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Procedures to prepare clean Bi2Se3(0001) surfaces from bulk samples and epitaxial FeSe nanocrystals on
Bi2Se3(0001) are reported. Bi2Se3(0001) substrates are prepared by in vacuo cleavage of bulk samples, followed
by ion bombardment and annealing cycles. FeSe is prepared by Fe deposition onto Bi2Se3 at 303 K, followed
by annealing at T ≈ 623 K. We use low-energy electron diffraction, surface X-ray diffraction, photoemission
spectroscopy, scanning tunneling microscopy and spectroscopy, and stress measurements to elucidate the
correlation between structural and electronic properties of the pristine Bi2Se3(0001) and FeSe covered surfaces.
Our analysis reveals the formation of epitaxial FeSe nanocrystals with a thickness of three unit cells (1.5 nm).
Electron diffraction experiments indicate an anisotropic epitaxial strain in FeSe. A negligible strain close to 0.0%
and a tensile strain of +2.1% are observed along the in-plane ½0110� and ½2110� Bi2Se3 directions, respectively.
The out-of-plane strain is +4.2%. The role of this strain state for the reported high-TC superconductivity in
bulk FeSe is discussed.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Intriguingly complex physical properties emerge at the interfaces
between Fe-based superconductors and topological insulators [1,2].
FeSe and Bi2Se3 are prototypes of the former and latter material class,
respectively. Proximity effects in superconductivity, charge transfer,
interface stress, spin-orbit coupling, and crystal field effects have been
reported. These propertiesmay prove essential for applications in quan-
tum computation [3]. A critical aspect in their realization is the forma-
tion of well-characterized interfaces.

Wepresent procedures to obtain FeSe nanocrystalswith a thickness of
a fewunit cells on the (0001) surface of the topological insulator Bi2Se3 by
epitaxial growth. This system represents a model case to study structural
andelectronic aspects at the interface between a topological insulator and
FeSe, which is an unconventional superconductor in its bulk phase.

Amulti-technique surface science study is applied to identify electron-
ic and structural properties of Bi2Se3-supported FeSe nanocrystals, where
scanning tunnelingmicroscopy and spectroscopy (STM, STS), low-energy
electron diffraction (LEED), photoemission electron microscopy (PEEM),
photoemission electron spectroscopy, surface X-ray diffraction (SXRD)
and optical two-beam curvature stress measurement are employed.

Cleavage of layered substrate materials, such as Bi2Se3, is an
established preparation technique [4,5,6]. However, for 0.1 mm
thin substrates used in curvature stress measurements, it becomes
impractical. Therefore, we used ion bombardment and annealing of
bulk Bi2Se3(0001) samples as an alternative preparation technique.
This procedure led to surfaces which compared favorably to samples
cleaved in vacuo both in view of the morphology and of the low den-
sity of impurities at the surface.

Furthermore, we provide experimental evidence from several
complementary surface sensitive techniques that epitaxial FeSe is
obtained on Bi2Se3 upon annealing of room temperature deposited
Fe atoms. Our results indicate a non-trivial growth mode, where
FeSe nanocrystals with an anisotropic strain state are embedded in
the Bi2Se3(0001) surface.

2. Sample preparation—General aspects

Starting point of our studies are Bi2Se3(0001) single crystals, which
were grown by the Bridgman method. The lattice constants of bulk
Bi2Se3 are in the basal plane a = 4.14 Å and along the c-axis c =
28.64 Å.Weuse sampleswith a lateral size of 7 × 7mm2 and an approx-
imate thickness of 0.5 mm, which we cleave in vacuo or, alternatively,
prepare by ion bombardment and annealing. For photoemission exper-
iments, the samples are glued to a Mo sample holder with a graphitic
adhesive (Resbond 931C from Polytec PT [7]). In STM experiments,
the Bi2Se3 sample is glued on a copper spacer, fixed to a STM sample
plate. For curvature stress measurements, samples are cleaved from
bulk Bi2Se3(0001) single crystals to be 12 mm long, 2–3 mmwide and
roughly 0.1 mm thin. They are carefully clamped along their width at
one side to the sample manipulator to enable a free 2-dimensional
stress-induced substrate curvature.
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Fig. 1 illustrates the cleavage procedure: A copper cylinder is glued
to the surface of a Bi2Se3 crystal which itself is glued to a Mo sample
holder, both using a graphitic adhesive. Before cleaving, the sample
with the copper cylinder is rotated to face downwards. A wobble stick
is used inside the ultra-high vacuum (UHV) chamber to gently press
against the Cu cylinder, while the sample holder is kept in a fixed posi-
tion. The resulting torque leads to a smooth cleavage of the Bi2Se3 crys-
tal, and the Cu cylinder automatically moves away from the freshly
cleaved surface. This configuration allows reliable in vacuo cleavage.

In addition to samples cleaved in vacuo, we also studied Bi2Se3
samples cleaved in air, which subsequently have been exposed to
Ar–ion bombardment (energy: 1–2 keV, sample current density:
≈0.1 μAmm−2, for 15min) and annealing cycles. The annealing tem-
perature is a critical parameter, and this aspect is elucidated further
in the Appendix A.

The temperature was measured at the sample holder by a type-K
thermocouple and independently checked by an infra-red thermometer
(IMPAC 140 [8]), to ensure that the sample temperature never exceeded
753 K during heat treatments. After keeping Bi2Se3 crystals above this
temperature for 10–30min, we observed a loss of the optical reflectivi-
ty, and an irreversible change of the electronic structure.

Fe was deposited onto the Bi2Se3 surface at room temperature by
thermal evaporation froma 99.995% purity rod at a rate of approximate-
ly 0.5ML (ML:monolayer) perminute, as checked by a quartzmicrobal-
ance and cross-checked by surface coverage studies on single crystal
metal substrates by STM.We define 1ML as a single layer Fe with a sur-
face atomic density of the Bi2Se3(0001) surface. The surface unit cell of
Bi2Se3 has a size of 4.142 Å2 sin(120°), corresponding to an areal atomic
density of 1 ML: 6.74 × 1014 cm−2.

We produce FeSe nanocrystals by post-deposition annealing at
623 K for 50 min in all experiments, except for curvature stress mea-
surements. There, FeSe is formed by Fe deposition onto a Bi2Se3 sub-
strate held at an elevated temperature of 473 K.

