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Molecular beam epitaxy enables the growth of thin film materials with novel
properties and functionalities. Typically, the lattice constants of films and
substrates are designed to match to minimise disorders and strains. However,
significant lattice mismatches can result in higher-order epitaxy, where com-
mensurate growth occurs with a period defined by integer multiples of the
lattice constants. Despite its potential, higher-order epitaxy is rarely used to
enhance material properties or induce emergent phenomena. Here, we report
single-crystalline FeTe films grown via 6:5 commensurate higher-order epitaxy
on CdTe(001) substrates. Scanning transmission electron microscopy reveals

self-organised periodic interstitials near the interface, arising from higher-
order lattice matching. Synchrotron x-ray diffraction shows that the
tetragonal-to-monoclinic structural transition in bulk FeTe is strongly sup-
pressed. Remarkably, these films exhibit substrate-selective two-dimensional
superconductivity, likely due to suppressed monoclinic distortion. These
findings demonstrate the potential of higher-order epitaxy as a tool to control
materials and inducing emergent phenomena.

Engineering materials in thin film form not only enhances our under-
standing of quantum phenomena but also provides knobs to tune
material properties. Among various deposition techniques, molecular
beam epitaxy (MBE)—a method where films are grown layer by layer
with lattice matching to a substrate—is one of the most powerful tools
for fabricating a wide variety of thin films and heterostructures. It
offers exceptional control over structure and composition, enabling
novel properties and functionalities that go beyond those of bulk
crystals'”’. In materials engineering, achieving high-quality materials
with minimal disorders, such as defects, misorientation and

dislocations, is crucial because quantum transport phenomena often
favour clean systems with long scattering times’. In contrast, it is
widely known that significant lattice mismatches between a film and a
substrate can sometimes result in higher-order epitaxy, also referred
to as domain-matching epitaxy, where commensurate growth occurs
with a long period defined by integer multiples of the lattice
constants®™. Although such growth modes are typically avoided as
they introduce unnecessary disorder into crystals, it has recently been
suggested that spatially modulated strain, caused by mismatches, can
be used to control the topological properties of materials™. Despite its
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potential, there are few examples of higher-order epitaxy being uti-
lised to enhance materials properties or induce novel quantum
phenomena®.

Iron chalcogenides are one of the most attractive materials plat-
forms for studying the interplay between thin films and substrates, as
exemplified by the significant enhancement of the superconducting
transition temperature T, in monolayer FeSe grown on SrTiO; (STO),
from a bulk value of 10 K to above 50 K in the monolayer form*. The
Fe(Se,Te) (FST) system has attracted significant interest as a candidate
topological superconductor driven by strong spin-orbit coupling from
Te, where a Majorana zero mode is expected to emerge at the core of
vortex™™, It is also utilised for a building block for an artificial topo-
logical superconductor, where FST is proximitised with topological
insulators"%, FeTe is the other end compound of the FST series and is a
non-superconducting antiferromagnetic (AFM) metal. It has a tetra-
gonal P4/nmm crystalline structure consisting of van der Waals-
stacked iron-chalcogenide square lattices at room temperature
(Fig. 1a). FeTe crystals with minimal excess iron amount undergo a
transition to the monoclinic P2;/m phase at the structural transition
temperature T - 70 K, below which in-plane anisotropy develops
(a/b > 1) and the c-axis tilts slightly towards the a-axis (8 < 90°)
(Fig. 1b)"°. This monoclinic lattice distortion is accompanied by the
emergence of a double-stripe AFM order with a magnetic vector Q =
(m, 0) in the reciprocal space of the tetragonal lattice with two iron
atoms per unit cell (UC)*. Neutron scattering experiments reveal that
superconductivity emerges when the (77, 0) magnetic correlations are
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Fig. 1| Crystal structures, characterisation, and substrate-selective super-
conductivity of FeTe films. a High-temperature tetragonal and b low-temperature
monoclinic crystal structures of FeTe*>. The red boxes indicate the unit cell. The in-
plane anisotropy a/b and the tilt angle /2 - § are slightly exaggerated to emphasize
the monoclinic distortion. ¢ Crystal structure of CdTe. d Crystal structure of SrTiO3
(STO). e X-ray diffraction (XRD) 68-26 profile for an FeTe/CdTe film. The blue and
magenta arrows indicate FeTe (0 0 n) and CdTe (0 O 2m) reflections, respectively,

suppressed by partly substituting Se for Te, suggesting that the AFM
order is detrimental to superconductivity?.

