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Engineering Magnetic Phases of Layered
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Transfer
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ABSTRACT: Van der Waals heterostructures composed of distinct layered
materials can display behaviors entirely different from those of each individual
layer due to interfacial coupling. Here we investigate the manipulation of M@\
magnetic phases in two-dimensional magnets through interfacial charge transfer
in heterostructures of magnetic and nonmagnetic layers. This is demonstrated
by first-principles calculations, which unveil a transition toward the
ferromagnetic phase by stacking antiferromagnetic bilayer CrSBr on graphene.
Using an effective model consisting of two electronically coupled single layers,
we show that the antiferromagnetic to ferromagnetic magnetic phase transition
occurs due to interfacial charge transfer, which enhances ferromagnetism. We further reveal that the magnetic phase transition
can also be induced by electron and hole carriers and demonstrate that the phase transition is a spin-canting process. This
allows for precise gate-control of noncollinear magnetism on demand. Our work predicts interfacial charge transfer as a potent
mechanism to tune magnetic phases in van der Waals heterostructures and creates opportunities for spintronic applications.
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an der Waals (vdW) materials have emerged as a fertile

ground for exploring substantial physical phenomena

and are highly attractive as a promising class of
materials for applications ranging from nanoelectronics and
nanophotonics to sensing. One of the most intriguing aspects
of vdW materials lies in the ability to manipulate and control
their physical properties by precisely adjusting interlayer
interactions. This capability has sparked significant interest in
the realm of vdW heterostructures and moiré superlattices,
leading to discoveries such as the emergence of strongly
correlated phases arising from moiré bands and the formation
of interlayer excitons trapped in the moiré potential.'~> Within
the family of vdW materials, two-dimensional (2D) vdW
magnets stand out, as they introduce an extra magnetic degree
of freedom, which opens up opportunities for engineering vdW
interfaces and developing innovative magnetoelectric, magne-
to-optic, and spintronic devices.”” In vdW magnets, the
interlayer exchange, although considerably weaker compared
to the intralayer exchange, plays a crucial role in determining
the magnetic order of the whole system.” Previous studies have
demonstrated that the interlayer magnetic interactions can be
fine-tuned using a range of methods including magnetic fields,
electric fields, doping, strain, pressure, and stacking.g_18 This
extensive tunability offers the possibility for not only
uncovering distinct magnetic phases, like noncollinear moiré
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magnetism,'”~>" but also the creation of compact and energy-
efficient spintronic devices.

RESULTS AND DISCUSSION

In this work, we propose a strategy to control the interlayer
magnetic interactions by engineering band alignment and
charge transfer at the interfaces between vdW magnets and
other vdW materials. We select the bilayer CrSBr/monolayer
graphene (biCrSBr/G) heterostructure (Figure 1a) as a model
platform to demonstrate the controllable interlayer magnetism
in CrSBr.

CrSBr is an A-type magnetic semiconductor, where each
monolayer is FM, but the neighboring layers are AFM coupled
(Figure 1b).**7>® CrSBr exhibits in-plane magnetic anisotropy
along the b-axis and a hard axis along the c-axis. The Neéel
temperature of bulk CrSBr is ~132 K, which is notably higher
than that of vdW magnetic semiconductors such as CrX; (X =
Cl, Br, I) and Cr,Ge,Tey.%"?7%* Recently, a reversible strain-
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Figure 1. (a) Crystal structure of the bilayer CrSBr/monolayer
graphene (biCrSBr/G) heterostructure in a supercell. The CrSBr
bilayer is stacked directly on the graphene monolayer with the a-
and b-axes of CrSBr aligned along the armchair and zigzag
directions of graphene, respectively. The strain on graphene is
<5%. Top and side views are shown on the left and right,
respectively. (b) Side-view crystal and magnetic structures for
CrSBr, a typical A-type layered van der Waals magnet. The system
is ferromagnetic within each layer and antiferromagnetically
coupled between neighboring layers. The unit cell is marked by
a red dashed rectangular.