For SXRD experiments, we employed a UHV diffractometer
equipped with a microfocus X-ray source (Cu-Kα radiation) and a
two-dimensional pixel detector [9]. Momentum-resolved photoemis-
sion data and PEEM images were acquired with a momentum micro-
scope as described in [10]. For the photoemission experiments we
illuminate the sample either by the He-I line from a focussed gas dis-
charge lamp (Specs UVS-300) or by 6 eV photons from the fourth
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Fig. 1. (a) Photograph of the mounted sample prepared for the cleaving procedure: a
Bi2Se3. crystal (1) is glued between a Cu spacer (2) and a Cu cylinder (3). These parts
are supported by aMoSTM sample plate (4). (b) The schematic shows the in vacuo sample
cleaving by pressing a wobble stick against the Cu cylinder.
harmonics of a Ti:Sa laser system. In PEEM experiments a Hg–Xe dis-
charge lamp (hv = 5.9 eV) is used.

All STM studies are carried out at 10 K. We used electrochemically
etched tungsten tips [11]. STS measurements were performed by a
lock-in technique with a modulation frequency of 4.6 kHz and Vosc =
5 mVmodulation amplitude, applied to the gap voltage [12].

In all experiments Auger electron spectroscopy (AES) and low-
energy electron diffraction (LEED) were performed by dedicated AES-
spectrometers and LEED-optics to characterize the chemical composi-
tion and the structure of the sample surfaces.
3. Preparation and characterization of the Bi2Se3(0001)
surface—STM and photoemission experiments

The suitability of Bi2Se3 for cleaving is due to its layered atomic
structure. Cleaving occurs between van-der-Waals (vdW) bonded quin-
tuple layers (QL) [13], each characterized by a Se–Bi–Se–Bi–Se layer se-
quence. After cleaving, atomically flat terraces are obtained, separated
by steps that have a height of a quintuple layer (QL: 9.5 Å), see also
Fig. 3(a). We present in Fig. 2(a) a constant-current STM image of an
as-cleaved Bi2Se3(0001) surface, which has not been ion-bombarded.
The image reveals an atomically flat and clean surface with a few pro-
trusions (apparent height ≤ 20 pm). They are ascribed to subsurface de-
fects [4,14]. Fig. 2(b) shows a zoom-in, which reveals the atomic
corrugation. The hexagonal surface unit cell with base vectors of length
a = 4.14 Å is indicated.

We observe broad LEED spots for samples which were prepared by
ion bombardment and annealing at a low temperature of Tann b 623 K,
indicative of a reduced crystallographic long-range order. Under these
conditions, an unexpected long-range quasi-hexagonal superstructure
appears, as detected by STM. Thisfinding is discussed in theAppendix A.

We find that annealing of ion bombarded samples to Tann =
673–693 K gives good results, and a typical resulting STM image is pre-
sented in Fig. 3. Fig. 3(a) shows a large scale image of terraces, separated
by a QL step (0.95 nm), as revealed in the line scan of (b). A zoom-in
(c) shows a terrace with some protrusions with an apparent height of
70 pm. We ascribe the protrusions tentatively to adatoms, possibly
due to surface contaminations. Their density corresponds to a surface
coverage of 0.5%. We cannot confirm the presence of carbon by AES,
as the surface coverage is too low. We speculate that the protrusions
could be due to Bi, Se or carbon, which is common sources of contami-
nation for this system [15]. Further studies are called for to clearly iden-
tify the atomic nature of these protrusions.

The zoom-in in Fig. 3(d) reveals the atomic corrugation indicative of
clean Bi2Se3(0001), as shown above for the in vacuo cleaved-only prep-
aration in Fig. 2(b). On the atomic level, the structural uniformity is
interrupted by subsurface defects, comparable to those found for the
cleaved Bi2Se3 sample, shown in Fig. 2(a). These defects have been re-
ported before, and they are ascribed to point defects below the topmost
surface [4,14].
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Fig. 2. STM image of in vacuo cleaved Bi2Se3. Protrusions appear which are 15 or 30 pm
high, see [5]. (a) Atomically resolved surface structure of Bi2Se3(0001), (b) zoom-in of
the top part of (a), black lines indicate the surface unit cell. Scanning parameters:
U = − 0.1 V, IT = 1 nA.
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Fig. 3. STM images of a sputtered and annealed Tann = 673–693 K sample. (a) Large scale
STM constant current image.U = +0.7 V, IT = 0.5 nA. An apparent height profile along
the white line is shown in (b). It reveals a step height of 0.95 nm. (c) Zoom-in, U =
+ 0.4 V, IT = 0.2 nA. (d) Zoom-in, U = − 0.4 V, IT = 0.15 nA. (e) Clean Bi2Se3 surface
imaged on a mesoscopic scale by energy-filtered photoemission electron microscopy
(PEEM) using a Hg–Xe discharge lamp (hν = 5.9 eV). The energy window was set to
emission threshold (lowest kinetic energy) exploiting the spatial variation of the work
function for highest contrast.
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Fig. 4. (a) Photoemission electron spectroscopy on the sample characterized in Fig. 3. It
shows the linearly dispersing surface states crossing at the Dirac point near −0.3 eV and
(b) STS of Bi2Se3 with a shallow dip at the Dirac point (marked by the green circle).
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Fig. 3(e) shows the surface morphology of the Bi2Se3 single crystal
on a mesoscopic scale. The PEEM image reveals that the preparation
leads to the formation of mesoscopic flat surface regions and of triangu-
lar islands, which all show the same rotational alignment. This observa-
tion confirms the long-range crystalline orderwithin the field of view of
Fig. 3(e) and beyond. The PEEM imagewas recorded at afixedfinal state
energy of the photoelectrons at E− EF = 5.38 eV above the Fermi ener-
gy, using the energy filter of the momentum microscope instrument
[10]. Here, the energy resolution was set to 60 meV. This allows us to
identify the contrast mechanism in the PEEM image. The selected ener-
gy is slightly below the work function of Bi2Se3 (5.61 eV), and clean
Bi2Se3 appears white (low intensity).

The mesoscopic islands consist of an aggregation of a possible large
number of step edges, which are aligned along the principal in-plane
crystal directions. The contrast in the PEEM image is ascribed to adsor-
bates, decorating step edges. This lowers locally the work function, giv-
ing rise to an enhanced electron emission.

