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ABSTRACT: Single-layer heterostructures of magnetic materials
are unique platforms for studying spin-related phenomena in two
dimensions (2D) and have promising applications in spintronics
and magnonics. Here, we report the fabrication of 2D magnetic
lateral heterostructures consisting of single-layer chromium
triiodide (CrI3) and chromium diiodide (CrI2). By carefully
adjusting the abundance of iodine based on molecular beam
epitaxy, single-layer CrI3−CrI2 heterostructures were grown on
Au(111) surfaces with nearly atomic-level seamless boundaries.
Two distinct types of interfaces, i.e., zigzag and armchair interfaces,
have been identified by means of scanning tunneling microscopy.
Our scanning tunneling spectroscopy study combined with density
functional theory calculations indicates the existence of spin-polarized ground states below and above the Fermi energy localized at
the boundary. Both the armchair and zigzag interfaces exhibit semiconducting nanowire behaviors with different spatial distributions
of density of states. Our work presents a novel low-dimensional magnetic system for studying spin-related physics with reduced
dimensions and designing advanced spintronic devices.
KEYWORDS: two-dimensional magnetism, chromium iodide, lateral heterostructures, interfacial states, scanning tunneling microscopy

■ INTRODUCTION
Two-dimensional (2D) van der Waals (vdW) heterostructures,
which are formed by integrating different 2D vdW materials
together, give rise to abundant and unique structures and have
potential applications in electronics and optoelectronics.1,2

Considering the 2D nature of these layered materials, the vdW
heterostructures can be divided into vertical ones or lateral
ones. 2D vertical heterostructures can be obtained by
mechanical exfoliation and layer-by-layer stacking of vdW
materials.3 Owing to the weak vdW interactions between the
layers, there is no requirement of lattice matching at the
interfaces and therefore it is much flexible for the choice of
materials constructing the heterostructures. In 2D vertical
heterostructures, however, intercalating contamination4,5 and
stacking orientational randomness5 should be eliminated in
order to improve the performance and repeatability of devices.
On the other hand, 2D lateral heterostructures are constructed
by intralayer chemical bonding between different 2D
materials.6 The relatively robust bonding makes the junctions
more stable. More importantly, since the single-layer feature is
maintained in 2D lateral heterostructures, they are suitable for
studying quantum phenomena in reduced dimensions and for
fabricating ultrathin electronic and spintronic devices.7 So far,
high-quality 2D lateral heterostructures of transition-metal
chalcogenides have been fabricated by multistep chemical

vapor deposition (CVD) methods.8 Desired heterostructure
arrays can also be achieved by combining CVD with laser or
electronic etching processes.9,10 Other 2D lateral hetero-
structures grown by molecular beam epitaxy (MBE), such as
hBN/graphene,11 germanene/stanene,12 and SnSe2/SnSe,

13

have also been reported. Although the preparation processes
for 2D materials are relatively mature, growing in-plane 2D
vdW heterojunctions with seamless interfacial connection is
challenging due to the restriction of lattice matching between
the component materials.
Recently, monolayer (ML) CrI3

14 and bilayer (BL)
Cr2Ge2Te6

15 have been proved to exist in spontaneous
ferromagnetism, opening the door to explore 2D magnetism
in layered vdW materials. By introducing magnetic order into
2D heterostructures, unique physical phenomena may occur,
such as topological quantum states,16−18 topological super-
conductivity,19,20 and polarized valley states.21,22 Magnetic
tunneling junctions, based on vdW vertical heterostructures
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consisting of four CrI3 layers and two graphene layers, can
achieve a 19 000% change in magnetoresistance.23 So far,
various vertical heterostructures based on 2D magnetic
materials have been fabricated.24−28 However, 2D magnetic
lateral heterostructures are still rarely reported. One case is the
lateral heterostructures of magnetic metallic CrTe2 and
semiconducting CrTe3, which have been experimentally
realized recently.29,30 The lateral heterostructure composed
of ferromagnetic (FM) WS2 and nonmagnetic MoS2 is
theoretically predicted to be used as spin-valley beam filters/
splitters.31 In addition, such lateral junctions provide promising
platforms to study one-dimensional (1D) physics and can
serve as 1D spin channels for spintronic devices.32,33

