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We present an investigation on the controlled growth of epitaxial iron telluride films of multiple phases by
molecular beam epitaxy. By optimizing the substrate temperature, we fabricate different phases of α-FeTe, β-
FeTe, and FeTe2, respectively, whose crystalline morphologies are determined by means of in situ scanning
tunneling microscopy/spectroscopy and ex situ scanning transmission electron microscopy. While both α- and
β-FeTe films are metallic, we uncover a ∼185- and 65-mV semiconducting band gap for the (100) and (011)
facets of FeTe2 film, respectively, with the former one being compatible with the first principles calculations.
Moreover, for FeTe2, we observe reduced gaps with enhanced conductance in the vicinity of edge boundaries,
which are dependent on the geometries of step orientation and possibly in correlation to the magnetic anisotropy
with structural distortion. Our study provides insight into the controllable synthesis of Fe-Te compounds with
variation of stoichiometries and surface terminations, which may generalize to other epitaxial Fe chalcogenide
films.
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Benefiting from the simplest composition and crystal-
lographic structure among the Fe-based high-temperature
superconductors, Fe chalcogenides (FeS, FeSe, and FeTe) are
widely studied to elucidate their fascinating properties and
underlying physics [1–4]. For the most concerned supercon-
ducting FeSe, it shows nematicity with a critical transition
temperature of 9 K [5,6], whose superconducting properties
can be greatly tuned under electronic doping, chemical or hy-
drostatic pressure [7–9]. However, the sister compound FeTe,
although sharing a structural resemblance to FeSe, exhibits
some unexpected properties with stronger electron correla-
tions. On one hand, while FeSe is a bad metal without static
magnetic order [1,8], the ground state of FeTe is bicollinear
antiferromagnetic in long range, arising from the nesting of
spin density wave order at ∼70 K [10]. On the other hand, dif-
ferent from the incredible enhancement of superconductivity
in single-layer FeSe films [11–13], the electronic properties
of FeTe are likely independent on dimensionality, with similar
electronic structure between bulk crystal and thin film [14].

Despite the intriguing but different properties, all Fe
chalcogenides are extremely sensitive to their chemical
compositions. The superconductivity will be completely sup-
pressed by a tiny amount of excess or insufficient Fe in FeSe
and FeS [15,16]. On the contrary, the nonsuperconducting
FeTe becomes superconducting in the presence of oxygen
incorporation [17], even though the role of oxygen, whether
substituting Te atom or staying in the interstitial sites, is still
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under debate [18]. The fluctuation in stoichiometry may be
even more prominent for Fe chalcogenide thin films fabricated
by molecular beam epitaxy (MBE). Due to the chalcogen-rich
growth conditions, the formation of a nominally stoichio-
metric Fe1Se1 or Fe1Te1 composition is inevitably difficult
to achieve. The nonstoichiometry is usually originated from
the Fe vacancies [19] or interstitial chalcogen atoms [20]
considering the superfluous chalcogen flux during growth.
Besides, the necessary long-time postannealing process may
also introduce excess Fe concentration [21,22]. Recent ad-
vances in MBE techniques are reported to partially overcome
these obstacles by a low-temperature growth under Te-limited
condition [23] or depositing additional small amounts of Fe
[24].

The variation of nonstoichiometry further shows an ap-
preciable impact on FeTe. The presence of excess Fe,
ranging from 0.02 to 0.13, not only modifies the struc-
tural parameters, but also becomes electronically active and
easily couples to the FeTe layers with a large magnetic
moment (>2.0 μB/Fe) [25–29]. This introduces complex
magnetostructural phase transitions, which have been inten-
sively investigated by neutron scattering [30], spin-resolved
scanning tunneling microscopy [31], and magnetotransport
measurements [32]. Recently, Kang et al. reported different
phases of FeTe crystals with magnetic order at a thickness
down to a few nanometers [33]. They attribute the observed
two-dimensional (2D) magnetism to a concomitant lattice
distortion and the spin-lattice coupling, implying that the
magnetic states can be remarkably affected by the variation
in structural phases. Nevertheless, there exists much elusive
interplay of crystal, electronic structure, and magnetism in
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FeTe, highly suggesting the notable importance of stoichiom-
etry and structural phases in determining its diverse properties
[31,34]. Previous studies of Fe-Te compounds are dispersed
with different synthesis conditions for FeTe films [25–32] and
FeTe2 nanoplate/nanoparticle/nanorod [35,36], but the effect
of nonstoichiometry on the structural and physical properties
remains an open issue, especially for the case of Te. It is
thus desirable to effectively synthesize and distinguish mul-
tiple Fe-Te phases in a controllable way, as well as in situ
characterizing their distinct properties.

