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Geometric and electronic structure of the Cs-doped Bi2Se3(0001) surface
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Using surface x-ray diffraction and scanning tunneling microscopy in combination with first-principles
calculations, we have studied the geometric and electronic structure of Cs-deposited Bi2Se3(0001) surface kept
at room temperature. Two samples were investigated: a single Bi2Se3 crystal, whose surface was Ar sputtered
and then annealed at ∼500 ◦C for several minutes prior to Cs deposition, and a 13-nm-thick epitaxial Bi2Se3

film that was not subject to sputtering and was annealed only at ∼350 ◦C. In the first case, a considerable
fraction of Cs atoms occupy top layer Se atoms sites both on the terraces and along the upper step edges where
they form one-dimensional-like structures parallel to the step. In the second case, Cs atoms occupy the f cc

hollow site positions. First-principles calculations reveal that Cs atoms prefer to occupy Se positions on the
Bi2Se3(0001) surface only if vacancies are present, which might be created during the crystal growth or during
the surface preparation process. Otherwise, Cs atoms prefer to be located in f cc hollow sites in agreement with
the experimental finding for the MBE-grown sample.

DOI: 10.1103/PhysRevB.95.205429

I. INTRODUCTION

In the middle of the past decade, there appeared in
condensed matter physics a new branch devoted to a study
of topological insulators (TIs) [1–8]. Since then it has
demonstrated an explosive growth, leading to the discovery
of other topological phases like Weyl [9] and Dirac [10]
semimetals or the quantum anomalous Hall state [11–13]. Like
the ordinary trivial insulators, TIs have an energy gap in the
bulk, but unlike in those former, in TIs this gap is inverted
within a certain part of the Brillouin zone as a consequence of
the strong spin-orbit coupling. As a result, the TI surface hosts
a gapless and linearly dispersing state, which is commonly
referred to as the Dirac cone. The electrons in this state are
spin-polarized and topologically protected by time reversal
symmetry against backscattering on defects, which in principle
could result in a nearly dissipationless spin current. Therefore
TIs have an enormous potential for spintronics and quantum
computation.

Topological protection at the TI surface persists under
perturbations that respect time-reversal symmetry while it can
be lifted by those breaking this symmetry. Both situations
can be realized by adsorption of an appropriate type of
foreign species at the TIs surface. Therefore, many studies

have been carried out in order to understand whether and
to what extent adsorption of foreign species modifies the
topological surface state. The deposition of the magnetic
atoms is expected to break the time-reversal symmetry and
if their moments are directed perpendicularly to the surface
the topological surface state must split [14]. Such a behavior
is confirmed by recent ab initio calculations [15–17]. However
its reproducible experimental confirmation is still challenging
and the issue of the gap opening at the Dirac point proves to be
controversial so far [18–22]. On the other hand, the deposition
of nonmagnetic atoms or molecules on the TI surface does
not break time-reversal symmetry but nevertheless can change
a TI surface electronic [23–30] and crystal [31–33] structure
significantly. As it has been evidenced by several experiments
with deposition of various adsorbates on TI surfaces [23–29],
the Bychkov-Rashba-split states [34], coexisting with the
Dirac cone inside the energy gap, can be formed at TIs
surfaces. Adsorbate-induced band bending has been proposed
as a mechanism responsible for the appearance of these
parabolic states, however, other studies have also related it to
the expansion of the van der Waals (vdW) gap [35,36], induced
by intercalation of the adsorbed species [37,38]. For certain
adsorbates these states do not appear [31,32,39]. Moreover, the
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adsorbate-mediated control of the Dirac point position inside
the bulk band gap has been put forward [31,32], which is a new,
robust and simple method as compared to those previously
proposed [40–42].