Considering these potential applications in spintronics, seeking
in-plane heterostructures between 2D magnetic semiconduc-
tors is a topic of concern.
Here, we report on the growth of high-quality lateral

heterostructures of two types of single-layer vdW magnetic
semiconductors CrI3 and CrI2 by MBE. Atomically resolved
scanning tunneling microscopy (STM) was performed to
reveal the atomic structures of the heterojunctions. We found
that single-layer CrI3 and CrI2, which have honeycomb and
triangular lattices, respectively, can form nearly atomic-level
seamless junctions. Two types of interfacial motifs, i.e., zigzag
and armchair, were identified. Scanning tunneling spectroscopy
(STS) and density functional theory (DFT) calculations were
conducted to study the electronic structures of the CrI3−CrI2
lateral heterostructure. Spin-polarized ground states were
revealed at the interface of the heterostructures, which exhibit
1D semiconducting characteristics.

■ RESULTS AND DISCUSSION
As shown in Figure 1a, the fully relaxed lattice of single-layer
CrI2 is a three-atomic-layer structure with one close-packed
layer of Cr sandwiched by two layers of I atoms. Figure 1b
shows the atomic-resolved STM image of the ML CrI2 on the
Au(111) surface. The three nearest-neighboring iodine atoms
in the topmost layer form an isosceles triangle with
experimentally measured lattice constants of a1 = 4.0 Å and
a2 = a3 = 4.2 Å, consistent with the values from our DFT
calculations (a1 = 3.96 Å and a2 = a3 = 4.23 Å) and earlier
STM measurements reported elsewhere.34−36 A moire ́ pattern
between CrI2 and the underlying iodine buffer layer on the
Au(111) surface leads to the “zigzag” superstructure in Figure
1b, which is similar to single-layer CrI3 on Au(111).

34

DFT calculations were carried out to obtain the electronic
structures of ML CrI2 considering the spin−orbit coupling
(SOC) effect. We first optimized the lattice constants and
atomic positions using a structure with a C3 rotational
symmetry taking a FM order. The relaxed structure
spontaneously breaks the C3 symmetry with an enlarged Cr−
I bond length along the Y axis, indicating a Jahn−Teller (J−T)
effect of ML CrI2. The magnetic ground state of ML CrI2 is a
stripped ABAB antiferromagnetic (AFM) order under
Coulomb energy (U) values ranging from 0.0 to 6.0 eV
(Figure S1). The linear response method deriving U = 4.9 eV
gives the upper limit of U value. The ABAB-AFM order can
also be obtained by the HSE06 functional considering the
exact exchange interaction. In addition, the band gap increases
from 0.33 to 1.90 eV with U values growing from 0 to 5.8 eV
(see Figure S2). The band gap of ML CrI2 is 1.27 eV (Figure

Figure 1. Atomic and electronic structures of single-layer CrI2. (a) Atomic structure of single-layer CrI2. (b) Typical high-resolution STM image of
CrI2 grown on Au(111) (0.8 V, 100 pA). (c) Calculated band structure of freestanding ML CrI2 with an effective U value of 3 eV for Cr. The
valence band maximum (VBM) is set to zero. (d) dI/dV spectrum of single-layer CrI2 on Au(111) (2 V, 100 pA for upper and −1 V, 200 pA for
lower panels, respectively). The vertical dashed lines in the lower panel are VBM and conduction band minimum (CBM).
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1c) with an effective U of 3 eV, which is commonly used in Cr-
based systems.37,38 Both the valence and conduction bands are
comprised of the Cr eg orbitals and the I−px/py orbitals
(Figure S3), similar to those of ML CrI3.

