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Bulk Rashba systems BiTeX (X = I, Br, Cl) are emerging as important candidates for developing spintronics
devices because of the coexistence of spin-split bulk and surface states, along with the ambipolar character of the
surface charge carriers. The need to study the spin texture of strongly spin-orbit-coupled materials has recently
promoted circular dichroic angular resolved photoelectron spectroscopy (CD-ARPES) as an indirect tool to
measure the spin and the angular degrees of freedom. Here we report a detailed photon-energy-dependent study
of the CD-ARPES spectra in BiTeX (X = I, Br, Cl). Our work reveals a large variation in the magnitude and sign
of the dichroism. Interestingly, we find that the dichroic signal modulates differently for the three compounds
and for the different spin-split states. These findings show a momentum and photon-energy dependence for
the CD-ARPES signals in the bulk Rashba semiconductor BiTeX (X = I, Br, Cl). Finally, the outcome of our
experiment indicates the important relation between the modulation of the dichroism and the phase differences
between the wave functions involved in the photoemission process. This phase difference can be due to initial-
or final-state effects. In the former case the phase difference results in possible interference effects among the
photoelectrons emitted from different atomic layers and characterized by entangled spin-orbital polarized bands.
In the latter case the phase difference results from the relative phases of the expansion of the final state in different

outgoing partial waves.
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The need for novel and advanced spintronics devices
has stimulated the quest for materials hosting metallic spin-
polarized bands embedded in a semiconducting bulk. Starting
from the present knowledge on topological insulators (TIs)
[1-5], the design of materials with spin-polarized bands
requires the tailoring of the spin texture at the Fermi level
(EFr), hence the synthesis of systems such as ternary TIs [6,7]
or the bulk Rashba semiconductors BiTeX (X =1, Br, Cl)
characterized by ambipolar surface states [8—12]. Nowadays
one of the major challenges is to study the fully three-
dimensional spin properties of ternary TIs, and the bulk Rashba
semiconductors, as is done for magnetic doped TIs [13].

Spin-resolved angular resolved photoelectron spectroscopy
(SR-ARPES) offers the unique possibility to directly address
the spin polarization. Unfortunately, SR-ARPES, based on
high-energy spin-dependent Mott scattering, is character-
ized by a low efficiency (I x 1073~1 x 10™*) [14]. This
limitation has recently renewed the interest for alternative
spin detection devices based on higher-efficiency low-energy
electron diffraction (IV-LEED with 1 x 10711 x 1072) [15].
This context well explains why the possibility of indirectly
studying the spin polarization via circular dichroic ARPES
(CD-ARPES) was regarded as a major breakthrough [16].
CD-ARPES measures the difference between the photoemis-
sion intensities obtained with the two opposite helicities of
the circularly polarized light. However, there is no general
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consensus about the physical mechanism at the origin of
the dichroism in CD-ARPES experiments. Recent theoretical
and experimental studies proposed to interpret the dichroism
in giant spin-split states in surface alloys [17-19] and in
TIs [20-23] as the result of local orbital angular momentum
(OAM [17,18,21,24-26]) or directly as a measure of the spin
polarization [20].

Recently, a large variation of the dichroism as a function
of the incoming photon energy as well as the change in
its sign have been reported by Scholz and co-workers for
the topological insulator BiTe; [27]. A similar observation
was reported for the TI BiTe,Se by Neupane et al. [28].
These works have shown that the dichroic signal cannot
be interpreted only in terms of initial-state effects, and that
also final-state effects must be accounted for [27-29]. To
address the origin of dichroism in photoemission, Zhu et al.
developed a model capable to explain the effect of linear
dichroism in ARPES experiments on the TI Bi,Ses; [30].
They proposed that photoelectrons originating from different
atomic layers in BipSes, and characterized by different spin
and orbital projections of the wave functions, can interfere. In
this photoelectron interference process, the CD-ARPES signal
modulates accordingly to a phase term which depends on
several factors, namely the photon energy, the layer where the
photoelectrons are originated (which translates into different
optical paths), and the particular orbital and spin projection
of the electron wave functions on those layers [30]. Recently,
Arrild and co-workers proposed a different description for the
photon-energy dependence of the dichroism. On the basis of

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.89.125408

A. CREPALDI et al.

relativistic photoemission calculations for the Au(111) surface
states, they ascribed this modulation to a phase difference be-
tween the complex expansion of the final-state wave function
over various partial waves, characterized by different orbital
quantum numbers [31]. Interestingly, the models of both Zhu
and Arrala predict that the dichroic signal is strongly modu-
lated as a function of a phase difference, which is attributed
respectively to a property of the initial or of the final states.