In this context, it is important to note that thus far much less
attention has been paid to the structural side of the problem of
the adsorbate deposition at TIs surfaces. While the case of the
magnetic adatoms deposition on the bismuth chalcogenides
surfaces appears to be more or less understood to date
[21,43–45], for the alkali metal atoms, which are often used
for the doping of TI surfaces [23–29,46,47], it is hardly the
case. For the deposition without subsequent annealing, the Rb
adatoms on Bi2Se3(0001) were reported to occupy hollow sites
on the basis of scanning tunneling microscopy measurements
[47]. However, for the thermally activated case (annealing)
the results reported to date are contradictory. Authors of
Ref. [23] supposed the annealing-induced partial desorption of
potassium atoms from the Bi2Se3(0001) surface, which leads
to a partial recovery of the photoemission spectrum of the
doped surface of the topological insulator. In stark contrast,
the authors of Ref. [29] argued on partial intercalation of the
chemically- and size-similar Rb atoms into the Bi2Se3 vdW
gaps after a brief annealing, since the partial loss of the adatoms
from the selected surface area revealed by scanning tunneling
microscopy (STM) was accompanied by a shift of the Rb3d

core level. Recently, the latter conclusion has been challenged
by the results of ab initio calculations [48,49], revealing an
extremely large energy penalty (several eV) for the big alkali
atoms entering in the vdW gap.

In the present work, by using surface x-ray diffraction
(SXRD) and STM in combination with first-principles calcu-
lations, the geometric structure and morphology of Cs adatoms
deposited on the Bi2Se3(0001) surface in submonolayer
amounts is studied. The SXRD experiments indicate that in
the case of the (0001) surface of Bi2Se3 single crystal, that was
prepared by Ar+ ion sputtering and subsequent annealing at
∼500 ◦C, at a coverage of up to about 0.4 monolayer (ML), Cs
atoms occupy topmost layer Se sites, while intercalation into
the vdW gap is negligible, at least without annealing the sample
after deposition. Here, and in the following we refer to 1 ML
as 6.74 × 1014 Cs atoms/cm2. Simultaneously, STM images
show that at the beginning of the adsorption process (and up to
≈0.1 ML) Cs atoms are located at the upper step edges forming
one-dimensional-like structures about one nanometer in width.
In accordance with first-principles simulations, occupation
of the topmost Se layer sites is energetically possible if Se
vacancies are present on the pristine surface, while the f cc

hollow sites are occupied otherwise. This view is supported by
the SXRD analysis of Cs deposited on a 13-nm-thick Bi2Se3

film grown by molecular beam epitaxy (MBE) on Si(111).
It is well established that the surfaces of Bi-chalcogenides
prepared by MBE are almost defect free [50]. Besides, in our
experiment the MBE-grown film surface has not been treated
by Ar+ ion sputtering, while the temperature of the annealing,
performed before the adsorbate deposition, has been set to
∼350 ◦C, which is much lower than the one used for the single
crystal sample. In such a case, the SXRD analysis clearly
shows that Cs atoms are located in f cc-type hollow sites (i.e.,
above the third layer Se atoms), which is in agreement with
our ab initio calculations. These results suggest that the Cs

adsorption site sensitively depends on the presence of surface
vacancies which might be induced by the sample prepara-
tion method and/or are created during the crystal growth
process.

We have also carried out first-principles calculations to
elucidate the impact of the surface geometric structure and
morphology on the surface electronic structure and, in partic-
ular, on the formation of Bychkov-Rashba-split electron states
recently found in photoemission experiments [27,29,51].

II. SXRD AND STM EXPERIMENTS

The SXRD experiments concerned with the single crystal
have been carried out at the beamline BM25b of the European
Synchrotron Radiation Facility (ESRF) in Grenoble (France)
[52]. After transfer into the ultrahigh vacuum chamber the
Bi2Se3 single crystal was cleaned by mild sputtering followed
by annealing at about 500 ◦C for several minutes as reported
earlier [31]. Cs was deposited by evaporation from thoroughly
outgassed and calibrated SAES dispensers while the sample
was kept at room temperature. Subsequently x-ray reflections
were collected under grazing incidence (αi = 1 deg.) of the
incoming beam (λ = 0.82 Å). In total about 2300 reflections
along eight crystal truncation rods (CTRs) reducing to four
(1104 reflections) by symmetry equivalence (plane group
p3m1) were collected.