In this study, we report the MBE growth of three struc-
tural phases of Fe-Te films controlled by the substrate
temperature, i.e., α-FeTe, β-FeTe, and FeTe2, all under a
Te-rich condition and with low substrate temperature during
growth to avoid the variation of stoichiometries by high-
temperature annealing. While the former two phases are
metallic with triangular and square morphologies, respec-
tively, the FeTe2 film exhibits two projections of bulk crystal
onto (100) and (011) planes. We utilize scanning tunneling
microscopy/spectroscopy (STM/STS) and scanning transmis-
sion electron microscopy (STEM) to identify the crystalline
structures and surface terminations, as well as characteriz-
ing their electronic structures at low temperature. Decreased
band gap and edge states are found near the step bound-
aries of FeTe2, indicating possible magnetic anisotropy with
local FeTe6 octahedron distortion. Our recipe of temperature-
controlled phases of Fe-Te films is not only a timely addition
to the extensive library of synthesizing Fe-Te compounds,
both in three dimensions and two dimensions, but also a
valuable route for understanding the essential role of stoi-
chiometry in high-temperature superconducting single-layer
FeSe/SrTiO3 films.

All samples were prepared by the MBE method, with
high purity iron (powder, 99.99%; Alfa Aesar) and tel-
lurium sources (powder, 99.9999%; Alfa Aesar) used for
co-evaporation from standard K cells. Prior to deposition, the
Nb-doped SrTiO3(001) substrate (0.7 wt %) was thermally
heated to ∼1220 K with a selenium flux for half an hour
and then flashed to 1320 K for an hour. The high tempera-
ture was achieved by direct current heating, monitoring by
an infrared pyrometer. During the growth process, the Fe
flux was kept the same at 1370 K, giving a growth rate of
∼0.2 monolayer (MLs)/min for α-FeTe, β-FeTe, and FeTe2.
To obtain an atomically flat surface with large terraces, we
restrict the film thickness to 2–5 MLs. We precisely controlled
the K-cell temperature of Te source (from 513 to 543 K),
resulting in a Fe/Te flux ratio of ∼1:3 to 1:15 determined by a
quartz crystal oscillator. The MBE pressure was better than
2 × 10−9 mbar. After growth, a postannealing treatment at
the growth temperature for 10 min was necessary to improve
the film quality. STM/STS measurements were conducted on
a commercial STM system (Unisoku-1500) at a base tem-
perature of 5 K [37]. A W tip was used to carry out the
STM/STS measurements, which has been cleaned on an Ag
substrate. The tunneling spectra and conductance mappings
were acquired by a standard lock-in technique with a modu-
lation voltage (Vmod) at 983 Hz. The FeTe2 film samples were
capped with a ∼20 nm Te protective layer for ex situ STEM
characterization. The STEM measurements were performed
on a JEM ARM-200CF operated at 200 keV and equipped

with double spherical aberration (Cs) correctors [38]. The an-
nular dark-field (ADF) images were acquired with a collection
angle of 90–370 mrad. For the first-principles calculations,
we employed the Vienna ab initio simulation package (VASP)
code. The projector augmented wave (PAW) pseudopotential
and the generalized gradient approximation (GGA) functional
were chosen to evaluate the exchange-correlation energy [39].