31 Considering the
octahedron crystal field, the five 3d orbitals of the Cr atom are
degenerated into three t2g (dxy, dyz, and dxz) and two eg (dx2−y2
and dz2) orbitals, which further split into a dz2 orbital with
lower energy and a higher dx2−y2 one due to the J−T effect
(Figure S3). Three d electrons of each Cr atom in CrI2 will fill
the t2g orbitals, while another electron occupies the dz2 orbital,
corresponding to a high spin state with a local magnetic
moment of 3.92 μB on each Cr atom.
Our STS result (upper of Figure 1d) with a setpoint of 2.0

V, 100 pA indicates the onsets of unoccupied and occupied
states at 1.8 and −1.2 eV, respectively, corresponding to a gap
of about 3 eV, similar to the case with graphitized SiC as the
substrate.34,36 However, our calculations by the DFT+U
method indicate a much smaller band gap of 1.27 eV. To
unveil possible implicit states close to the Fermi energy, we
conducted further STS measurements with the tip closer to the
sample (setpoint −1 V, 200 pA), as shown in the lower panel
of Figure 1d. In this case, an additional bulge near 0.8 eV
emerges on the unoccupied side, which is assigned to the
conduction band edge of CrI2. To determine the valence band
edge of CrI2, we compared the STS results of CrI2 and iodine
layer on Au(111), as shown in Figure S4. We found that the
local density of states (LDOS) of CrI2 increases significantly
from −0.6 eV, while the LDOS of the iodine layer exhibits a
flat feature from −0.35 to −1.0 eV (blue dashed line in Figure
S4). As a result, we obtain a reduced band gap of 1.4 eV, closer
to the calculated value. The inferior visibility of the STS signal
from the states near 0.8 eV may be explained by their localized

feature at the Cr atoms, which is underneath the surface I layer
(see the orbital-resolved band structures in Figure S3).
Another possible explanation is that the differential con-
ductivity is relatively insensitive to the states far from Γ point
in k-space.39

Single-layer CrI3−CrI2 lateral heterostructures are fabricated
by adjusting the I flux during the MBE growth or by prolonged
annealing of as-grown single-layer CrI3 under ultrahigh vacuum
(UHV) environment (see the Methods section). Heating to a
proper temperature can gradually release iodine from certain
iodine-based compounds, such as CuI,40−42 CrI3,

34,36 which
provides a suitable pathway to synthesize CrI3−CrI2 lateral
heterostructures. Figure S5 exhibits the annealing-induced
phase transition from CrI3 to CrI2, which reveals that
prolonged annealing at 150 °C is a suitable method for the
preparation of CrI3−CrI2 lateral heterostructures. Figure 2a
shows the large-scale topography of a single-layer CrI3−CrI2
lateral heterostructure on the Au(111) surface. The CrI3 and
CrI2 regions are separated by a well-defined boundary with
distinct morphological differences. In the zoom-in image
(Figure 2b), single-layer CrI3 exhibits a dotted moire ́
superstructure and has a hexagonal lattice composed of I
atom trimers with lattice constant a = 6.95 Å. In contrast,
single-layer CrI2 shows a zigzag moire ́ superstructure and has a
distorted close-packed hexagonal lattice composed of upper-
layer I atoms. In the atomic-resolved STM image of CrI3−CrI2
lateral heterostructures (Figure 2c), we can observe an atomic-
level seamless interface between the CrI3 and CrI2 regions. The
formation of atomically sharp boundaries is beneficial from the
small lattice mismatch between the two materials. In Figure 2c,
the arrangement of the atoms at the boundary is labeled,
indicating the almost identical I sublattices and different Cr

Figure 2. Single-layer CrI3−CrI2 lateral heterostructures on Au(111). (a) Large-scale STM image (2.0 V, 100 pA, 125 × 125 nm2). (b) Zoomed
STM image (1.5 V, 80 pA). (c) Atomic-resolved STM image near the interface (0.3 V, 100 pA). Dark and light blue circles represent Cr atoms
from CrI2 to CrI3, while red circles represent Cr atoms at the interface. The white dotted circles represent the hexagonal honeycomb center of CrI3.
(d, e) Structural models of CrI3−CrI2 lateral heterostructures with zigzag and armchair boundaries.
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sublattices, i.e., honeycomb lattice in CrI3 while triangular
lattice in CrI2 (light and dark blue circles). There are two types
of atomic arrangements at the interface: the top part of Figure
2c displays a zigzag orientation, while the bottom part of
Figure 2c displays an armchair orientation. The structural
models of the zigzag and armchair boundaries are shown in
Figure 2d,e.
Figure 3a shows a typical high-resolution STM image of the

