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Direct transition resonance in atomically uniform topological Sb(111) thin films
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Atomically uniform Sb(111) films are fabricated by the method of molecular beam epitaxy on an optimized
Si(111) surface. Two-dimensional quantum well states and topological surface states in these films are well
resolved as measured by angle-resolved photoemission spectroscopy. We observe an evolution of direct transition
resonances by varying the excitation photon energy (and thus the perpendicular crystal momentum). The
experimental results are reproduced in a comprehensive model calculation taking into account first-principles
calculated initial states and time-reversed low-energy-electron-diffraction final states in the photoexcitation
process. The resonant behavior illustrates that the topological surface states and the quantum well states are
analytically connected in momentum space in all three dimensions.
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With the advent of nanoscale electronics, it becomes ever
more important to understand the electronic structure of func-
tional materials with reduced dimensions including quantum
dots, nanowires, and ultrathin films. Particularly, thin films
with thickness down to tens or a few atomic layers exhibit many
unusual phenomena such as electrical-resistance anomaly [1],
oscillation in superconductivity transition temperature [2], and
emergent topological order [3]. These quantum phenomena,
caused by electron confinement, offer great opportunities for
nanoscale engineering and tailoring of material properties [4].
Another advantage of thin film systems is the reduction of
bulk carriers, making the contribution from surface states
more pronounced. This is important in device applications
when utilizing the unusual surface (or interface) modes, like
the Rashba surface states on heavy metal surfaces [5–11]
or the Dirac surface states in topological insulators [12,13].
It is also important that the films be prepared with atomic-
scale smoothness and a precisely known thickness. This
requirement imposes stringent constraints on experimental
conditions. Several key factors such as physical and chemical
properties of the substrate, chemical flux rates and ratio, growth
temperature, and annealing procedure determine critically the
smoothness of the grown thin film, but they are highly material
dependent. So far only a few ultrathin films have been grown
experimentally with high structural quality [4,9,14–19]. The
electronic structure of such films can be straightforwardly
mapped out by angle-resolved photoemission spectroscopy
(ARPES). Even though ARPES has been widely used to study
the band structure of materials, a comprehensive theoretical
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modeling of the photoexcitation process remains a challenge
with profound impacts on both fundamental sciences and
practical applications.

One thin film system of special interest is the semimetallic
Sb(111) thin films with topologically nontrivial surface states.
Our previous work has demonstrated the growth of Sb(111)
films on Si substrate with a Bi buffer layer [20]. However,
the fuzzy photoemission spectra imply a suboptimal structural
quality. In this work, we report a novel route to preparing
Sb thin films with high reliability. The thickness-dependent
quantum well states and topological surface states are clearly
resolved by ARPES, suggesting atomic-scale smoothness
of the film. Upon varying the incident photon energy, the
ARPES spectra show direct-transition resonances for all states,
including the topological surface states; the similarity of the
resonant behavior indicates an innate relationship between the
surface states and the quantum well states. The results are well
explained by a model calculation based on first-principles ini-
tial states and time-reversed low-energy-electron-diffraction
(TRLEED) final states. The results provide a comprehensive
understanding of the photoexcitation process and illustrate the
analytic connection between the topological surface states and
bulk states.

The ARPES measurements were performed at the Syn-
chrotron Radiation Center, University of Wisconsin-Madison.
A Scienta analyzer equipped with a two-dimensional detector
was employed for data collection. The energy and momen-

tum resolutions were 15 meV and 0.01 Å
−1

, respectively.
First-principles calculations of the electronic structure were
performed using Hartwigsen-Goedecker-Hutter (HGH)-type
pseudopotentials [21] and a plane-wave basis set. The main
program employed was developed by the ABINIT group [22].
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FIG. 1. (Color online) (a) Schematic of the sample construction
after each preparation step. RHEED pattern was taken after each
deposition and annealing step. (b) Side view and (c) top view
of Sb(111) crystal lattice. (d) Bulk Brillouin zone and (111)rhom-
projected surface Brillouin zone of Sb.