Note that some of the triangular objects enclose an area of constant
intensity, which equals that of the surroundings. We ascribe this to flat
terraces of few μmsize, which are at a higher or lower level as compared
to the average height of the crystal surface. In between the islands, flat
terraces with diameters of several tenth of μm are observed.

To perform our momentum-resolved photoemission experiments,
the irradiated area which contributes to the spectra has a diameter of
typically 20 μm or less. The area was chosen within a flat terrace, as
identified by PEEM. This alignment allowed for a representative map-
ping of the electronic structure of flat surface regions, yielding well-
defined patterns in the momentum distribution of the photocurrent.

Fig. 4(a) presents k||-resolved photoemission data of the sample,
using p-polarized lightwith a photon energy of 6.0 eV. The spectroscopy
reveals the hallmark of the topological surface state of Bi2Se3 [16]. The
image shows an intensity distribution with two branches. They indicate
a linear electron dispersion for energies above -0.3 eV. We identify the
crossing point of the two branches as the Dirac point (DP) at -0.3 eV
below the Fermi level. This energetic location of the DP corresponds to
the intrinsic n-doping related to selenium defects.

Fig. 4(b) shows the differential conductance dI/dVmeasured by STS
on the sample shown in Fig. 3(b), away from the protrusions. We find
that the dI/dV signal increases sharply below -0.3 V and above 0 V sam-
ple bias. Between these gap voltages we observe a fairly constant signal.
To compare the STS dI/dV data in Fig. 4(b) with our photoemission data
we recall that the differential conductivity collected in STS can be as-
cribed to themomentum-integrated density of states (DOS). Integration
of the photoemission data of the linearly dispersing state inmomentum
space yields a constant DOS, and this corresponds to the constant STS
data in this energy range. Also, the Dirac point at -300 meV appears as
a shallow dip in STS, as previously reported [4].
4. Formation of FeSe nanocrystals on Bi2Se3(0001)

In the following sectionwe present themorphological, structural and
electronic properties of FeSe nanocrystals prepared on Bi2Se3(0001).
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Fig. 6.Atomically-resolved STM image of FeSe on Bi2Se3(0001). The stripe pattern appears
as a 7.4 nmperiodicmodulation of the apparent height. The amplitude of this modulation
is≈20 pm. Image parameters: U= +0.3 V, IT = 0.2 nA.
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4.1. STM results—FeSe morphology and atomic corrugation

The STM image of Fig. 5 is measured after deposition of≈ 0.7 ML of
Fe on Bi2Se3 at room temperature and heating to 628 K for 10min. Fig. 5
is a large-scale STM image, which reveals the coexistence of Bi2Se3 and
FeSe regions, as labeled in the image. The regions of Bi2Se3 and FeSe are
identified by the atomic corrugation and symmetry of the surface,
which are different for both phases. Atomically resolved STM on the
Bi2Se3(0001) phase reveals a surface unit cell with an angle of 60° be-
tween the surface unit vectors, which have a length of approximately
4.14 Å. Correspondingmeasurements on FeSe reveal orthogonal surface
unit cell vectors of almost equal length of approximately 3.8 Å. Our
quantitative analysis of the FeSe covered surface by LEED identifies
a rectangular surface unit cell for FeSe where the unit cell vectors a
and b differ by 2%, as outlined below. This minute deviation from
an apparent square surface unit cell in FeSe is hard to identify reli-
ably by atomically-resolved STM, as shown in Fig. 6.

Fig. 5 shows mostly elongated FeSe islands, with lateral extension
exceeding a few hundred nm. Their orientation suggests a preferential
growth along axes, which are rotated by multiples of 60° from each
other, revealing the p3m1 symmetry of theunderlying substrate surface.
A close inspection of the height levels of FeSe suggests, that FeSe
nanocrystals are formed, which are embedded in the Bi2Se3 surface, as
discussed below in Fig. 13. The sketch of Fig. 13 indicates that FeSe is
embedded by one quintuple layer of Bi2Se3 into the surface. This repre-
sents the situation for FeSe (green) imaged in the lower left part of
Fig. 5. However, also non-integer embedding depths in units of
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Fig. 5. Large-scale, constant-current STM image of FeSe nanocrystals grown on
Bi2Se3(0001). Terraces of Bi2Se3, separated by QL height steps (0.95 nm), and smaller
step heights between Bi2Se3 and FeSe regions are observed. The FeSe regions show a stripe
contrast in the apparent height, which is revealed by the line profile through a FeSe island
at the top of the image. Bi2Se3 and FeSe regions are identified by atomically resolved STM,
see text for details. Red patches are ascribed to Bi2Se3 regions, where smaller than QL
height steps are observed. U = −0.3 V, IT = 1 nA.
quintuple layer thickness are observed, and this depth distribution is
characteristic for the chosen annealing temperature.

Another important finding of the STM study is the observation of a
stripe contrast on the FeSe islands. We ascribe the stripe pattern to a
Moiré superlattice, as discussed in Section 5.1 below, and which has
been observed before in the related system Bi2Se3 on FeSe [17]. The
line scan in Fig. 5 reveals a length of 7.4 nm for the spatial periodicity
of the stripe contrast.

The zoom-in into a FeSe region in Fig. 6 shows the atomic corruga-
tion indicative of the surface unit cell symmetry of FeSe, and it gives
the periodicity of the stripe pattern.Wepoint out that no surface defects
are apparent in STM, and we ascribe this to the structural coherency of
the FeSe nanocrystals, leading to either FeSe or Bi2Se3 areas.

Atomic resolution STM images of FeSe regions, see Fig. 6, reveal an
approximately square lattice with a periodicity of 3.8 Å. This compares
favorably with the bulk lattice constant of FeSe of 3.77 Å [18,19]. The
spatial modulation with a periodicity of 7.4 nm, mentioned above (see
line scan in Fig. 5) is indicated in Fig. 6. The vertical amplitude of this
apparent height modulation is ≈ 20 pm. The stripe directions are pre-
dominantly aligned along the long direction of the FeSe regions. A thor-
ough discussion of this long-range periodicity is presented in Section 5.
4.2. Structural characterization: LEED and SXRD

The inspection of the LEED pattern provides quantitative informa-
tion on the metric of the adlayer relative to that of the substrate.
Fig. 7(a) shows the LEED pattern of the pristine Bi2Se3(0001) surface.
A trigonal arrangement of diffraction spots reflects the p3m1 plane
group symmetry of the Bi2Se3(0001) surface. Fig. 7(b) reveals that de-
position of 0.7 ML Fe and subsequent annealing leads to the appearance
of additional diffraction spots,whichwe ascribe to the formation of FeSe
in three rotational domains. The unit cells of the respective domains are
indicated by different colors in Fig. 7(b). This assessment is supported
by the analysis and discussion of the position of higher-order diffraction
spots in Section 5.