CrI3−CrI2 lateral heterostructure with a sample bias of 0.6 V,
exhibiting brighter contrast at the interface of the junction.
Furthermore, the zigzag and armchair boundaries display
different contrast patterns. The zigzag boundary shows a √3

I−I period, similar to its atomic structure, while the armchair
boundary shows an extra 3 times period of I−I distance, owing
to the different chemical surroundings of I atoms at the
boundary. The 3 times period at the armchair boundary can
also be seen in the STS mapping of the heterostructure (Figure
S6). A series of STS measurements across the boundaries (STS
profile) were performed to further reveal the local density of
states (LDOS) of the CrI3−CrI2 lateral heterostructures.
Typical STS profiles of the zigzag and armchair boundaries are
shown in Figure 3b,c. From both types of boundaries, extra
states localized at the interfaces were observed at about ±0.8 V
(filled with orange color in Figure 3b,c; see also in Figure S7).

Figure 3. STS at the CrI2−CrI3 interfaces. (a) Typical STM image of the heterostructure consisting of zigzag and armchair boundaries (0.6 V, 100
pA). (b, c) Typical STS results across the zigzag and armchair boundaries (red lines in panel (a)). The short black lines show the energy shift of the
peaks. The boundary states are filled with orange color. (d, e) STS mappings for both boundaries at a bias of −0.8 and 0.5 V, 100 pA, respectively.

Figure 4. Atomic and electronic structures of CrI3−CrI2 lateral heterostructures by DFT calculations. (a, b) Atomic structures of zigzag-30° and
armchair-0° boundaries. The atoms of CrI2 and CrI3 in different regions are marked by red lines and blue numbers. The ABAB-AFM stripes of CrI2
are labeled. Blue and red circles are interfacial and bulk Cr atoms, respectively. Iodine atoms are hidden. Black lines are lattices of supercells. (c, d)
LDOS at different regions as labeled in panels (a) and (b). The numbers are the band gaps in the spin-up channel. (e−h) Spatial distributions of
the boundary states noted by S1−S4 in panels (c, d). The isosurface value is set to 1.2 × 10−3 e/Bohr3.
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Besides, these boundary states, the occupied and unoccupied
bands for both the CrI3 and CrI2 sides show a mixing behavior
at the interfaces. From both sides to the boundary, bulk states
show band bending and weakening characteristics. In detail,
the upward (downward) bending of the occupied band on the
CrI2 (CrI3) side was observed, resulting in their convergence at
the boundary. On the other hand, a downward bending exists
for both the unoccupied bands of CrI3 and CrI2. The band
bending may originate from the charge transfer due to different
valence states of Cr atoms (+2 for CrI2 and +3 for CrI3), lattice
mismatch,43 charge transfer between bulk states and the
boundary states,44 or combined effects from the strain and
charge transfer.45

The identical features in the STS results for both boundaries
are discussed above. We then turn to their differences. A
significant difference of the electronic states at the boundaries
for the zigzag and armchair boundaries is in the shift behavior
of unoccupied bands of CrI2 before it hybrids with that of CrI3.
In the case of the zigzag boundary, the peak at about 2 eV in
CrI2 smoothly moves to 1.7 eV and converges with the
unoccupied bands of CrI3. Such movements are not significant
in the case of the armchair boundary, which shows a
broadened behavior at the boundary. The other difference is
the position of boundary states in energy space. The occupied
states at the zigzag interface are slightly closer to the Fermi
energy than those at the armchair ones, while the unoccupied
states show opposite features. Such results can be seen clearer
in the STS profile across the boundary with a smaller tip−
sample distance in Figure S7. In STS mapping results shown in
Figure 3d,e, the zigzag boundary (marked by a white box) is
brighter than the armchair one (marked by yellow ellipses)
with a bias of −0.8 V, while the contrast inverses with a bias of
0.5 V, well consistent with our STS profile results.
Figure 4a,b shows the relaxed structural models of lateral