Results and Discussion

In this paper, we report growth of single-crystalline higher-order epi-
taxial superconducting FeTe films using the MBE technique grown on
cubic zinc-blende CdTe(001) substrates (Fig. 1c), (See Methods and”
for more details about sample fabrication). For comparison, we also
grew FeTe films on cubic perovskite STO(001) substrates (Fig. 1d).
FeTe/CdTe films appear to be single-crystalline with the crystalline
orientation of FeTe highly aligned to that of CdTe. Figure le shows an
XRD 6-26 profile for a typical FeTe/CdTe film. We observe sharp peaks
attributed to FeTe (0 O n) or CdTe (0O O 2m), where n and m are
integers, indicating that the FeTe (O O 1) plane is aligned parallel to
the substrate normal, i.e., FeTe [001] || CdTe [001]. The high crystalline
quality of the film is further supported by a rocking curve for the FeTe
(0 01) reflection. As shown in Fig. 1f, the rocking curve for FeTe/CdTe
exhibits a sharp signal with a small full-width at half maximum (FWHM)
of 0.6°, whereas that for FeTe/STO shows a much broader value of 1.8".
Furthermore, the XRD azimuthal angle ¢-scan for the asymmetric FeTe
(1 0 4) reflection shows a clear 4-fold oscillation, following the same
trend as CdTe (11 5) (Fig. 1g). The result is consistent with the tetra-
gonal crystal structure and indicates a high lateral orientation of the
FeTe film, where FeTe [100] || CdTe [110]. This lateral orientation is
further confirmed by atomic force microscopy measurements, which
reveal well-defined square-patterned steps and terraces with edges
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where n and m are integers. The asterisk demotes an impurity phase of NaCl-type
CdTe. f XRD rocking curves for the FeTe (0 O 1) reflection for FeTe/CdTe (red) and
FeTe/STO (grey) films. g XRD azimuthal profiles for the asymmetric Bragg reflec-
tions for FeTe (10 4) (blue) and CdTe (115) (magenta). h Atomic force microscopy
image for an FeTe/CdTe film after vacuum annealing. The scale bar represents
0.5 um. i Temperature dependence of resistivity for 1000-nm-thick FeTe films
grown on CdTe (red) and STO (grey).
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Fig. 2 | Real-space observation of self-organised periodic interstitial modula-
tion near FeTe/CdTe interface. a Cross-sectional HAADF-STEM image near an
FeTe/CdTe interface. The yellow, brown, and magenta spheres indicate Te, Fe, and
Cd atoms, respectively. b Integrated-intensity profiles along the cut A and B indi-
cated in a. The dots above the profile indicate the equilibrium position for each
atom. The grey areas indicate the nearest sites where the interfacial ions approach
most closely. The red arrows represent the interfacial interstitials. The vertical solid
black lines represent peak position for the sites 2 and 4, showing a slight mod-
ulation from the equilibrium towards the nearest sites. ¢ Wide-area HAADF-STEM
image near an FeTe/CdTe interface. The red shaded region indicates the position of
the periodic interstitials. The yellow arrows denote the period of modulation, which

corresponds to 6 unit cells (UCs) of FeTe, which approximately equals to 5 UCs of
CdTe. Areas labelled as FFT1and FFT2 correspond to the regions where fast Fourier
transformation (FFT) was performed. d FFT image taken within FFT1in c. The blue,
magenta, and red arrows indicate Bragg peaks for FeTe, CdTe, and the interfacial
modulation, respectively. e FFT profiles integrated along Q. as a function of Q,
divided by the wave number Qg.re, corresponding to a Bragg peak of FeTe (01 0).
The red and black lines correspond to the results taken in FFT1 and FFT2, respec-
tively. The blue, magenta, and red arrows are the same as d, while the grey arrows
indicate harmonics of the interfacial modulation, which appear at fractions of Qgere-
f Top-view schematics of the 6 x 6 superlattice of the interfacial interstitials.