Symbols in Fig. 1 represent the collected structure factor
amplitudes |Fobs(hk�)| along several CTRs together with the
calculated ones (solid lines) based on the best fit structure
model. The structure model was refined by least squares fitting
of the calculated |Fcalc(hk�)|’s to the experimental ones. Owing
to the high symmetry of the structure, for each atomic layer
only one z position is allowed to vary in addition to the
occupancy factor (�) and the Debye parameter (B = 8π2〈u〉2,
where 〈u〉2 represents the mean squared atomic displacement
factor) and an overall scale factor. Figure 2(a) outlines
a schematic of the structure model showing the topmost
quintuple layer (QL) in side view. Small (red) and medium
sized (blue) spheres represent Se and Bi atoms, respectively.
The most important result is that Cs atoms replace Se atoms at
the surface of the crystal, at least at the initial adsorption stage
at a coverage well below 1 ML. Cs resides at a vertical distance
of d⊥ = 1.2 Å above the plane of Se atoms corresponding
to an interatomic Cs-Bi distance of 3.80 Å, which is in
reasonable agreement with the Cs-Bi distance found in bulk
CsBi2 (4.04 Å, Ref. [53]) and with the sum of the respective
atomic radii (rBi = 1.60 Å, rCs = 2.60 Å according to Slater
[54]). The uncertainty of the distance determination lies in
the 0.1 Å range. In addition, we find an outward expansion
of the first Se-Bi interlayer spacing by �d12 = +12%, while
relaxations and changes of the occupancy in deeper layers were
found not to be significant. The experimental uncertainty for
�d lies in the 3 percentage points regime. The substitutional
model leads to the best fit. The fit quality is measured by
the unweighted residuum (Ru), which measures the average
relative deviation between the observed and the calculated
structure factor amplitudes [55]. Solid lines in Figs. 1(a)–1(e)
represent for the best fit the calculated structure factor
amplitudes (|Fcalc(hk�)|) which follow the observed ones
(|Fobs(hk�)|) in great detail. Figure 1(f) shows for all 1104
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FIG. 1. (a)–(e): Experimental (symbols) and calculated (lines)
structure factor amplitudes along several crystal truncation rods for
about 0.4 ML of Cs atoms deposited on a single crystal Bi2Se3(0001)
surface at room temperature. The best fit represented by solid lines
follows the data in all details; some disagreement is only observed at
very deep minima, where the experimental resolution is not sufficient.
The (red) dashed lines represent the structure factor amplitudes
calculated for the model in which 0.4 ML of Cs are located in the vdW
gap site. (f): Plot of |Fobs| versus |Fcalc| for all 1104 reflections (best
fit – red symbols, vdW model – dark pink symbols). The diagonal
line represents the ideal condition |Fcalc| = |Fobs|.

reflections the correlation between |Fobs| and |Fcalc|. For the
substitutional model Ru = 0.138 is obtained. On the other
hand, the fit using the structural model of the pristine sample
[31,32] gives Ru ≈ 0.32.

