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ABSTRACT

Precise  control  of  lattice  strain  and  buckling  geometry  at  the  nanoscale
enables deterministic manipulation of the electronic properties of quantum
materials.  Low  dimensional  Bi(110)  possesses  topological  properties  and
ferroelectricity,  which  are  strongly  tied  to  its  atomic  structure.  Here,  by
fabricating an epitaxial heterostructure composed of 2–3 bilayer Bi(110) in
black  phosphorus  (BP)  structure  and  Fe3GeTe2 with  hexagonal  lattice
structure,  heterostrain  and  periodical  variation  of  buckling  height h are
introduced into Bi(110) via interlayer interactions. Modulation of the elec-
tronic  states  and  bandgap  of  ultra-thin  Bi(110)  are  revealed  the  study  of
scanning  tunneling  microscopy  and  spectroscopy.  The  regulation  of  the
electronic  properties  of  Bi(110)  by  lattice  stress  and  magnetic  proximity
effect  of  Fe3GeTe2 substrate  are  further  explained  by  density  functional
theory calculations. The atomic scale straintronics method offers a strategy
to modify the electronic properties of ultra-thin epitaxial films with poten-
tial applications in spintronics and nanoelectronics.
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 1   Introduction

Bismuth (Bi)  has  attracted significant  attention due  to
its  unique  electronic  and  topological  properties  [1–19].
Among  various  low-dimensional  structures,  Bi(110)
stands  out  for  its  intriguing  topological,  ferroelectric
characteristics,  bonding-distortion  charge  order  (BDC),
spin  textures  and  superconductivity  [20–28].  Crucially,
these properties are closely related to the atomic geometries
and substrate interactions [21, 26, 29–30]. For examples,
through coupling with SnSe substrate, Bi(110) manifests
a  Weyl  semimetal  state  arising  from  broken  inversion

symmetry  [31, 32],  while  the  tunable  coupling  strength
enables a topological phase transition from insulating to
metallic  states.  For  ferroelectric  Bi(110)  on  HOPG,  it
has  been  demonstrated  that  the  band  structure  and
ferroelectric  behavior  can  be  effectively  modulated  by
controlling the buckling height h [20]. In another work, a
gradual  decrease  of  buckling  height h with  increasing
film thickness of Bi(110) on NbSe2 has been reported to
trigger a trivial  to non-trivial  phase transition above 2-
bilayers  (BL)  [26].  These  work  highlight  the  versatile
physical  properties  and  high  tunability  towards  atomic
geometries  of  Bi(110),  making  it  a  promising  candidate
for quantum spin devices, nonvolatile memory applications
and novel electronic devices.
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Strain can significantly regulate the electronic, valley,
and  magnetic  properties  of  materials  [33–42].  Among
them,  straintronics  leverages  mechanical  strain  to
manipulate the electronic properties of materials,  which
are  adopted  to  develop  energy-efficient,  multifunctional
electronic  devices  and  flexible  electronics  [33–39].  Once
strainronics  is  introduced  at  atomic  level  for  van  de
Waals  (vdW)  heterostructures,  it  provides  an  effective
and universal approach to modulate the electronic prop-
erties,  including  in-plane  strain,  out-of-plane  strain  and
heterostrain [39]. Considering the great impact of atomic
geometries  on  the  physical  properties  of  Bi(110),  it  is
expected that the strain induced by the interlayer inter-
action  in  the  epitaxial  film  will  benefit  the  precise
control of its electronic properties.