aligned to CdTe (110) (Fig. 1h). Remarkably, FeTe/CdTe films exhibit
superconductivity with an onset critical temperature 7. ~ 12 K, whereas
FeTe/STO films grown under the exactly same conditions do not show
any superconducting onset down to 2 K (Fig. 1i). We note that the zero
resistivity in FeTe/CdTe was not achieved in our previous works, where
a partial superconducting transition is observed and zero resistivity
appears only when FeTe is interfaced with Bi,Te;”*%. The zero-
resistivity in the current work is achieved by further optimizing
growth conditions, such as growth rate and Te-annealing temperature
and time. While it has been reported that superconductivity in FeTe
can be induced by oxygen incorporation, this typically requires
aggressive methods such as exposure to atmosphere for weeks or
annealing under oxygen flow”?. To rule out this possibility, we
simultaneously synthesised, in-situ Te-capped, and measured
those two films within a day. The results suggest that the substrate-
selective superconductivity is an intrinsic property of FeTe/CdTe.
These observations motivate a detailed investigation into the crystal
structure of FeTe/CdTe.

It is worth noting that the in-plane lattice mismatch between FeTe
(@reterioo; = 0.383 nm) and CdTe (acdremio; = 0.458 nm) is as large as
—-20%, whereas that between FeTe and STO (asropioo; = 0.390 nm) is
relatively small at -1.8%. Given this, it is somewhat surprising that

FeTe/CdTe films exhibit apparently higher crystalline quality than
FeTe/STO films (See Fig. S1 for further characterisation of FeTe/STO).
This counterintuitive result can be attributed to higher-order epitaxy,
characterised by a 6:5 commensuration between FeTe and CdTe, as we
show in the following. Figure 2a displays a cross-sectional high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image of the FeTe/CdTe interface viewed from FeTe
[100] || CdTe [110] at room temperature. The interface between FeTe
and CdTe is clearly resolved with atomic resolution, as indicated by
the overlaid cartoons. Figure 2b presents line profiles along cut A (the
bottommost layer of FeTe) and B (the topmost layer of CdTe). While
the two profiles differ in modulation period due to the substantial
lattice mismatch, there are distinct nearest sites where two atoms
closely approach each other. These sites recur every 6agertefi0o; OF
Sacdremo), as highlighted by the grey-shaded regions in Fig. 2b. This
higher-order lattice matching results in a considerably small residual
mismatch, calculated as (6aFeTe[100] - Sache[llo])/éaFeTe[loo] ~ +0.35%.
These results confirm the successful realisation of higher-order epitaxy
in FeTe/CdTe films.

The higher-order epitaxy appears to be stabilised by the intro-
duction of self-organised interstitials and periodic displacement only
near the interface. As highlighted by the red arrows in Fig. 2b, a pair of
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Fig. 3 | Suppression of monoclinic lattice distortion in FeTe/CdTe films. a-¢c XRD
6-20 profiles around the FeTe (0 O 7) Bragg reflection for a FeTe1000/STO,

