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Abstract

Circular dichroism (CD) observed by photoemission, being sensitive to the orbital and spin
angular momenta of the electronic states, is a powerful probe of the nontrivial surface states of
topological insulators, but the experimental results thus far have eluded a comprehensive
description. We report a study of Bi,Tes films with thicknesses ranging from one quintuple layer
(two-dimensional limit) to twelve layers (bulk limit) over a wide range of incident photon energy.
The data show complex variations in magnitude and sign reversals, which are nevertheless well
described by a theoretical calculation including all three photoemission mechanisms: dipole
transition, surface photoemission, and spin-orbit coupling. The results establish the nontrivial

connection between the spin-orbit texture and CD.



Topological insulators such as Bi,Te; and Bi,Ses; are characterized by spin-polarized
metallic surface states protected by time-reversal symmetry [1-5], which are promising for
applications in spintronic devices and quantum computing [6]. Implementation of these materials
in device configurations requires the use of thin films for large scale integration. A further
benefit of the thin film configuration is greatly suppressed electrical conduction in the bulk [7],
which arises naturally as a result of defects and impurities in real materials but can short out the
spin-polarized surface conduction channel. When films become sufficiently thin, quantum size
effects can influence the spin texture of the system and thus allow property tuning [8.9].
Experimental characterization of the topological states is essential for understanding the
interplay of topological order and quantum confinement. A particularly powerful method is angle
resolved photoemission spectroscopy (ARPES) using circularly polarized light, which carries an
angular momentum that is well suited for probing the coupled spin-orbital angular momenta of
the topological electronic states [10]. The difference between the photoemission intensities
arising from excitation by oppositely circularly polarized light yields a circular dichroism (CD)
signal, and this method has been widely employed for characterizing the magnetic moments of
magnetic materials [11]. More recently, this method has been used to study topological insulators
and large CD has been observed from their helical Dirac states. Despite a recent surge of interest
in this topic [12—17], the underlying physics for the observed CD remains a challenging issue.
Our work on the CD of ultrathin films of Bi,Tes, reported herein, involves a systematic variation
of film thickness and photon energy over a wide range, thus establishing a stringent proofing

ground for the theory of CD. The resulting understanding facilitates the design of experiments to



extract the spin texture from measurements and is essential for the characterization and
engineering of thin films of topological insulators.

Previously, Wang et al. performed CD measurements on bulk Bi,Ses; using 6-eV photons
and demonstrated that the results were sensitive to the spin polarization of the initial states [12].
By contrast, another study of Bi,Se; led to an explanation in terms of the orbital angular
momentum of the initial states [14]. Scholz et al. working on bulk Bi,Te; discovered that the CD
depended on the photon energy, thus indicating a final state effect [16]. Another study of Bi,Ses
thin films by Vidal er al. also suggested the importance of the final states [17]. Our
comprehensive measurements show a behavior that is quite complex but can be simplified under
appropriate experimental conditions based on calculations involving the interference of three
photoemission channels.

Films of Bi,Te; were grown by molecular beam epitaxy with a Te/Bi flux ratio of about
3 [18,19] onto a freshly prepared Si (111)-(7x7) substrate maintained at 300°C. The film was
annealed at 350°C after deposition. The ARPES measurements were performed at the
Synchrotron Radiation Center, University of Wisconsin-Madison. All data were taken with the
sample at 50 K using a Scienta analyzer at the U9 PGM-VLS beamline. The energy and
momentum resolutions were 20 meV and 0.01 A, respectively. First-principles calculations
were performed using the ABINIT code [20] and the pseudopotential functions constructed by
Hartwigsen, Goedecker, and Hutter [21], which has been shown to yield band structure of BiyTe;
films in excellent agreement with experiment [19]. The lattice constants are adopted from a

previous publication [22].



The experimental photoemission geometry is shown in Fig. 1. Photoelectrons are measured
with different emission angles in the yz-plane. The sample is oriented as shown in Fig. 1(a) or
1(b) (geometry A or B, respectively); these two orientations are related by a sample rotation of
30°. The TM direction coincides with a mirror plane. As a result, the CD signal is an odd
function of ky for geometry B, but not for geometry A [23]. The data referred to below are
taken with geometry A. Figures. 1(c) and 1(d) show ARPES maps of a film of 2 quintuple layers
(QL) of Bi,Tes film taken with left- and right-circularly polarized (LCP and RCP) light,

respectively. The magnitude of CD is defined as
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where Ircp (Ircp) represents the photoemission intensity measured under LCP (RCP). The
photoemission intensity distribution is very different for the two spectra, indicating a large CD.
For comparison, Fig. 1(e) shows an ARPES map taken with linearly polarized light for the same
2-QL film, where the conduction and valence band edges (CB and VB, respectively) are
indicated. The topological surface state (SS) bands form a Dirac cone at the zone center in the
bulk limit, but instead there is a small tunneling gap for the 2-QL film. This gap arises from
coupling of the states associated with the top surface and the buried interface of the film [8,28].
Figure 1(f) shows an ARPES map for a 12-QL film acquired with the same linear polarization
configuration, and the gap vanishes [19,29]. The tunneling gap is only evident for films of
thicknesses of 4 QL and below.