Models based on different adsorption sites lead to Ru values
of about 0.25 for the f cc and the hcp site while we find
0.27 for the vdW gap site and 0.40 for the bridge site. These
values are at least a factor of two higher than for the best
fit and therefore these models can be excluded. This shows
how sensitive the scattered intensity along the integer order
crystal truncation rods (CTR’s) is to the adsorption site. This is
because of the phase contrast involved by the coherent addition
of the total scattering amplitude of the substrate (Fsub) and the
adsorbate (Fad ). The expression for the total scattered intensity,
which is given by Itot ∝ |Fsub + Fad × exp[−iφ]|2 contains
the phase factor exp[−iφ] related to the adsorption site. As an

example, the (red) dashed lines in Figs. 1(a)–1(e) represent the
|Fcalc(hk�)|’s for the vdW site adsorption with an occupancy
of 0.40. Strong deviations from the |Fobs(hk�)|’s are obvious,
most importantly far away from the bulk Bragg reflections
given by the condition −h + k + � = 3n (n integer). Finally,
in Fig. 1(f) red symbols represent the graphical correlation
between |Fcalc(hk�)| and |Fobs(hk�)|, which in comparison
with the best fit (dark pink symbols) exhibits a pronounced
larger scatter for low magnitudes of |F (hk�)|. We have also
carried out detailed calculations by varying the occupancies
of the surface substitutional site (�sub) and the vdW (�vdW )
site. The result is outlined in Fig. 3 showing the contour plot
of Ru versus �sub and �vdW . There is a clear minimum at
�sub ≈ 0.45. Based on the variation of Ru an uncertainty for �

in general is estimated to lie in the 10 percentage points regime,
which is derived by considering an increase of Ru by 5 to 10%
relative to the minimum as significant. Thus, in summary the
analysis gives clear evidence that at this coverage Cs atoms
occupy the surface substitutional site, while the occupation of
different sites does not exceed 10% at most.

The SXRD experiments concerning Cs deposition on MBE
grown film have been carried out using our in-house ultra-high-
vacuum diffractometer operated with a Cu-K-α microfocus
x-ray source and a Pilatus 2D pixel detector. The structure
of the pristine film was studied earlier [32]. The sample was
slightly annealed (≈350 ◦C) prior to Cs deposition. Note that at
a temperature above approximately 420 ◦C rapid evaporation
of the film sets in. In this case, 228 symmetrical independent
reflection intensities along the (10L), (01L), (20L), and (11L)
CTRs were collected under total reflection conditions of the
incident beam. Data and fit are shown in Figs. 4(a)–4(e),
while Fig. 4(f) schematically shows the symmetry independent
part of the a	-b	 plane of the reciprocal lattice. The best fit
(Ru = 0.14) is represented by the solid lines. Note, that in this
case the observed and calculated intensities are considered,
since an incoherent average over two twin domains has to
be taken owing to the presence of a stacking fault in the
MBE grown film (see, e.g., Ref. [32]). The structure model
is sketched in Fig. 2(b). Cs atoms occupy the f cc-type hollow
sites, i.e., the sites above the third Se layer atoms. Here, the
vertical adsorption height is equal d⊥ = 2.1 Å above the plane
of Se atoms, corresponding to an interatomic Cs-Se distance of
3.19 Å. Comparison with the sum of the atomic radii (3.75 Å,
with rSe = 1.15 Å, rCs = 2.60 Å [54]) suggests that there is
considerable ionicity present in the Cs-Se bond. Thus, the Cs
adsorption geometry is substantially different from that found
for the single crystal. In addition, we find that the expansion
of the top layer spacing is larger by a factor two, namely
�d12 = +24%, which we attribute that Cs now directly bonds
to the top Se atoms inducing a weakening of the Se-Bi bond.
As in the case of the single crystal, deeper layer distances are
almost unrelaxed.