Spin-orbit coupling was included using the relativistic local-
density approximation.

The Sb thin film samples were fabricated in situ by
molecular-beam-epitaxy (MBE) deposition on a properly
treated Si(111) surface as schematically illustrated in Fig. 1(a).
An n-type Si(111) wafer (Sb doped with a resistivity of
∼0.01 � cm) was cleaned by direct current heating to yield a
7 × 7 reconstructed surface. It was cooled to 60 K, and about
6 Å of Bi was deposited on top. The sample was then annealed
at 600 K for 10 min to yield a well ordered Bi-

√
3 × √

3 surface
reconstruction. We emphasize that this step was the key to the
growth of smooth Sb films through our experimentation. Bi
adatoms passivate the dangling bonds on the Si-7 × 7 surface
and flattened the corrugated surface. Without this surface
treatment, the Sb films grown directly on the Si-7 × 7 surface
are generally so rough that the quantum well states cannot
be clearly resolved by ARPES. The deposition of Sb was
performed with the substrate at 60 K with the deposition
rate monitored by a quartz thickness monitor. The resulting
structure was annealed at 500 K to yield a smooth Sb(111)
film. A sharp 1 × 1 reflection high-energy electron diffraction
(RHEED) pattern appeared after annealing, indicative of a
well ordered film structure. The crystal structure of the
(111)-oriented Sb films is shown in Figs. 1(b) and 1(c). It
consists of a stack of bilayers (BLs), each of which resembles a
buckled graphene sheet. The bulk and (111)-projected surface
Brillouin zones are shown in Fig. 1(d). The surface Brillouin
zone is a simple hexagon.

ARPES mapping along the M̄-�̄-M̄ direction of the band
structure of a 20 BL Sb film is shown in Fig. 2(a). Around
�̄, we observe a pair of Rahba-like surface bands crossing
the Fermi level and a dense stack of electronlike quantum
well bulk bands at about 0.25 eV below the Rashba surface
states. At the zone boundary M̄ , there is a single quantum well
conduction band right below the Fermi level accompanied by
several quantum well valence bands at higher binding energies.
A gap of size 0.4 eV separates the valence and conduction
bands (VB and CB, as labeled in the figure). Sb possesses the
same topological Z2 order as the other common topological
insulators. This topological order is revealed in the present
case by counting the quantum well bulk bands at two time-
reversal invariant momenta, M̄ and �̄. Tracking the continuous
quantum well bands from �̄ to M̄ , we find that one of the

FIG. 2. (Color online) (a) ARPES spectrum taken from a 20-BL
Sb(111) film grown by MBE. The photon energy is 22 eV. The
conduction (CB) and valence bands (VB) are indicated. (b) Calculated
band structure of a 20 BL Sb(111) slab. The color indicates the surface
weight of the corresponding wave function. (c) Charge distribution
of the states A and B as marked (b).

Rashba surface bands near �̄ connects to the top quantum
well valence band at M̄ while the other Rashba surface band
connects to the bottom quantum well conduction band at M̄ ,
as indicated by the arrows in Fig. 2(a). The topology of the
connection pattern is equivalent to the topological Dirac cone
bridging the conduction and valence bands in the bulk case,
which is the signature of the nontrivial topological Z2 order.

The overall band picture including the unoccupied bands is
visualized by the results of first-principles calculations shown
in Fig. 2(b), which are in excellent agreement with the ARPES
data. This agreement confirms the structural quality of the
films. The energies of the quantum well states depend on
the film thickness. If there existed in the film domains with
different thicknesses, the quantum well bands for different
thicknesses would mix up, which is not the case in our
experiment. We also calculate the charge density distribution
of two typical states, A and B, as indicated in Fig. 2(b). As
shown in Fig. 2(c), A is a surface state and B is a quantum
well state, with qualitatively different change distributions.