X-ray diffraction experiments are performed to measure the thick-
ness of the FeSe regions for the preparation as described above. The
scattered X-ray intensity along (01l) and (02l) rods is measured, and
the result is presented in Fig. 8. Here, the peak positions at qz = 4.93
and 5.05 r.l.u. (reciprocal lattice unit, 1 r.l.u. = (28.64 Å)−1) for the
first and second order rods, respectively, indicate an average lattice con-
stant along the out-of-plane direction of 5.73 Å. This is 4% expanded
with respect to the FeSe bulk value of 5.51 Å [18,20]. The full width at
halfmaximum (FWHM) of the reflection profile is inversely proportion-
al to the film thickness, t, given by t ¼ 0:886

FWHM½Å−1 �
[21]. The peaks of the
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(01l) and (02l) measurements were fitted by Gaussian functions, yield-
ing a FWHM of 0.055 and 0.058 Å−1 for the first and the second order
rods, respectively. These values correspond to a film thickness t =
16.1 and 15.2 Å, approximately equivalent to 3 TL (1 triple layer, 1
bulk TL = 5.51 Å).

4.3. Stress in FeSe on Bi2Se3(0001)

We measure the change of curvature [22,23] of the Bi2Se3(0001)
substrate crystal upon Fe deposition on Bi2Se3 to derive the film stress.
A quartz crystal is employed to calibrate the deposited thickness.
Fig. 9 shows the stress change during deposition of 0.3 ML Fe carried
out at two different temperatures. In each case, the stress is observed
to decrease monotonically. The negative slope of the stress curves indi-
cates a compressive stress change, which amounts to −3.5 ± 0.3 N/m
for deposition at 473 K, and to−2.2 ± 0.2 N/m for deposition at room
temperature (inset of Fig. 9).

Accompanying LEED experiments confirmed the formation of FeSe in
three rotational domains after deposition of Fe at 473 K, to whichwe can
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thus relate the stress change of−3.5± 0.3 N/m. In Section 5.2, we show
that this stress is an order ofmagnitude larger than the calculated,misfit-
induced stress. In contrast, Fe deposition at room temperature did not
lead to a clear diffraction pattern in the LEED experiment. Hence, we as-
cribe the stress change of −2.2 ± 0.2 N/m to the formation of an unor-
dered Fe–Bi2Se3 surface region.
4.4. Momentum-resolved photoemission—FeSe on Bi2Se3(0001)

Momentum-resolved photoemission experiments are used to obtain
a cross section through the Fermi surface of the FeSe/Bi2Se3 system. The
experiments are performed with a photoemission momentum micro-
scope, as described in [10]. For this experiment, 1 ML of Fe was deposit-
ed at 290 K on a clean Bi2Se3 surface and subsequently annealed to
513 K for 50 min.

The sample was located in a helium-cooled cryostat and sub-
sequently cooled to 120 K and to 20 K. Due to the highly efficient
parallelized imaging principle of the momentum microscope, both
spectra displayed in Fig. 10 have been recorded within 1–2 h. The sam-
ple area contributing to our photoemission spectra has been restricted
to a diameter of 20 μm, averaging the contribution from three rotated
domains D1, D2, and D3, which occur on a sub-μm length scale, as
shown in the STM image of Fig. 5 by the different orientations of the
stripe patterns in FeSe. Hence, we obtain a threefold replication of the
electronic structure of FeSe.

Accordingly, the surface Brillouin zone (edge length 2π / aFeSe =
1.67 Å-1) of FeSe is indicated by dashed squares for each domain, with
the color code following Fig. 7. Upon cooling to 20 K, we observe an en-
hancement of intensity for domainD1 over the domainsD2 andD3, nice-
ly emphasizing the intrinsic electronic structure of FeSe in Fig. 10(b).
5. Discussion—FeSe nanocrystals on Bi2Se3

5.1. In-plane crystal structure

The starting point of our discussion is an analysis of the 7.4±0.8 nm
periodic stripe pattern, which is reminiscent of that observed for a few
atomic layer thick Bi2Se3 film grown on a bulk FeSe crystal [17].

The different atomic spacings of Bi2Se3 and FeSe give rise to a Moiré
structure by superimposing the corresponding surface unit cells. The
heterostructure represents aMoiré coincidence superlatticewith period



Fig. 10. k||-resolved photoemission of FeSe on Bi2Se3 probing initial states at EF with the
He-I line (hν = 21.2 eV, unpolarized radiation) of a laboratory gas discharge lamp. The
red wavy arrow indicates the azimuth of photon incidence. The double-hemispherical
energy analyzer was operated at a resolution of 0.06 eV. (a) T = 120 K, (b) T = 20 K.
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apparent height of the FeSe lattice is clearly visible. The amplitude of this modulation is
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normal to the stripe pattern ridge and the FeSe lattice vector. (b) The schematic diagram
presents a Moiré coincidence lattice generated by the superposition of Bi2Se3(red) and
FeSe (blue) unit cells, each represented by a circular dot. Along the direction λ the FeSe
unit vector a does not match the length d, see sketch at the right. A coincidence between
the two lattices thus appears every n repetitions, see text for details. The period λ,
indicated by the white arrows, characterizes this coincidence Moiré superlattice.
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circles) and FeSe (solid blue circles) in three rotational domains. This structural model is
used to calculate the LEED pattern in (b) [24]. Red and blue dots correspond to diffraction
from Bi2Se3 and FeSe, respectively. (b) Superposition of calculated LEED pattern and
experimental LEED pattern at 97 eV.
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λ, where

λ ¼ aFeSen ¼ d nþ 1ð Þ ð1Þ

and a and d are indicated by the sketch in Fig. 11(b). With the bulk
Bi2Se3 in-plane lattice constant for the substrate, 4.14 Å ¼ d 2ffiffi

3
p ,

eq. (1) yields with aFeSe = 3.77 Å n = 19.6 ± 2.2 for λ = 7.4 nm.
Wenote thatwe observe an angleα between the FeSe lattice and the

Moiré stripe direction, see Fig. 11(a). This angle indicates a rotation
between the Bi2Se3 and the FeSe lattice. The model of Fig. 11(b) shows
the simplest case of an alignment with vanishing rotation between the
sublattices, i.e. α=0. As a result, the symmetry of the FeSe nanocrystal
is lowered from tetragonal in bulk to two-fold (a ≠ b, γ=90°) by prox-
imity to the substrate. The impact of such a lowering of symmetry on
the morphological and on the electronic structure remains to be
determined.