Here we report a detailed experimental investigation of
the CD-ARPES signal measured in bulk Rashba compounds,
BiTeX (X =1, Br, Cl). The experimental data show a large
variation of the dichroic signal as a function of the impinging
photon energy. Furthermore, the photon-energy dependence
of the CD-ARPES signal varies in the same spin-polarized
band for different regions of its parabolic dispersion, unveiling
a momentum dependence of the photon-energy modulation
of the dichroism. The BiTeBr and the BiTeCl compounds,
in contrast to BiTel, host several spin-split states crossing
Eg. Recently, this behavior was ascribed to states located
at different depths below the surface and resulting from a
staircaselike potential [12]. Interestingly, we observe that the
dichroic signal modulates with the photon energy differently
in these various states. We propose that the momentum and
photon-energy dependence of the dichroism reflects a phase
difference between the outgoing partial waves, as recently
proposed by Arrild et al. for the Au(111) surface state [31]
or, alternatively, that it results from photoelectron interference
effects, as proposed by Zhu and co-workers in the case of the
TI Bi,Se; [30].

CD-ARPES experiments were carried out on the BiTeX
(X =1, Br, Cl) compounds at the APE beamline at the Elettra
synchrotron in the energy range between 20 and 50 eV. The
UV light was generated by an APPLE II undulator with a
high degree of circular polarization at the sample position
(>90 % [32]). The ARPES end station was equipped with a
Scienta SES 2002 analyzer, with overall energy and angular
resolution set to 15 meV and 0.2°, respectively. The samples
were cleaved in situ at room temperature and measured at
liquid nitrogen temperature (~77 K). A set of measurements at
higher photon energy, in the range 80-180 eV, was performed
on BiTel at the BACH beamline, at the Elettra synchrotron. The
measurements were performed at liquid nitrogen temperature
with the use of a Scienta R3000 analyzer with an overall energy
and angular resolution set to 27 meV and 0.1°, respectively.
Also this beamline provides us with a high degree of circular
polarization (>99.7%) through the use of an APPLE II
undulator [33].

High-quality BiTeBr crystals were grown by chemical
vapor transport. A stoichiometric mixture of Bi, Te, and
BiBr; was sealed with HBr as the transport agent. The
ampule was placed in a two-zone furnace with charge and
growth temperatures 440 °C and 400 °C, respectively. BiTel
crystals were produced by melting in a sealed quartz ampule
a stoichiometric mixture of Bi, Te, and Bilz at 600°C. The
horizontal furnace was subsequently cooled to 200°C at a
rate of 1 K/h. The synthesis of BiTeCl was realized from
Bi,Te; with BiCl; in excess (BiCls/BiyTe; > 5). The quartz
ampule was placed vertically inside a muffle furnace. During
the growth, the temperatures at the bottom and at the top
of the ampule were respectively 440°C and 400°C. The
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FIG. 1. (Color online) (a) Experimental geometry common to
both ARPES end stations. The analyzer slit is orthogonal to the
scattering plane, defined by the photon and photoelectron wave
vectors. (b) Crystal structure of BiTeX (X = I, Br, Cl) obtained from
x-ray powder diffraction [34].

temperatures were maintained for a few days. Then the furnace
was cooled down to room temperature at 1 K/h. At the end
of the processes, centimeter-sized crystals were obtained. The
structure and chemical composition were confirmed by x-ray
diffraction and energy dispersive X-ray spectroscopy.