induced magnetic phase transition has been observed in bulk
CrSBr when subjected to uniaxial strain applied along the a-
axis.'’ The critical strain for the AFM to FM magnetic phase
transition is ~1% along a, as confirmed by both experiments
and calculations. This magnetic phase transition is attributed to
changes in bond geometry (including bond length and bond
angle), which significantly influence the magnitude and sign of
magnetic exchange couplings, according to the Goodenough—
Kanamori rules.” ' Compared with magnetic phase tran-
sitions controlled by structural engineering, such as applying
strain, pressure, and shifting stacking orders, interfacial charge
transfer offers an easier and more universal control knob that
can enable robust switching of the interlayer magnetism in 2D
magnets.

To calculate the biCrSBr/G heterostructure from first
principles, we employ a 5 X 1 supercell of a CrSBr bilayer
and an 8 X 2 supercell of a graphene monolayer, resulting in
nearly commensurate top and bottom layers (see Methods and
Supporting Information, Section I for details). In this supercell,
the a- and b-axes of CrSBr are aligned along the armchair and
zigzag directions of graphene, respectively (Figure la).

In contrast to its AFM ground state in the freestanding
CrSBr bilayer, the calculated ground state of the CrSBr bilayer

in the biCrSBr/G heterostructure becomes FM (Figure 1a).
The calculated energy difference between the FM and AFM
states AE = Epy — Eupy, changes from 0.12 meV in the
freestanding bilayer to —0.07 meV per unit cell (Cr,S,Br,)
upon stacking. We note that the calculated AE = 0.12 meV for
the freestanding bilayer is in good agreement with the
experimental measurement of the critical field of 0.134 T
along the easy axis b, which suggests AE = 0.09 meV."* We
further investigated the electronic properties of the hetero-
structure. The reciprocal space geometry of monolayer
graphene, bilayer CrSBr, and the biCrSBr/G heterostructure
is shown in Figure 2a. The corners (labeled K;) in the
hexagonal Brillouin zone (BZ) of graphene unit cells are folded
onto the I'=Y path in the rectangular BZ of the biCrSBr/G
heterostructure, marked by K in the shaded rectangular area of
Figure 2a. The band structures of the FM biCrSBr/G
heterostructure for majority and minority spins are plotted
along a BZ k-path (I'-X—S—Y-I') in Figure 2b and ¢,
respectively, colored by a layer localization function defined as
7 (k) = Tcc Kurlh ()P = T, Kurdeh (k)P
n T ul ()P + T, e ()P
index and k is the wavevector in reciprocal space. ¢,(k) and y,
denote the electron wave function and active atomic orbital i in
the top CrSBr bilayer (Cr) or the bottom graphene monolayer
(G). Therefore, 7,(k) = 1 represents the wave function
completely localized in the top CrSBr bilayer, while 7,(k) = —1
represents the wave function completely localized in the
bottom graphene monolayer, marked by red and blue,
respectively. The calculated band alignment between the
CrSBr bilayer and graphene monolayer shows that the Dirac
point of graphene is higher than the conduction band
minimum (CBM) of the CrSBr bilayer by ~0.5 eV. This
suggests significant interfacial charge transfer between the
CrSBr bilayer and graphene monolayer, and the electron
density transferred from the graphene monolayer to the CrSBr
bilayer is estimated to be ~2.1 X 10"*/cm® from Luttinger’s
theorem.**??