Next, we discuss the LEED results. For the sake of simplicity we start
from the analysis of a single FeSe domain, shown in real space in
Fig. 12(a). The surface unit cell is shown by a solid blue line, while the
solid red circles represent the lattice points of the trigonal Bi2Se3 sub-
strate in real space. Due to the symmetry of the substrate, we expect
three rotated domains, and the other two domain orientations of FeSe
are shown by faint blue lines in (a). They originate from thefirst domain
by a rotation by 120° and 240°.

The resulting LEED pattern shows diffraction spots due to the trigo-
nal substrate unit cell, and due to FeSe in three rotational domains. We
calculate the resulting pattern [24] and superimpose the calculated pat-
tern with the measured diffraction pattern in Fig. 12(b). Here, red dots
represent diffraction spots due to Bi2Se3(0001), and blue dots are due
to diffraction from FeSe in three domains.

We identify six plus six sets of FeSe spots forming inequivalent alter-
nating equilateral triangles in the outermost ring (green and blue
dashed triangles in Fig. 12(b)). The difference in area between the
dashed triangles directly indicates a difference between the lengths a
and b, which were introduced in (a). This difference signifies an ortho-
rhombic symmetry for FeSe on Bi2Se3. Analyzing the positions of the dif-
fraction spots we obtain b / a=1.02± 0.01, which translates to bFeSe=
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3.85 ± 0.04 Å, where we exploit the STM Moiré analysis estimate of
aFeSe = 3.77 ± 0.02 Å.

Thus, the in-plane lattice constants of the orthorhombic FeSe
nanocrystals are obtained. In the followingwe use these values to calcu-
late the expected stress in FeSe/Bi2Se3(0001).

5.2. Stress in FeSe on Bi2Se3(0001)

The observation of a Moiré pattern in the STM image of Fig. 6 indi-
cates non-pseudomorphic growth. The analysis of the Moiré
superlattice and of the LEED pattern yields the lattice constants a and
b of the strained FeSe. The different values of a and b indicate an aniso-
tropic in-plane strain of the FeSe nanocrystal. We calculate the stress of
this strained FeSe and compare it with our experimental results.

The in-plane anisotropic strain (ε1 ≠ ε2) of FeSe on Bi2Se3(0001) is
calculated with respect to the lattice constant of bulk FeSe. We ob-
tain ε1 = (aFeSefilm − aFeSe

bulk) / aFeSe
bulk = 0 and ε2 = (aFeSefilm − bFeSe

bulk) /
aFeSe
bulk = + 0.021.
First, we focus on one rotational domain of FeSe. Here, ε1 and ε2 are

the strains in directions 1 ‖ a and 2 ‖ b, respectively, aFeSebulk = 3.77 Å is
the lattice constant of FeSe bulk [18,19], while aFeSe

film = 3.77 ± 0.02 Å
and bFeSe

film = 3.85 ± 0.04 Å are the lattice constants of the FeSe film,
taken from our analysis in Section 5.1.

We align directions 1 and 2 parallel to the in-plane [0110] and [2110]
directions of Bi2Se3, respectively. We calculate the expected stress in
each direction [25]:

τ1 ¼ Y
1−ν2

����
FeSe

ε1 þ νε2ð Þ ð2Þ

and

τ2 ¼ Y
1−ν2

����
FeSe

ε2 þ νε1ð Þ; ð3Þ

where Y and v are the Young modulus and the Poisson ratio of FeSe
(001), with values of 73.0 GPa and 0.179 [19], respectively. Inserting the
values gives an anisotropic tensile film stress of τ1 = +0.286 GPa and
τ2 = +1.6 GPa.

The growth of FeSe on Bi2Se3(0001) is characterized by three do-
mains of orthorhombic FeSe rotated by 0°, 120°, and 240°, see Fig. 12.
Eqs. (2) and (3), give the stress for one domain, where the lattice
vectors are parallel to the directions [0110] and [2110] of the substrate
crystal. The presence of three rotated domains requires averaging of
their respective stress contributions. The procedure is outlined in the
Appendix A. This analysis reveals that the calculated stress of ortho-
rhombic FeSe on Bi2Se3(0001) is tensile isotropic in-plane stress and it
amounts to τ1 = τ2 = +0.943 GPa.

How does this calculated stress compare with the measured stress?
From the measured stress during deposition of Fe on Bi2Se3, we calcu-
late the FeSe-induced stress using τFeSe = σ / (θtF), where σ is the mea-
sured stress change, θ is the coverage of FeSe, and tF is the thickness of
the FeSe nanocrystals.

Wedeposited 0.3ML of Fe during the stressmeasurement. This leads
to a surface coverage of 0.1,where the local FeSe thickness is three triple
layers (≈ 15Å), see Section 5.3. This gives an experimental compressive
film stress of −23 GPa.

