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Twist-angle dependent pseudo-magnetic fields
in monolayer CrCl2/graphene heterostructures†
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The generation of pseudo-magnetic fields in strained graphene

leads to quantized Landau levels in the absence of an external

magnetic field, providing the potential to achieve a zero-magnetic-

field analogue of the quantum Hall effect. Here, we report the

realization of a pseudo-magnetic field in epitaxial graphene by

building a monolayer CrCl2/graphene heterointerface. The CrCl2
crystal structure exhibits spontaneous breaking of three-fold rota-

tional symmetry, yielding an anisotropic displacement field at the

interface. Using scanning tunneling spectroscopy, we have discov-

ered a sequence of pseudo-Landau levels associated with massless

Dirac fermions. A control experiment performed on the CrCl2/

NbSe2 interface confirms the origin as the pseudo-magnetic field

in the graphene layer that strongly interacts with CrCl2. More

interestingly, the strength of the pseudo-magnetic fields can be

tuned by the twist angle between the monolayer CrCl2 and gra-

phene, with a variation of up to threefold, depending on the twist

angle of 08 to 308. This work presents a rare 2D heterojunction for

exploring PMF-related physics, such as the valley Hall effect, with

the advantage of easy and flexible implementation.

Introduction

The phenomenon of strain-induced pseudo-magnetic field
(PMF) in graphene has garnered significant attention in recent
years.1,2 PMF is a form of gauge field that mimics electron
behavior in a real magnetic field, revealing the characteristics
of Landau quantization.3 Unlike the real magnetic fields, the

pseudo-magnetic field maintains the time-reversal symmetry
and has opposite signs at the two K valleys, resulting in a valley
Hall effect.4,5 It has been theoretically understood that non-
uniform shear strain is the key factor producing finite PMF,
while uniaxial or isotropic strain has zero net field.2,6 The
experimental realization of the PMF (and the corresponding
discrete Landau levels) in graphene is primarily achieved
through local deformations, either by randomly formed bub-
bles/ripples5,7,8 or by artificially fabricated nanostructures.9–12

A more scalable approach to introducing the PMF lies in the
moiré superlattice, which is usually accompanied by out-of-
plane corrugation and minor in-plane displacements.13,14

Although moiré patterns commonly occur when stacking two
van der Waals (vdW) layers together, the presence of PMF is
mostly limited to bilayer graphene (or graphene/hBN hetero-
structures) with a small twist angle.14,15 This is because when
the twist angle is small, the relatively intense inter-layer atomic
interaction favors deforming the two lattices with strain gradi-
ent, while at larger twist angles, the two lattices are more likely
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New concepts
Inhomogeneous deformation of graphene has the capacity to generate a
pseudomagnetic field (PMF), which gives rise to novel electronic char-
acteristics in the absence of a real external magnetic field. A scalable
approach to incorporating PMF in graphene is based on the creation of
moiré superlattices; however, this approach is typically constrained to
very small twist angles in bilayer graphene. It is anticipated that hetero-
stacking with symmetry-mismatched van der Waals layers will overcome
the limitations on twist angles. Nevertheless, the experimental
demonstration of a pronounced PMF with a range of twist angle is a
rare occurrence. Herein, we report the realization of tunable pseudo-
magnetic fields in epitaxial graphene that are not constrained by the twist
angle by building a symmetry-breaking monolayer CrCl2/graphene
heterostructure. The strength of the PMF can be tuned by the twist
angle between the monolayer CrCl2 and graphene; a change in the
angle from 01 to 301 can result in a threefold difference in the field
strength. This work presents a rare 2D heterostructure for exploring PMF-
related physics, with the advantage of easy and flexible implementation.
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to act independently.15 Stacking graphene with vdW layers
without C3 rotational symmetry, i.e., the symmetry mismatch,
leads to non-rotationally symmetric interface interactions. This
may naturally remove the above limitation on the twist angle.
The experimental realization of pronounced PMF with a range
of twist angles is rare, except for a pioneering work on gra-
phene/black phosphorous.13 However, the puckered honey-
comb structure of black phosphorus necessitates the use of
thicker layers, which limits its applications. Therefore, it is
essential to explore a more rigid single-layer material that lacks
C3 rotational symmetry.