heterostructures along the zigzag and armchair directions in
DFT calculations. For zigzag interfaces, two types of interfaces
were observed in our experiment, one with the ABAB-AFM
stripe rotated by 30° relative to the boundary (zigzag-30°
shown in Figure 3a) and the other one with a stripe
perpendicular to the boundary (zigzag-90° in Figure S8). In
the case of armchair boundaries, we only observed the ABAB
stripe along the interface (armchair-0°; Figure 3a), while
armchair-60° was not observed, probably due to the higher
interfacial energy induced by larger lattice mismatch than the
other interface types. The simulated STM images based on the
models are consistent with our experiments (Figure S9).
Figure 4c,d shows the LDOS of the interfacial and domain
regions (labeled in Figure 4a,b), both of which show
semiconducting properties, similar to a recent theoretical
work.46 In the domain regions away from the zigzag-30°
(armchair-0°) boundary, the calculated band gaps of CrI3 and
CrI2 are 1.25 eV (1.15 eV) and 1.17 eV (1.48 eV), respectively,
which are well close to those of pristine ones (1.17 eV for CrI3
and 1.27 eV for CrI2), indicating that the supercells used in our
DFT calculations are large enough to avoid possible
interactions between mirror images. The band gaps are
significantly smaller than those in domain regions for both
boundaries, consistent with the observed STS results (Figure
3b,c). Partial charge densities of boundary states (labeled as
S1−S4 in Figure 4c,d) at the zigzag-30° and armchair-0°
boundaries (Figure 4e−h) are localized at the boundaries.
Furthermore, the ground states of the four interfacial states are
spin-polarized and localized around the different Cr columns

(Figure 4e−h), implying that the electronic and spin transport
across or along the interface may hold exotic low-dimensional
electronic or spintronic phenomena.47 From the calculated
density of states, one can find that the energy differences
between the local boundary states S1 of zigzag-30° and S3 of
armchair-0° relative to the VBM of CrI3 are 0.69 and 0.56 eV,
respectively. This indicates that the occupied states of the
zigzag-30° interface are closer to the Fermi energy, consistent
with the experimental STS mapping results. However, the
energy differences between S2 and S4 relative to the CBM of
CrI3 are 0.14 and 0.09 eV, which are much smaller than those
of S1 and S3 to VBM. The boundary states S2 and S4 thus
show a strong hybridization with the conduction band of CrI3
for the two interfaces, which can also be seen in the
experimental section STS results (Figure 3b,c).
A rotation of the ABAB-AFM stripe of CrI2 induces a

significant lattice distortion and thus results in local strain at
the interface, which may increase the interfacial energy. It is
expected that the ABAB stripes exhibit a specific direction
relative to the interface. For zigzag-90°, spin-polarized
boundary states are predicted from our DFT calculation
(Figure S10). Compared with zigzag-30°, one significant
difference is that the polarization of the boundary state at CBM
changes from spin-up to spin-down channel. On the other
hand, the lattice of armchair-60° is strongly distorted, as shown
in Figure S10b, which has a significant effect on the electronic
structure on the CrI2 side with spin exchange splitting (Figure
S10d). The band gap of CrI2 in the bulk region enlarges to
11% compared with the strain-free ML.
The growth process inevitably introduces defects at the

interfaces, especially iodine defects/vacancies, which may
significantly affect the performance of the CrI3−CrI2
heterostructure.48,49 As shown in Figure S11, iodine vacancies
at the interface can change the spatial distribution of the
boundary states and even quench the boundary states. Further
calculations were carried out to reveal the effect of iodine
vacancies on the electronic properties of CrI2−CrI3 hetero-
junctions. Two types of I vacancies were considered, including
a three- (VI3) and a two-coordinated (VI2) one at the zigzag
interfaces (see Figure S12). A spin-polarized boundary state is
only induced in the spin-up component near the Fermi level by
VI3, though the defect-free interface possesses spin-polarized
boundary states in both spin channels (the up panel in Figure
S12d). Unlike VI3, the boundary states are absent for both spin
channels for VI2, as plotted in the bottom panel of Figure S12d.
These changes vary the band gap by up to 0.16 eV in these two
defective interfaces.