b FeTel000/CdTe, and ¢ FeTe40/CdTe. Each profile is vertically shifted for clarity.
Red and grey curves are Gaussian fittings for the tetragonal and monoclinic phases,
respectively. Vertical dashed lines are guides for eyes. d Temperature dependence of
the lattice parameter ¢ deduced from the FeTe (0 O 7) reflections. Orange, cyan, and
purple markers denote FeTel000/STO, FeTel000/CdTe, and FeTe40/CdTe,
respectively. White and black squares are ¢ for bulk single crystals reported by
neutron?® and XRD* studies. Cyan and purple lines are simulations for the Poisson
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ratios v=0.4 and 0.5, respectively, assuming perfect clamping to the CdTe substrate.
The data highlighted in red and grey areas are those for tetragonal and monoclinic
phases, respectively. The error bars represent the standard deviation derived from
fittings. e Fe moments u and energy difference between AFM and paramagnetic
phases, Exrv — Epw, as a function of out-of-plane compressive strain — Ac/c, obtained
by first-principles calculation. f Temperature dependence of the volume fraction of
the monoclinic phase, Vi/(Vr + V). The inset schematically depicts a film with a
phase separation into monoclinic and tetragonal. The lines are guides for the eyes.
The error bars represent the standard deviation derived from fittings.

additional peaks is observed adjacent to the nearest sites. These
interstitials, likely intercalated to reduce interfacial energy associated
with the higher-order epitaxy, do not belong to the crystal structures
of either FeTe or CdTe, breaking the translational symmetry of FeTe.
Such periodic interfacial interstitials have not been observed in other
van der Waals-epitaxial systems such as FeSe/STO and FeSe/MgO>.
Typically, higher-order epitaxial films relax the strain through periodic
or random dislocations, characterised by Burgers vectors oriented in
the in-plane direction'®?**. However, in the present system, no
apparent dislocation is observed at the interface, and both FeTe and
CdTe retain their original crystal structure except for the interstitials.
Moreover, we found a slight displacement of atoms at certain sites,
marked as 2 and 4 in Fig. 2b, from the equilibrium position. This dis-
placement can be viewed as a local strain that is not uniform, but
spatially modulates.

We examine a HAADF-STEM image of an FeTe/CdTe interface over
awider observation frame (Fig. 2c). Interestingly, the interstitials at the
FeTe/CdTe interface extend slightly along FeTe [001] into a few UCs,
forming discernible nodes that periodically recur along FeTe [010],
spanning the entire observation window. Figure 2d displays the
fast Fourier transform (FFT) image derived from the HAADF-STEM
image near the interface, labelled as FFT1 in Fig. 2c. In addition to the
Bragg peaks corresponding to FeTe and CdTe, we observe additional
peaks associated with the modulation from higher-order epitaxy. To
highlight this, Fig. 2e shows a profile integrated along the Q. direction
as a function of Q,. Here the horizontal axis is normalised by the
reciprocal lattice vector of FeTe, Qgere. Apart from the primary Bragg
peaks, a distinct peak appears at Qu/Qrete = 1/6, consistent with the
modulation period of 6agererioo;- This peak indicates that the inter-
stitials extend coherently over the interface and create intrinsic
structural modulation rather than extrinsic effects, such as moiré
interference patterns along the electron beam direction. In addition to
the primary modulation mode at Q,/Qgete = 1/6, related modes at Q,/
Qrete = 1/3, 1/2, and 2/3 are faintly resolved. A mode at Qu/Qrere = 1/12

appears with an intensity somewhat comparable to the 1/6 mode,
hinting at the possible involvement of an additional modulation with a
period of 12agcte[100; in stabilising the interface. When the FFT is per-
formed on the image taken 3 UCs away from the interface (FFT2), the
peak at Q,/Qrete = 1/6 is not discernible. This suggests that the higher-
order epitaxy occurs only near the interface, transitioning to the
conventional van der Waals epitaxy at a greater distance. Figure 2f
schematically illustrates the FeTe/CdTe interface from the top (FeTe
[001]), where the interstitial pairs form superlattice along the inter-
face, resulting in a characteristic 6 x 6 modulation. This modulation is
also confirmed by Reflection High Energy Electron Diffraction
(RHEED), which reveals additional pronounced peaks corresponding
to the superlattice only when a few UCs of FeTe are deposited (Fig. S3).
Identifying the chemical nature of the interstitials, however, remains
challenging, as their close spacing with other elements exceeds the
resolution limits of our current experiments.

