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ABSTRACT: Defects in hexagonal boron nitride (hBN), a two-dimensional van
der Waals material, have attracted a great deal of interest because of its potential
in various quantum applications. Due to hBN’s two-dimensional nature, the spin
center in hBN can be engineered in the proximity of the target material,
providing advantages over its three-dimensional counterparts, such as the
nitrogen-vacancy center in diamond. Here we propose a novel quantum sensing
protocol driven by exchange interaction between the spin center in hBN and the
underlying magnetic substrate induced by the magnetic proximity effect. By first-
principles calculation, we demonstrate that the induced exchange interaction
dominates over the dipole−dipole interaction by orders of magnitude when in
the proximity. The interaction remains antiferromagnetic across all stacking
configurations between the spin center in hBN and the target van der Waals
magnets. Additionally, we explored the scaling behavior of the exchange field as a
function of the spatial separation between the spin center and the targets.

Q uantum sensing based on a solid state platform has
been successful in delivering high-resolution and stable

measurements of various physical quantities such as temper-
ature, pressure, strain, and magnetic, electric, and even
gravitational fields.1−4 High-precision, high-spatial resolution
detection of magnetic fields is particularly important because it
enables a detailed understanding of physical phenomena
ranging from fundamental quantum mechanics to many
intricate biological processes.5−9 Among the candidate plat-
forms for probing the magnetic field, color centers with a
particular spin and an optical interface suitable for manipu-
lation have been extensively investigated.10−12 Current sensing
applications predominantly rely on the Zeeman interaction
between the color center spins and the small stray field
generated by the sensing target. Such Zeeman splitting is in the
microwave range and is usually measured by optically detected
magnetic resonance (ODMR).
One widely used color center is the nitrogen-vacancy (NV)

center in diamond.5,13−15 Despite its success, the NV center
suffers from several intrinsic limitations. First, high-quality NV
centers are usually embedded in the diamond bulk, as it is
difficult to obtain the NV center with a long coherence time
near the diamond surface due to the noise from surface
dangling bonds or the loss of the desirable charge state.16,17

This bulk embedding simultaneously impedes the ability to
probe the sensing target in extreme proximity for atomic
resolution. Furthermore, the magnetic sensing capabilities of
NV centers are constrained by their inability to detect the
magnetism of underlying targets with net zero magnetic
moments, like antiferromagnetic (AFM) materials, which

results in a vanishing stray field signal, excluding their use as
in situ sensors for such applications. Second, Zeeman
interaction splitting is determined by the projection of the
stray field to the quantization axis of the color center. If the
stray field is orthogonal to the quantization axis, then there will
be no signal on the ODMR spectrum. Thus, a single NV center
is sensitive to only the variation of the stray field along the
predetermined quantization axis. These limitations mentioned
above are generic for color centers embedded in bulk
semiconductors.
A material platform that supports a fundamentally new

sensing paradigm could be provided by defects in hexagonal
boron nitride (hBN),18−26 a two-dimensional (2D) van der
Waals (vdW) material. 2D vdW materials can be engineered
into an atomically thin layer while free from dangling
bonds.27,28 This effectively resolves the two limitations we
encounter with color centers in bulk semiconductors. The
integration of 2D vdW materials into heterostructures
facilitates the engineering of defects within a few layers from
the interface with the target sample, providing an opportunity
for a new paradigm of ultrasensitive, in situ quantum sensing.29
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In this Letter, we propose a novel quantum sensing protocol
driven by the exchange interaction between the spin center in
the 2D vdW material and the target sample, demonstrated in
Figure 1. Our ab initio calculations demonstrate a gigantic

exchange interaction on the order of millielectronvolts between
the negatively charged boron-vacancy (VB

−) center and a
magnetic substrate when engineered to be in the proximity of a
heterostructure. Remarkably, the strength of such an exchange
interaction remains robust across all stacking configurations
and dominates over classical dipole−dipole or stray-field
interactions. Our proposal addresses obstacles encountered
with a stray-field-based sensing protocol. This work thus
introduces a new exchange interaction-driven in situ quantum
sensing scheme with the potential for ultrahigh sensitivity.
hBN hosts a variety of optically addressable defects that

remain robust at room temperature and pressure.18,22,30−35

The negatively charged boron vacancy (VB
−) in hBN has

attracted a particular level of interest due to its maturity in the
fabrication process and depth of research into its electronic
and optical properties. Many recent studies have demonstrated
the ability to initialize, manipulate, and read out the spin state
of VB