■ CONCLUSIONS
In conclusion, we successfully prepared single-layer CrI3−CrI2
lateral heterostructures on Au(111) surfaces by MBE. Zigzag
and armchair boundaries were identified at the atomic-level
seamless interfaces by high-resolution STM. There are extra
occupied and unoccupied boundary states localized at the
interfaces, exhibiting characteristics of 1D semiconducting
nanowires and having spin-polarized ground states.
The 2D lateral heterostructures between two magnetic

semiconductors with atomic-level seamless interfaces are
promising platforms for future studies on low-dimensional
magnetoelectric phenomena. Given the FM and AFM orders
on both sides, single-layer CrI3−CrI2 heterostructures as
semiconducting junctions can be utilized for constructing
novel in-plane spintronic devices. Furthermore, the boundaries
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of the heterostructures resemble 1D wires of spin-polarized
semiconductors, where electrons and holes from both sides
converge on the boundaries, making the interfaces suitable
platforms for research on 1D physics.33 Compared with the
boundary states observed in ML−BL WSe2 or MoSe2
systems,50 the boundary states at the CrI3−CrI2 hetero-
structures with spin-polarized ground states may hold
unprecedented spin-related phenomena. In particular, since
the 2D honeycomb CrI3 lattice possesses topological
magnons,51,52 the CrI3−CrI2 lateral heterostructure is a
possible system to realize topological magnon edge states
carrying dissipationless spin current.

■ METHODS
Experimental Details. STM experiments at 78 K were conducted

on a low-temperature STM system designed by Kehui Wu, Institute of
Physics, Chinese Academy of Sciences, while STM experiments at 5 K
and STS experiments were carried out on a Unisoku 1300 ULT-VMF
system. Single-layer CrI3−CrI2 lateral heterostructures were fabricated
on Au(111) (Mateck GmbH) substrates under UHV condition with a
base pressure of 8 × 10−10 mbar. Au(111) surfaces were repeatedly
cleaned by 1.5 kV Ar+ ions sputtering for 15 min and annealing at
450−500 °C for 10 min. Iodine source was obtained by thermal
decomposition of a CrI3 powder (purity 90%) at 220 °C under UHV.
Chromium powder (purity 99.996%, Alfa Aesar) was evaporated from
a Knudsen cell at 980 °C under UHV. Single-layer CrI3 films were
grown on Au(111) maintained at 150 °C via codeposition of
chromium and iodine with a flux of ∼1:20. Single-layer CrI3−CrI2
lateral heterostructures were prepared by codeposition with reduced
iodine flux or by vacuum annealing of single-layer CrI3 films at 150 °C
for 1 h, which results in the partial decomposition of single-layer CrI3
and the formation of CrI2. All STM experiments were performed with
constant current mode using an electrochemically etched tungsten tip.
The tunneling spectra were obtained by a lock-in technique with a
sinusoidal modulation signal of an amplitude of 10 mV at a frequency
of 987 Hz.
Calculation Details. Density functional theory (DFT) calcu-

lations were performed using the generalized gradient approximation
(GGA) for the exchange−correlation potential with a plane-wave
basis and the projected-augmented wave (PAW) method as implanted
in the Vienna ab initio Simulation Package (VASP). The energy cutoff
for the plane wave was set to 700 eV for structural relaxation and 600
eV for electronic structural calculations. The optB86b-vdW exchange
functional was adapted to obtain comparable lattice parameters of
freestanding ML CrI2 with the experimental data. An effective
Hubbard on-site Coulomb parameter U = 3.0 eV was used for Cr
atoms to account for the strong correlation effect. The supercells of
CrI2/CrI3 lateral heterostructures with armchair and zigzag directions
have in-plane dimensions of a = 79.91 Å, b = 12.13 Å and a = 76.26 Å,
b = 7.00 Å and a vacuum region of 20 Å in the out-of-plane direction,
respectively. The first Brillouin zones of the supercells were sampled
by the Monkhorst−Pack k-point meshes with 1 × 4 × 1 for armchair
and 1 × 6 × 1 for zigzag heterostructures. With fixed supercells of
heterostructures, all of the model structures were fully relaxed for the
ionic and electronic degrees of freedom with convergence criteria of
10−5 eV for energy and 0.01 eV/Å for force.
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