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CrI3, a hot two-dimensional (2D) magnet, exhibits complex magnetism depending on the number of layers
and interlayer stacking patterns. For bilayer CrI3, the interlayer magnetism can be tuned between ferromagnetic
(FM) and antiferromagnetic (AFM) order by manipulating the stacking order. However, the stacking is mostly
modified through translation between the layers, while the effect of rotation between the layers on the interlayer
magnetic order has not yet been fully investigated. Here, we considered three energetically stable stacking pat-
terns R3̄, C2/m and AA in bilayer CrI3, and the reversed counterparts R3̄-r, C2/m-r and AA-r through rotating
one layer by 180◦ with respect to the other layer. Our first-principles calculations suggest that the interlayer
magnetic ground state can be switched from AFM to FM (or FM to AFM) by reversing the stacking pattern. A
detailed microscopic analysis was carried out by magnetic force theory calculations on C2/m stacking which
favors AFM and C2/m-r stacking which favors FM. The interlayer magnetic interactions and the origin of the
magnetic order change were revealed through specific orbital analysis. Our work demonstrates that stacking
rotation can also tune the interlayer magnetism of CrI3, and provides microscopic insight into understanding its
interlayer magnetic properties.
KEYWORDS: Two-dimensional magnets; CrI3; interlayer magnetism; density functional theory; stacking pat-
tern reversal

I. INTRODUCTION

After the discovery of graphene [1, 2], much attention have
been attracted by the two-dimensional (2D) materials due to
the reduced dimensionality that could bring about more con-
trollability in promising nano-device fabrications [3]. Soon,
researchers began to wonder about the possibility of 2D mag-
netic materials [4]. Recently, ferromagnetic (FM) mono-
layer CrI3 and few-layer Cr2Ge2Te6 were successfully dis-
covered in experiments by magneto-optical Kerr effect mi-
croscopy [5, 6]. As both CrI3 and Cr2Ge2Te6 are insula-
tors, metallic phase in 2D magnetic monolayer Fe3GeTe2 was
also realized by a device fabrication technique [7]. Followed
by these seminal works, a 2D topological magnetic material
MnBi2Te4 has attracted much attention due to the observa-
tion of quantum anomalous Hall effect in its few layers [8].
NiPS3 is another type of 2D antiferromagnetic insulator that
hosts coherent many-body excitons and exhibits novel spin-
dependent optical behaviors [9–11]. The outstanding physi-
cal properties in 2D magnetic materials and their diverse het-
erostructures demonstrate the potential values in fundamental
research and future applications [12–17]. For example, spin
filter devices were proposed in graphite/CrI3/graphite mag-
netic tunnel junctions [18], and Majorana edge modes that
can be exploited for topological quantum computations can
be realized in the heterostructure consisting of FM monolayer
CrBr3 and superconducting NbSe2 [19].

The layers of 2D magnetic materials are typically bonded
by van der Waals (vdW) forces. The weak vdW interactions
and large distances between magnetic ions raise the question
of what the interlayer magnetism should be. Confusions ini-
tially occurred about the interlayer magnetism in CrI3 thin
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films, particularly the bilayer. Interlayer AFM order in bi-
layer CrI3 was experimentally confirmed by magneto-optical
Kerr effect measurement [5], tunneling measurement [18, 20]
and Raman spectroscopy [21], but interlayer FM order was
predicted by first-principles calculations to be energetically
favorable in bilayer CrI3 with the rhombohedral structure (i.e.,
the R3̄ interlayer stacking pattern) [22–25]. The rhombo-
hedral structure (R3̄ stacking) commonly exists in bulk CrI3
at low temperature; with temperature increasing to 210-220
K, it undergoes a phase transition to a monoclinic structure
with the C2/m interlayer stacking [26]. The inconsistency be-
tween experiments and calculations hinted that bilayer CrI3
may not possess the same rhombohedral structure (R3̄ stack-
ing) as the bulk at low temperature. Later on, experimental
studies by polarization resolved Raman spectroscopy [27–30]
suggested that bilayer CrI3 actually assumes the monoclinic
structure (C2/m stacking) even at low temperature, where in-
terlayer AFM coupling is more favourable according to first-
principles calculations [22–25], finally in agreement with the
experimentally measured interlayer AFM magnetism. Al-
though R3̄ stacking is more energetically favorable in bilayer
CrI3 compared to C2/m stacking, bilayer CrI3 samples ex-
foliated from C2/m-stacked bulk samples at room tempera-
ture are probably kinetically trapped in the monoclinic C2/m
stacking on cooling from room temperature to cryogenic tem-
peratures, due to the transition barrier of roughly 10 meV/Cr
from C2/m to R3̄ stacking [25] and the encapsulation layers
(graphene or hBN) [23, 27]. These results not only prove that
first-principles calculations can guide and corroborate experi-
ments, but also demonstrate that the interlayer magnetic order
in bilayer CrI3 can be manipulated by varying the stacking
pattern [22–25, 27, 28].