−.20,21,23,36,37 Since the first experimental report, the VB
−

quantum sensing application has spanned the static magnetic
field, temperature, strain, pressure, and spin fluctua-
tion.24−26,38−40 In this work, we primarily focus on VB

− as
the quantum sensors.
We start by outlining two general design principles of

quantum sensing based on proximity-induced exchange
interactions. First, the quantum sensor, i.e., the spin center,
has to be structurally and electronically stable. This requires no
covalent or ionic chemical bonds or charge transfer between
the desirable spin center and the sensing target (Figure 1c). To
this end, we identified several 2D magnetic semiconductors,
such as CrI3, CrCl3, and CrSBr, as the sensing target of current
interests, due to their technical importance41−45 and
compatibility with the VB

− center.
The second design principle of proximity quantum sensing is

a significant exchange interaction between the quantum sensor
and the target, which causes measurable changes in the
electronic structures of the quantum sensors. The VB

− center
features a spin triplet ground state with a total magnetic
moment of 2 μB. The exchange interaction will split the ms = 1
and ms = −1 spin states within the VB

− ground state manifold,
which could be measured by an experiment such as the
optically detected magnetic resonance. Upon forming a vdW
interface, we expect the exchange interaction between VB

− and
2D magnetic semiconductors, such as CrI3, to be comparable

Figure 1. Schematic of quantum sensing based on proximity-induced
exchange interactions. Orange and dark red arrows denote the
magnetic moments of the VB

− spin center and the sensing target (blue
layer), respectively. Optical manipulation and readout of the VB

− spin
state are marked with light green and red arrows. (a) hBN layer
containing a VB

− spin center coated on an atomic force microscopy
cantilever and positioned in the proximity of the sensing target. (b)
vdW heterostructure formed by hBN containing ensembles of the VB

−

spin center and magnetic material, i.e., the sensing target. The dashed
lines denote strong proximity-induced exchange interactions that
couple the VB

− spin centers with the local magnetic environment. (c)
Schematic of the possible band alignment scenario for the VB

− center
and the sensing target. Such alignment prevents charge transfer
between the VB

− center and the sensing target, ensuring the electronic
stability of the VB

− center for quantum sensing application.

Figure 2. PBE-calculated spin-polarized band structure, showing majority spin (blue) and minority spin (red) for (a) hBN VB, (b) CrI3, (c) CrCl3,
(d) CrSBr, and (e) hBN VB

−. Monolayer structures with a 16 Å vacuum layer are adopted. The vacuum level is set to zero for all band structures
(a−d). The gray shaded regions represent the valence bands.
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in size to the pairwise exchange interactions between adjacent
magnet layers. In addition, the robustness of our proposed
sensing scheme is ensured by the dominance of such significant
exchange interaction over other interactions such as dipole−
dipole interaction.
Potential experimental realizations of this novel quantum

sensing protocol include the direct integration of the VB
− spin

center with an atomic force microscopy cantilever to scan the
sensing target in the proximity, as shown in Figure 1a. The
hBN sheets containing the VB

− spin center could be coated on
the surface of the atomic force microscopy cantilever.
Alternatively, one can incorporate the VB

− center and the
sensing target into a vdW heterostructure, depicted in Figure
1b, via existing technology such as optically detected magnetic
resonance (ODMR) for the purpose of measurement. The
inherent 2D nature adds extra flexibility to the experimental
setup, allowing for the adaptation of the hBN sheet onto
various surfaces.
Because the VB

− center is negatively charged, electron
transfer between the VB

− center and the sensing target can lead
to a change in the charge state and eventually the instability of
the spin center. To satisfy the first design principle and ensure
the stability of the VB

− center, it is imperative to avoid a type
III (or broken-gap) band alignment between the sensing target
and the VB

− center. In the type III configuration, the highest
occupied molecular orbital (HOMO) of the VB

− center
overlaps with or exceeds the lowest unoccupied molecular
orbital (LUMO) of the sensing target, or vice versa. This
would suggest an alternative electronic ground state other than
the desired VB

− state. Figure 1c shows an example of the
preferred band alignment between the sensing target and the
VB

− center.
We expect the proper band alignment to serve as a baseline

requirement for selecting specific candidate sensing targets. As
shown in Figure 2, band structure calculations are carried out
for VB and candidate monolayer target magnets, including CrI3,
CrCl3, and CrSBr. The band energies are defined relative to
the vacuum level. In the case of VB