Figure 1(a) shows the geometry common to both ARPES
end stations. The incoming photon wave vector and the
outgoing photoelectron wave vector form an angle o = 45°
(o = 60° on the BACH beamline) and they define the scatter-
ing plane. The circular polarization of the light is transformed
from left to right by a mirrorlike symmetry about the scattering
plane. In the case of photoelectron wave vectors lying in the
scattering plane, the dichroic signal must be zero unless the
compound breaks time-reversal symmetry [27,35,36], which
is not the case for the materials here investigated. In order to
resolve a dichroic signal the setup must possess a handedness;
i.e., the photoelectron wave vectors should not lie in the mirror
plane. In both the experimental end stations the analyzer slit is
orthogonal to the experimental scattering plane, thus allowing
for a direct measurement of the circular dichroism. It is well
known that the experimental geometry can also influence
the circular dichroism [16,36], and a dichroic signal can be
introduced also by the experimental handedness. In order to
disentangle this artificial effect from the physical properties
of the material, several in-plane orientations of the BiTel were
measured, and the dichroic signal rotated accordingly (not
shown). This proves that the dichroism does not originate
from an asymmetry in the experimental setup, but it arises
from physical properties inherent to the materials.

Figure 1(b) shows the crystal structure of the three BiTeX
systems as determined by x-ray diffraction [34]. All the
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compounds are noncentrosymmetric small-gap semiconduc-
tors described within the semi-ionic model [34]. In the case
of BiTel, the unit cell is formed by the alternation of Bi, Te,
and I layers, with P3m1 point group symmetry. The natural
cleavage plane is between Te and I and both terminations are
possible [9,37]. In this study we focus only on the electronic
properties of the Te-terminated surfaces of all the compounds.
Our x-ray diffraction study indicates that in BiTeBr the Te
and Br atoms are well organized in separated and alternating
layers, similarly to BiTel, and they do not form a mixed alloy as
originally proposed [34]. A similar structural model has been
recently proposed by ARPES experiments [10] supported by
theoretical calculations [38]. The crystal structure of BiTeCl is
different as it is characterized by quintuple layers of alternating
Bi, Te, and Cl layers with P63mc point group symmetry, and
the unit-cell parameter c is doubled (¢ = 12.39 A) with respect
to the one of BiTel (¢ = 6.85 A) and BiTeBr (c = 6.48 A) [34].

Figure 2(a) displays the electronic band structure of BiTel
measured with photon energy equal to 25 eV along the
TK high-symmetry direction (TK = 0.96 A-1). The figure
results from the sum of the data measured with the two
circular polarizations. Several spectral features are observed, in
excellent agreement with previous ARPES studies [8,9,11,39].
The dashed vertical lines indicate the scattering plane at k =
0A~! and green lines are a guide to the eye for the parabolic
dispersion of the left spin branches. The band crossing at
the Fermi level for positive k is indicated by red marks.
We associate the bl and b3 states to the outer and inner
branches of the spin-polarized surface states. An additional
state, b2, disperses between the two. It is hardly detectable
at this photon energy and we attribute it to the outer branch
of the three-dimensional bulk-derived spin-split state [9,11].
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FIG. 2. (Color online) (a) Band dispersion of BiTel measured at
25 eV along the T'K high-symmetry direction and (b) corresponding
dichroic signal (I~ — IT). The dashed vertical line indicates the
scattering plane at k = 0 A-! and green lines are a guide to the eye
for the parabolic dispersion of the left spin branches. (c) Evolution of
the dichroism in BiTel at selected photon energies (25, 32, 48, 80, and
100 eV). (d) MDC:s at Ef for 25, 48, and 100 eV shown in red, green,
and black, respectively. The number of sign changes (zero crossing)
is respectively equal to one, five, and three.
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Figure 2(b) shows the CD-ARPES image (I~ — I ™) associated
to Fig. 2(a). At 25 eV photon energy the dichroism changes
sign along the parabolic dispersion of each spin branch at
the scattering plane. The dichroic signal is always positive
(negative) for positive (negative) k, similarly to what was
reported very recently by a low-photon-energy CD-ARPES
study of BiTel [40]. Surprisingly, this is not the case for all
the photon energies, as clearly shown in Fig. 2(c). A small
variation of the photon energy (from 25 to 32 eV) is sufficient
to induce a dramatic change in the dichroism of the b3 state
(the inner contour), which has now opposite sign. Hence, at
32 eV photon energy the dichroic signal does not change sign
along the parabolic dispersion of the surface state. Therefore,
at this particular energy the dichroic signal of the spin-split
surface states mimics the expected spin polarization of the
initial state. Conversely, the complete change in the dichroism
for the b1 states (the outer branch) is achieved only at ~100 e V.
The k separation between the bl and b3 states is small (it
corresponds to their spin splitting, 2ky ~ 0.11 A-1), and the
weak dispersion of the final states is not likely to account for
such a large difference in the modulation of the dichroism as
a function of the photon energy.