Both the surface states and the quantum well states are
two-dimensional states, so they are dispersionless in energy
when the photon energy used for ARPES measurements is
varied. The experimental results for the 20 BL Sb film around
�̄ are shown in Fig. 3. While the bands remain at the same
energies, their intensities are strongly modulated. At 16–18 eV,
the surface states are the dominant features. Starting from
19 eV, the intensity near the top of the valence band begins to
increase. As the photon energy increases further, there appears
to be an energy range about 0.5 eV wide wherein the intensity
of the states is maximized, and this resonance region moves
toward higher binding energy continuously. This is very similar
to the direct transition resonance in the bulk [23], but here
individual discrete states undergo resonances and the overall
behavior is governed by a resonance envelope function akin to
the bulk resonance.

The physics of the resonance behavior is revealed by a
theoretical simulation based on first-principles calculations of
the band structure. The experimental geometry is shown in
Fig. 4(a). The photoexcitation process, within the so-called
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FIG. 3. ARPES spectra of a 20-BL Sb(111) film taken with photon energies from 16 to 29 eV.

one-step model, involves the transition matrix elements
Mif = 〈ψf |�H |ψi〉, where the interaction Hamiltonian
consists of three parts:

�H ∝ A · ∇ + 1
2∇ · A + αs · A × ∇V, (1)

where A is the vector potential of the incident light. The
first term corresponds to dipole transition and is the dominant

contribution for bulk direct transitions governed by momentum
conservation in all three dimensions. The second term arises
from surface photoemission and is important only at the
surface where the dielectric function ε and hence the vector
potential A are discontinuous [24]. The dielectric function of
Sb in our calculation is taken from [25]. The discontinuity
results in a ∇ · A peaked around the surface. The third term

FIG. 4. (Color online) (a) Experimental geometry of ARPES measurement. (b) Schematic of the photoexcitation process. The final state
can be considered as a TRLEED state. (c) Band structure of Sb along the [111]rhom direction. The direct transition resonances for photon
energies of 18, 23, 26, and 29 eV are indicated by vertical arrows. (d) EDC for various photon energies. Left panel: ARPES experiment; middle
panel: simulation results considering both dipole direct transition and surface emission (red solid lines), and dipole term only (blue dotted
lines); and right panel: difference between the total intensity and the contribution from the dipole term.
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depends on the spin s explicitly and stems from the Rashba interaction [26,27] and it also peaks around the surface. For simplicity,
we consider only the spectrum taken at the normal emission angle. The spin-orbit term vanishes and the matrix element becomes

Mif ∝ 〈ψf |A · ∇ + 1
2∇ · A|ψi〉. (2)

The initial states are taken from our first-principles calculation. The final states (TRLEED states) are approximated by keeping
only the leading order terms [4,29]:

ψ(r) =
[
eik′

zz + r1e
−ik′

zz + t1t2r3

1 − r2r3e−2λd
e−2λde−ik′

zz

]
eikxx+ikyy, for z > 0 (vacuum)

=
[

t1

1 − r2r3e−2λd
eikzz+λz + t1r3

1 − r2r3e−2λd
e−ikzz−λze−2λd

]
eikxx+ikyy, for z < 0 (film),

where d is the film thickness, 1/λ is the damping factor (1/λ

is chosen to be 12 Å; the results are roughly the same for any
value between 10 and 16 Å), k′

z and kz are the z components
of the electron wave vector in vacuum and inside the film,
respectively, and r and t are the reflection and transmission
coefficients noted in Fig. 4(b), respectively:

k′
z =

√
2me

�2
(hν − EB − W ) − k2

x − k2
y,

(3)

kz =
√

2me

�2
(hν − EB − W + U0) − k2

x − k2
y,

where EB is the binding energy, W is the work function
(4.5 eV), and U0 is the inner potential (13.5 eV). The reflection
and transmission coefficients at the surface are derived from
k′
z and kz according to the Stokes relations,

r1 = (k′
z − kz)/(k′

z + kz), t1 = 2k′
z/(k′

z + kz),

r2 = (kz − k′
z)/(k′

z + kz), t1 = 2kz/(k′
z + kz).