To investigate the origin of the magnetic phase transition
upon stacking and whether the transition arises from the
interfacial charge transfer, we calculate the carrier doping
dependent AE between the collinear FM and AFM states for
CrSBr bilayers without graphene. Figure 3a shows that AE
decreases almost linearly with increasing carrier density for
both electron and hole, in the small carrier density regime (<3

where n is the band
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Figure 2. (a) Schematic of the Brillouin zone (BZ) of graphene (green hexagon), CrSBr (blue rectangle), and the biCrSBr/G supercell (gray-
shaded rectangle). The Dirac point (Kg) in the hexagonal BZ of the graphene unit cell is folded onto the I'-Y path in the rectangular BZ of
the biCrSBr/G heterostructure (marked by K). (b, c) Calculated Kohn—Sham band structures of the ferromagnetic biCrSBr/G
heterostructure for (b) majority and (c) minority spins, respectively. The band wave function projection in CrSBr and graphene layers is
marked by red and blue, respectively (see exact definition in the main text). The Fermi level is shown by gray dashed lines. The charge
transfer between the CrSBr/graphene interface is ~2.1 X 10"3/cm?® from calculations.
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Figure 3. (a) Doping-dependent energy difference between collinear ferromagnetic and antiferromagnetic bilayer CrSBr (AE = Epy — Ejpy)-
Positive (negative) carrier density refers to a doped electron (hole) carrier density. Lines are guides to the eye. The AFM to FM magnetic
phase transition occurs for both electron and hole doping. (b) Schematic illustration of interlayer coupling in layered van der Waals
magnets. Two neighboring layers are labeled by layer 1 and layer 2, with states Ic;), lv;) and Ic,), Iv,) schematically shown by parabolic
bands. . and t, denote the interlayer hopping between degenerate conduction and valence bands, respectively. With interlayer hybridization,
lc;) and Ic,) form bonding and antibonding orbitals with energy difference 2lIt, while lv,;) and lv,) form bonding and antibonding orbitals

with energy difference 2I¢,|.

X 10'*/cm?). This behavior suggests that both electron and
hole doping favor the collinear FM phase over the AFM phase,
and the doping leads to an AFM to FM magnetic phase
transition. In CrSBr bilayers, the critical carrier density at phase
transition for hole doping (0.8 X 10'*/cm?) is much smaller
than that for electron doping (2.4 X 10'*/cm?®). Nonetheless,
in the biCrSBr/G heterostructure, the electron carrier density
in the CrSBr bilayer due to interfacial charge transfer (~2.1 X
10%3/ cmz) is an order of magnitude larger than the critical
density. We therefore attribute the ferromagnetism in the
biCrSBr/G heterostructure to the interfacial charge transfer
thanks to the band alignment between the two materials.

To further exploit and control the magnetic phase
transitions from interfacial charge transfer, we use open-shell
molecules (e.g, NO,) as admolecules to introduce charge
carriers. We find an FM magnetic ground state of the CrSBr
bilayer with NO, adsorption at a density of 1.1 X 107 mol/
cm? (see Supporting Information, Section II for details). This
provides another route to achieve reversible magnetic phase
transition in 2D magnets by molecular adsorption, as the initial
undoped state can be recovered by annealing,**

To unveil the physical mechanism and general design
strategy of magnetic phase transitions enabled by charge
transfer, we construct an effective model consisting of
ferromagnetic layers being electronically coupled, to describe
layered A-type magnetic semiconductors including MnBi,Te,,
CrX3, CrSBr, and CrPS,.'»***"*>7*" The key to carrier doping
induced ferromagnetism lies in the interlayer electronic
coupling, i.e, electron (hole) hopping across the vdW
interfaces. In this model, we include the frontier conduction
bands (i.e, lc;(k)) and lc,(k))) or valence bands (i.e., lv,(k))
and lv,(k))) in the two adjacent layers as the basis (layer 1 and
layer 2 in Figure 3b). E = E.(k) or E,(k) is the eigenenergy of
the corresponding frontier conduction or valence bands in
each monolayer, respectively. t = t.(k) or t,(k) denotes the k-
dependent interlayer hopping between the degenerate
conduction or valence bands, respectively. Considering the
interlayer wave function hybridization between these originally
degenerate frontier bands, the Hamiltonian reads

B = [E(k) t(k)]

t(k) E(k) (1)

22686

By solving the Hamiltonian in eq 1, bonding and antibonding
states can be obtained as E,(k) = E(k) = t(k) (Figure 3b).
Therefore, with interlayer hybridization, Ic,(k)) and lc,(k))
form bonding and antibonding orbitals with energy difference
2lt,(k)l, while lv;(k)) and Iv,(k)) form bonding and
antibonding orbitals with energy difference 2lt,(k)l.