The stoichiometric FeTe (δ = 0) compound can stabilize
into two crystalline structures at ambient pressure: a hexag-
onal phase named α-FeTe (NiAs-type, space group no. 194,
P63nmc) and a tetragonal β-FeTe (PbO-type, space group
no. 129, P4/nmm), which are schematically illustrated in
Figs. 1(a) and 1(b). In α-FeTe, the Te atoms sit in the center
of an Fe octahedron. The neighboring octahedrons are con-
nected by Fe-Fe bonds along the c axis, leading to a more
3D structure, whereas the β-FeTe stacks in a van der Waals
layered structure, where two asymmetric Te layers sandwich
the central Fe layer with each Fe atom at the apex of a
pyramid. We obtain these two phases by precisely controlling
the substrate temperature at a fixed Te/Fe flux ratio, where
the growth temperature is 20–40 K lower for the hexagonal
(<550 K) than the tetragonal one (570–590 K). This means
α-FeTe is thermodynamically favorable at a relatively lower
temperature, directly opposite the chemical vapor deposition
(CVD)-based growth approach, where the β-FeTe is more en-
ergetically stable at lower temperature on SiO2/Si substrates
[33]. We also note a similar decline of formation temperature
(∼40 K) for α-FeSe than β-FeSe on a graphene substrate [40],
reflecting the phase tunability of Fe chalcogenides by MBE
growth.

The structures of α- and β-FeTe are visualized from their
atomic-resolved STM images in Figs. 1(c) and 1(d), respec-
tively. While the α-FeTe has a triangular lattice, the β-FeTe
is arranged in a square lattice with Te terminations, but with
the same value of in-plane lattice constant (0.38 ± 0.01 nm).
Despite the apparent differences in crystalline structure, the
electronic properties of α- and β-FeTe are relatively similar.
As shown in Fig. 1(e), both dI/dV curves exhibit an overall
“V” shape of densities of states (DOS) with the minimum
but finite conductance exactly at the Fermi energy. While the
similarity of DOS for both α- and β-FeTe is consistent with
previous numerical calculations on the band structures [41],
the physical origin of such a V-like feature is still mysterious
in previous experiments and may be possibly in relation to the
stripe structures driven by the magnetic ground states of FeTe
[34,42]. A recent study has predicted a much stronger mag-
netism with a larger magnetic moment for the hexagonal FeTe
than the tetragonal form [41], and an in-plane noncollinear
antiferromagnetic spin structure has been also experimentally
detected in α-FeSe films [43].

By reducing the temperature of the SrTiO3 substrate down
to 420–470 K, we obtain two types of atomically flat surfaces
shown in Figs. 2 and 3. Considering the Te-rich growth con-
ditions and relative low substrate temperature, excess Te are
easier to integrate beyond stoichiometric FeTe. We then assign
these observed phases to the pyrite FeTe2 of orthorhombic
structure (space group no. 58, Pnnm, a = 0.526 nm, b =
0.626 nm, c = 0.390 nm), whose 3D crystalline schematics is
sketched in Fig. 2(a). For the (100) surface in Figs. 2(b) and
2(c), the Fe atom locates at the center of a distorted FeTe6
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FIG. 1. α- and β-FeTe films grown on a SrTiO3 substrate. (a),(b) 3D and top views of atomic structures for bulk α- and β-FeTe, respectively.
(c),(d) High resolution STM images for α- and β-FeTe surface, respectively. Toy models are superposed onto both surfaces, with the unit cell
marked as black rhombus and square, respectively. Scanning conditions: 3 × 3 nm2, Vb = +100 mV, It = 50 pA. (e) Comparison of tunneling
spectra between α- and β-FeTe films. The y axis is offset for clarity, with the blue horizontal bar marking the zero conductance (Vb = +0.1 V,
It = 100 pA, Vmod = +1.414 mVrms).

octahedra while Te atoms sit at the apex of it. In the a-b plane,
each Fe row is alternately arranged with every two rows of
Te, resulting in a 1:2 stoichiometry of FeTe2. Figure 2(d)
is a typical STM image of the (100) surface covered with
1D nanorodlike morphology with the island step height of
0.54 ± 0.01 nm [Fig. 2(e)], accompanied by the edges forming

FIG. 2. The (100) surface of orthorhombic FeTe2 films. (a) The
crystallographic structure of FeTe2 in a perspective view. Two dis-
tinct planes of (100) and (011) are shaded as blue and pink sections,
respectively. (b),(c) Top and side views of atomic structure for the
(100) plane of FeTe2 lattice, respectively. The topmost Te atoms
are slightly buckled. A rectangular unit cell of (0.39 ± 0.01) nm ×
(0.63 ± 0.01) nm is marked. (d) STM morphology of FeTe2 films
oriented along the [100] direction (200 × 100 nm2, Vb = +2.0 V,
It = 10 pA). (e) The line profile across a step edge along the black
line in (d), with a step height of 0.54 ± 0.01 nm. (f) The atomically
resolved image of the (100) surface. Inset shows a toy model of
Te atoms, with the 0.38 nm × 0.63 nm unit cell labeled as black
rectangle (3 × 2 nm2, Vb = +100 mV, It = 50 pA).