In  this  work,  we  have  constructed  an  epitaxial  vdW
heterostructure  composed  of  2–3  BL Bi(110)  and  ferro-
magnet  Fe3GeTe2 by  molecular-beam  epitaxy  (MBE)
method. It is demonstrated that heterostrain is generated
between Bi(110) in BP structure and Fe3GeTe2 with in-
plane  hexagonal  symmetry  due  to  their  lattice
mismatch. Scanning tunneling microscopy (STM) studies
show that  both  periodic  biaxial  strain  and  vibration  of
the  buckling  height h are  generated.  The  strain-driven
control  of  the  electronic  properties  is  also  observed  via
STM  and  scanning  tunneling  spectroscopy  (STS)
method.  Combined  with  density  functional  theory
(DFT) calculations, it turns out that strain can effectively
modulate the band gap of Bi(110) periodically, providing
an effective method for adjusting the atomic geometries
and electronic properties of 2–3 BL Bi(110). In addition,
we have also investigated the magnetic proximity effect
of the magnetic substrate Fe3GeTe2 on the Bi(110) thin
film.  This  work  of  constructing  heterostrain  structure
provides a pathway for modifying the electronic properties
of  Bi(110)  at  atomic  scale,  which  could  promote  its
applications  of  straintronic  or  nanoelectronics  devices
with potential novel functionalities.

 2   Experimental section

 2.1   Synthesis of Fe3GeTe2 single crystal

High-quality  Fe3GeTe2 single  crystals  were  synthesized
via  chemical  vapor  transport  method  [43, 44].  High-
purity Fe (99.99%), Ge (99.99%), and Te (99.99%), in a
stoichiometric ratio of 3:1:2 with iodine as the transport
agent were sealed in an evacuated quartz tube. The tube
was placed into  a  two-zone horizontal  furnace  with the
hot  end  at  770  °C  and  the  cold  end  at  680  °C.  The
obtained  crystals  were  on  the  millimeter  scaled  (2–
3 mm) and quasi-hexagonal plates.

 2.2   Bi(110) thin film growth

A  Fe3GeTe2 single  crystal  flake  was in-situ cleaved

under  ultra-high  vacuum (UHV)  (<  5.0  ×  10–10 Torr).
And  then,  high-purity  Bi  (99.99%)  was  deposited  onto
the  surface  of  Fe3GeTe2 at  room  temperature  using  a
standard Knudsen cell. The temperature of Knudsen cell
is approximately 500 °C during the growth of about 120
min.

 2.3   STM/STS measurements

STM  and  STS  measurements  were  performed  using  a
low-temperature STM system under UHV at 77 K. The
STM tip was prepared using chemically etched W-wires
and  cleaned  in  vacuum.  All  the  STM  images  were
obtained in constant current mode. The STS differential
conductance (dI/d V) and STS maps were obtained using
the constant-height mode with the feedback loop closed
with  lock-in  detection  by  applying  modulation  to  the
tunneling at 973 Hz. All data was obtained at 77 K. All
the STM images were analyzed by WSxM software [45].

 2.4   DFT calculations

The first-principles calculations were performed by using
the  Vienna ab  initio simulation  package  (VASP)  with
the projector augmented wave approach (PAW) and the
Perdew–Burke–Ernzerh  (PBE)  generalized-gradient
approximation (GGA) [46–48]. The cutoff energy of the
plane-wave  expansion  of  the  basic  functions  was  set  to
350 eV. 7 × 7 × 1 Γ-centered Monkhorst–Pack k-point
meshes were used to sample the BZ of Bi(110) unit cells.
Based  on  experimental  lattice  parameters,  all  the  atom
position were fully relaxed with DFT-D3 vdW correction
[49] until the residual force of each atom is smaller than
0.01 eV/Å. The spin orbital coupling effect is considered
in  our  electronic  structure  calculations.  The  size  of  the
vacuum layer is 15 Å.

 2.5   Strain analysis

Strain  distribution  in  the  Bi(110)  thin  films  was
analyzed using Strain++ software [50].