−, the vacuum level of this
stand-alone charged defect is not well-defined due to the slow
1/r decay of the charge’s Coulomb potential. However, when
VB

− and target magnets are placed adjacent to each other, the
Coulomb potential will act on both systems despite a small
decrease. An estimate of the band alignment may be obtained
by neglecting the decrease and aligning the hBN bulk band of
VB

− (Figure 2e) to those obtained from VB (Figure 2a). From
the alignment, we find that the LUMOs of CrI3 (Figure 2b)
and CrCl3 (Figure 2c) sit above the HOMO of VB

− (Figure
2e). This ensures the charge state of VB

− will be stable when
stacked in the proximity of CrI3 and CrCl3. In contrast, the
LUMO of CrSBr (Figure 2d) overlaps in energy with the
HOMO of the VB

− center, indicating charge transfer between
VB

− and CrSBr.
On the basis of this guideline, we performed direct

calculations to verify the stability of the VB
− center when

placed on various 2D magnetic semiconductors that can serve
as candidate sensing targets. As an example, we construct a
commensurate heterostructure with a layer of hBN, containing
one VB

− center, and a monolayer of CrI3, positioning the VB
−

center directly above a Cr atom. After full supercell lattice
relaxation, the heterostructure remains flat with no discernible
out-of-plane displacements or bends. The VB

− center retained
a total magnetic moment of 2 μB, verifying the stability of the
desired VB

− state. In addition, there is no significant alteration

in the bonding environment, and the interlayer interaction
remains predominantly vdW in nature.
Similar tests of stability are also performed for CrCl3 and

CrSBr. The heterostructure formed by the VB
− center and

monolayer CrCl3 displays the same structural and electronic
stability as shown in the case of CrI3. On the contrary, the
heterostructure formed by VB

− center and monolayer CrSBr
fails to maintain the atomic and electronic structure of the VB

−

state after full lattice relaxation. Our band alignment
requirement successfully estimated the stability in all three
test cases.
For the following study, we selected CrI3 due to the

considerable band gap it offers in the VB
− and magnetic

substrate heterostructure system, ensuring the higher elec-
tronic stability of the VB

− charge state. We note that the self-
energy corrections due to many-electron effects are not well
captured in the Kohn−Sham band structures. To better
describe the band alignment, we have further performed
calculations using hybrid functional HSE0646,47 because of its
reasonable computational cost in the supercell. The HSE06
band alignment results (see the Supporting Information) are
consistent with the DFT-PBE band alignment.
The second design principle of proximity quantum sensing

requires a significant exchange interaction between the
quantum sensor and target. Monolayer CrI3 displays an out-
of-plane easy-axis ferromagnetic ground state under strong
intrinsic spin−orbit coupling.48 Given the negligible spin−
orbit coupling strength in hBN, the spin orientation of the VB

−

spin center should be polarized and collinear with the out-of-
plane easy axis of CrI3. The exchange interaction between CrI3
and VB

− can be described by a spin Hamiltonian with effective
exchange field Bexc

= ·H g B SB exc (1)

where S is the total electron spin − 1 operator for the VB
−

center, g is the Lande ́ factor, and μB is the Bohr magneton. In
our collinear calculation, Bexc remains aligned with the
direction of the triplet spin center. Thus, the magnitude of
such an effective exchange field can be obtained by

| | =
g m

E EB
1

( )exc
B s

FM AFM
(2)

where EFM (EAFM) is the total energy of the hybrid system with
FM (AFM) coupling between the VB

− spin center and CrI3
substrate and Δms is the change in the spin quantum number
of VB

−.
While the sign and magnitude of this effective exchange field

can be postulated to vary, contingent on the stacking
configuration between the hBN layer and CrI3 substrate, our
first-principles calculations suggest that the interaction always
favors AFM coupling across all stacking configurations,
regardless of the interlayer twist angle and lateral shift. To
demonstrate this, we adopt an hBN flake structure hosting a
VB

− defect at the center with hydrogen termination on the
edge to model the quantum sensor. The flake structure (in
comparison to extended structure) allows us to fully investigate
the rotational and translational degree of freedom of the
stacking dependence, free from the geometry constraint of
supercells.
We start by considering a monolayer hBN with VB

− in direct
contact with CrI3 (shown in Figure 3a). As expected from our
previous discussions, the VB

− defect remains structurally and
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electronically stable upon being stacked on CrI3. Due to the C3
symmetry of VB