STM experiments were carried out to study the morphology
of the Cs covered Bi2Se3 single crystal surface. Figure 5(a)
shows a 400 × 400 nm2 sized STM image (U = −1.0 V,I =
500 pA). It reveals the (0001) surface of the Bi2Se3 single
crystal with its characteristic 9.5 Å high steps. Bright protru-
sions about 1–2 nm in diameter represent Cs islands which
primarily adsorb at the upper step edge of a QL, forming
one-dimensional-like structures. When the upper step edges
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FIG. 2. Schematic of the SXRD derived Cs adsorption site geometry on single crystalline (a) and on MBE grown Bi2Se3 (b). Only the
topmost quintuple layer is shown. Small (red) and medium sized (blue) spheres represent Se and Bi atoms, respectively. In (a) Cs occupies
the topmost layer Se site and is located at a vertical height of d⊥ = 1.2 Å above the Se layer while in (b) Cs is located in the f cc hollow site,
at 2.1 Å. Interatomic distances are given in Ångström units. Changes of the vertical interlayer spacings relative to the bulk values within the
topmost QL are listed on the right.

are almost completely occupied, the subsequently deposited Cs
atoms adsorb at the terraces. Figure 5(b) shows an atomically
resolved STM image (U = −1.0 V,I = 1 nA) of a few islands
on a terrace. Following the atomic rows near the islands suggest
adsorption of Cs in the substitutional site. A line scan above
such an atomic site yields an apparent height of about 0.8 Å,
which is somewhat smaller than the SXRD derived value
(1.2 Å), but which is only compatible with the substitutional
site.

III. THEORY

To elucidate the experimental results and get deeper insight
into formation of the one-dimensional-like structures along
the steps we carried out ab initio total-energy calculations
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FIG. 3. Contour plot of the unweighted residuum Ru versus the
occupancies of the surface substitutional site �sub and the vdW site
�vdW . The minimum is at �sub ≈ 0.45, while �vdW approximately
equals to 0.

considering various positions of Cs atoms on the stepped
Bi2Se3(0001) surface. We employed the projector augmented-
wave method [56] in VASP implementation [57,58] and
the generalized gradient approximation to the exchange-
correlation potential [59]. The vdW interaction was taken into
account within the DFT-D2 approach proposed by Grimme
[60], whereas the spin-orbit interaction was neglected in all the
relaxations and the structural total-energy calculations. Since
the QLs of Bi2Se3 are only weakly bonded by vdW forces
the adjacent QLs can be considered as almost independent in
the sense that processes taking place on the surface QL or in
between two QLs do not affect much the underlying or the
nearest ones. For this reason, in the present work the study of
the Cs adsorption on the surface was performed using a slab
of five atomic layers (i.e., 1 QL). The isolated Cs atoms were
considered using (3×3) in plane cells. To study relaxations of
the adatoms near the steps, the 1-QL-thick Bi2Se3 stripes of at
least 8a0 in width (a0 	 4.13 Å is the Bi2Se3 lattice constant),
truncated perpendicularly to [01̄10] or [1̄1̄20] directions,
have been considered (see Fig. 6). In the following we
refer to these cases as [01̄10]- and [1̄1̄20]-oriented steps,
respectively.

First, in the absence of any vacancy or other imperfections
on Bi2Se3(0001), the most favorable position for an isolated
Cs atom is the f cc hollow, since the energies for the hcp

and bridge sites adsorption are by 25 and 114 meV higher,
respectively. Furthermore, the top position was found to be
0.52 eV less favorable than the f cc hollow site. These results
are in agreement with the SXRD structure model obtained
for the surface of the Cs-deposited MBE-grown Bi2Se3 film.
Also, they support recent STM experiments by Löptien et al.
[47], in which chemically similar Rb atoms were deposited at
room temperature on the nonannealed Bi2Se3(0001) surface
followed by rapid quenching to 4.3 K. Under these conditions
Rb atoms were found to be located at only one of the two
possible hollow sites. However, the calculations also show that
if Se vacancies are present on the surface, they can be occupied
by Cs atoms. In this case, the total energy is about 8 meV
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FIG. 4. (a)–(d): Experimental (symbols) and calculated (lines)
intensities for about 0.8 ML of Cs atoms deposited on MBE grown
Bi2Se3(0001) at room temperature. (e): Plot of |Fobs| versus |Fcalc|
for all 228 symmetry independent reflections. The diagonal line
represents the ideal condition |Fcalc| = |Fobs|. (f): Schematic view of
the a	 − b	 plane of the Bi2Se3(0001) reciprocal lattice emphasizing
the symmetrical independent section.

lower than in the case of hollow site adsorption. This nicely
supports the scenario revealed by SXRD experiments carried
out on single crystal Bi2Se3 samples. Lattice defects such as
vacancies are present as a result of the crystal growth process
and by the surface preparation method employing Ar+-ion
sputtering.