The charge transfer process in the biCrSBr/G hetero-
structure can be treated equivalently as the introduction of
carriers into a layered magnetic semiconductor. In the context
of dilute doping, the energy difference between the FM and
AFM phases changes by —I(tpy — tapw)nl, where hopping is
evaluated at k = 0. Here, n represents the number of charge
carriers introduced to the system and is measured by carrier
density (cm™) for 2D materials in Figure 3a. Furthermore, we
argue that fypy ~ 0, as the interlayer hybridization between
degenerate states in adjacent layers is suppressed by the
interlayer AFM order. This suppression happens when spin—
orbit coupling is weak, and the spinor of the frontier band wave
function is layer-polarized to the magnetization direction. As a
result,

AE(n) = AE(n = 0) — ltgynl

)
Here, tpy = t.(k = 0) and t,(k = 0) for electron and hole
doping an FM bilayer, respectively. This effective model
correctly reproduces the linear dependence of AE with carrier
density from DFT calculations (Figure 3a). The slight decrease
in the absolute value of the slope observed with increasing
carrier density possibly results from the change in the
interlayer hopping with k. AE can be affected by additional
factors, such as the interlayer electric polarization, which has
not been included in the present model. Nonetheless, the FM
state remains more stable than the AFM state at the high
doping levels of biCrSBr/G. We note that the super-super-
exchange interaction J that dictates AE(n = 0) is assumed to
remain unchanged by doping, which applies to the dilute
doping limit as we will show the next.

Based on the model we have developed for doping-induced
magnetic phase transition in 2D layered magnets, the interlayer
hopping at the FM state can be extracted from Figure 3a. By
analyzing the slopes of AE vs carrier density curves, we obtain
tem = 31 meV and fpy = 84 meV in accordance with eq 2 for
the bilayer CrSBr unit cell (Cr,S,Br,). We further validate our
effective model by comparing its parameters to the hopping
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Figure 4. Carrier doping induced magnetic phase transition with noncollinear spins. (a) Carrier density (n, and n, for electron and hole,
respectively) dependent ground-state energy E¢s (black solid line) for bilayer CrSBr. The energies of AFM (Egy;) and FM (Epy,) states
with spins collinear to the easy axis are plotted in red and blue solid lines for reference, with E,py;, set to 0. The critical doping density is
represented by a gray dashed line. (b) Carrier density dependent canting angle between spins of neighboring layers for bilayer CrSBr. The
corresponding spin configurations are shown schematically by insets. The critical angle is shown by a gray dashed line. (c) Doping- and
anisotropy-dependent canting angle between spins of neighboring layers in hard-axis A-type 2D magnets. tzn/JS” and A, /] reflect the effects
of doping and anisotropy, respectively. (d) Anisotropy-dependent critical angle (left) and critical carrier density (right).

obtained from the DFT bands. From DFT band splitting, we
obtain f3py = fapm = 0 and tgy = 31 meV, fy = 76 meV, which
agree reasonably well with those obtained based on the
effective model (see Supporting Information, Sections III and
IV for details). This agreement indicates that the model
correctly describes the microscopic mechanism of magnetic
phase transition and validates the assumption that the change
of interlayer super-super exchange between localized Cr
moments can be considered negligible with doping. We
further compare band structures with and without carrier
doping and confirm that the interlayer hopping for both AFM
and FM CrSBr bilayers remains almost unchanged at the DFT
level with a small amount of carrier doping (see Supporting
Information, Section IV for details). The strategy and model
developed here can serve as a general approach for carrier-
induced tunable interlayer magnetic order beyond the
biCrSBr/G heterostructure.