−, the heterostructure’s full interlayer twisting
degree of freedom can be reduced to the range ofÄ

Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ0,stack

2
3
, where θstack is the relative in-plane rotation

angles between hBN and CrI3. In total, four unique twist angles
(θstack), each with a 6 × 6 grid for lateral translation in the unit
cell of CrI3, were sampled. The pattern of the effective
exchange field at θstack values of 0° and 90° are shown in panels
b and c, respectively, of Figure 3 (see the Supporting
Information for data for θstack values of 0°, 30°, 60°, and 90°).
To verify that the findings obtained with the hBN flake

method are not influenced by finite size effects, we also
performed similar calculations using a periodic heterostructure
composed of hBN and CrI3. A 6 × 6 grid within the unit cell of
CrI3 is sampled, and the heat map of its effective exchange field
is shown in Figure 3d. The magnitude and direction of Bexc
calculated using the periodic heterostructure at 101° are close
to those obtained from the hBN flake method at 90°.
The average of the effective exchange field over the sampled

stacking configurations is B̅exc ≈ 83 T (equivalent EFM − EAFM
≈ 10 meV), several orders of magnitude greater than the
typical size of magnetic dipole interaction. This value varies
with a standard deviation (σstd) of 19 T, ranging between a
minimum of 33 T and a maximum of 168 T. Interestingly, the
direction of the exchange field, or the sign of Bexc from the
calculations, remains unchanged throughout all stacking
configurations. This contrasts with the spatially varying
direction of stray fields generated by a 2D magnet several
angstroms from the sample surface, as we will discuss below.
Typically, the quantum sensing protocol conducted with solid
state spin centers, such as the NV− center in diamond, is
performed by measuring the projected stray field to the spin

center’s quantization axis. A spatial variation in direction can
cause the projection, and hence the interaction magnitude, to
fluctuate around zero, effectively hindering sensing at the
atomic level resolution. Relying on a fundamentally different
mechanism, our proposed protocol showcases a unidirectional
AFM exchange field that promises high sensitivity in probing
the magnetism.
Next we discuss the dependence of the magnitude of Bexc on

the stacking order. We selectively highlighted two equivalent
stacking orders, VB

−A′ and VB
−B′, in Figure 3b. These

particular stacking configurations were chosen for the sake of
illustration because they exhibit comparable magnitudes of Bexc
at all of the θstack values we calculated, suggesting a strong
correlation between stacking order and Bexc.
The microscopic mechanism of the interlayer coupling is

AFM superexchange between the Cr atoms in CrI3 and the
VB

− defect mediated by the I p orbitals. The Cr atom in CrI3 is
in a 3d3 electronic configuration with three unpaired electrons
in the t2g orbitals at the valence top. The VB

− defect’s magnetic
moment originates from two half-filled E′ orbitals.49 Many
exchange pathways between the defect and Cr are possible. We
select six main superexchange pathways, which include nearest
neighbor I atoms in coordination with N atoms surrounding
the VB

− defect and two adjacent Cr atoms, with an angle ϕ in
each pathway, and one such pathway is illustrated in Figure 4a.

Figure 4b demonstrates a competing exchange interaction
process between the Cr atom and VB

− defect. When the angle
ϕ of the exchange pathway approaches 180°, both Cr t2g
orbitals and the VB

−E′ orbitals couple to the same I p orbital,
which leads to an AFM superexchange. Conversely, as ϕ nears
90°, the Cr t2g orbitals and VB

−E′ orbitals tend to couple to
orthogonal I p orbitals, favoring an interlayer FM super-
exchange via Coulomb exchange interactions on the I atom.
This competition between interlayer AFM and FM super-
exchange is known as the Goodenough−Kanamori rule.50−52

We then calculated the mean value of ϕ under different
stacking configurations and found that ϕ and Bexc are positively
correlated, with a notable coefficient of determination (R2) of
0.5 (see the Supporting Information for details). This strong
correlation substantiates our theoretical analysis on the nature
of the interlayer superexchange interaction, which favors
stronger AFM coupling as ϕ increases. We do not find
including the Hubbard U term has a pronounced influence on
the property of this proximity-induced superexchange mech-
anism (see the Supporting Information for more details).
Given the significant exchange field when the VB

− center is
situated in the first hBN layer above the magnetic substrate, we

Figure 3. Dependence of effective exchange field Bexc on the interlayer
stacking configuration of the hBN/CrI3 monolayer. (a) Top view of a
VB

