? !9, spin galvanic effect'!, and magneto-
optical Kerr effect!2.

Nevertheless, the onset of some of these exciting effects
requires incorporating TIs into a heterostructure device
or conducting doping treatments on the crystal surfaces.
Under these conditions, a potential gradient can develop
at the TT surface!®14. This will trap the bulk-originated
electrons by pushing bands to deeper binding energy near
the surface. As a result, new states can emerge due
to the quantization of the bulk conduction and valence
bands!'®!¢, giving rise to the development of well defined
quantum well states (QWSs). These states can be eas-
ily induced under a variety of conditions, such as surface
exposure of ambient environment or surface absorption
of various adatoms including gas molecules**'%17  alkali
metals'®18 and other donor species like Fe'3. The re-
sulting two-dimensional electron gases not only coexist
with the topological surface state (TSS) electrons near
the surface, their spin degeneracy can also be lifted by
the Rashba effect!4 17,

Understanding the spin-orbital entanglement of these
additional two dimensional carriers is critically essen-
tial for the design of spin-based device and understand-
ing the interplay between the charge and spin trans-
port.  Spin- and angle-resolved photoemission spec-

troscopy (SARPES)!:2° provides a unique opportunity
to map the orbital-dependent spin textures of a ma-
terial by measuring the spins of distinct orbital com-
ponents that are selectively photoemitted with differ-
ent light polarizations?!:?2. Specifically, one can unravel
the intertwined spin and orbital degrees of freedom in
a strong SOI system by exploiting light-dependent ma-
trix elements in scattering processes?324 while measuring
the spin polarization of the photoelectrons®?2® 28, Since
the spin is preserved in p- to s-wave transitions?!, this
provides a hint to the entanglement of spin textures and
orbitals in the initial state.

So far, a systematic mapping of spin-orbital char-
acteristics of the complete surface states (including
TSS and QWSs) after the quantization of the bulk
bands is lacking. In the present work, we present the
orbital-dependent spin textures of a prototypical three-
dimensional T1I, BisSes, using SARPES. Our results pro-
vide a foundation for spin-based device applications of
BisSes as well as insight about the role of SOI in a ma-
terial at the atomic level.

II. METHODS

A clean Mg-doped p-type BisSes surface was created
by cleavage in ultrahigh vacuum chamber under the base-
line pressure of ~ 5 x 10~ Torr at ~80 K. The surface
experienced a pressure burst, caused by an explosion of
magnesium pocket irradiated with intense infrared pulse.
Mg particles effectively doped the sample surface to n-
type leading to quantization of the conduction band. A
similar effect has been reported in earlier works!'416.

Spin-and angle-resolved photoemission measurements
(SARPES) are performed utilizing a high-efficiency spin-
resolved photoelectron spectrometer!?2° coupled to a
lab-based 4" harmonic 5.99¢V laser generated from a
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FIG. 1. Diagram of experimental geometry is shown in (a). Blue and red arrows illustrate the measured in-plane spin-up/down
components, P,. Figure (b) shows an ordinary ARPES band dispersion map along I'-M by s-polarized photons, where TSS
and QWSs can be clearly observed. A large Rashba splitting AE = 105 meV at kr can be observed in the zoomed in panel of
(b). The same map but collected with a spin-polarimeter is presented in (c¢), in which the color represents spin polarization
while brightness shows the intensity. The spin polarization dispersion at a selected momentum is attached to the spin-resolved
map. One can examine the spin polarization for each surface bands.

cavity-dumped Ti:sapphire oscillator. This combination
enables rapid high-resolution data acquisition with ~ 16
meV energy resolution and +0.02 A~ momentum reso-
lution.

The experimental geometry is illustrated in Fig. 1(a).
S- (linear vertical, é along y axis) and p-polarized (linear
horizontal, é in x-z plane) light is shone on the crystal.
The energy and the in-plane, vertical spin component
(Sy) of photoelectrons emitted along z axis are measured
by the spectrometer. A band dispersion map is acquired
by rotating the sample polar angle along the y axis with
respect to the fixed spectrometer. The measured spin-up
and spin-down components are depicted with blue and
red arrows, respectively. The spin polarization is the
normalized difference of spin-up and spin-down intensity,

Py= (0 —1)/(Iy +1)).

III. RESULTS

The spin-integrated and spin-resolved maps of BisSes
along T-M are shown in Fig. 1(b)(c), respectively. In
addition to the well known TSS, a pair of parabolic dis-
persive bands are resolved. The latter are QWSs that
stem from the band bending effect due to the doping of
extrinsic impurities that induces conduction band quan-
tization. The presence of a large potential gradient across
the doped surface and the strong intrinsic SOI in BisSes
shift the two QWS branches away from I'-point yielding
a large splitting AE = 105 meV at kr = 0.05 A1 as
shown in the inset of Fig. 1(b).

