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Interface can be a fertile ground for exotic quantum states, including topological superconductivity, Majorana mode,
fractal quantum Hall effect, unconventional superconductivity, Mott insulator, etc. Here we grow single-unit-cell (1UC)
FeTe film on NbSe, single crystal by molecular beam epitaxy (MBE) and investigate the film in-situ with a home-made
cryogenic scanning tunneling microscopy (STM) and non-contact atomic force microscopy (AFM) combined system. We
find different stripe-like superlattice modulations on grown FeTe film with different misorientation angles with respect
to NbSe; substrate. We show that these stripe-like superlattice modulations can be understood as moiré pattern forming
between FeTe film and NbSe, substrate. Our results indicate that the interface between FeTe and NbSe; is atomically sharp.
By STM-AFM combined measurement, we suggest that the moiré superlattice modulations have an electronic origin when
the misorientation angle is relatively small (< 3°) and have structural relaxation when the misorientation angle is relatively

large (> 10°).

Keywords: scanning tunneling microscopy (STM), atomic force microscopy (AFM), FeTe film, moiré super-

lattice, misorientation
PACS: 68.37.-d, 61.46.—w, 07.79.Cz, 07.79.Lh

1. Introduction

Interface engineering may lead to many exotic quan-
tum phenomena. In recent years, topological supercon-
ductivity and Majorana fermions for fault-tolerant quantum
computation have been found in fabricated interface sys-
tems with a topological insulator and a conventional s-wave
superconductor.!'81 On the other hand, fractal quantum Hall
effect, unconventional superconductivity, and Mott insula-
tor have been found in the fabricated interface system with
moiré superlattice which significantly modifies its electronic
properties. [°-14]

Non-trivial topology has been proposed in Fe(Te,Se) sin-
gle crystal and thin film.~'8) While 2H-NbSe, single crys-
tal is a prototype of conventional s-wave superconductor. If
the two materials are used to fabricate the interface system,

non-trivial topology and superconductivity may take place.!-!

DOI: 10.1088/1674-1056/ac0816

However, the two materials are in different crystallographic
symmetries. Fabricating an atomically sharp interface be-
tween them is not an easy task and misorientation of differ-
ent angles between them is expected. In addition, the different
heights of Te atom and Se atom may hinder the STM/AFM in-
vestigation of the interface structure between Fe(Te,Se) film
and NbSe; substrate. Therefore, FeTe film which has the
same lattice structure but a simpler chemical composition
may be an alternate. According to the DFT calculations of
Wu,[!7] single-unit-cell (1UC) FeTe becomes topological non-
trivial when agpete < 3.905 A. Although the band topology of
1UC FeTe film grown on NbSes (apere ~ 3.9 A) is still not
clear, it is wise to use 1UC FeTe/NbSe, as a prototype of
1UC Fe(Te,Se)/NbSe, to investigate their interface structure.
Therefore, the influence of misorientation on the structural re-
laxation and/or electronic reconstruction of FeTe/NbSe, may
be explored.
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Here in this paper, we grow atomically flat 1UC FeTe
film on 2H-NbSe, single crystal by a molecular beam epi-
taxy (MBE) system and investigate it in-situ with home-built
STM/AFM. In the STM topographic image of the grown FeTe
film, we find different stripe-like superlattice modulations as-
sociated with different misorientation angles with respect to
the NbSe, substrate. By superimposing the tetragonal FeTe
lattice on the hexagonal NbSe, lattice, we reproduce the key
features of the stripe-like superlattice modulations. Therefore,
our results show that the stripe-like superlattice modulations
are moiré superlattice modulations, indicating an atomically
sharp interface between FeTe film and NbSe, substrate. Our
results also suggest an electronic origin of the moiré superlat-
tice modulations in most of the cases when the misorientation
angle is relatively small (< 3°), because we find that the moiré
superlattice modulations are absent in AFM topographic im-
age. While when the misorientation angle is relatively large
(> 10°), structural relaxation emerges with the larger period-
icity of the moiré superlattice modulations.