 3   Results and discussion

We  firstly  demonstrate  the  lattice  structure  of  the
Bi(110)/Fe3GeTe2 heterostructure.  As  shown  in  the
crystal structure of Fe3GeTe2 [Fig. 1(a)], Te atoms from
the  top  layer  arrange  in  hexagonal  structure,  with  a
lattice  constant  of  about  4.0  Å.  Following  exfoliation
under UHV conditions, Fe3GeTe2 surface was characterized
using STM, and showing a hexagonal lattice with lattice
constant  of  4.0  Å [Figs.  1(b,  c)].  Subsequently,  2–3  BL
Bi(110) film was fabricated by MBE method on the in-
situ cleaved Fe3GeTe2. Bi(110) exhibits a black phosphorus
(BP)-like  structure  [Fig.  1(d)],  characterized  by  an

FRONTIERS OF PHYSICS RESEARCH ARTICLE

045201-2   Kunrong Du, et al., Front. Phys. 21(4), 045201 (2026)

 



orthorhombic lattice with lattice parameters a = 4.75 Å
and b = 4.54 Å. Both terminated sides of a BL Bi(110)
layer  contains  two  Bi  atoms:  one  is  positioned  at  the
corner of the rectangular cell and the other is positioned
close  to  the  center  with  its  deviation  depending  on the
degree of buckling height h. Notably, the changes of this
atomic geometry have significantly influenced its electronic
and  topological  properties  in  previous  studies  [20,
25–27]. As shown in Fig. 1(e), the most apparent feature
of the STM image of Bi(110) film is the stripe structure
(named as Stripe I), which exhibits a characteristic peri-

odicity of 5.74 nm [Fig. 1(f)].
Periodic  strain  is  expected  to  exist  together  with

stripe  I.  Strain  distribution  is  then  analyzed  by
Strain++ software  based  on  Geometric  Phase  Analysis
(GPA)  algorithm  [50]  (more  details  in  Supplemental
note 1). The lattice directions a and b are selected as the
x and y axes,  respectively.  The  typical  area  of  Bi(110)
shown  in Fig.  1(e)  is  analyzed  in Fig.  2.  As  shown  in
Figs. 2(a) and (b), tensile strain around 5% exists along
the x-axis direction (εxx) and 4% exists along the y-axis
direction (εyy),  mainly on the stripe I.  Near-zero strains
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Fig. 1  (a) Schematic diagrams of the crystal structure of Fe3GeTe2 and the upper and down panel are the side view and
top view, respectively. (b) The atomic-resolution STM topography of Fe3GeTe2 substrate. (c) The line profile obtained from
the Fe3GeTe2 surface taken along orange line in Fig. 1(b). (d) Schematic diagrams of the lattice structure of Bi(110) and the
up and down diagrams are the side view and top view, respectively. (e) The atomic-resolution STM topography of Bi(110).
(f) The line profile taken along the green line in (e) from Bi(110) strain stripe area.
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Fig. 2  The  strain  distribution  for  the  Bi(110)  film  shown  in Fig.  1(d). (a) Strain  distribution  in  the x-axis. (b) Strain
distribution in the y-axis. (c) Sum of strain distributions in the Bi(110) film.
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are  observed  at  the  valley  regions.  It  is  notable  that
periodic tensile strain features along the y-axis direction
are  observed  on  the  whole  area,  rather  than εxx mainly
limited  on  stripe  I.  The  surface  stress  across  the  entire
characterized  region  was  calculated  by S(r)  =  (εxx +
εyy)/2.  Therefore,  the  strain  distribution  of  the  Bi(110)
film  is  determined  to  be  bidirectional,  which  can  be
observed more clearly in the S(r) strain analysis as illus-
trated  in Fig.  2(c).  A  comparison  between  the  strain
distribution  analysis  results  in Fig.  1(e)  and Fig.  2
reveals  that  the  strain  in  the  stripe  and  valley  regions
are tensile and nearly zero, respectively.