Here, we report on a new platform to realize PMF in a
symmetry-mismatched heterostructure, i.e., monolayer CrCl2

on top of epitaxial graphene, with the twist angle being tunable
from 01 to 301. While the bulk crystal of CrCl2 has been
synthesized before, its thin-film layers, not to mention the
monolayer limit, have never been achieved so far. We adopt
molecular beam epitaxy (MBE) to successfully synthesise mono-
layer CrCl2 through the decomposition of a pre-formed CrCl3

monolayer. By using scanning tunneling microscopy/spectro-
scopy (STM/S), we found that monolayer CrCl2 is a wide gap
semiconductor. Intriguingly, a cascade of peaks was observed
near the Dirac point of graphene, whose energy levels can be
well depicted by the Landau levels of massless Dirac fermions,
indicating the appearance of a pseudo-magnetic field. In addi-
tion, we have demonstrated that the intensity of PMF exhibits a
monotone decreasing by a factor of 3 as the twist angle in CrCl2/
graphene heterostructures varies from 01 to 301. Our maximum
twist angle exceeds that of the graphene/black phosphorus
work (12.41), enabling a broader adjustment range. Our work
provides a promising approach to introduce twistable moiré
induced PMF in the epitaxially grown graphene that offers

significant advances in the sample quality and size compared
to the cleave-transferring graphene used in the graphene/black
phosphorus studies.16

Results and discussion

In our experiments, the CrCl3 monolayer was first grown on
epitaxial graphene/SiC(0001) following a previously reported
procedure.17 It is known that under moderate thermal heating,
CrCl3 can decompose into CrCl2.18,19 However, direct synthesis
of monolayer CrCl2 through this decomposition is impeded by
the desorption of CrCl3 from the graphene surface at a slightly
lower temperature. As shown in Fig. S1 (ESI†), this difficulty
was overcome by a small amount of NbSe2 deposition, which
creates CrCl3–NbSe2 lateral heterojunctions that inhibit the
desorption at the subsequent decomposition reaction. The
comparison of the structures of CrCl3 before annealing and
CrCl2 after annealing is presented in Fig. S2 (ESI†). Fig. 1a
presents a typical STM topographic image of the as-grown
sample, showing that the monolayer CrCl2 flake is always
formed adjacent to monolayer NbSe2.

Fig. 1b is an atomically resolved image of the monolayer
CrCl2. Note that previous studies have suggested that the CrCl2

monolayer is expected to exhibit 1-T crystal structure with C3v

symmetry.20 Though top-layer Cl atoms appear to form a
hexagonal lattice, direct measurements of the lattice constants
along three supposedly ‘‘equivalent’’ directions are not equal,
i.e., a2 = a3 4 a1, as shown in Fig. S3 (ESI†). A more evident
result lies in the fast Fourier transformation (FFT) analysis of
an atomically resolved image, as displayed in Fig. 1d. The Bragg
peaks q1, q2 and q3, marked in yellow, green and red, respec-
tively, appear as rather sharp spots indicating their uniform

Fig. 1 Morphology and atomic structures of monolayer CrCl2. (a) STM topographic image of CrCl2 film (VBias = 1.5 V, It = 3 pA). (b) Atomically resolved
images of the monolayer CrCl2 with an overlaid schematic model (VBias = 0.4 V, It = 10 pA). (c) STM images of the monolayer CrCl2 (VBias = 1.5 V,
It = 10 pA). (d) The FFT image of an atomically resolved image. (e) Line profiles along q1, q2 and q3 in (d). (f) The schematic models showing moiré patterns
at y = 01. (g) Top and side views of the atomic structural model of a CrCl2 monolayer. (h) The schematic diagram of CrCl6 octahedra. Blue and green balls
represent Cr and Cl atoms, respectively.
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distribution over the sample (Fig. 1d). Furthermore, they dis-
play varying lengths, with q3 being less than q1 and q2. The exact
numbers of reciprocal vectors drawn from Fig. 1e give the
lattice constants a1 = 0.348, a2 = 0.391, and a3 = 0.393 nm.
The detailed calibrations to eliminate slightly anisotropic
responses of the piezo scanner and the derivation processes
of a from q are shown in Fig. S4 (ESI†). Our first-principle
calculations also reproduce the distortion of the CrCl2 crystal
structure. The relaxed structure (Fig. 1g and h) shows that the
CrCl6 octahedra got elongated along one of the Cr–Cl bonding
directions, resulting in Cr–Cl bond lengths of 0.284 nm and
0.242 nm (compared to 0.249 nm before relaxation20). The
theoretical values of a1, a2 and a3 are 0.349 nm, 0.389 nm,
and 0.391 nm, respectively, which are in good agreement with
the experimental observations. Our finding of the C3 rotational
symmetry breaking in monolayer CrCl2 resembles recent
reports for CrI2 and CrBr2.21,22