2. Methods

The 2H-NbSe; (001) substrates typically 2 x 2 x 0.5 mm
in size are glued on a titanium holder with H20E from Epoxy
Technology. The substrates are transferred into our home-built
cryogenic STM—~AFM-MBE combined system.!'”) Then the
substrates are cleaved in a vacuum after degassing at 320 °C
for at least 6 hours. So large, flat, and clean surfaces are
achieved.

The 1UC FeTe (001) films are epitaxially grown on sub-
strates with co-evaporation of high-purity Fe (99.98%) and
Te (99.99%) from standard Knudsen cells for 6 x 12 min-
utes, while the substrates are heated to 260 °C. The stable
fluxes of Fe and Te sources are obtained by heating the cells
to 1045 °C and 300 °C, respectively. The high-quality films
are achieved by post-annealing at 260 °C for ~ 4 hours. Af-
ter post-annealing, the FeTe films are quickly transferred to an
in-situ cryogenic STM/AFM for measurement.

Both STM and AFM measurements can be applied by
our home-made cryogenic STM/AFM system. When using an
STM tip holder, the traditional STM function can be realized.
When using an AFM tip holder of qPlus configuration, am-
plitude modulated (AM) or frequency modulated (FM) AFM
measurement can be realized. By an additional electrode con-
necting the metal tip of the qPlus sensor, the tunneling current
can be picked up during AFM measurement simultaneously.
Electrochemically etched tungsten tips are used in both STM
and AFM modes, which are in-situ modified by gently touch-
ing the Ag(111) film surface. All STM topographic images are
obtained in constant current mode at 4 K. The typical Q factor
of the gPlus sensor is ~ 35000 at 4 K, with resonant frequency
at about 25 kHz.

The step height of the 1UC FeTe film is ~ 7.4 A, rela-
tively larger than the step height of the second-unit-cell FeTe
film, which is ~ 6.3 A.

The misorientation angle ¢ is measured by comparing
FeTe lattice vectors with respect to NbSe; lattice vectors. Only
one domain has been found in each NbSe, substrate. So the
lattice vectors of NbSe, can either be measured before or after
the film deposition.

3. Results and discussion

The 2H-NbSe, and FeTe are layered materials with dif-
ferent crystallographic symmetries, as shown in Fig. 1(a). The
unit cell of 2H-NbSe, consists of two hexagonal Nb layers.
Each Nb layer is sandwiched by two hexagonal Se layers. The
weakest bonding is the Van der Waals (VdW) interaction be-
tween adjacent Se layers, where cleavage takes place. While
the unit cell of FeTe consists of one tetragonal Fe layer sand-
wiched by two tetragonal Te layers. The bonding between ad-
jacent Te layers is also VAW interaction. Therefore, the bond-
ing between FeTe film and NbSe, substrate is also expected
to be weak. And misorientation of different angles may take
place. As shown in Fig. 1(b), the misorientation angle ¢ is
defined as the minimum angle between FeTe lattice vectors
(ate—T1e) With respect to NbSe, lattice vectors (ase—se). Most
of the grains of the grown FeTe films have relatively small
misorientation angles (¢ < 3°). However, grains with mis-
orientation angles between 3° to 15° have also been found.
Figures 1(c) and 1(e) show two typical atomic-resolved STM
topographic images of 1UC FeTe film, with the misorientation
angle @ ~ 0° and ~ 15°, respectively. The lattice periodic-
ity of the topmost Te layer is measured ~ 3.9 A by the re-
ciprocal vectors in their corresponding FFT images (indicated
by the red arrows in Figs. 1(d) and 1(f)). Besides the lattice
periodicity, nanoscale stripe-like superlattice modulations can
also be resolved. Comparing Fig. 1(c) with Fig. 1(e), we find
the stripe-like superlattice modulations are different when the
misorientation angle varies. Figures 1(d) and 1(f) are their
corresponding FFT images. When the misorientation angle ¢
is ~ 0°, three pairs of wave vectors (indicated by the red cir-
cles in Fig. 1(d)) show similarly strongest intensity. However,
only one pair of wave vectors (indicated by the red circles in
Fig. 1(f)) show the strongest intensity when the misorienta-
tion angle @ is ~ 15°. The variation of the stripe-like super-
lattice modulations when the misorientation angle ¢ changes
can also be found near the grain boundaries. Figure 1(g) is
an atomic-resolved STM topographic image probed near a do-
main boundary. In its FFT image Fig. 1(h), two groups of
reciprocal vectors can be resolved, as indicated by the two red
arrows. We find that the misorientation angle @ is ~ 1.5° in
the bottom-right domain and ~ 10.5° in the top-left domain.
In the bottom-right domain when ¢ is small, the stripe-like su-
perlattice modulations resemble the ones in Fig. 1(c). While in
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the top-left domain when ¢ is relatively larger, the stripe-like
superlattice modulations look similar to the ones in Fig. 1(e).
The dependence of the stripe-like superlattice modulations on