The  strain-induced  electronic  state  modulation  in
Bi(110) thin films was then investigated using STM and
STS  methods.  A  series  of  topographic  images  and
conductance maps taken at the same region under various
biases are presented in Figure S2. The stripe feature was
found  exhibiting  strong  bias-dependent  in  both  the
surface topography and the electronic state distribution.
As  shown  in Fig.  3(a),  when  scanned  at  sample  bias
600 mV, stripe I is dominant on the surface topography.
The corresponding Fast Fourier transform (FFT) analysis
[Fig.  3(b)]  reveals  that  stripe  I  exhibit  a  35°  angular
relationship  with  respect  to b axis.  While  stripe  I  is
indistinct at 100 mV sample bias as shown in Fig. 3(d).
As the apparent height profile represents a superposition
of surface topography and electronic states, the variation

of  the  apparent  height  indicate  the  electronic  states  of
Bi(110)  have  been  effectively  modulated  by  stipe  I.
Meanwhile,  an  additional  stripe  structure  (named  as
stripe II) can be found both in Figs. 3(a) and (d). This
additional stripe II shows around 30° angel with respect
to a-axis,  as  revealed  by  the  FFT  image  in Fig.  3(e).
Stripe II can also be observed in the conductance maps
[Figs.  3(c)  and  (f)]  and  in  their  corresponding  FFT
images  [Figs.  3(d)  and  (g)].  More  surface  topography
and electronic state distribution results imply that stripe
II  can  be  observed  at  most  of  the  sample  bias,  except
those  that  are  close  to  zero  bias  [Figs.  S2(e,  i,  m)].
Considering  Bi(110)  normally  exhibit  semiconducting
properties,  it  is  reasonable  to  believe  that  stripe  II
feature is not bias-dependent, indicating stripe II may be
related to strain distribution. This interpretation agrees
with the strain analysis where the periodic tensile strain
along y axis in εyy and S(r) is confirmed. Above results
demonstrate  that  the  bidirectional  periodic  strain  of
Bi(110)  has  periodically  modulated  its  electronic  struc-
tures.

The size of bandgap is one of the most important elec-
tronic  parameters  of  Bi(110)  controlling  its  physical
properties, that can be modulated by strain and interlayer
coupling. Thus, the electronic structure of Bi(110) under
various strain situations (stripe and valley region shown
in Fig. S3) was invested by STS method. The bandgap
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Fig. 3  (a) The atomic-resolution STM topographic image of  Bi(001) surface with strain stripe,  when the sample bias =
600  mV,  tunnelling  current I =  500  pA. (b) The  fast  Fourier  transform  (FFT)  result  of  (a). (c) The  STS  mapping  at
600 mV, tunnelling current I = 500 pA. (d) The FFT result of  (c).  The blue labels are represented to Stripe II. (e) The
STM topography of strain stripe, when the sample bias = –100 mV, tunnelling current I = 500 pA. (f) FFT result of (e).
(g) The STS mapping at –100 mV, tunnelling current I = 500 pA. (h) FFT result of (g). The blue labels are represented to
Stripe II.
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measured on stripe I and its valley of Bi(110) is remarkably
different,  as  shown  in Fig.  4(a).  The  strain-induced
bandgap  modulation  in  Bi(110)  film  can  be  further
confirmed by the line conductance map taken across one
stripe I [Fig. 4(b)]. The bending and shifts of the valence
band  maximum  (VBM)  confirm  that  the  bandgap  is
smaller on the stripe than that at the valley, indicating
that  the  band  gap  modulation  is  related  to  the  strain
cross stripe I.

To  further  understand  the  strain-induced  modulation
of  the  band  gap,  DFT  calculations  were  performed  on

both free-standing Bi(110) (a = 4.75 Å, b = 4.54 Å, h =
0.02997 Å) and Bi(110) under strain conditions derived
from the  lattice  constants  observed  in  the  stripes  (a =
5.11 Å, b = 4.58 Å, h = 0.01805 Å) [Fig. 4(c)], which is
consistent with Strain++ analysis in Fig. 2. DFT orbital-
resolved  band  structure  can  reveal  distinct  orbital
contributions to the conduction and valence bands with
different buckling height h. The Bi(110) Brillouin zone is
showed in Fig. 4(d). Specifically, the CBM is dominated
by  Bi px and pz orbital  contributions,  while  the  VBM
exhibits  prominent py orbital  character  [Figs.  4(e,  f)].