an angle of ∼60 ° or 120 °. From the atomically resolved STM
images in Fig. 2(f), we find the surfaces are pseudohexagonal
and constituted with double atomic chains. The unit cell is
marked as the black rectangle of (0.38 ± 0.01) nm × (0.63
± 0.01) nm, well consistent with the b-c facet of FeTe2

(shaped in light blue). Careful inspection indicates that the
Te-terminated (100) surface originates from a slightly buckled
Te layer with two Te sites: the higher Te-1 connects to two Fe
atoms of the underlying Fe layer at a distance of 0.2673 nm,
the lower Te-2 singly links to only one Fe atom with the
bond length of 0.2560 nm [35,36]. Such corrugation between
Fe and Te atoms gives rise to a chainlike STM morphology
[Fig. 2(f)] with a lower symmetry, instead of a hexagonal
lattice (threefold symmetry).

There exists another type of STM topographic image in
Fig. 3(a) [about 60% compared to the rest 40% of the (100)
surface in statistics], with islands adopting irregular shapes
with an apparent height of 0.33 ± 0.01 nm. The atomic-
resolution STM image in Fig. 3(c) shows a (0.69 ± 0.01)
nm × (1.04 ± 0.01) nm lattice, apparently larger than the
primitive unit cell of FeTe2 in any low-index surfaces. A pre-
vious study had also reported the synthesis of FeTe2 materials
in a mixture of 1D nanorods and 2D nanosheets by low-
temperature solution chemistry method [44], sharing similar
characteristics to our epitaxial FeTe2 films of STM morpholo-
gies in Figs. 2(d) and 3(a), respectively. Combining the step
height and atomic spacings, we ascribe the observed surface
in Fig. 3(a) to the projection of FeTe2 phase onto the (011)
plane, as highlighted by the light pink plane in Fig. 2(a). For
simplicity, we also display its top and side views in Fig. 3(b).
While every Te atom is bonded with two Fe atoms of the
underlying Fe layer, the bonding direction is divided into two
categories, leading to two rows of Te atoms faulted by half a
unit cell length with each other along the b axis. The distance
along the [011] direction is 0.33 nm, matching the value of
step height in Fig. 3(a) quite well. We can even image the
bonding direction near the surface Te atoms, as marked by
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FIG. 3. The (011) surface of orthorhombic FeTe2 films. (a) STM morphology of FeTe2 films oriented along the [011] direction (150 ×
150 nm2, Vb = +2.0 V, It = 10 pA). Inset is a line profile across the step edge of 0.33 ± 0.01 nm. (b) Top and side views of atomic structure
for the (011) plane of FeTe2 lattice, respectively. A rectangular 2 × 1 reconstruction of (0.74 ± 0.01) nm × (1.05 ± 0.01) nm is marked.
The Te atoms bonding with neighboring Fe atoms are also marked as cyan ellipses. (c)–(e) The closeup STM images of the (011) surface at
different bias voltages. The corresponding Fourier transformation of (a) is inserted in the top left corner. Toy models with 2 × 1 rectangle
and lattice constants are superposed. In (d), the elongated Te atoms can be seen by cyan ellipses, corresponding to the bonding features of Te
and Fe atoms in (b). Scanning conditions: 5 × 5 nm2, It = 50 pA, Vb = +120 mV for (c), −200 mV for (d), and +1000 mV for (e). (f) The
cross-sectional STEM image of a typical FeTe2 grown on SrTiO3 substrate. The protective Te layer is also easy to resolve. (g) A zoomed-in
ADF image from red square in (f). A toy model with unit cell and lattice constants is superposed. (h) Top view of atomic structure along the
normal of (100) plane, reflecting the STEM results of cross section.