twisted angle ¢ @T¢Te

ASe—Se

the misorientation angle @ is consistent in our different sam-

ples, implying it is the intrinsic property of 1UC FeTe/NbSe;
film.

grain boudary

Fig. 1. (a) Illustration of 1UC FeTe film grown on NbSe, single crystal. (b) Top view of 1UC FeTe film grown on NbSe; single crystal. The
misorientation angle ¢ is defined as the minimum angle of FeTe lattice vectors (ate—Te) With respect to NbSe, lattice vectors (ase—se). Only topmost
Se-Nb-Se layers are plotted for simplicity. (c) An atomic-resolved STM image of 1UC FeTe film when the misorientation angle ¢ is ~ 0°. The
junction setup is Vpias = 100 mV, et = 1.8 nA. (d) The FFT image of (c). The reciprocal vectors of the tetragonal Te layer and the strongest superlattice
modulations are marked by red arrow and red circles, respectively. The periodicities of the three pairs of strongest superlattice modulations are ~ 13.6 A,
~10.4 A, and ~ 10.2 A, respectively. (e) An atomic-resolved STM image of 1UC FeTe film when the misorientation angle ¢ is ~ 15° (the max value
of misorientation angle between a tetragonal lattice and a hexagonal lattice). The junction setup is Viias = 100 mV, It = 100 pA. (f) The FFT image of
(e). The reciprocal vectors of the tetragonal Te layer and the strongest stripe-like superlattice are marked by red arrow and red circles, respectively. The
periodicity of the pair of strongest superlattice modulation is ~ 31.7 A. (g) An atomic-resolved STM image of 1UC FeTe film near a domain boundary.
The misorientation angles ¢ on two sides of the grain boundary are ~ 1.5° and ~ 10.5°, respectively. The junction setup is Vpjas = 10 mV, Iie = 200 pA.
(h) The FFT image of (g). The reciprocal vectors of tetragonal Te lattice on two sides of the grain boundaries are marked by the two red arrows.
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Fig. 2. (a) The simulated moiré pattern between FeTe lattice and NbSe, lattice in Fig. 1(c). The misorientation angle ¢ is set to 0.5°. (b) The simulated

moiré pattern between FeTe lattice and NbSe; lattice in Fig. 1(e). The misorientation angle @ is set to 14.5°. (c) The simulated moiré pattern between

FeTe lattice and NbSe; lattice near a grain boundary in Fig. 1(g). The misorientation angle ¢ in the bottom-right FeTe domain is set to 1.5°, and the
misorientation angle ¢ in the top-left FeTe domain is set to 10.5°. The grain boundary is indicated by the thick white polyline in the graph.