Themeasured compressive stress has opposite sign and roughly a fac-
tor of twenty larger than the calculated stress for strained FeSe/Bi2Se3.
Obviously, our stress calculation, which is based on epitaxial misfit
alone, misses important contributions to film stress. We speculate that
the high compressive stress is also due to the atomic-scale intermixing
and substitutions that we suspect to take place during Fe deposition
and FeSe formation. Stressmeasurements at 298K showalso a significant
compressive stress, although no epitaxial long-range order is observed in
LEED. We conclude that the epitaxial misfit of FeSe is not the only origin
of stress. Further insights are obtained from recent extended X-ray ab-
sorption fine structure (EXAFS) experiments. These studies indicate a
preference for Bi in substitutional sites for Fe deposition [26]. Our results
indicate, that epitaxial strain is not the dominant source of film stress.
The influence by substitutional and interstitial sites should also be con-
sidered. In the next section we discuss the interface between FeSe and
Bi2Se3, the thickness of the nanocrystals, and the out-of-plane strain in
FeSe.
5.3. FeSe nanocrystals thickness

Fig. 5 reveals that FeSe islands appear either slightly lower or higher
than the surrounding Bi2Se3 substrate. The apparent height difference
between FeSe and Bi2Se3 areas is often negative, Δz ¼ zFeSe � zBi2Se3 . A
plausible explanation is that FeSe nanocrystals are embedded in the
Bi2Se3 crystal, i.e. they extend below the Bi2Se3 surface.

A dedicated STM measurement enables a closer look onto the step
heights occurring in an area around an FeSe nanocrystal. Fig. 13 shows
a 3D representation of that STM measurement. Here, atomically re-
solved STM identifies the terraces as either Bi2Se3 or FeSe, due to their
distinctly different surface symmetries. The apparent-height profile
(red line) in Fig. 13(b) presents three different levels, separated by
Δz = 7.6 Å and 1.8 Å, respectively. These values are compatible with a
3 TL thick embedded FeSe nanocrystal, as illustrated by the sketched
stacking of FeSe TLs and Bi2Se3 QLs.

Our SXRD experiments reveal an average lattice parameter of c =
5.73 Å for the thickness of one TL FeSe. This reflects a lattice expansion
along the vertical direction in comparison with the FeSe bulk value
(cbulk = 5.51 Å). This difference indicates a lattice expansion along the
out-of-plane direction of ε3 = +4.2%.

The combined use of SXRD, LEED and STM provides insight into the
peculiar growthmode resulting from the deposition of Fe on Bi2Se3 and
subsequent annealing. We speculate that an upper limit exists for the
thickness of FeSe nanocrystals which can be prepared this way on
Bi2Se3. This limit is probably given by the maximum depth from
which Se atoms can be extracted from the bulk of Bi2Se3 to form FeSe.
This growth process is thus different from the progressive build-up of
FeSe TLs obtained when co-depositing Fe and Se [27,28,29].
5.4. Electronic structure— Electron photoemission

The qualitative inspection of the photoelectron maps in Fig. 10 re-
veals a distinct symmetry of the intensity distribution of photoelectrons
over k-space. The symmetry of FeSe manifests itself by four intense
elongated high-intensity features at theM points in Fig. 10(b). In a pre-

vious photoemission study [30], similar features at the M points,
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observed in a single layer FeSe on SrTiO3, have been identified as elec-
tron pockets .1

A further high-intensity feature is located at Γ. It has the shape of a
square rotated by 45°. This contour was not present at the Fermi level
in the experiment of reference [30], where the FeSe single layer is
under tensile strain due to the SrTiO3 substrate (lattice mismatch
3.7%). The sizable lattice strain of that system, which generally causes
an energetic shift of electronic states, may well shift bands such that
crossings of the Fermi level are lifted, thereby removing a Fermi surface
contour.

However, the Fermi contour at Γwas reproduced in a band structure
calculation for bulk β-FeSe and characterized as hole pocket features.
Similarly, photoemission experiments for FeSe single crystals showed
the presence of hole pockets at Γ using a photon energy of 25 eV [31].
Since in our case, the in-plane lattice constant corresponds to bulk
FeSe within less than 2%, we find that the observed photoemission fea-
tures are consistent with previous experimental results, confirming the
presence of FeSe nanocrystals in our samples.

The maps of Fig. 10 reveal an apparent increase of intensity of one
rotational domain only upon cooling from 120 to 20 K. As to the origin
of this intensity enhancement after cooling to 20 K, we remark that at
this temperature, adsorption of residual gases, even in UHV pressure
of 3 × 10−11 mbar, leads to a rapid complete attenuation of the ob-
served photoemission peaks within only a few hours. This change of
the surface condition cannot be completely reversed by heating to
room temperature and cooling down again. However, starting from a
newly prepared FeSe thin film on Bi2Se3 we reproducibly found en-
hanced intensity of the photoemission features belonging to D1.

Considering the symmetry of the FeSe/Bi2Se3 structure, all three ro-
tated domains of FeSe are equivalent, and none has a distinguished role.
It is clear, that the preferential intensity enhancement of domain D1 in
photoemission can only be explained by the incident light. In particular,
possible mechanisms might be:

(1) A reduced adsorption of residual gases on domain D1 compared
to the other two domains during cooling to 20 K caused by irradiation.
Only for D1, the incident light is perpendicular to its striped spatial pat-
tern. Subsequently, the photoemission intensity belonging to D2 and D3

would be suppressed compared to D1.
(2) A change in the electronic structure between 120 K and 20 K af-

fecting the photoemission cross-section. In case of non-normally inci-
dent light, photoemission patterns recorded in a two-dimensional
momentum-resolved distribution show different intensities in each of
the quadrants (±kx, ±ky). These different intensities, in spite of probing
equivalent electronic states, are due to transition matrix elements— an
effect known as linear dichroism in angular distribution (LDAD). The
unpolarized light which we use, can be described as an incoherent su-
perposition of p-polarized and s-polarized light, with a stronger weight
of the p-polarized component owing to the different transmission
through the surface for each component. The orbitals of electronic states
within the FeSe domains are aligned to the domain-specific crystalline
axes, so that the incident light has a different orientation with respect
to such orbitals according to the orientation of the domain. This
domain-specific geometry of the photoemission results in different ex-
citation cross-sections, e.g. different photoemission intensities. The
LDAD already leads to unequal intensities of the 12 elongated features
at the M points for T = 120 K (note the highest intensity along the
kx = -ky axis). However, a possible phase transition between 120 K
and 20 K, affecting the electronic structure may alter the LDAD and
thus lead to the observed intensity enhancement of theMpoint features
belonging to domain D1. In this respect, we recall the structural phase
transition reported for bulk FeSe at temperatures below 90 K [32],
1 The notion of electron and hole pockets refers to Fermi surface contours formed by
bands which according to the curvature of their dispersion ∂2E

∂k2
have an effective mass

m N٭ 0 (electrons) orm b٭ 0 (holes) at the Fermi level.
introducing an orthorhombicity with in-plane lattice constants deviat-
ing by 0.4%. In our case, the Bi2Se3 substrate already causes a 2% differ-
ence of the in-plane FeSe lattice constants at room temperature (see
Section 4.1). Therefore, it is not a priori clear, what kind of phase tran-
sitions are present in the strained FeSe islands. Recently it has been sug-
gested, that the structural phase transition is driven by orbital ordering
[33], e.g. by lifting the degeneracy of the dyz and dxz orbitals. If such an
electronic rearrangement drives the structural phase transition, it may
as well be present in our FeSe islands, even if they are already ortho-
rhombic at room temperature by alignment to the Bi2Se3 substrate.