the cyan ellipses in Fig. 3(d). Such periodic features may be
usually regarded as multiple-tip artifacts from STM images
if the scanning tip is blunt, giving rise to several tunneling
channels and false information on the atomic structure. We
rule out this effect as follows: For the same STM region, such
Te atoms simultaneously elongate toward different directions,
and can only be visible at certain bias voltages. On the other
hand, the nearest-neighbor Te-Te spacing along the a axis we
observed (1.04 ± 0.01 nm) is twice the FeTe2 lattice constant
(0.53 nm), indicating a 2 × 1 surface reconstruction. At a
scanning bias of +1.0 V, we visualize the missing Te atoms
along the a axis in Fig. 3(e), where the centered Te atoms
disappear, substantiating the 2 × 1 reconstruction. As the
STM image is an expression of sample morphology convo-
luted with local DOS, our bias-dependent STM topographic
images confirm the well-developed facet of the (011) plane
from bulk FeTe2.

To further confirm the structure of FeTe2, we also carried
out STEM experiments on the as-grown FeTe2 films with Te
protection layers, which are widely used for ex situ measure-
ments identifying the atomic structures of epaxial materials
[45]. Figure 3(f) displays an ADF image for FeTe2 thin film
along the [011] direction, where both the SrTiO3 substrate
and protective Te layers can be well resolved. Since the ADF
intensity is closely related to the Z atomic number, Te atoms
rather than Fe can be clearly seen as bright contrast in the
zoom-in view of Fig. 3(g). Given that the ADF image is
the cross section of the (011) plane, we can understand the
observed pseudohoneycomb shape by the structural model
in Fig. 3(h), which depicts the atomic arrangements along
the normal that perpendicular to the (011) plane [Fig. 3(a)].

The elongated spots of the honeycomb are composed of two
adjacent Te atoms with covalent bonds from the first and
second layer, as shown by the red and pink balls, respec-
tively. The measured lattice spacings from the horizontal and
vertical direction are 0.38 ± 0.01 nm and 0.68 ± 0.01 nm,
respectively, both reasonably agreeing with the corresponding
lattice model. The consistency of STM and STEM analysis
verifies the formation of FeTe2 films via a low-temperature
MBE growth.

Having unraveled the surface structure of FeTe2 films in
different orientations, we now turn to their electronic proper-
ties. Previously, no consensus has been reached on the band
gap nature and magnetic structure of FeTe2 compound after
numerous studies. For instance, a GGA+U theoretical method
declares that both marcasite and pyrite FeTe2 are indirect
semiconductors (0.27–0.34 eV) irrespective of their crystal
structures [46,47], whereas Ghosh et al., deliver a direct band
semiconductor of calculated band gap as 0.88 eV [48]. A
semiconducting gap of ∼0.2 eV is reported with previous
transport results on FeTe2 single crystals [49], but much
smaller than the value detected by the optical absorption spec-
trum of 0.67 eV [50]. To investigate the correlation between
atomic geometry and electronic properties of our FeTe2 films,
we perform in situ low-temperature tunneling spectroscopy
measurements on different surface terminations. Figure 4(a)
displays a typical dI/dV spectrum taken on the (100) surface,
possessing a semiconducting gap of ∼185 meV. A sharp peak
located at −78 mV is obviously seen near the valence band
(VB) edge. On the basis of the first principles calculations, as
shown in Fig. 4(b), we obtain an indirect band gap of 191 meV,
qualitatively agreeing with the STS observations. It is clearly
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FIG. 4. Electronic structures of FeTe2 films. (a) STS spectra recorded on the (100) and (011) terrace, showing a semiconducting gap of
∼185 and 65 meV, respectively, comparing to our theoretical calculations (Vb = +0.2 V, It = 100 pA, Vmod = +1.414 mVrms). Each point
spectrum is taken at the location of solid circle in Figs. 2(a) and 3(a) for the (100) and (011) surfaces, respectively. The energy range of
calculated DOS is rescaled by shifting EF to −80 meV for better comparison. All spectra are shifted along y axis for clarity. The gray
horizontal lines represent the corresponding zero differential conductance for each curve. (b) Calculated band structure and orbital characters
of bulk FeTe2 by first-principles calculations. The band gap is indirect with the size of 191 meV, as amplified around the Fermi energy inset.
The red, green, and blue symbols mark the contributions of pz orbitals of Te, dz