As higher-order epitaxy is a characteristic of FeTe/CdTe films, it is
tempting to attribute the substrate-selective superconductivity to
some consequences resulting from this epitaxy. To access a potential
link between the superconductivity and crystal structure at low tem-
peratures, we performed temperature (7)-dependent synchrotron
XRD experiments on FeTe films. First, as a reference, we measured a
thick FeTe/STO film with a thickness ¢ of 1000 nm, denoted as
FeTel000/STO (Fig. 3a). At T=100 K, (0 O 7) Bragg reflection appears
as a single peak in the 6-26 profile. As T decreases, the intensity of this
peak steadily diminishes, while another peak begins to emerge at lower
angles (20 ~ 70.7°) below T ~ 60 K. At a base temperature of 7 K, the
higher-angle peak disappears completely, leaving a single peak at the
lower angle. This discrete shift in the 26 peak position is a consequence
of the tetragonal-to-monoclinic structural transition, as reported in
bulk crystals®*° (See Fig. S4 for reciprocal space mappings).

Next, we performed 6-20 XRD scans for thick and thin FeTe/CdTe
films with £=1000 nm (FeTel000/CdTe) and 40 nm (FeTe40/CdTe), as
shown in Fig. 3b, c. Hereafter, FeTet/CdTe denotes a t-nm-thick FeTe

Nature Communications | (2025)16:10913


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65902-w

film grown on CdTe(100) substrate. In the thick FeTe1000/CdTe film,
similar to the FeTel000/STO film, the lower-angle peak associated
with the monoclinic phase develops below T.. Interestingly, in
FeTel000/CdTe, the higher-angle peak associated with the tetragonal
phase remains prominent even below T, and the 6-26 scan reveals a
distinct double-peak structure at low temperatures. This double-peak
structure indicates the coexistence of tetragonal and monoclinic
phases in FeTel000/CdTe. Notably, the tetragonal phase exhibits a
stronger intensity compared to the monoclinic phase, suggesting that,
contrary to bulk crystals, the tetragonal phase dominates in FeTe1000/
CdTe at low temperatures. The contrasting behaviour observed in
FeTel000/CdTe underscores the critical role of substrate-induced
effect, such as cramping, in suppressing monoclinic distortion. Fur-
thermore, in the thin FeTe40/CdTe film, the tetragonal phase is even
more dominant, as evidenced by the 8-20 scans, which shows a single
major peak with a slight asymmetry developing below T. This asym-
metry is attributed to a small portion exhibiting monoclinic distortion.
The double Gaussian fitting at each temperature successfully separates
the two components in the data.

In Fig. 3d, we summarise the out-of-plane lattice constant c, esti-
mated using single or double Gaussian fittings, as a function of T,
alongside values for bulk crystals reported in the literature’®*°. At 300
K, the c-values of the films are close to those of the bulk crystals,
suggesting that strain from the substrates is minimal. Upon cooling, ¢
of the films decreases, with the largest slope of dc/dT observed in
FeTe40/CdTe, indicating a substantial strain effect from CdTe. The
variation in dc/dT can be attributed to the difference in thermal
expansion between FeTe and the substrates. The smaller lateral ther-
mal expansion of CdTe leads to an effective in-plane tensile strain in
FeTe, which in turn enhances the out-of-plane thermal shrinkage in the
films (Fig. S5). The Poisson ratios v of FeTel000/CdTe and FeTe40/
CdTe, evaluated from the dc/dT slope, correspond to 0.4 and 0.5,
respectively, showing an enhancement compared to the bulk value of
0.2% (See Supplementary Information for more details). This enhanced
Poisson ratio suggests a considerably strong coupling between FeTe
and CdTe, which plays a crucial role in achieving the cramping effect
that prevents the structural transition. Below Ty, the c-value of FeTe/
CdTe films exhibits a clear split, with the tetragonal branch subsisting
while a new branch appears in the monoclinic phase, as highlighted in
the grey area of Fig. 3d. In this phase, c for all the films appears to
approach the bulk value at low temperatures, suggesting complete
lattice relaxation free from the strain.