 

Calculation
Experiment

−1 0.8−0.4
Bias (V)

dI
/d

V 
(a

.u
.)

0 0.2

Eg = 0.3095 eV

En
er

gy
(e

V
)

2

−2

0

1

−1

Γ MX1 X2 Γ

Eg = 0.2370 eV

En
er

gy
(e

V
)

2

−2

0

1

−1

Γ MX1 X2 Γ

Free standing On the stripe
(e) (f)

py

pz

px
py

pz

px

4.54 Å

4.75 Å

4.58 Å

5.11 Å

Free standing

On the stripe

(c)

h = 0.02997 Å

h = 0.01805 Å

Distance (nm)

1.2

−1.2

0

0.6

−0.6

0 5 10 15 20

H

L

(b)

Stripe
Valley

−1 10.50−0.5
Bias (V)

dI
/d

V 
(p

A
)

(a)

Stripe
Valley

0

6

4

2

8

10

Γ
X2

X1M

M M

M

X1

X2

(g)

Te
Fe
Ge

Bi

En
er

gy
(e

V
)

−1

0

1

Γ MX1 X2

(d)

(h) (i)

Γ

c

a

c

c b

b

a a

 
Fig. 4  (a) The  typical  dI/dV spectra  taken  at  the  positions  indicated  by  the  color  dots  in  Fig.  S3(a). (b) 2D  plot  of
tunnelling spectra measured along the orange arrow line in (a). (c) Schematic diagram of the free standing Bi(110) (upper)
and stripe Bi(110) (down) lattice structure, showing the lattice structure constant and atomic buckling height respectively.
(d) Schematic diagram of the Brillouin zone for Bi(110). (e) DFT orbital-resolved band structure of free standing Bi(110).
(f) DFT orbital-resolved band structure of  Bi(110) lattice on the stripe. (g) The differential  charge distribution results  of
Bi(110)/Fe3GeTe2 heterostructure. The blue isosurfaces indicate regions of electron depletion, whereas the yellow isosurfaces
correspond to  regions  of  electron accumulation. (h) DFT-calculated  band structures  of  the  Bi(110)/Fe3GeTe2 heterostruc-
ture. The gray bands represent the band structure of DFT-relaxed Bi(110) without considering the Fe3GeTe2 substrate, and
the  blue  bands  represent  the  projected  electronic  states  of  Bi(110)  with  the  Fe3GeTe2 substrate. (i) Experimental  and
computational dI/d V spectra.
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Therefore,  the  strain-induced  lattice  distortion  is
expected  to  modify  the  hybridization  of px and py
orbitals, bond lengths between bismuth atoms and buckling
height h. According to the calculated results, the tensile
strain along the y-axis (b = 4.58 Å) influences py orbitals
at the VBM for Bi(110) under strain, while tensile strain
along the x-axis (a = 5.11 Å) suppress contribution of px
orbital at the CBM. In addition, the decrease of buckling
height h enhances  the  contribution  of pz orbital  at  the
VBM. This asymmetric orbital response leads to a calcu-
lated  bandgap  decrease  of  0.07  eV  compared  to  free-
standing  Bi(110),  which  is  consistent  with  the  experi-
mentally  observed  trend  of  band  gap  enlargement  in
tensile strain along a lattice direction and b lattice direction
(on the stripes). Combing experimental characterizations
and DFT calculations, the periodic strain not only modifies
the  atomic  configurations  including  in-plane  lattice
constant  as  well  as  buckling  height h of  Bi(110),  but
periodically tunes its electronic properties.