So far, the stacking order of CrI3 is mostly controlled
through translation between the layers (R3̄ and C2/m stack-
ings can be translated to each other) [23–25], while the effect
of rotation between the layers on the interlayer magnetism
has not yet been thoroughly investigated [31]. Recently, by
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molecular beam epitaxy, CrBr3 bilayers with the top and bot-
tom layers aligned and anti-aligned (or rotated by 180◦) were
grown, and exhibited opposite interlayer magnetic orders [32].
This motivates us to study how stacking rotation will affect
the interlayer magnetism in bilayer CrI3 and understand why
the interlayer magnetic order can change with stacking rever-
sal in Cr-trihalide bilayers. Here, we explored multiple ener-
getically stable stacking patterns in bilayer CrI3: R3̄, C2/m
and AA [23], and their reversed counterparts: R3̄-r, C2/m-
r and AA-r via rotating one layer by 180◦ with respect to
the other layer. Utilizing different DFT+U methods and the
hybrid functional approach from first-principles density func-
tional theory (DFT) calculations, we first examined the total
energies of these stacking patterns and the corresponding re-
versed stackings to determine the favored interlayer magnetic
groundstate in each stacking. It was found that the magnetic
ground state in bilayer CrI3 can be switched from AFM to FM
(or FM to AFM) by reversing the stacking, similar to the ex-
perimental findings in bilayer CrBr3 discussed above [32]. At
last, a microscopic explanation of interlayer magnetic interac-
tions and the origin of the magnetic order change with stack-
ing rotation were given by magnetic force theory calculations
and detailed orbital analysis.

II. COMPUTATIONAL METHODS

DFT calculations within the projected augmented wave
(PAW) method were carried out in the Vienna ab initio sim-
ulation package (VASP, version 5.4.4) [33–35]. The elec-
tron exchange-correlation functional was chosen as the gen-
eralized gradient approximation (GGA) of Perdew, Burke and
Ernzerhof (PBE) [36]. The corrections for interlayer vdW in-
teractions were considered by the optB86-vdW method [25,
37, 38]. As checked in Refs. [24, 25], different exchange-
correlation functionals and vdW corrections generally bring
slight changes to the results and do not alter the magnetic
ground states. Therefore, we focus on the PBE functional and
optB86-vdW corrections in this work [37, 38]. The structures
were fully relaxed by the conjugate gradient scheme until the
maximum force was less than 1 meV/Å on each atom. The to-
tal energy was converged to 10−8 eV. The energy cutoff of the
plane waves was chosen as 350 eV. The k-mesh in the Bril-
louin Zone was sampled using Γ-centered 12×12×1 k-grid.
Besides, a vacuum region of about 20 Å in the z direction was
used to avoid spurious interactions with the neighboring cells.

We note that as the localized d orbitals of Cr atoms con-
tribute to the most density of states near the Fermi level [39],
the strong electron correlations effect should be considered
by the DFT+U scheme. Previous studies have showed that
the total energy of bilayer CrI3 is sensitive to the specific
DFT+U implementation formalism and interaction parame-
ters of U and J [24, 25]. Therefore, we employed different
DFT+U methods in our work by examining both Dudarev’s
approach [40] and Liechtenstein’s approach [41–43], and we
considered various U and J values used in prior works [23–
25]. For Dudarev’s approach, the independent effective on-
site Coulomb and exchange parameters U and J are not mean-