− defect positioned directly above a Cr atom in the A sublattice of
the CrI3 unit cell (VB

−A stacking) that establishes the reference
configuration for both interlayer rotation θstack and lateral translation.
The (100) and (010) lateral shift directions are labeled with red and
blue arrows, respectively. Effective exchange field Bexc calculated using
the hBN flake method with (b) a θstack of 0° and (c) a θstack of 90°. (d)
Bexc calculated using a periodic heterostructure with a θstack of 101°.
The VB

−B, VB
−B′, VB

−A′ stacking order corresponds to a fractional
lateral shift of the hBN flake by approximately (2/3, 1/3), (2/3, 0), (1/3,
0) with respect to the VB

−A stacking order, respectively. The heat
maps in panels b−d were drawn by interpolating neighboring data
points on a 6 × 6 grid.

Figure 4. (a) Schematic of the interlayer superexchange pathway
(orange dashed line) between the Cr atom and the VB

− defect with
the exchange pathway angle ϕ shown. (b) Schematic of angle-
dependent AFM/FM interlayer superexchange.
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investigate a realistic scenario in which the defect spin center is
separated by pristine BN layers from the sensing targets. This
scenario mimics experiments in which multiple layers of BN
are often stacked atop vdW magnets. We sample stacking
configurations for a bilayer hBN (in its natural AA′ stacking)
flake on the CrI3 heterostructure similar to the case of the
hBN/CrI3 monolayer, but with an additional pristine hBN
layer between the VB

− defect layer and the CrI3 substrate.
Despite the much larger spatial separation between the VB

−

and CrI3, we discover a large exchange field that always favors
AFM coupling in the bilayer hBN/CrI3 system. The field
averages to B̅exc ≈ 12 T (equivalently EFM − EAFM ≈ 1.4 meV),
with a σstd of 2.3 T and ranging between 8 and 16 T. This is a
surprising finding because the exchange pathway involves an
additional pristine layer of hBN with a large band gap, which
introduces a barrier for the virtual hopping across the vdW gap.
Figure 5 shows the magnitude of Bexc when the VB

− defect is

stacked onto CrI3 at different positions (see the Supporting
Information for the full set of data). The exchange field
maintains a similar magnitude across varied interlayer rotations
and translations, exhibiting patterns consistent with those we
discovered from the first layer.
To understand the exchange interactions, we notice that

with an extra pristine hBN layer, interlayer Cr−VB
− exchange is

mediated by the I p orbital and the pristine hBN’s p orbital,
and therefore super-superexchange in nature. Given the natural
stacking configuration of the hBN layers, the vertical interlayer
hopping between the orbitals of the defect and those in the
pristine BN layers remains unchanged despite shifts and
rotations of the bilayer relative to those of the CrI3 substrate. It
is the hybridization between the pristine hBN and the CrI3 that
determines the variation of the orbital-dependent FM and
AFM exchange competition. In comparison to the super-
exchange process, the super-superexchange pathway now
involves a B atom directly beneath a N atom adjacent to the
VB

−, extending to an I atom, and finally connecting to the
nearest neighbor Cr atom. Our first-principles results suggest
that the characteristic AFM coupling, facilitated by the higher-
order superexchange through the layered hBN matrix, should
be preserved even as the thickness of pristine hBN between the
VB

− defect layer and CrI3 substrate increases, because it
contributes only additional vertical B−N hoppings with no
stacking dependence. Therefore, our proposed quantum
sensing protocol driven by such exchange interaction can be
extrapolated to structures incorporating more than one layer of
pristine hBN, although systematic first-principles studies are

unfeasible at this moment due to the higher computational
cost.
Furthermore, we analyze the dominance of exchange

interaction over dipole−dipole interaction between the VB
−

spin center and the magnetic substrate as the proximity
changes. Figure 6 represents exchange interaction Bexc of

various stacking configurations within the first two hBN layers
and compares it with the z ̂ component of stray field Bz
generated by the CrI3 substrate that is periodic in the basal
plane