At 48 eV photon energy the ARPES signal differs signif-
icantly from the one recorded at lower photon energies, and
the bulk state b2 is more clearly resolved. Interestingly, the
dichroism changes sign along the band at ~0.1 A-!, which
corresponds approximately to a Fermi wave vector of b2.
The abrupt change in sign of the dichroism is suggestive of a
hybridization between the surface-derived states and the bulk
state. This hybridization is observed at 48 eV owing to the
three-dimensional character of the bulk state and it can be
responsible for a partial reorientation of the spin and orbital
projections. In BiTeCl, for example, the theory shows that
the spin polarization along the z direction changes when the
surface state approaches the bulk conduction band [41].

The different behavior of the dichroism at the three energies
is summarized in Fig. 2(d), where the momentum distribution
curves (MDCs) at the Fermi level (Eg) are extracted from
the CD-ARPES images of Fig. 2(c). At 25 eV photon energy
(red) the dichroism changes sign only at the scattering plane
k=0 A‘l). Instead, at 100 eV (black) and 48 eV (green)
photon energies, we observe three and five sign changes,
respectively. This shows that the dichroism modulates with the
photon energy differently for different values of the electron
momentum.

The momentum and photon-energy dependence of the
CD-ARPES signal is investigated also in BiTeBr and BiTeCl.
Recent high-resolution ARPES studies [10,12] and theoretical
calculations [38] reported the existence of several surface-
derived spin-split states at the Te termination of BiTeBr and
BiTeCl, in contrast to the unique pair of surface states observed
in BiTel. Density functional theory (DFT) calculations show
that each spin-split state lies at different depth below the
surface and is confined between different crystal unit cells [12].
Therefore, it is interesting to verify whether dichroism modu-
lates differently in the various bands of these two compounds.

Figures 3(a) and 3(b) display the high-resolution ARPES
data of the electronic band structure of BiTeCl and BiTeBr
measured along the TK high-symmetry direction at 25 eV
photon energy. In BiTeCl and BiTeBr the spin branches
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FIG. 3. (Color online) Electronic band dispersion of (a) BiTeCl
and (b) BiTeBr, measured along the TK high-symmetry direction
with photon energy equal to 25 eV. The dashed vertical lines indicate
the scattering plane at k =0 A-! and green lines are a guide to
the eye for the parabolic dispersion of the left spin branches. (c)—(h)
dichroic maps at 22, 25, and 28 eV for the two materials. The dichroic
signal in the states labeled b1-b4, whose kg is indicated by red tick
marks, is different in the two compounds.

disperse with parabolic behavior and similar positive effective
mass in an extremely small region around the I" point of the
Brillouin zone (BZ). The outer spin branch of each parabola is
found to be almost degenerate with the inner spin branch of the
successive band [10]. All those spin-split states are ascribed to
the polar nature of the semi-ionic crystals and to the resulting
staircaselike potential landscape [12].

For BiTeCl we did not observe the linearly dispersing
topologically protected surface state recently reported by Chen
et al. [42]. Instead, our data indicate the existence of several
spectral features associated to spin-split states localized in
different unit cells beneath the surface in good agreement with
other independent studies [10,12]. Green guide lines trace the
parabolic dispersion of the left spin branches. We indicate the
Fermi wave vectors for positive k with red tick marks and labels
bl-b4. Unfortunately, we cannot resolve the contributions
of the inner and outer spin branches of the two consecutive
states, because of their small k separation. Nevertheless, the
evolution of the dichroic signal averaged over diverse states is
sufficient to capture the different photon-energy modulation
of the dichroism in the different regions of the Brillouin
zone.