A selected set of CD maps is presented in Fig. 2(a) for film thicknesses of 1-4, 6 and 12 QL



taken with photon energies of 19, 29, and 55 eV. The results are further summarized in Fig. 2(b)
which shows the CD values of the upper branch of the Dirac cone at k, = —0.08 A for the
different film thicknesses at various photon energies. For some photon energies (38 and 50 eV)
the CD values for the different film thicknesses are fairly close, but large variations and sign
reversals occur at 19 and 55 eV. For the 6- and 12-QL films, which are bulk-like, the largest CD
values occur near 29 and 55 eV. The sign reversal at 60 eV agrees qualitatively with the
experiment by Scholz ef al. on bulk Bi,Tes; samples [16]. However, the very strong dependence
of the CD on film thickness is surprising, which suggests that prior studies of the CD require
further analysis and scrutiny.

The normalized spin polarization of the initial state (upper branch at &, = —0.08 A™) defined
by

PE) =5 (k)b sen()| (k) )

is computed by using wave functions i obtained from first-principles calculations for
freestanding films, where sgn(z) is the sign function, z = 0 is at the midpoint of the film, and the
summation over i is for the degenerate Kramers pair associated with the two faces of the
film [30]. The computation is limited to 1-6 QL for simplicity. The results for different film
thicknesses (Fig. 2(d)) reveal that the spin polarization increases as a function of film thickness
of 2 QL and up, but the spin polarization for 1 QL has an opposite sign. This behavior is
consistent with the measured spin polarization of the Dirac cone in ultrathin films and bulk

Bi,Se; [9,31]. It is interesting to note that the 1-6 QL films have very similar CD at 50 eV (Fig.



2(b)) even though the spin polarization is very different.

To understand the complex CD behavior, we have performed a calculation with results
shown in Fig. 2(c) for comparison with the experiment. The interaction Hamiltonian of an
electromagnetic radiation represented by vector potential A with an electron in potential V is

given by [10,32]
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The three terms correspond to momentum-conserving dipole transition, surface photoemission,
and spin-orbit coupling. The transition matrix element, after accounting for the dielectric

discontinuity at the surface, becomes
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where € is the dielectric constant of Bi,Tes;, and £ = 4.32x 107 e is a Rashba parameter
determined by the Dirac cone dispersion or energy splitting as a function of momentum, which is
available from first-principles calculations or from experimental dispersions [23].

First-principles calculations yield the initial state y;. The final state ¥y is a time-reversed
low-energy-electron-diffraction (TRLEED) state [24,25], keeping only the zeroth order of the
crystal potential (the inner potential 8.5 eV) and accounting for multiple reflections and damping
of the electron waves within the film [23]. The damping (or decoherence) length equals twice the
photoelectron mean free path and is taken to be 12 A. The reflection coefficient at the interface,

taken to be a linear function of electron energy, is extracted from fitting to the data. The result



corresponds to an intensity reflectivity around 70%, which mainly affects the 1 QL case only
because the damping suppresses multiple reflections at larger film thicknesses. The only other
parameter needed for the computation is the complex dielectric constant £ of Bi,Tes, which
should be close to unity in the energy range of interest [33]. We treat £ as a fitting parameter that
depends on the photon energy but not on the film thickness. It does come out to be close to
unity [23]. The calculation also includes contributions from the buried interface, which are
relatively minor because of the damping of the final state. The results of the calculation (Fig. 2(c))
are in overall agreement with the data. The minor differences can be attributed to the various
approximations. A further comparison of the CD involving the k, dependence of the upper
branch in selected cases is presented in Fig. 3. The CD is not an odd function, as expected. Note
the large differences between the results at 55 and 60 eV (sign reversal), and the unusual
behavior for 1 QL at 55 eV, are all reproduced by the calculation. The detailed agreement lends
strong support to our analysis. Note that even the "bulk" bands can exhibit a nontrivial CD due to
the strong spin-orbit coupling, but the effects are generally weaker compared to the topological
surface states.