To investigate the impact of substrate effects on the AFM order in
FeTe, we performed first-principles calculations, where the in-plane
lattice constant was fixed to mimic the substrate constraint (See
Methods for more details). With decreasing — Ac/c, which corresponds
to the uniaxial compressive strain along the c-axis, the Fe moments (u)
monotonously decreases, while the energy difference between the
AFM and paramagnetic ground states, Exrm — Epy, increases (Fig. 3e).
This is likely because the compressive strain along the c-axis enhances
hopping via Te atoms, reducing electron correlations and making the
AFM ordering less favourable. Indeed, in thinner FeTe/CdTe films,
anomalies in magnetic susceptibility and the Hall coefficient at T,
associated with the AFM ordering, become less pronounced”. These
results suggest that the AFM ordering is considerably suppressed
under the strong compressive strain along the c-axis.

It is informative to estimate the volume fraction of the monoclinic
phase, Vy,/(Vr + V), where V, and Vr represent the volumes of the
monoclinic and tetragonal phases, respectively, derived from the
integrated intensity of each Gaussian component in the 6-26 profiles.
Figure 3f displays the T-dependence of V,,/(V+ + Vj,). For FeTel000/
STO, the monoclinic phase sharply develops below T and reaches
nearly 100% within experimental detection limits below T ~ 30 K. In
contrast, the monoclinic phase is significantly suppressed in FeTe/
CdTe films, with V,,/(V++ V,) reaching about 40% for FeTe1000/CdTe

and as low as 15% for FeTe40/CdTe. The V,,/(Vr + V) value remains
around 40% even for an FeTe200/CdTe film, suggesting that sub-
stantial suppression of the monoclinic phase requires films at least
thinner than 200 nm (Fig. S6). These results suggest that the sup-
pression of the monoclinic phase is due to the substrate cramping
effect, which extends remarkably far into the FeTe film, influencing
regions up to 600 nm from the interface in FeTe1l000/CdTe, as illu-
strated in the inset of Fig. 3f. This is somewhat unexpected, as the
higher-order epitaxy occurs only within a few UCs near the interface,
yet it appears to stabilise the crystal structure over a remarkably large
length. This strong coupling between the substrate and the film likely
plays a crucial role in the substrate-selective superconductivity, as the
strong out-of-plane compressive strain and the suppression of the
monoclinic phase weaken the concomitant AFM order, which is known
to compete with superconductivity?.

We next investigated the superconducting properties of FeTe/
CdTe films and found that they exhibit distinct two-dimensional char-
acteristics. Figure 4a shows the T-dependence of resistivity for t =10, 20,
40 and 80 nm, where superconductivity is observed in all the films. This
observation is consistent with our scenario that the superconductivity
can emerge in films with suppressed tetragonal-to-monoclinic transi-
tion. Interestingly, the zero-resistivity critical temperature T, decreases
with decreasing t, whereas the onset temperature T, around 12 K is
nearly independent of ¢. This nearly t-independent onset T, suggests
that the energy scale for superconducting gap formation is similar
across all films. The broad superconducting transitions observed in
thinner films are attributed to the Berezinskii-Kosterlitz-Thouless (BKT)
transition, where strong fluctuations due to the low dimensionality
prevent long-range order at finite temperatures. As shown in Fig. 4b and
Fig. S7a, the temperature dependence of resistivity for the £ =10, 20 and
40 nm films is fitted by the Halperin-Nelson (HN) formula:

To—T\"?
R=R, ex —2b<°—) , @
0 p{ T —Tyr

where Ry and b are material-dependent fitting parameters®. The fitting
for the FeTe40/CdTe film yields Tgkt = 5.8 K. The current-voltage (/-V)
characteristics for the FeTe40/CdTe film (Fig. 4c) show the power-law
behaviour V « %, as expected for two-dimensional superconductivity.
The inset of Fig. 4c displays the T dependence of the exponent &, which
crosses & = 3 at around Tkt = 5.8 K, as expected from the BKT theory.