Furthermore, one can observe the formation of a moiré
superlattice between the CrCl2 and graphene (as shown in
Fig. 1c). The identification of the moiré pattern can be found
later. This moiré pattern deviates significantly from the hex-
agonal lattice, with a parallelogram unit cell measuring
L1 = 1.90 nm and L2 = 2.02 nm. With the above identified
distortions in the CrCl2 structure, we are able to acquire an
accurate simulation of the observed parallelogram superstruc-
ture (Fig. 1f). Here, the twist angle y between CrCl2 and
graphene, defined by the a1 of CrCl2 and graphene h100i
(Fig. 1f), is 01 as determined by direct measurements of the
atomic lattices of CrCl2 and the nearby exposed graphene.

In our experiments, we found that the CrCl2 layer has no
preferred orientation with respect to the graphene substrate. A
series of twist angle dependent moiré patterns can be found on
the surface of the CrCl2 monolayer. Fig. 2a–d shows a set of
images with typical y values of 61, 91, 191 and 301, respectively,
while the corresponding simulations are displayed in Fig. 2e–h.

The super-periodicities, exemplified by L2, decrease monoto-
nously with the increase of the twist angle, which is 1.02 nm,
0.83 nm and 0.62 nm for 61, 91 and 191. At y = 301, the moiré
patterns become almost imperceptible in both experiments and
simulations. It is worth noting that the tunable moiré features
were absent in previous studies of chromium dihalide/gra-
phene systems.21 In our case, as shown in Fig. S5 and S6 (ESI†),
pre-grown NbSe2 provides the attractive possibility of
studying the moiré physics in chromium dihalide-graphene
heterostructures.

The electronic properties of the CrCl2/graphene heterostruc-
ture are characterized through dI/dV spectroscopic measure-
ments. The dI/dV conductance is related to the local density of
states of the sample under the STM tip. The dI/dV spectra
acquired from the CrCl2/graphene heterostructure demonstrate
that the occupied and unoccupied states start at �1.85 and
1.85 eV, respectively, with a resulting band gap of approxi-
mately 3.7 eV, indicating CrCl2 as a wide bandgap semiconduc-
tor (Fig. 3a). The Fermi level is found to be situated in the
middle of the band gap, suggesting that the monolayer CrCl2

on graphene exhibits negligible charge transfer.
Furthermore, the density of electronic states of graphene

beneath the CrCl2 layer was directly assessed using dI/dV
spectroscopy. To investigate the electron density of states of
graphene beneath CrCl2, it was necessary to further decrease
the tip–sample distance.23–25 By utilizing a set point of VBias =
�0.1 V and It = 100 pA, the density of states of the underlying
graphene close to the Fermi level is determined. Notably, the
dI/dV curve near the Fermi level of the CrCl2/graphene hetero-
structure exhibited a series of peaks, as shown in Fig. 3b. These
conductance peaks resemble those observed in previous STM
measurements of graphene heterostructures, where the strain-
induced pseudo-magnetic field leads to the formation of
pseudo-Landau levels (pLLs).13 Graphene can be subjected to
strain textures when combined with materials having lattice