The surface emission term can be simplified to

1

2
∇ · A ≈ 1

2

(
1 − 1

ε

)
Azδ(0). (4)

The photoemission intensity for each state is given by

IPE ∝ ∣∣Mif

∣∣2

=
∣∣∣∣〈ψf |A · ∇|ψi〉 + 1

2

(
1 − 1

ε

)
Azψ

∗
f (0)ψi(0)

∣∣∣∣
2

. (5)

The energy dispersion of the TRLEED final state is

Ef = �
2k2

z

2me

+ W − U0. (6)

The dipole transition conserves both momentum and energy,
so the following relation must be satisfied for direct transition
resonances:

hν = Ef (kz) − Ei(kz)

= �
2k2

z

2me

+ W − U0 − Ei(kz)

= �
2k2

z

2me

+ W − U0 + EB(kz). (7)

For photon energy in the range from 16 to 29 eV, the
momentum kz is found to be 4k�T − k, where k is the

reduced crystal momentum along �-T . The band dispersion
of the initial and final states is plotted in Fig. 4(c) and
the allowed direct transitions are indicated by the vertical
arrows. As the photon energy increases, the initial state of
the direct transition resonance moves from T to � while
shifting toward higher binding energies, in excellent agreement
with the experiment. Because of the finite final state damping
length, the momentum conservation rule is broadened, which
explains the finite resonance width of about 0.5 eV as seen in
Fig. 3. The experimental energy distribution curves (EDC) at
normal emission for different photon energies are plotted in
Fig. 4(d), where each peak corresponding to an initial state
is broadened by a Lorentzian function with width 80 meV to
simulate lifetime broadening. Evidently, the energy positions
of the quantum well peaks do not move in energy but their
intensities are modulated by the direct transition resonance. All
these features are well reproduced by our simulation shown
in the middle panel of Fig. 4(d). We note that there exist
some discrepancies in energy positions of the states between
theory and experiment, which are not unexpected because of
the limited accuracies of first-principles calculations. Over
the entire range of photon energy studied, the dipole term
predominates in the emission from bulk states. The surface
photoemission term contributes less than 15% to the total
intensity from the bulk quantum well states. Figure 4(d)
shows the theoretically computed spectra corresponding to the
contribution of the dipole term and the difference between
the total intensity and the dipole emission. The surface
photoemission term, being dependent on the weight of the
wave function at the surface, is expected to be more relevant to
the surface states. Indeed, it is shown in the simulated spectra
that the surface state emission can be enhanced as much as
55% by the inclusion of the surface photoemission term.

Referring to Figs. 3 and 4(d), it is evident that the
resonant behavior of the surface states and the bulk states
are tied together. This is expected based on the dipole
transition. The perpendicular momentum of the surface states
is kT plus an imaginary part [28]. The dipole selection
rule still applies approximately; the imaginary part simply
causes additional broadening. Generally, surface states can
be viewed as boundary-specific solutions to the Schrödinger
equation that are connected to bulk states at the band edge
by analytic continuation. For the topological surface states
under consideration, their resonance behavior and in-plane
dispersion relations demonstrate that the analytic connection
happens in both the perpendicular and in-plane directions
in k space.
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In summary, we explored an experimental procedure to
grow atomically uniform Sb(111) films via MBE. The Bi-√

3 × √
3 surface reconstruction based on a Si(111) substrate

was proven to be an excellent choice for the smooth growth
of Sb films with a precise control on thickness. The electronic
band structure of the Sb films was mapped out by ARPES. The
connection of the topological surface bands to the quantum
well bulk bands shows explicitly the topological order of
the Sb films. This discrete connection is only possible in the
quantum film geometry rather than the bulk. We performed a
theoretical analysis and simulation of the photoexcitation pro-
cess taking into account first-principles calculated initial states
and TRLEED final states. The results offer a comprehensive
understanding of the observed evolution of a direct transition
resonance with photon energy for both the quantum well states
and the topological surface states. Surface photoemission plays
a relatively minor role in the present case, but it can be quite
important in others [29–32].
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