Two-dimensional superconductivity in thin FeTe/CdTe films is
further corroborated by the angle-dependence of the upper critical
field H.,. Figure 4d displays the polar angle 8 dependence of H,, which
is defined by the fields at which R reduces to half of the normal-state
value. The H,, of the FeTe40/CdTe film exhibits a distinct kink anomaly
at 6 = 90, which is well captured by the two-dimensional Tinkham
model, rather than the three-dimensional anisotropic mass model®. In
stark contrast, the 6-dependence of H., for the FeTe80/CdTe film
agrees well with the three-dimensional model (Fig. S8c¢). At present, the
origin of this crossover in superconducting dimensionality between ¢ =
40 and 80 nm remains unclear. One possible explanation is that the
interface hosts two-dimensional superconductivity, whereas the bulk
of the FeTe film exhibits three-dimensional superconductivity whose
T.o exceeds that of the interface for thicknesses above 80 nm. The
observation that thin FeTe/CdTe films exhibit two-dimensional
superconductivity suggests the crucial role of the substrate effect in
the emergence of superconductivity in this system.

The superconductivity observed in FeTe/CdTe is reminiscent of
that reported in heterostructure systems where FeTe is interfaced with
other tellurides™, such as Bi,Tes-based compounds®**’, MnBi,Te,*,
MnTe*, and Fe;GeTe,*’. Superconductivity has also been observed in
FeTe thin films grown via pulsed laser deposition, where tensile strain—
similar to that observed in FeTe/CdTe— is argued to be crucial for
inducing superconductivity*. However, in all these systems, including
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Fig. 4 | Two-dimensional superconductivity in FeTe/CdTe films. a Temperature
dependence of resistivity with different thickness ¢. The black and red arrows
indicate the onset and zero-resistivity critical temperatures, T, and T, respec-
tively, for the ¢ = 10 nm sample. The inset shows ¢ dependence of T, and To.

b Temperature dependence of sheet resistivity of the ¢ = 40 nm thin film on loga-
rithmic (main panel) and linear (inset) scales at zero field. The red curve represents
fitting result using Halperin-Nelson (HN) formula with Tyt = 5.8 K. ¢ -V curves in
the log-log scale taken with 1-ms-pulsed currents. The measurements were

o

Sheet resistivity (Q)

HoHez (T)

6 (degrees)

performed at T = 2-10 K in 1K increments, and additionally at 5.5 K and 15 K. The
dashed lines represent linear fittings. The solid black and magenta lines show slopes
for Ve Iand V< P, respectively. The inset shows temperature dependence of a. The
exponent crosses a = 3 at around Ty = 5.8 K. d Polar angle 6 dependence of H,,.
The red solid and cyan dashed lines represent the theoretical 2D Tinkham and 3D
anisotropic mass models, respectively. The inset panel shows an expanded view
around 6 = 90°. The inset cartoon illustrates the experimental configuration.

heterostructures, structural investigation at low temperatures is lack-
ing. To clarify the mechanism behind the emergence of super-
conductivity, future investigations are required to determine whether
the tetragonal phase is preserved in these heterostructures or not.