Further investigation of the mechanism that leads to the intensity
enhancement of D1 after cooling from120 K to 20K is amost interesting
task for the future and may illuminate its relation to the superconduc-
ting phase or other kinds of electronic phase transitions occurring in
FeSe.

As a final note, we emphasize, that due to the working principle of
the momentum microscope, the photoemission geometry is fixed dur-
ing experiment (as well as across subsequent experiments). This stands
in contrast to standard ARPES (angle-resolved photoemission) experi-
ments,where themomentum-axes (or angular axes) are scanned by ro-
tating and tilting the sample. Additionally, the parallelized detection of
two-dimensional momentum images enabled us to record the spectra
shown here sufficiently fast, before considerable adsorption-related at-
tenuation of photoemission peaks sets in. For these two reasons, the ob-
servations reported here, may have been impossible to detect inmost of
the previously published studies.

6. Conclusions and outlook

A multi-technique experimental investigation on the preparation
and the characterization of Bi2Se3(0001) and on the growth of FeSe
nanocrystals on Bi2Se3(0001) has been performed. We show that
sputtering and annealing, with carefully adjusted annealing tempera-
ture Tann = 673–693 K, yields pristine Bi2Se3(0001) surfaces. Bi2Se3
preparation by ion bombardment and annealing cycles opens the way
to perform experiments on Bi2Se3 in cases, where crystal cleavage is
no option. One example are curvature stress measurements, which re-
quire 0.1 mm thin substrate crystals. Here, cleavage is not possible, as
a controlled separation of the crystal halves over an area of some
10 mm2, rendering a uniform sample thickness in the 0.1 mm range is
beyond reach. However, we performed curvature stress measurements
successfully on sputter and annealed Bi2Se3(0001) samples.

Bi2Se3(0001) is used as a template for the subsequent growth of FeSe
nanocrystals by Fe deposition and annealing, or by deposition at elevat-
ed temperature. Growth of FeSe occurswith Se atoms supplied byBi2Se3
without need for an additional source of Se. The required temperature of
annealing to prepare well ordered epitaxial FeSe, is within the 613–
653 K range. These temperatures are lower compared to the 773 K re-
quired to obtain FeSe on SrTiO3 [34].

The structural characterization of the FeSe nanocrystals by SXRD,
LEED, and STM reveals an anisotropic three-dimensional strain state,
where FeSe is expanded in-plane and out-of-plane. We note that this
strain state cannot be realized by applying hydrostatic pressure to
bulk FeSe. Spatially resolved experiments reveal FeSe nanocrystals
with lateral size from few tens to hundreds nm and average thickness
of 15 Å. The FeSe nanocrystals are embedded into the Bi2Se3 substrate.
Stress measurements during Fe deposition at 473 K reveal a film stress
of −23 GPa, inverted sign and much larger magnitude than expected
from epitaxial misfit strain considerations. The change of film stress is
possibly linked to the peculiar growth mechanism, where also devia-
tions from an idealistic structural and elemental order in the system
needs to be considered.

A key question with respect to the potentially superconducting
properties of epitaxial FeSe is whether the crystal possesses a two- or
a four-fold rotational symmetry in its morphological and electronic
structure [35,36]. Our results reveal that the Bi2Se3 substrate effectively
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reduces the symmetry of FeSe, and this may prove decisive for its
superconducting properties.
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Appendix A

We obtained remarkable surface morphologies after annealing
Bi2Se3(0001). Annealing of in vacuo cleaved crystals yields triangular
depressions, which present two characteristic orientations and depths,
see Section A.1. On the other hand, samples which have been ion-
bombarded and subsequently annealed to Tann=623 K present a pecu-
liar long-range quasi-hexagonal modulation of the apparent height, see
Section A.2.

A.1. The role of annealing—Surface morphology after heating to 623 K

Here we show that annealing to a low temperature of 623 K creates
triangular depressions on the surface. Our observation of the change of
morphology during a series of annealing steps to 623 K suggests that the
depressions form by atomic evaporation from the surface. The depres-
sion formation begins with nm-sized triangular surface vacancies,
which are 1 QL deep (first annealing, image not shown). These vacancy
holes grow in size, while maintaining their edges orientation, and grow
to a size of hundreds of nm across. Considering that their depth equals
1 QL, we expect the same termination of the freshly exposed surface
at the bottom of the depression and at the uppermost layer.

More andmore shallow holes (depth 0.5 nm) appear as the cumula-
tive annealing time increases. Fig. 14(a) provides an example. These de-
pressions are 5–5.5 Å deep, and their orientation is rotated by 180°with
respect to QL-deep depressions. STM with atomic resolution inside
these shallow depressions reveals a hexagonal atomic latticewith inter-
atomic distances compatible with those of the Bi2Se3(0001) surface. No
additional modulation in apparent height is observed. This finding is
compatible with the structure of a Bi bilayer [37,38]. Thus we speculate
that this preparation leads to shallow depressionswhich are ascribed to
the presence of a Bi bilayer at the bottom of the depression.