In Figs. 3(c)-3(h) we report the CD-ARPES images for
BiTeCl (middle panels) and for BiTeBr (bottom panels)
respectively at 22, 25, and 28 eV photon energies. In both
materials the dichroic signal associated to the most external
branch, bl, displays a smaller modulation with the photon
energy. This is in agreement with what was found in BiTel,
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FIG. 4. (Color online) Evolution of the normalized dichroic sig-
nal (I~ — I")/(I~ + I") for (a) BiTel, (b) BiTeCl, and (c) BiTeBr.
Markers report the averaged signal at the Fermi level for the bands
indicated by red rectangles.

where the change in sign is observed only at ~100 eV photon
energy. The states with smaller kp are instead characterized
by a more frequent modulation. In particular in BiTeCl the b2
band switches sign twice as the photon energy is varied over
a window of ~8 eV. Besides the evolution of the dichroism in
different states in the same compound, it is interesting to note
the difference of the dichroic signal in the same state between
the two compounds. In particular, the sign of the dichroism
in the two systems is opposite in b3 at 25 eV, whereas it is
opposite in bl and b2 at 22 eV and it is the same in all the
states when measured at 28 eV.

In order to compare more quantitatively the modulation of
the dichroic signal in the different compounds we report in
Fig. 4 the normalized dichroism, defined as (I~ — I)/(I~ +
IT), for BiTel [Fig. 4(a)], BiTeCl [Fig. 4(b)], and BiTeBr
[Fig. 4(c)]. Each panel shows red markers reporting the aver-
aged signal at the Fermi level integrated over the momentum
region enclosed by the rectangle. The color of the background,
instead, highlights the change in the sign of the dichroism.

We reveal only one change in sign in BiTel at ~100 eV,
whereas in the case of BiTeCl the dichroism changes sign six
times in an energy window <30 eV. The trend of BiTeBr is
somewhere in between, and we report two changes of sign
in the measured energy range (25 eV). Furthermore, BiTel
is characterized by the largest dichroic signal, which is on
average larger than 50% and it reaches almost 92% at 28 eV,
while for the two other compounds the dichroic signal is always
found smaller than 25%. In general, we observe a smaller
number of sign changes in the dichroic signal associated to
the states having larger Fermi wave vectors, one (two) sign
change(s) fewer for BiTeBr (BiTeCl).

Variation of the CD-ARPES signal as a function of the
photon energy has been already reported for the TI Bi,Tes
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and this effect has been interpreted in terms of final-state
effects [27]. In particular, calculations of the ARPES intensity
in the one-step model suggest that the magnitude of the
circular dichroism associated to the p-like surface state is
strongly affected when the photon energy matches a final
state with a large d-like contribution, due to the selection
rules for the orbital angular momentum in an optical electric
dipole transition. Nevertheless, in the present study, in stark
contrast to the single spin-polarized Dirac particle at the
surface of BipTe; [27], the bulk Rashba semiconductors
BiTeX display several bands close in energy and momentum.
Owing to the small momentum and energy distance between
these states, and owing to the weak dispersion of the final
state, the dipole selection rule alone can hardly account
for the observed momentum dependence of the circular
dichroism.

We propose that the observed momentum and photon-
energy dependence of the CD-ARPES signal in BiTeX could
be a consequence of the difference in the phase terms
of the wave functions, describing the initial [30] and/or
final states [31]. This phase term could be responsible for
photoelectron interference effects, as proposed by Zhu and co-
workers [30]. In the model of Zhu this phase difference results
from the photon energy, the layer where the photoelectrons are
originated (which translates into different optical paths), and
the orbital and spin layer projection of the wave functions [30].
For the Arrala model the phase change results from the phase
difference between the complex expansion of the final state
on outgoing partial waves characterized by different orbital
quantum number. Detailed calculations accounting for both
initial- and final-state effects and the relative phase difference
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between the photoelectron wave functions are required to
clarify the role of the different terms.

In summary we have performed a photon-energy-dependent
study of the circular dichroic ARPES signal in the bulk Rashba
materials BiTeX (X = I, Br, CI). We report on the modulation
of the dichroism as a function of the incoming photon energy.
We have observed that the evolution of the dichroic signal in
BiTel varies along the parabolic dispersion of each spin branch.
In the case of BiTeCl and BiTeBr several surface-derived spin-
split states are observed, in agreement with the literature. Our
data show that also in these compounds the circular dichroism
modulates differently as a function of the photon energy in the
various states, thus indicating a momentum and photon-energy
dependence of the circular dichroism.
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