Fig. 2 y-Dependent moiré superlattices of CrCl2–graphene heterostructures. (a)–(d) STM topography images show the evolution of moiré superlattices
of CrCl2 on an epitaxial graphene/SiC(0001) substrate (VBias = 0.4 V, It = 10 pA). (e)–(h) Moiré patterns are simulated with twist angles identical to those of
(a)–(d), respectively.
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mismatches, particularly non-hexagonal materials with differ-

ing symmetries.13 In the absence of an external magnetic field,

pseudo-Landau levels can also be induced in strained epitaxial

graphene.9 Consequently, the observed conductance peaks are

likely attributed to quantized pLLs arising from the strain-
induced pseudo-magnetic field. The energies of these quan-
tized pLLs follow the equation:26

EN ¼ ED þ sgnðNÞnF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e�hjNjBS

p
(1)

Fig. 3 Electronic structures and pseudo-Landau levels in CrCl2–graphene heterostructures. (a) dI/dV curve taken on a CrCl2 surface revealing its typical
semiconducting nature (VBias = 2.2 V, It = 30 pA). (b) dI/dV spectra of CrCl2 around the Fermi level on the graphene (orange) and NbSe2 (gray), VBias = �0.1 V,
It = 100 pA. Peaks are labeled by their corresponding LL index. (c) dI/dV curves of CrCl2 on graphene and NbSe2 in logarithmic scale (VBias = �0.1 V, It = 100 pA),
respectively. (d) The linear fit of peak energy versus square-root of LL index N.

Fig. 4 Twist angle dependent pseudo-magnetic fields. (a) dI/dV spectra of CrCl2 on the substrate of graphene with yE 01, 61, 91, 191 and 301. Peaks are
labeled by their corresponding LL index (VBias = �0.1 V, It = 100 pA). (b) The linear fit of normalized peak energy versus square-root of LL index N. yE 01,
61, 91 191 and 301 are plotted with different colors as labeled. (c) Measured pseudo-magnetic field as a function of twist angle in the CrCl2–graphene
system. The orange guideline shows the observed trend. (d) Line profiles of CrCl2 with different twist angles showing the buckling of superlattices along
the L2 measured by STM.
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Here, EN and ED are the energy of the Nth Landau level and the
energy of the Dirac point, �h is the reduced Planck constant, e is
the electron charge, vF is the Fermi velocity, and Bs is the
magnitude of the pseudo-magnetic field. In Fig. 3b, the loca-
tions of pLLs peaks are labeled by LL index N. The linear

relationship between the peak energy and sgnðNÞ
ffiffiffiffiffiffiffi
jNj

p
,

as depicted in Fig. 3d, aligns with the scaling behavior as
outlined in eqn (1). This correspondence suggests that the
conductance peaks arise from pLLs. By fitting the experimental
data to eqn (1) and considering the Fermi velocity of
graphene as vF = 1.0 � 106 m s�1,27–29 an estimation of
BS B 1.27 T is derived.

To rule out the possibility of in-gap states of CrCl2 resulting
from its lattice distortion or moiré potential, we fabricated a
vertical heterojunction of CrCl2/NbSe2, using NbSe2 as a sub-
strate (Fig. S7, ESI†). The band gap size and atomic structure of
CrCl2 in this vertical heterojunction are essentially identical to
those observed on graphene (Fig. 3c and Fig. S8, ESI†). Within
the CrCl2 band gap, only the electronic states of monolayer
NbSe2 can be probed throughout the on-top insulating layer,
and no series of peaks are observed (Fig. 3b and Fig. S9, ESI†),
which excludes the conduction peaks originating from
CrCl2. Additionally, the moiré periodic potential alters the local
density of states within the graphene layer, potentially leading
to the emergence of distinct peaks in the STS spectra.15,30