F2s7

%

Several previous reports have found stripe-like moiré su-
perlattice modulations in FeSe/BiySe; and FeSe/Pb interface
systems. 2231 Therefore, the stripe-like superlattice modula-
tions found in FeTe/NbSe, film may also form by the moiré
pattern between film and substrate. By superimposing the
tetragonal lattice of FeTe film (red circles) on the hexago-
nal lattice of NbSe;, substrate (blue circles, here the CDW
modulation in NbSe; is excluded for simplicity), we simu-
late the moiré pattern between epitaxial FeTe films and NbSe,

substrates.[20:26

| The simulated moiré patterns are shown in
Figs. 2(a)-2(c), respectively. Comparing them with the mea-

sured STM topographic images, we find that the simulated

moiré patterns reproduce the periodicities and the directions of
the stripe-like superlattice modulations in all the cases. Hence
our simulation strongly supports that the stripe-like superlat-
tice modulations found in 1UC FeTe/NbSe, films are also
moiré superlattice modulations, which are driven by the in-
fluence of the crystal field of the NbSe; substrate on the FeTe
film.

The periodic crystal field of the NbSe, substrate may
lead to structural relaxation or electronic reconstruction on the
FeTe film. Since the noncontact AFM topographic image is
less sensitive to the electronic structures than the STM topo-

27-29]

graphic image, ! it is beneficial to recheck the moiré su-
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perlattice modulations with AFM measurement. Most of the
FeTe grains have relatively small misorientation angles (¢ <
3°) and their properties are similar. Figure 3(a) is an atomic-
resolved STM topographic image of the FeTe film when the
misorientation angle ¢ is ~ 3°. Figure 3(b) is an AFM to-
pographic image of the same field of view (FOV), in which
the moiré superlattice modulations can not be resolved. While
in the simultaneously obtained current image from the tung-
sten tip, as shown in Fig. 3(c), the moiré superlattice modula-
tions can still be resolved. In relatively rare cases, FeTe grains
with larger angles can also be found. Figures 3(d) and 3(g) are
atomic-resolved STM topographic images of FeTe film when
the misorientation angles are ~ 7° and ~ 12°, respectively.

Figures 3(e) and 3(h) are atomic-resolved AFM topographic
images of the same FOVs, respectively. When the misorienta-
tion angle ¢ is ~ 7°, the moiré pattern in the AFM topological
image can hardly be resolved. While when the misorientation
angle ¢ is ~ 12° , the moiré pattern in the AFM topological
image can be clearly resolved. In the simultaneously obtained
current image from the tungsten tip, as shown in Figs. 3(f) and
3(i), the moiré superlattice modulations can also be resolved.
Hence our STM-AFM combined results suggest an electronic
origin of the moiré superlattice modulations when the misori-
entation angle ¢ is relatively small (< 3°) and structural re-

laxation emerges when the misorientation angle ¢ is relatively
large (> 10°).

Fig. 3. (a) STM topographic images (the misorientation angle is ~ 3°) obtained by a qPlus sensor in a constant current mode, while AFM signals are
grounded. The junction setup is Vpiss = 100 mV, I = 100 pA. (b) AFM topographic images of the same FOV to (a) obtained by a qPlus sensor in a constant
frequency shift mode with Af = —6.5 Hz and Wi, = 10 mV. The oscillation frequency of the quartz tuning fork is about 22.6 kHz, which is far larger than
the cut-off frequency of the STM preamplifier (~ 1.1 kHz). A small bias voltage of 10 mV is applied to the sample, so the averaged current signal can be
obtained simultaneously. The modulations of the moiré pattern can hardly not be resolved. (c) Current image obtained from the tip simultaneously with (b).
The modulations of the moiré pattern can be resolved. The blue arrows in (a)—(c) indicate the direction of the stripe-like moiré superlattice modulations in
(a). (d) STM topographic images when the misorientation angle is ~ 7°. The junction setup is Vyjas = 100 mV, It = 10 pA. () AFM topographic images
of the same FOV to (d) with Af = —7 Hz and Vs = 10 mV. The oscillation frequency of the quartz tuning fork is about 32.2 kHz. The modulations of
the moiré pattern can hardly be resolved. (f) Current image obtained from the tip simultaneously with (e). The modulations of the moiré pattern can be
resolved. The blue arrows in (d)—(f) indicate the direction of the stripe-like moiré superlattice modulations in (d). (g) STM topographic images when the
misorientation angle is ~ 12°. The junction setup is Vyizs = 10 mV, Iy; = 100 pA. (h) AFM topographic images of the same FOV to (g) with Af = —8.8 Hz
and Vpias = 10 mV. The oscillation frequency of the quartz tuning fork is about 32.2 kHz. The modulations of the moiré pattern can be well resolved. (i)
Current image obtained from the tip simultaneously with (h). The modulations of the moiré pattern can also be resolved.