A.2. Sputtering and annealing with Tann ≈ 623 K

Ion bombardment and subsequent annealing at Tann≈ 623 K lead to
the formation of a long-range quasi-hexagonal superstructure, as
shown in the constant current image of Fig. 15. Although the unit cell
vectors of the superstructure are not exactly defined due to disorder
in the superlattice, we can estimate their lengths to be of order
20–23 nm. On top of the long-range modulation we observe sub-nm
wide, circularly shaped, irregularly arranged protrusionswith an appar-
ent height of ≈ 0.5 Å. The protrusions cannot be manipulated by the
STM tip. Thismay suggest that they are not adsorbates on the otherwise
ideal Bi2Se3 surface, but rather atoms embedded in the QL. We propose
two tentative models for the observed quasi-hexagonal modulation of
the apparent height:

• aMoiré pattern given by the latticemismatch of the uppermost Bi2Se3
quintuple layerwith respect to the underlying bulk crystal.Weak van-
der-Waals interaction between the uppermost QL and the next could
result in a non-pseudomorphic structure. A periodicity of 20 nm be-
tween regions of equivalent height corresponds to an in-plane lattice
mismatch of 2% on average. Indeed, the observed subsurface defects
could be responsible for such an in-plane lattice mismatch.

• a subsurface network of dislocations. Articles by M. Schmid and co-
authors present an example of similar a structure in a metal alloy,
which was formed by preferential sputtering of one of the compo-
nents [39,40]. A distortion network results for relatively high disloca-
tion densities.
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Further work is required to elucidate the physical origin of these
peculiar surface morphologies.

A.3. Young modulus and Poisson ratio of Bi2Se3(0001)

The quantitative analysis of the optical crystal curvature stress
measurement [22,23] requires the biaxial modulus of the substrate, Y/
(1− v), as input to convert the substrate curvature 1/R into a film stress
τF via

Δ τ F � t Fð Þ ¼ Yt2

6 1‐νð Þ
����
Bi2Se3

Δ
1
R
; ð4Þ

with the thicknesses of the film tF and of the substrate t = 0.1 mm, the
Young modulus Y and the Poisson ratio v.

To the best of our knowledge, the experimental value of the Young
modulus Y of Bi2Se3 has not been reported before. Therefore we derive
it experimentally in twoways: i) from the flexural vibration frequencies
of the cantilever substrate, and ii) from theweight-induced deflection of
a Bi2Se3 cantilever substrate. These experiments are further elucidated
in the Appendix A. We obtain the Young modulus for Bi2Se3(0001) as
Y=47±9GPa. The Poisson ratio v is not directly accessible by themea-
surements i) and ii). Hence, we use v = 0.241, reported for the related
compound Bi2Te3(0001) [41], as the best available estimate in Eq. (4).

A.3.1. Experimental determination of the Young modulus of Bi2Se3(0001)
We exploit flexural vibrations and mass-induced deflections of

cantilevered Bi2Se3(0001) samples to derive the Young modulus
experimentally.

The resonance frequency of flexural vibrations of a cantilever is
given by [42]:

f n ¼ β2
n

2π

ffiffiffiffiffiffiffiffiffi
YI

mL4

s
; ð5Þ

wherem is the mass, L is the length of the sample, Y is the Young mod-
ulus, βn is a mode constant (β1 = 4.694, β2 = 7.855, and β3 =10.996),
and I is the areal moment of inertia (I = bt3/12 [43], where b and t are
the width and thickness of the sample). Thus, the Youngmodulus is de-
rived from a measurement of the resonance frequency of the cantilever
sample by the optical deflection measurement.The second technique
exploits the deflection of the cantilever upon application of a known
force at a given position of the cantilever. We measure the change of
slope w′ of the cantilever deflection upon loading the cantilever with a
known mass. We use [44]:

w0 xð Þ ¼ Fl2

2YI
−

x2

l2
þ 2x

l

� �
; ð6Þ
where F is the force due to the attachedweight, Y is the Youngmodulus,
I is the areal moment of inertia, l and x are the lever arm length of the
mass and the position of the slope measurement, respectively. See
sketch in Fig. 16(b).

Fig. 16(a) gives the plot of three resonance frequenciesmeasured on
a Bi2Se3 crystal as a function of mode constant β2. Fig. 16(b) gives the
change of slope due to loading the cantilever with four different
weights.

We obtain a Young modulus for Bi2Se3(0001) of 47 ± 9 GPa. The
Poisson ratio v cannot be determined this way, and we choose the re-
ported value of the related compound Bi2Te3(0001) of v = 0.241 [41].

This relatively small value of Y is not unexpected for this peculiar
structure. Bi2Te3 has a similar layered structure and the experimental
Youngmodulus is 54.2 GPa, in close agreementwith a theoretical result
(Y=51.4 GPa) [45].We see that these layeredmaterials are very soft in
comparison with metals such as Ir, where Y = 634 GPa [46].

A.4. Averaging film stress over three rotational domains

The observation of three rotational domains requires averaging of
stress contributions of the three structural domains. We use the trans-
formation matrix aij in order to obtain the stress along the length and
the width of the crystal. The stress tensor τij can be written as:

τi j ¼
τ1 0 0
0 τ2 0
0 0 0

0
BB@

1
CCA:

To obtain the stress contribution from the rotated domains, we have
to apply a tensor transformation, using [25]:

τ0i j ¼ aTi jτi jai j; ð7Þ

where τ0i j ¼ aTi jτi jai j, is the stress tensor of the rotated domain, aij and aij
T

are the transformation matrix and its transposed, respectively. The
transformation matrix is written:

ai j ¼
cosθ − sinθ 0
sinθ cosθ 0
0 0 1

0
BB@

1
CCA;

where θ is the angle between the domains (d1, d2, d3): θ = 120° for
domain 2, and θ = 240° for domain 3. We obtain:

τd1 ¼
þ0:286 0 0
0 þ1:6 0
0 0 0

0
BB@

1
CCA GPa;

τd2 ¼
þ1:272 −0:5688 0
−0:5688 þ0:6149 0
0 0 0

0
BB@

1
CCA GPa;

τd3 ¼
þ1:272 þ0:5688 0
þ0:5688 þ0:6149 0
0 0 0

0
BB@

1
CCA GPa:

The total averaged stress of all three domains (τijtotal) is given by:

τtotali j ¼ τd1i j þ τd2i j þ τd3i j
3

; ð8Þ
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where the superscripts d1, d2, and d3 identify the first, second, and
third domains, respectively. The resulting stress is isotropic in-plane

τtotal12 ¼
þ0:943 0 0
0 þ0:943 0
0 0 0

0
BB@

1
CCA GPa :

The orthorhombic FeSe on Bi2Se3 gives rise to three stress domains
which lead to an average calculated isotropic in-plane tensile stress of
+0.93 GPa.
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