However, it is noted that the relationship between the
energy of these peaks and the index N follows EN p N rather

than
ffiffiffiffi
N
p

.31

Next, we explores the twist angle dependence of the pseudo-
magnetic fields. The representative dI/dV spectra of five super-
lattices with twist angles of approximately 01, 61, 91, 191 and 301
are depicted in Fig. 4a. These spectra exhibit a series of distinct
peaks with varying pLLs spacings. In Fig. 4b, the relationship

between the normalized energy EN � ED and the sgnðNÞ
ffiffiffiffiffiffiffi
jNj

p
of

the five superlattices is depicted. According to the fitting of
each dataset with eqn (1), the PMFs are calculated to be
approximately 1.27, 0.77, 0.58, 0.41 and 0.39 T for twist angles
of around 01, 61, 91, 191 and 301, respectively. It is observed that
the PMFs consistently decrease with an increase in the twist
angle, as illustrated in Fig. 4c. In Note S1 (ESI†), we show that
the Landau level spacing is affected by the twist angle. Further-
more, Fig. 4d illustrates the comparison of the buckling beha-
vior of five superlattices at twist angles of 01, 61, 91, 191 and 301.
A noticeable trend of out-of-plane buckling (denoted as h) is
observed through the measurement of the apparent height
along the L2 direction: h01 4 h61 4 h91 4 h191 4 h301. This
trend suggests that the out-of-plane deformations diminish
gradually as the twist angle increases. In the vdW heterostruc-
ture, the inter-layer forces are influenced by both the twist
angle y and lattice mismatch d. These forces induce strains in
both layers, which are partially relieved by deformation occur-
ring out of the plane.32 Consequently, the measurement of out-
of-plane deformation may serve as an indicator of the magni-
tude of graphene strain. As the twist angle increases incremen-
tally, the out-of-plane deformation is observed to decrease

gradually, signifying a gradual reduction in strain, which aligns
with the experimental findings.

Conclusion

In summary, CrCl2 films down to the single-layer limit are
prepared on an epitaxial graphene surface with the assistance
of lateral bonding (with NbSe2 in our case). The twist angles
between CrCl2 and graphene can be adjusted to produce
various moiré patterns, as our findings suggest. STS measure-
ments revealed a sequence of pLL peaks in the DOS consistent
with the strain-induced PMF. Furthermore, we demonstrate
that the strength of PMF can be adjusted by the rotation angle
of CrCl2 on the graphene. The 2D van der Waals heterostruc-
tures composed of magnetic semiconductors and graphene
provide a platform for future studies on low-dimensional magneto-
electric phenomena, while also offering the potential for achieving
a high-quality, large-scale, and well-established platform for
pseudo-magnetic fields. In addition, a single fabrication affording
the possibility of neighboring lateral heterojunctions (i.e., the
CrCl2/NbSe2), promotes single device architectures with different
physics in neighboring heterojunctions.

Methods
Preparation of the CrCl2/graphene heterostructures

The heterostructures were fabricated within a molecular beam
epitaxy (MBE) chamber that maintained a base pressure better
than 2 � 10�10 torr. Before growth, an epitaxial graphene
substrate was prepared by silicon sublimation from the
6H-SiC(0001) wafer. High-purity separated Nb (99.5%) and Se
(99.999%) sources were evaporated from an electron-beam
evaporator and a homemade Knudsen cell, respectively. The
flux ratio of Nb/Se was estimated to be 1 : 20. The pre-grown
NbSe2 inhibited desorption in the subsequent decomposition
reaction. An anhydrous powder of CrCl3 (99%) was evaporated
from a homemade Knudsen cell. The rate of growth, approxi-
mately 0.02 monolayer per min, was ascertained by monitoring
the coverages of the samples. The substrate was kept at 520 K
during growth. The CrCl2 samples were obtained through
subsequent vacuum annealing at 580 K for 0.5 h, which results
in the decomposition of CrCl3 and the formation of CrCl2. After
growth, the sample was then transferred from the MBE
chamber to the STM chamber under an ultra-high vacuum
environment.

Scanning tunneling microscopy and spectroscopy

The STM/S measurements were conducted using a com-
mercial Unisoku 1300 system at 4.4 K in ultra-high vacuum
(o1 � 10�10 torr). An electrochemically etched tungsten tip was
cleaned by electron beam bombardment and calibrated on a
standard Cu(111) sample before the measurements. The tun-
neling dI/dV spectra were obtained by using a standard lock-in
amplifier with a modulation voltage frequency of 932 Hz while
maintaining a constant tip–sample distance.
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