Next, the formation of the one-dimensional-like structures
of Cs atoms at the edge of a Bi2Se3(0001) terrace is discussed.
We model these objects by ideal Cs chains, since the simulation
of the irregular agglomerations is a very complicated task.
First, the chain formed by placing Cs atoms in hollow sites
is considered, while the one formed by Cs atoms occupying
Se vacancies is studied next. We start from the case of one Cs
atom placed within the cells containing the [01̄10]- or [1̄1̄20]-
oriented steps. It has been found that for a [01̄10]-step with
the termination shown in Fig. 6 (see also Fig. 7 where another
example of possible termination is shown) the near-edge loca-
tion of Cs atom is more favorable than the one in the middle of
the cell far away from the step. Namely, if a Cs atom is moved

FIG. 5. (a) 400 × 400 nm2 overview STM image (U = −1.0 V,
I = 500 pA) of Cs/Bi2Se3(0001). Initial adsorption of Cs leads to
the formation of one-dimensional-like structures along the upper step
edges of the substrate crystal. Some islands are also observed to
adsorb on the terraces. (b) Atomic resolution image (U = −1.0 V,
I = 1 nA) showing bright (≈0.8 Å) protrusions in registry with
surface Se atomic sites. (c) Profile along the line in (b). Protrusions
are related to Cs atoms located at Se sites with a maximum apparent
elevation of approximately 0.8 Å.

from the position marked as “2” to the near-edge located hcp

hollow marked by “1,” the total energy of the system decreases
by 0.74 eV. Thus, there are step terminations for which the
near-edge location of isolated Cs atoms is favorable. Therefore,
Cs atoms can diffuse across the terrace, arrive at a step edge,
and stay there. In the following it is illustrated that once the
Cs atoms density at the terrace edge gets so high that Cs atoms
cannot be considered as independent, the Coulomb repulsion
comes into play which influences the Cs chain formation. It
is assumed that one Cs atom is fixed near the step at the hcp
hollow labeled as “1” in Fig. 6. As possible positions of another
Cs atom, the hcp hollow site “2” far away from the step and
two hollow positions near it, “3” (hcp) and “4” (f cc), are con-
sidered. If the second atom resides in position “4” at a distance
of ∼6.35 Å from the first one (1-4 combination), such a con-
figuration turns out to be by 0.18 eV more favorable than the
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FIG. 6. Schematic view of the Bi2Se3(0001) surface containing
[01̄10]-oriented step. Numbers 1–4 in circles indicate the positions
of Cs atoms considered to illustrate a Cs chain formation: 1 and
3 (4)—hcp (f cc) hollows near the step, 2—hcp hollow far away
from the step. a and b are the vectors of the planar (1 × 1) cell of
the Bi2Se3(0001) surface. The green line shows the cut producing
[1̄1̄20]-oriented step.

configuration 1-2. However, if the energy of the 1-2 or the 1-4
combination is compared with that of 1-3, where the Cs-Cs dis-
tance is equal to ∼4.13 Å, the calculations reveal that they are
by ∼0.05 and 0.23 eV more favorable, respectively. This is de-
spite the fact that in the 1-3 case both Cs atoms are located at the
hcp hollows at the step. The increase of the total energy in the
1-3 case is attributed to the increase of the Coulomb repulsion
between positively charged Cs atoms. A similar behavior is
also observed for Cs atoms located at the terrace far away from
the step, where they tend to stay away from each other when
residing in hollow sites. Thus, the competition between the

Coulomb repulsion and the energy gain at the edge is expected
to govern the chain formation process: It is formed in such a
way that the terrace edge accommodates a maximal amount of
Cs atoms until their Coulomb repulsion energy starts to grow
abruptly.