In anisotropic magnets, AFM to FM phase transitions (with
magnetic field, strain, etc.) can happen with antiparallel
magnetic moments continuously aligned to parallel or
suddenly flipped to parallel. To investigate which process
occurs with carrier doping, we explicitly include interlayer
exchange interactions and intralayer magnetic anisotropy in the
total energy. Without loss of generality, we take triaxial
anisotropy into account. The easy axis is set along b, following
CrSBr. The carrier density dependent total energy per
Cr,S,Br, is given by

22687

E(n) = JS,'S, + ), A(8;-0) — A,(S;-D)* + A(S,2)’
i=1,2
— |tnl
(3)

Here, the first term refers to the interlayer magnetic exchange
coupling, and J > 0 favors interlayer AFM states. S; and S,
denote the spins of the neighboring layers. The orientations of
S, and S, are denoted by their tilt angles 8, and 6, with respect
to the b-axis and azimuthal angles ¢, and ¢, with respect to
the c-axis, respectively. The second term describes the
anisotropy energies, where Zw, a, and ¢ are the easy,
intermediate, and hard axes, respectively. For convenience,
we set A, = 0 and A, > 0. The third term is from interlayer
hopping of doped electrons (holes), as we discussed
previously. The hopping integral t = tgy cos(a/2), where
a(0,, 0, ¢, ¢,) is the angle between S, and S,. The cosine
form in t comes from the inner product of spinor wave
functions across the vdW interface.’®*’

We discover that the carrier-induced AFM-to-FM phase
transition is always a spin-canting process. This can be
understood at the small canting angle limit of eq 3, in which
the energy gain from the last term is ~da, whereas the energy
penalty from other terms is ~(5a)* To determine the exact
spin configuration and magnetic ground-state energy, we
minimize E at each n by taking the partial derivative of eq 3,

OE _OE _OE _ OE _

0_91 - a0, 0(]51 - 67% - (4)
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For bilayer CrSBr, we use | = 0.013 meV, A, = 0.014 meV,
and A, = 0.038 meV obtained from DFT calculations, which
are consistent with those fitted from experiments.*’ £y = 31
meV and ffy; = 84 meV are extracted from DFT results in
accordance with eq 2 as shown above. The dependence of the
ground-state energy on carrier density is plotted in Figure 4a,
and the energies of easy-axis collinear AFM and FM states are
also calculated for comparison. With increasing carrier density,
the ground-state energy varies smoothly until a sudden change
of slope at a critical carrier density n, which is given by

teuhe = 48] + A, (JT + A, — \/A7h) Therefore, we obtain
e ~ 2.6 X 10'*/cm* and n® ~ 1.0 X 10'%/cm? for transitioning
into FM in the cases of electron and hole doping, respectively.
To understand the structures of §; and S, during this process,
we plot a(n) in Figure 4b. With increasing carrier density, the
originally antiparallel S, and S, gradually tilt away from the
easy axis (b-axis) in the ab-plane until n = n.. In the canting
process, S; and S, become noncollinear but remain symmetric
to the intermediate axis (a-axis). At n = n,, the system suddenly
transits to the FM state with S, and S, aligned along the easy
axis. For bilayer CrSBr, the critical transition occurs at a, ~
147°. This doping-induced spin-canting transition process in
bilayer CrSBr is further validated by DFT calculations with
spin—orbit coupling included (see Supporting Information,
Section V for details).