Finally, we comment on potential applications of the higher-order
epitaxial FeTe films. One major obstacle in investigating Majorana
fermions in the topological superconductor candidate FeSeg 45Tegss
solid solution is the inevitable inhomogeneity associated with Se/Te
clustering. ARPES studies have revealed that topological surface states
tend to appear in a Te-rich region*?, highlighting the essential role of Te
atoms in enhancing spin-orbit coupling. Inhomogeneity may also
produce trivial conductance peaks at non-zero energies in scanning
tunnelling spectroscopy experiments*’, which can mimic the zero-bias
peaks expected from Majorana zero modes. Additionally, the super-
conducting properties of FeTe/CdTe appear similar to those of Te-rich
FST films: it exhibits 7. ~ 12 K and relatively isotropic upper critical
fields (Figs. S7c and S8b), similarly reported in Te-rich FST thin films
grown on CdTe*. A recent ARPES study revealed topological surface
states in an FeSeg o;Teq 03 thin film*, suggesting that topological states
are preserved deep into the FeTe end of the series. These results
suggest that the superconducting FeTe, with strong spin-orbit cou-
pling yet free from compositional inhomogeneity, provides an ideal
platform for investigating Majorana fermions.

Another intriguing direction of research involves the superlattice
of interstitials in FeTe/CdTe, which breaks the translational symmetry
of FeTe. Moiré patterns have been observed in one-UC FeTe
films grown on Bi,Te;* and NbSe,*, where 8 x 2-type and stripe-like
patterns, distinct from the present 6 x 6 pattern on CdTe, are respec-
tively resolved. Such superlattices may generate a long-range moiré-
like potential, analogous to effects seen in twisted bilayer graphene*®,
possibly modifying the electronic structure of the FeTe film near the

interface. As higher-order epitaxy can be applied to a wide range of
materials systems, our MBE-based technique may provide a more
robust and reproducible approach than exfoliation-based method to
realising superstructures with periodic strain and potential, opening
new ways to control the topological properties of materials and
inducing quantum emergent phenomena'>®,

Methods

Sample fabrication

All samples studied in this work were synthesised using the MBE
method”. Prior to the synthesis, CdTe(001) substrates were etched
with bromine-methanol (0.1% bromine) for 30 seconds, while STO
substrates were annealed at 1000 °C for 10 hours under an O, flow. The
films were synthesised at a substrate temperature of 240°C in an
ultrahigh vacuum chamber, with simultaneous beam fluxes of Fe and
Te (plus Se for FST). The growth rate was approximately at 3 min/nm.
After the growth, a Te-flux was continuously supplied for 30 minutes
while samples cooled.

X-ray diffraction

We performed XRD for room-temperature characterisation of samples
using SmartLab (RIGAKU) with Cu Ka x-ray. All other low-temperature
XRD data was taken with synchrotron x-ray source (12 keV) at Photon
Factory beam line 4C, High Energy Accelerator Research Organization
(KEK) in Japan.

Transport

We measured electrical transport properties with Quantum Design
Physical Properties Measurement System (PPMS). We used indium
soldering for electrical contact to films. The excitation current was
fixed at 10 uA.
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Scanning transmission electron microscopy

The samples were cut into lamellae using focused ion beam technique
and cleaned with Ar ion beam. We performed STEM measurements
with acceralation voltage of 200 kV using JEM-ARM200OF (JEOL) at
Foundation for Promotion of Material Science and Technology of
Japan (MST).

First-principles calculations

We performed first-principles calculations to evaluate the impact of
c-axis compression on the magnetic properties. The calculations were
conducted using the projector augmented wave method implemented
in the Vienna ab initio simulation package®, with the generalised-
gradient-approximation type exchange-correlation functional pro-
posed by Perdew, Burke, and Ernzerhof*°. In our simulations, the lattice
parameters were first fixed to the experimental values of the tetragonal
phase of Fe,;Te: a=b=3.8253 A, ¢ = 6.2787 A, and 2. = 0.28207". We
then systematically reduced the c-axis lattice parameter by x%
(x=0.5,1.0, 15, 2.0, and 2.5) keeping all other structural parameters
unchanged. All the calculations were performed within the magnetic
UC (2x1x1 relative to the primitive cell), using a plane-wave cutoff
energy of 500 eV, and a Monkhorst-Pack k-grid of 12 x 24 x 12.

Data availability

The source data used in this study have been deposited in Zenodo®.
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