In qualitative agreement with the experimental findings,
the chain formed by Cs atoms residing in Se sites can be
energetically more favorable than the hollow site chain. This is
demonstrated by comparing the total energies of the respective
structure models using supercells constructed in such a way
that they contain the same amount of atoms (the condition
must be fulfilled for each atomic sort). This is illustrated in
Figs. 7(a) and 7(b). It can be seen that the right-hand parts
of the supercells are identical and represent one of possible
terminations of the [01̄10]-oriented step without adsorbate.
However, the left-hand sides of the cells are different. In the
case of Fig. 7(a) the left step edge hosts an f cc hollow-site Cs
chain, while in that of Fig. 7(b) the left side contains a chain of
Cs atoms occupying Se sites (CsSe) in the topmost atomic layer.
Note that the process of the CsSe formation, i.e., the kinetics of
the vacancy formation, is not considered. In order to make the
numbers of atoms in the two cases equal, two Se vacancies far
away from the step are introduced in the supercell, containing
the hollow-site chain. The location of the vacancies is marked
by black circles and labeled by the letter “V.” The dashed
circle indicates a vacancy located at the opposite surface of the
one-QL-thick slab. The minimum vacancy-vacancy distance in
this case is equal to ∼9.36 Å. Under these conditions the energy
differences between these structures solely arise from the dif-
ferent central regions and the regions near the steps on the left.
This is because the right-hand parts of the cells are identical. It
turns out that the configuration shown in Fig. 7(b) is 115 meV
per Cs atom more favorable than the one in Fig. 7(a), which
is in agreement with the experimentally-revealed scenario. We
note that, although the one-dimensional-like structures seen

FIG. 7. Top views of the cells used for the total energy calculations containing an f cc hollow-site Cs chain (a) and a CsSe chain (b) near the
same atomic termination of the [01̄10]-oriented step. The Se vacancies, introduced into the cell shown in (a), are marked by circles and letters
“V,” the dashed circle denoting the lateral position of the Se vacancy located at the opposite surface of the 1QL-thick slab (i.e., a Cs free surface
of the slab). The right-hand side, which is defect and adatom free, exemplifies another possible atomic termination of the [01̄10]-oriented step.
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FIG. 8. Calculated spin-resolved surface band structures of the pristine Bi2Se3(0001) surface (a) and that with 0.25 ML of Cs located in the
f cc hollow (b) or vacant Se (c) sites. The size of color circles reflects the value and sign of the spin vector Cartesian projections, with red/blue
colors corresponding to the positive/negative in-plane components (that directed perpendicular to the k vector), and gold/cyan reflecting the
out-of-plane components +sz/ − sz. Green areas correspond to the bulk band structure projected onto the surface Brillouin zone.

in the STM images along the step edges do not show perfect
regularity, an appearance of the more ordered structure is not
excluded in the experiment since our ab initio total energy
calculations show that the chain formation is in principle
possible. For example, more regular placement of Cs atoms
at the step edge could probably be achieved by appropriately
adjusting experimental conditions. However, this lies beyond
the scope of the present work. Thus, summarizing the results
of the SXRD, STM, and DFT study discussed here, one can
conclude that the hollow adsorption sites are preferred for
alkali metal atoms in the case of Bi2Se3(0001) which is free
of Se vacancies. However, if Se vacancies are present on the
surface they are readily occupied by the alkali metal atoms.