2 and dxz orbitals of Fe, respectively. The size of the symbols
corresponds to the weight of the states. The Fermi level is set as zero with dashed cyan lines.

seen that the states of the conduction band (CB) minimum are
mainly constituted by the dxz orbitals of Fe, and the VB maxi-
mum is comprised of the pz orbitals of Te, but the dz

2 orbitals
of Fe are deeply buried inside the VB. Thus, the indirect band
gap originates from the dxz orbitals of Fe at the S point and the
pz orbitals of Te along the �-X direction. In stark contrast to
the (100) facet, the STS on the (011) surface in Fig. 4(a) shows
a small gap of ∼65 meV, with the CB edge sitting very close to
the Fermi level. Recent magnetic measurements suggest that
FeTe2 will undergo a magnetic phase transition from antifer-
romagnetic to ferromagnetic order at 35 and 29 K for in plane
and out of plane, respectively [50,51]. We thus speculate that
the different electronic structure observed for the (100) and
(011) planes may be related to the strong uniaxial magnetic
anisotropy, as well as the observed 2 × 1 reconstruction on
the (011) surface (Fig. 3).

Interestingly, the electronic structure is obviously modi-
fied near the crystalline boundaries for both (100) and (011)
surfaces. As demonstrated in Figs. 5(b) and 5(e), the band
gap evolves into a dip at the Fermi energy with a V-shaped
background by approaching the step edge. To better resolve
the reduced band gap size, we acquire a series of STS spec-
tra along the magenta lines on the (100) and (011) terraces,
respectively, in Figs. 5(a) and 5(d). As depicted from the step
edge to the terrace in Figs. 5(c) and 5(f), states of enhanced
conductance within the energy range of the bulk gap are
clearly seen in the vicinity of the edge, with a spatial extension
of ∼2–3 nm. Far away from the edge boundaries, the conduc-
tance of VB exhibits spatial distributions with clear periods,
in line with the morphologies of the (100) and (011) surfaces,
respectively. The CB branches show upwards band bending
over a distance of ∼2 nm towards the edge, confirming the
metallic edge states by charge depletion or accumulation at
the metal-semiconductor interface. Considering that the elec-
tronic structure of FeTe2 is extremely sensitive to its structural
modulation [50], the metallic edge states and tunable band
gap may be closely related to the possible FeTe6 octahedron

distortion, which should be different for the (100) and (011)
planes, as well as the specific geometries of edge boundary.
Further investigations are needed to clarify the issue of the

FIG. 5. Edge states of FeTe2 films. (a) STM topography of
the FeTe2(100) surface containing a step edge (15 × 3 nm2, Vb =
+0.1 V, It = 100 pA). (b) Series of dI/dV spectra recorded near the
step edge of the (100) terrace along the magenta line in (a), showing
the gradual reduction of band gap size. The corresponding location
of each point spectrum is indicated by the solid circle in (a) with the
same color. The spectra are shifted along y axis for clarity. (c) 2D
plot of tunneling spectra for (b) in spatial variation. The edge states
are apparently seen when approaching the boundaries. Set points:
Vb = +0.2 V, It = 100 pA, Vmod = +2.828 mVrms. (d)–(f) The same
as (a)–(c), but acquired near the FeTe2(011) step edge.
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local structural parameters and magnetic anisotropy in FeTe2

thin films.
To summarize, we have epitaxially grown different stoi-

chiometries of Fe-Te films via a temperature-controlled MBE
method under high Te chemical potentials. STM and STEM
are demonstrated to identify the structural and electronic char-
acteristics for three phases of β-FeTe, α-FeTe, and FeTe2,
with the substrate temperature of ∼590, 550, and <470 K,
respectively. The tunable band gap for different surfaces and
the emergence of metallic states at the edge boundaries of
FeTe2 highly suggest the important role of structural distortion
in determining its electronic and magnetic properties. Noting
the recent growth of Fe-intercalated FexTey films under Fe-
rich conditions possessing a magnetic ground state [52], our
work not only provides insight into the controllable synthesis

of epitaxial Fe-Te compounds with variable stoichiometry,
but also exhibits the versatility of engineering exotic elec-
tronic states for both Fe chalcogenides and transition metal
dichalcogenides, including the single-layer FeSe/SrTiO3

films.
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