= ·
Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑr r

B r
r m r m

( )
4

3 ( )0
5 3 (3)

where μ0 is the vacuum permeability and m is the magnetic
moment of Cr atom. The stray field, arising from each Cr ion’s
3 μB out-of-plane magnetic moment, is 3 orders of magnitude
weaker than Bexc at close proximity. Moreover, while Bexc
remains robustly AFM, Bz exhibits spatial variations in sign,
evident from its fluctuations around zero in Figure 6.
The robust magnetic proximity effect in the presence of

additional hBN layers suggests that the exchange interaction
can dominate over a dipole field even at a larger distance. As
the exchange interaction depends on the overlap of the
electronic wave function or hopping process, its magnitude
should exhibit a power law decay as the distance or pathways
become longer. Based on the decay rate from the first to
second layer of hBN, we anticipate that Bexc will reach the
order of 0.1 mT at the seventh layer, thereby still maintaining
its dominance over the stray field for the spin center embedded
in the three-dimensional structure.
In this study, we introduce a novel quantum sensing scheme

driven by the exchange interaction induced by the proximity
between the spin center and magnetic sensing target. The
practical implementation of this principle was explored
utilizing the VB

− spin center in hBN proximate to a CrI3
magnetic substrate, employing ab initio methods. Our
calculation revealed a unidirectional and robust AFM exchange
interaction between VB

− and CrI3. The exchange field is
estimated to dominate the magnetic dipole field with up to

Figure 5. Effective exchange field Bexc calculated for the bilayer-hBN
CrI3 system, where there is a pristine hBN between the VB

− layer and
the CrI3 substrate. Full space lateral translation under certain θstack
interlayer relative rotations: (a) θstack = 0° and (b) θstack = 90°.
Because hBN has AA′ ground state stacking, various stacking orders
are preserved as marked in the heat map.

Figure 6. Quartile box plot for the magnitude of effective exchange
field Bexc on a log scale containing all sampled stacking configurations
from the VB

−/CrI3 heterostructure. The dashed black line extrapolates
the power law decay of the exchange interaction strength. The stray
field’s z ̂ component, Bz, is shown in a linear scale (blue) calculated
from uniformly sampled positions within a CrI3 unit cell.
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seven layers of pristine hBN between the spin center and the
magnet.
As controlled generation of the VB

− defect at different
depths and positions has been experimentally demonstra-
ted,32,53 our proposed proximity-induced exchange interaction-
driven quantum sensing protocol can be readily realized using
a hBN-coated cantilever or in a fabricated heterostructure
device. The principles established from the VB

− and CrI3 case
may be applied to other optically active spin defects in 2D
materials, such as WS2.

54 On the other hand, the VB
− defect

may also be applied to investigate magnetic materials with zero
net magnetization, such as AFM materials. This is because the
exchange interaction is primarily dominated by the direct or
indirect overlap of electronic wave functions between quantum
sensors and sensing targets, and the VB

− defect strongly
couples to magnetic ions or layers in its immediate proximity,
rather than the total dipole field. This study thereby pioneers
an ultrasensitive in situ quantum sensing model driven by
proximity-induced exchange interaction between the quantum
sensor and target, which may overcome intrinsic limitations of
stray-field sensing.

■ METHODS
All ab initio calculations (except those specifically noted) were
performed by using Density Functional Theory (DFT), with
the Perdew−Burke−Ernzerhof (PBE)55 functional for electron
exchange and correlation potentials, as implemented in the
VASP code.56 We employed the projector-augmented wave
(PAW)57 method for electron−ion interaction and an energy
cutoff of 520 eV for the wave function. Atomic coordinates are
relaxed until forces on an atom are <0.01 eV/Å, and the total
energy was converged to be within 10−6 eV. van der Waals
interactions are included in the DFT-D2 method.58 Moreover,
a 16 Å vacuum layer is adopted to avoid interactions between
the repeating images.
For the band alignment calculation, a 5 × 5 hBN supercell

containing one boron vacancy was used, with a hBN lattice
constant of 2.51 Å and Γ-centered 6 × 6 × 1 k-point sampling.
The monolayer unit cell of CrI3 and CrCl3 was used with
lattice constants of 7.01 and 5.97 Å, respectively, with a Γ-
centered 9 × 9 × 1 k-point sampling for both. We use a
monolayer unit cell of CrSBr with lattice constants a = 3.51 Å
and b = 4.71 Å with Γ-centered 12 × 9 × 1 k-point sampling.
For the effective exchange-field calculation, we use a circular

flake structure with 41 B and 42 N atoms, containing one
boron vacancy in the center and a hydrogen termination on the
edge. The underlying substrate contains a 4 × 4 CrI3 unit cell
in each periodic unit. We performed Γ only k-point calculation.
The alternative periodic supercell of the hBN and CrI3
heterostructure is formed by a layer of 16-hBN unit cell on
4-CrI3 unit cell with Γ-centered 3 × 3 × 1 k-point sampling.
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