We expand the discussion to generic A-type 2D magnets
with different hard axis anisotropy and interlayer hopping in
which the range of canting angles can be significantly different.
In accordance with eq 3, the canting angle is controlled by two
independent and unitless parameters, tpn/JS* and A,/J. Here
we focus only on systems with A, and ] comparable in
magnitude. Our results in Figure 4c show that, for systems with
weak anisotropy and strong interlayer coupling, spins of
neighboring layers can develop a very large canting angle.
Figure 4d illustrates the role of magnetic anisotropy in the
critical angle and critical carrier density. For systems with large
anisotropy (A, > J), the magnetic phase transition will
approach a spin-flip transition at tpyn, ~ 2JS*

CONCLUSIONS

In summary, we have proposed heterostructures consisting of
vdW magnets and nonmagnetic layered materials for
controlling interlayer magnetism in 2D magnets and
demonstrated that carrier doping gives dominant contributions
to the tunability of interlayer magnetism in heterostructures
with proper band alignment through first-principles calcu-
lations. This holds true for not only type-III heterojunctions
with the magnetic layers but also metals of which the Fermi
level is higher than the CBM or lower than the valence band
minimum (VBM) of the magnetic layers. We have built an
effective model to elaborate the interlayer hopping difference
between the interlayer AFM and FM states as the underlying
physical mechanism for the AFM to FM magnetic phase
transition observed with both electron and hole doping. By
including magnetic anisotropy in our model, we have found
that the doping-induced AFM to FM transition is a spin-
canting process with critical carrier density. Besides interfacial
charge transfer in heterostructures, electrostatic doping can be
achieved through molecular adsorption or gating, making it an
accessible and effective method to control interlayer magnet-
ism in experiments. Our findings not only provide a general
framework for understanding charge transfer induced magnetic

phase transition in vdW magnets but also offer a versatile
approach to modulating magnetism in 2D magnets via
interfacial charge transfer, which opens up opportunities for
realizing spintronics at the atomically thin level.

METHODS

Ab initio calculations were performed using DFT implemented in the
QUANTUM ESPRESSO package.41 Norm-conserving pseudopoten-
tials with a plane-wave energy cutoff of 85 Ry were employed.*” For
structural relaxation, we employed the spin-polarized Perdew—
Burke—Ernzerhof exchange—correlation functional with van der
Waals corrections (PBE-D2).** The structures were fully relaxed
until the force on each atom was <0.005 eV/A. The lattice constants
along the a- and b-axes were calculated to be 3.511 and 4.712 A,
respectively, and the interlayer distance (Cr—Cr) was calculated to be
8.090 A in bilayer CrSBr. The lattice constant a was relaxed to 2.457
A in monolayer graphene. The biCrSBr/G heterostructure was
constructed with a § X 1 CrSBr supercell stacked on top of an 8 X 2
graphene supercell, where the a- and b-axes of the CrSBr bilayer are
aligned along the armchair and zigzag directions of the graphene
monolayer, respectively. The graphene monolayer experiences tensile
strain of ~3% along the armchair direction and compressive strain of
~4% along the zigzag direction. We note that the strain is introduced
to ensure a commensurate structure in supercell calculations, and
graphene can hardly sustain compressive strain without buckling.**
However, as the AFM to FM phase transition results from charge
transfer, the phase transition should remain robust for an arbitrary
stacking geometry between bilayer CrSBr and graphene. The vdW
spatial gap between the bottom CrSBr layer (from bottom Br atoms)
and the graphene monolayer is 3.380 A. A vacuum region of 15 A was
added in the out-of-plane direction to avoid interactions between
periodic images. An 8 X 30 X 1 k-grid was used for Brillouin zone
sampling in the biCrSBr/G heterostructure. A dipole correction was
applied in all the calculations for biCrSBr/G heterostructures.” The
band structures and ground-state energies for each carrier density with
electron (hole) doping were calculated within the local spin density
approximation (LSDA). The carrier density was tuned by changing
the total number of electrons in the unit cell, with a compensating
jellium background of opposite charge. A 120 X 90 X 1 k-grid was
used for Brillouin zone sampling to converge the magnetic moment at
the dilute doping (in a bilayer unit cell without graphene). For
magnetic anisotropy, spin—orbit coupling was included at the fully
relativistic level. A Gaussian smearing of 1 meV was adopted for
electron occupation.
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