The splitting can be explained within the Rashba
SOI model of a two-dimensional electron gas, E4 (k) =

h2k? . .
Ey + 5+ + agrk) , where m* is the effective mass and

ag is the Rashba parameter, a material-dependent phe-
nomenological prefactor determined by the strength of
SOI and potential gradient. The latter can be extracted
experimentally from the Rashba term (ark||) by measur-
ing the energy difference of a pair of split bands. Fig. 1(b)
yields a large Rashba parameter ap = 2.4 eVA, which
is one to two orders of magnitude larger than 2DEG in
conventional semiconductors and 3-4 times larger than
Au, ag = 0.63 eVA820:29,

Fig. 1(c) presents a spin-resolved version of Fig. 1(b),
where the color shows the spin polarization and the
brightness represents intensity of photoelectrons. One
can see that each TSS and QWS subbands possess op-
posite spins to its adjacent bands, and the polarization
magnitude of each band along the selected momentum
cut is shown in the plot of spin polarization dispersion
attached to the map.

In figure 2, we show the photon polarization depen-
dent spin characters of the QWSs for two distinct pho-
ton polarization geometries. For simplicity, the inner and
outer subbands of the first QWS, and the TSS are de-
noted by «, [, v symbols, respectively. Interestingly,
the spin characters with opposite signs are observed in
QWSs when the light polarization is rotated by 7/2 just
like the TSS band®. This can be easily observed from
the spin-resolved intensity maps (panels (a)(b)) as well
as the relative intensity of the spin-resolved energy dis-
persion curves (EDCs) in panels (c)(d) along selected mo-
menta k, = +ki. Panels (e-h) show the corresponding
measured spin polarization of the EDCs. In (e)(g), one
can see the o branch (the first peak near Ep) shows P, =
55% with s-polarized photons but P, = -50% is measured
with p-polarized photons, and vice versa for the g band.
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FIG. 2. Spin-resolved maps of BizSes surface states along
[-M made with s- and p-polarized light are presented in
(a)(b), respectively. S- and p-polarized photons reveals op-
posite spins of both the T'SS and QWSs. The spin-resolved
EDCs at momenta k = £k; are shown in (c¢) and (d), and
the correspondent spin polarizations are shown in (e-h). The
intensity and spin polarization of the inner, outer 15 QWS,
and T'SS band, denoted with symbol «, 3, v, respectively, can
be clearly observed.

A similar phenomenon can be observed on the other side
of T' as shown in Fig. 2(f)(h). Notice the offset to positive
spin polarization in Fig. 2(g)(h). This is a consequence
of spin-dependent photoemission dipole matrix elements
effect due to the experimental geometry?3°.

IV. DISCUSSIONS

The observed inverted spins in QWSs and the alter-
nating spin helicities of TSS and QWSs can be simul-
taneously explained from the aspect of the time-reversal
symmetry constraint in BisSes or by obital analysis at
the atomic level.

From the former prospective, since spin degeneracy is
required at high symmetry points, two split bands can
only pair up with opposite spin helicity. As calculations
have shown, TSS and QWS split bands will switch their
pairing partner from I' to M3'. Namely, the TSS and
the outer branch of the 15¢ QWS are degenerate at M.
Therefore, given the fact that the T'SS shows opposite
spins with respect to different photon polarization®, the
spin of QWSs has to change its sign correspondingly.

Alternatively, using the same theoretical framework
for the TSS in Ref.21:?2_ one can calculate the orbital-
dependent spin textures, which describes the spin char-
acters of a selected orbital for the bands in momentum
space. The calculation of the orbital-dependent spin tex-
ture can be simplified by only considering the matrix el-
ements of the Hamiltonian term that will affect the spin,
Hepp o A-f o é-(3x VV), where A characterizes
the incident radiation, g’ is the dipole moment, and VV/
represents the potential gradient. Since QWSs and TSS
share the same effective Hamiltonian due to the identi-
cal symmetry contraints, and the same orbitals that are
involved in the SARPES measurements, these suggest
QWSs and TSS carry identical orbital-dependent spin
textures. Specifically, the measured spin characters of
TSS and QWSs will qualitatively show similar response
to the rotation of photon polarization being governed by
the same effective Hamiltonian in the Rashba-SOI form.