On the basis of the structural model, suggesting that Cs
atoms occupy the f cc hollow or topmost layer Se sites on the
Bi2Se3(0001) surface, we have carried out electronic structure
calculations taking into account spin-orbit coupling [61]. The
surface was modeled by a 9-QL-thick slab and a (2 × 2)
hexagonal supercell with four atoms per single layer which
enables us to simulate an adsorbate coverage of 0.25 ML.
Results of the calculations are presented in Fig. 8. Also, the
electronic structure of the pristine Bi2Se3(0001) surface is
shown for comparison. It exhibits a Dirac cone with a crossing
point located at the Fermi level [see Fig. 8(a)]. Deposition of
Cs atoms onto the surface results in the n doping and leads
to appearance of the strongly Bychkov-Rashba-spit surface
states, that were previously detected in several photoemis-
sion experiments [27,29,51]. Therewith, the Bychkov-Rashba
spitting is observed for both structural models considered:
(i) the f cc hollow site [Fig. 8(b)] and (ii) the substitutional
CsSe position [Fig. 8(c)]. However, a better agreement with
experiments is obtained for the model (i). In this case, two
Bychkov-Rashba doublets are observed residing inside the
Dirac cone, the αR = 2ER/kR parameter of the lower doublet
reaching a value of about 1.68 eV Å. Besides, the topological
state Dirac point disappears in the bulk states due to the
surface potential bending. On the other hand, within the model

(ii) there is only one Bychkov-Rashba doublet clearly seen
(αR ≈ 1 eV Å). It is located at higher k|| as compared to the
topological state, whose Dirac point remains within the fun-
damental band gap. Comparison with previous photoemission
studies [27,29,51] suggests that in these cases Cs atoms were
occupying the f cc hollow sites in agreement with recent STM
experiment by Löptien et al. [47]. Nevertheless, the surface
electronic structure can be modified as in Fig. 8(c) if the
Bi2Se3(0001) surface under Cs deposition will be prepared
as it is suggested in our experiment. Thus, the structural and
electronic properties of the Cs doped Bi3Se3(0001) surface are
strongly affected by sample preparation procedure.

IV. CONCLUSIONS

We have studied the structure and morphology of sub-
monolayer amounts of Cs on the topological insulator Bi2Se3.
There is a dependency of the adsorption geometry on the
sample growth method and the surface preparation procedure.
While for a single crystal surface prepared by sputtering and
annealing at high temperature an occupation of Se vacancies by
Cs atoms is observed, deposition on a high-quality MBE grown
film which has not been sputtered and has been annealed at
much lower temperature is found to lead to the f cc hollow sites
occupation. Ab initio calculations clearly show that the Cs atom
location in the Se vacancy is energetically favorable, although
the adsorption energy for the f cc hollow site is not very
different. Thus, the presence of vacancies created either during
single crystal growth and/or by the sample surface preparation
process involving Ar+ ion sputtering and annealing at high
temperature promotes the occupancy of the Se sites by Cs
atoms. In agreement with this, in the case of the MBE grown
Bi2Se3 thin films, that are known to be almost defect free, the
deposited Cs atoms adsorb in the f cc hollow sites as predicted
by theory for the adsorption on ideal Bi2Se3(0001) surface.
Such a preparation dependence of the adsorption site geometry
is not uncommon. One example is the adsorption of Co on
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Si(001) − (2 × 1) where a reaction to form a silicide for the
sputter annealed surface or the adsorption and incorporation
of Co into the undisturbed Si structure for the hydrofluoric
acid etched surface has been observed [62]. Further, our
total-energy calculations, performed under assumption of the
vacancies presence, also confirm the experimental observation
that Cs atoms can form one-dimensional-like structures along
the upper step edges substituting Se atoms. Finally, on the basis
of the electronic structure calculations we have shown that both
interstitial and Se vacancy location of Cs atoms at the Bi2Se3

surface gives rise to the Bychkov-Rashba-split surface states.
The strength of this splitting and the behavior of the Dirac
cone strongly depend on the adsorption site and can be tuned
in experiment by appropriately preparing the sample.
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