Furthermore,  the  influence  of  the  magnetic  substrate
Fe3GeTe2 on  Bi(110)  was  investigated  through  DFT
calculations. Figure 4(g) shows the calculated differential
charge distribution of BL Bi(110) on Fe3GeTe2, in which
apparent  charge  transfer  can  be  observed  at  the
Bi/Fe3GeTe2 interface.  And  the  charge  distribution  of
the  Fe  I  atoms  on  the  upper  and  lower  surfaces  of
Fe3GeTe2 differ due to the existence of BL Bi(110), indi-
cating  unignorable  interaction  between  the  FeI  atom
layer (upper layer near the Bi(110)) and Bi(110). Addi-
tionally,  the  band  structures  of  Bi(110)  with  same
lattice  condition  without  [represented  by  grey  lines  in
Fig.  4(h)]  and  with  [represented  by  blue  dots  in
Fig.  4(h)]  considering  the  Fe3GeTe2 substrate  were
calculated.  Significant  renormalization  of  the  electronic
bands  of  Bi(110)  induced  by  the  interaction  with
Fe3GeTe2 can be confirmed. As shown in Fig. 4(h), the
gray translucent rectangular area highlights the bandgap
of  Bi(110)  without  considering  Fe3GeTe2 substrate.  In
contrast to the large band gap of pure Bi(110), the band
gap  of  Bi(110)  is  apparently  decreased  because  of  the
interlayer interaction with Fe3GeTe2 substrate. Also, as
indicated  by  the  arrows,  significant  hole  doping  effect
induced  by  the  Fe3GeTe2 substrate  is  observed.  More-
over,  the  spin-polarized  electronic  density  of  states
(DOS)  of  the  Bi(110)/Fe3GeTe2 heterostructure  is
presented in  Fig.  S4,  in  which DOS > 0 (< 0 )  means
that spin-up (spin down) states dominate at this energy
level. The spin-polarized electronic DOS of non-magnetic
Bi(110)  should  be  zero.  While,  due  to  the  magnetic
proximity effect from Fe3GeTe2,  a net spin polarization
with  a  magnetic  moment  of  0.015  μB  per  Bi  atom
emerges  in  the  Bi(110)/Fe3GeTe2 heterostructure.  The
magnetization of Bi(110) very likely originates from the
magnetic proximity effect of Fe I atom layer, interfacial
charge transfer, and band renormalization. High-precision
DOS  calculations  were  also  performed  for  Bi(110)/
Fe3GeTe2 heterostructure,  and  the  result  [Fig.  4(i)]

shows excellent agreement with the experimental obser-
vations,  indicating  that  all  above  DFT  calculation
provide a comprehensive simulation of our experimental
results.

 4   Conclusions

In  summary,  we  have  fabricated  heterostrain  structure
composed  of  2–3  BL  Bi(110)  with  orthorhombic  lattice
structure and Fe3GeTe2 with hexagonal lattice termination
as  substrate  by  MBE.  STM  characterizations  reveal
stipes structures of Bi(110) film. Along with strain anal-
ysis,  bidirectional  periodical  tensile  heterostrain  and
vibration of buckling height h are found on Bi(110) film.
Both periodic biaxial strain and vibration of the buckling
height h affect  STS results,  demonstrating  the  effective
modulation  of  electronic  properties  of  Bi(110)  by  the
stripe structures, especially for the periodically change of
band gap along stripe I. DFT calculated results validate
the change of band gap caused by the tensile strain and
reveal  anisotropic  change  of  Bi p orbitals  under  strain.
We have also investigated the influence of the magnetic
substrate Fe3GeTe2 on the Bi(110) thin film. The results
from the differential charge distribution, band structure
modifications,  and  spin-polarized  electronic  density
calculations demonstrate that magnetic proximity effect
exist  between  BL  Bi(110)  and  Fe3GeTe2 substrate.
Considering  the  versatile  topological  and  ferroelectric
properties of Bi(110), this interlayer interaction induced
periodical strain on a magnetic substrate provides plenty
room for further exploration of its  novel functionalities.
This work demonstrates the potential of straintronics at
atomic scale in regulating the electronic structure of 2D
vdW  heterostructures,  offering  a  pathway  to  design
ultra-thin straintronic and electronic devices.
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