The same effective Hamiltonian and switching of the
pairing band®' imply an intimate connection between
TSS and QWSs. This is in agreement with the spin ob-
servations on the unoccupied surface resonance states>?
and the Rashba-like nature of trivial gapped surface
states in topological phase transitions studies®®34. It has
been shown that the bulk-derived USR exhibits a strong
surface-localized component that is closely related to the
TSS as they evolve from a pair of Rashba-like states
through the band inversion®?. The essential difference
between the connection of TSS to QWSs and USR is
the QWS electrons are indeed constrained to the surface.
This further explains the observed alternating spin heli-
cies of T'SS and QWSs, where one can take the spin of
TSS as an analogy to the inner subband of a Rashba-like
gapped states that is adjacent to another Rashba-split
band (the outer subband of QWS). Still, the Rashba-like
gapped states and the bulk-originated QWSs are sub-
stantially different that the electrons of two branches are
localized on the opposite sides of the crystal in the for-
mer system but are spread on one surface in the latter
case. By introducing new states (QWSs) between the
well-defined surface state (T'SS) and the bulk bands, this
offers a way to examine the connection between the bulk



FIG. 3. (a) The selected orbitals by linearly polarized light.
The solid, dashed, and broken arrows depict that p; orbital is
selected by é;, where i = z,y, z, respectively. (b-d) The p.,
Dy, p- orbital-entangled spin textures of the QWSs and TSS
bands projected on the Fermi surface. (e-g) The phenomeno-
logical picture of the expected Sy-resolved band dispersion
along ky, = 0 (I'-M) direction.

and the surfaces®'33, whose close relation can be sup-

ported by the great resemblance between QWSs and the
topologically trivial gapped surface states.

The mechanism of the spin selection by photon po-
larization is schematically illustrated in Fig. 3. The
photoemission matrix elements, which are dependent on
the direction of incident photon vector and the mirror
plane where electrons are photoemitted, lead to the opti-
cal selection rules®®. Specifically, linearly polarized pho-
tons will only allow p — s transitions, and only p; or-
bitals will be photoemitted by é; polarized light, where
i = x,y,z (demonstrated in Fig. 3(a)). Fig. 3(b-d) show
the in plane spin textures that are coupled to the p; , .-
orbitals, respectively. These can be calculated from the
eigenstates derived from matrix elements of the effective
Hamiltonian. The arrows lying on the three dashed cir-
cles depict the projected spins of the inner QWS, outer
QWS, and TSS bands on the Fermi surface. Fig. 3(e-g)
phenomenologically shows the expected S,-spin-resolved
band dispersion maps along k, = 0 (I-M direction) from
the corresponding orbital-entangled spin textures in (e-
g). Notice that the spin orientations between p,- and
pr-entangled spin textures (Fig. 3(b)(d)) along this cut
are identical. This consistency is essential to the observed
opposite spin polarization of the whole surface states un-

der our experimental geometry: the p-polarized light will
photoemit a mixture of two orbitals yet with the same
spin characteristics along k, = 0, whereas the s-polarized
photons will photoemit orbitals that carry the opposite
spins.

Here we want to emphasize that the observed spin in-
version with respect to the rotation of linear photon vec-
tor is a pure result of the symmetries and carrier or-
bitals instead of the topological properties of BisSes?!.
This can be supported by the spin-orbital entanglement
of BisSes in its topologically trivial phase3®34. In fact,
similar observations have been reported from other sys-
tems with strong intrinsic Rashba-type SOI including
conventional?® and bulk?® Rashba systems, surface al-
loy Bi/Ag(111)%7, and topological materials®® by apply-
ing a similar theoretical framework. Although additional
mixing of orbitals may contribute complexities to the
calculations®”?8 our results and these studies show that
selection of spin by polarized light is possible, in princi-
ple, with careful investigation of the crystal symmetries,
carrier orbitals, and the choice of measured spin compo-
nents.

V. CONCLUSIONS

Our photon-polarization-dependent SARPES mea-
surements on BisSes reveal the orbital-resolved spin tex-
tures of the whole surface states. Due to the bulk origin
of the QWSs, the uniform spin-orbital characteristic of
TSS and QWSs not only suggests a single origin of the
spin inversion of these bands but also implies a surface-
bulk connectivity in BizSes which is in agreement with
the observed alternating spin helicities. These results
provide new important information on the emergence of
the TSS state with the bulk state and are fundamen-
tal to better understand the interaction between charge
and spin transport for the design of next generation TI
based devices. Indeed, the development of QWSs not
only means additional Fermi surface sheets but also the
onset of back scattering channels that can complicate the
spin character and the mobility of the carriers in a device.
As BisSes has become a prototypical topological mate-
rial that plays a key role in heterostructure systems, we
hope the present work will provide an important insight
to the design of TI/Rashba-based devices and the inter-
pretation of their performance.
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