Figure 4(a) plots the measured corrugation of the moiré
superlattice modulations in the AFM topographic image with
respect to @. When the misorientation angle ¢ is relatively
small (< 3°), the moiré pattern can not be resolved in the AFM
topographic image and the corrugation is 0 pm. When the mis-

orientation angle ¢ increases and is larger than 10°, a sharp
enhancement of the moiré pattern corrugation above 20 pm
can be found. Figure 4(b) plots the measured periodicities of
the strongest moiré pattern wave vectors from the FFT of the
STM topographic images. When the misorientation angle ¢ is

126801-4



Chin. Phys. B Vol. 30, No. 12 (2021) 126801

relatively small (< 3°), the periodicities of the three pairs of
the moiré pattern wave vectors are similarly short. When the
misorientation angle ¢ increases and is larger than 10°, only
one pair of the moiré pattern wave vectors has the strongest in-
tensity and a sharp increase of its periodicity is found. A sim-
ilar relationship between structural relaxation and misorienta-
tion angle ¢ has been reported in layered material MoS,. 3!
The increased periodicities of the moiré superlattice modula-
tions increase the distance between neighboring Te—Se atom
stacking, allowing lattice relaxation even though it is driven

by weak VAW interaction. 3]

E 40f B
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Fig. 4. (a) The measured corrugation of the moiré pattern in the AFM to-
pographic image with respect to ¢. (b) The measured periodicities of the
moiré superlattice modulations in the FFT of the STM topographic image
with respect to @.

4. Conclusions

In summary, we successfully grow and investigate 1UC
FeTe film on NbSe, single crystal with a homemade MBE—
STM/AFM combined system. We find different stripe-like su-
perlattice modulations in the STM topographic images of the
grown FeTe film associated with its different misorientation
angles with respect to NbSe, substrate. Comparing the ex-
perimental results with simulation by superimposing FeTe and
NbSe;, we unambiguously show that the stripe-like superlat-
tice modulations are moiré superlattice modulations in differ-
ent misorientation angles. Therefore, our results support the
interface between FeTe film and NbSe, substrate is atomically
sharp.

Furthermore, we find that the moiré superlattice modu-
lations have an electronic origin with STM—-AFM combined
experiments in most cases when the misorientation angle ¢ is
relatively small (< 3°). In the FM AFM topographic image,
the moiré superlattice modulations are hardly distinguished,
but still clearly resolved in the simultaneously obtained cur-
rent image. Since STM topographic image is more sensitive to
electronic structure than AFM topographic image, we suggest
that the moiré patterns are modulations of the local density of
states other than structural relaxation. However, in rare cases
when the misorientation angle ¢ is relatively large (> 10°),
structural relaxation emerges and can be resolved in the AFM
topographic image. Therefore, the interface system between
FeTe film and NbSe, substrate may be a platform to study the
influence of misorientation on the structural relaxation and/or
electronic reconstruction of FeTe/NbSe,.
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