Prior discussions of CD [15,16,34] generally invoked only the dipole term in Eq. (3). Is this
justified? We show in Figs. 4(a)-(c) the calculated CD with only two of the three terms in Eq. (3)
included and in Figs. 4(d)-(f) with only one of the three terms included. Note that the matrix
elements are complex functions. Interference of the three contributions makes the CD values
large in Figs. 4(a) and 4(b), but quite small in the other cases. A single-term description yields

very small CD and is simply not adequate. With two terms, only the case including both the



dipole term and the spin-orbit term comes roughly close to the experiment. Thus, the
contribution of the surface photoemission term is relatively weak but not negligible. In general,
the surface photoemission term is weak relative to the dipole term if direct transitions are
allowed, and vice-versa [32]. The c-axis lattice constant of Bi,Tes is very large [22], leading to a
very small dimension of the Brillouin zone along this direction. The final state is dominated by a
free-electron state folded into the narrow first zone. Direct band-to-band transition is essentially
continuously allowed, independent of the photon energy. Thus, the surface photoemission term is
expected to be weaker.

Additional data based on geometry B reveal an odd CD function as expected from symmetry
requirements, and the results are again in good agreement with the calculation [23]. Some
insights can be garnered from the analysis. In general, CD measurements at just one randomly
chosen photon energy or just one film thickness are not necessarily a straightforward indication
of the spin polarization of the topological state, and the sign can be reversed. At high photon
energies where & approaches unity or in cases direct transitions are allowed, the surface
photoemission term can be relatively weak. The spin-orbit term is generally strong for systems
with heavy elements. At very low photon energies (such as 6 eV), where the final state damping
effect is suppressed, the contributions from the top and bottom faces of the film, with opposite
spin textures, can interfere with each other. In systems with a typical lattice constant along the
c-direction, direct transitions are strongly modulated as a function of photon energy and can be
strategically minimized. These guidelines are helpful for simplifying the analysis of CD in terms

of the spin polarization by choosing appropriate experimental conditions.



In summary, we have performed a comprehensive study of the CD of the topological surface
states in ultrathin films of Bi,Te; grown on Si(111). The experimentally observed complex
dependencies of CD on the photon energy, film thickness, crystal momentum, and experimental
geometry (or initial states with different symmetries) are all well described by the calculation.
Our results resolve the outstanding issues related to the apparent complexity of experimental CD
results. While the spin polarization of the topological surface states plays an important role in the
analysis, extraction of this quantity requires a thorough understanding of the photoemission
process. While it is expected that circularly polarized light, which carries an angular momentum,
can be used to manipulate the spin of photoelectrons [34-36], our study shows that the
photoelectron spin can be further controlled by changing the film thickness or photon energy.
This control offers opportunities for photocathode applications. The same analysis and
methodology should be broadly applicable to surfaces and thin films in general.
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13
FIG. 1 (color online). (a)-(b) ARPES geometries A and B. Green hexagons represent the surface
Brillouin zone of Bi,Tes. (c)-(d) ARPES maps of a 2-QL Bi,Te; film taken with LCP and RCP
light at 55 eV, respectively, using geometry A. The brightness indicates the photoemission

intensity. (e)-(f) ARPES maps of 2-QL and 12-QL Bi,Te; films, respectively, taken with linearly
polarized light at 29 eV.
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FIG. 2 (color online). Circular dichroism of Bi,Tes films, with a comparison between experiment
and model calculation. (a) Maps of photoemission CD for films of Bi,Tes of various thicknesses
taken at different photon energies using geometry A. The green dashed curves indicate the
dispersion of the upper topological surface state. (b) Photon energy and film thickness
dependences of CD for the upper topological surface state at k, =—0.08 A™'. (¢) Computed CD for
comparison with results shown in (b). (d) Calculated spin polarization of the upper topological
state at k, =—0.08 A",
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FIG. 3 (color online). Experimental and theoretical CD of Bi,Tes films of various thicknesses
taken at different photon energies using geometry A. The results are for the upper branch of the
topological states as a function of k,. The decreasing CD signal at larger k, compared to the
calculation is caused by overlapping signal from the neighboring conduction band states because
of a finite band width in the experiment. Likewise, the sharp changes in theoretical CD around
the zone center, especially at 29 and 55 eV, become rounded in the experiment due overlapping
signal from the neighboring valence band states.
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FIG. 4 (color online). Computed CD for geometry A with the following reduced set of
contributions of photoemission: (a) No dipole transition (DT); (b) no surface photoemission (SP);
(¢) no spin-orbit coupling (SOC); (d) dipole transition only; (e) surface photo-emission only; and
(f) spin-orbit coupling only. The CD is computed for the upper topological state at k, = —0.08 A,

the same wave vector as that in Fig. 2(c).
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