ingful, since the parameters U and J do not enter into the
energy term separately; instead, they appear together in the
fashion of U − J, making Ue f f = U − J the single effec-
tive parameter. In our work, Ue f f was taken with values of
2.0,3.0,4.0,5.0 eV (Ue f f = 3.0 eV was the value adopted by a
prior work [23]). As for Liechtenstein’s approach, we need to
specify the respective U and J values, since they appear in the
energy term separately. Here we considered two sets of U and
J values determined from previous works: one corresponds to
U = 2.9 eV and J = 0.7 eV obtained from the constrained ran-
dom phase approximation (cRPA) [44–48], the values chosen
by Ref. [24]; and the other corresponds to U = 3.9 eV and
J = 1.1 eV self-consistently calculated based on a linear re-
sponse method [49], the values used by Ref. [25].

To further verify the magnetic ground state of the stack-
ing patterns in bilayer CrI3, the screened Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06) method [50, 51] was
also considered. The structures (both lattice constants and
atomic positions) were fully optimized until the maximum
residual force was less than 10 meV/Å, and the total energy
was converged to 10−6 eV. The energy cutoff was still 350 eV.
The k-mesh was sampled using Γ-centered 6×6×1 k-grid.

For the magnetic force theory (MFT) calculations [52–54],
we used the OPENMX software package [54, 55], which
is based on the linear combination of pseduoatomic orbitals
(LCPAO) basis set. The full-band Hamiltonian obtained from
OPENMX was used for the magnetic force calculation using
our MFT software Jx [56, 57]. For both k and q mesh, we
used 8× 8× 1. Throughout the manuscript, we used the fol-
lowing convention for spin Hamiltonian,

H =−∑
i6= j

ei · Ji j · e j, (1)

where ei, j refers to the unit spin vectors at the atomic site i and
j, respectively. Due to the negative sign in the spin Hamilto-
nian, when Ji j is positive, it favors the FM coupling between
the atoms; When Ji j is negative, it favors the AFM coupling
between the atoms. As magnetic coupling is computed in mo-
mentum space and transformed into real space, all the inter-
atomic site pair interactions can be obtained in a single re-
sponse calculation.

III. RESULTS AND DISCUSSIONS

Bulk CrI3 is in a rhombohedral structure with the R3̄ group
symmetry at low temperature; with temperature elevated be-
yond 210 K, it becomes a monoclinic structure with the C2/m
group symmetry [26, 49]. The two structures also exist in
bilayer CrI3, and they can be simply treated as two different
stacking patterns of CrI3 layers: commonly referred to as R3̄
and C2/m, as shown in Figs. 1(a) and 1(b), respectively. In
addition, Sivadas et al. [23] has found more stacking patterns
in bilayer CrI3 by laterally shifting one layer against the other
layer, among which R3̄ (also denoted as AB), C2/m (also de-
noted as AB’), and AA stackings are at the minimum points
of the energy landscape and energetically stable, as confirmed
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(a) AB (R3)‾ AB' (C2/m)(b) AA(c)

(d) AB-r AB'-r(e) AA-r(f)

I1b
Cr1
I1t

I2b
Cr2
I2t

I1b
Cr1
I1t

I2b
Cr2
I2t

(C2/m-r)(R3-r)‾

Figure 1. The top and side views of bilayer CrI3 with different stacking orders: (a) AB (or R3̄), (b) AB’ (or C2/m), and (c) AA, and their 180◦

rotated counterparts: (d) AB-r (or R3̄-r), (e) AB’-r (or C2/m-r), and (f) AA-r. Cr1(2) indicates the Cr atom in the bottom (top) layer; I1t(b)
indicates the I atom in the top (bottom) sublayer in the bottom CrI3 layer; I2t(b) indicates the I atom in the top (bottom) sublayer in the top
CrI3 layer. The dashed lines are for eye guidance of the side view.

by our calculations and illustrated in Figs. 1(a-c). AA stack-
ing indicates that the top and bottom layers are in the same
horizontal position. The stacking patterns can be transformed
to one another by a relative translation between the two mono-
layers [23, 49]. By laterally shifting the top layer with 2

3~a+
1
3
~b

relative to the bottom layer in AA stacking (~a and~b are the in-
plane lattice vectors), we can obtain AB (R3̄) stacking shown
in Fig. 1(a). With respect to AB stacking, by translating the
top layer with 1

3~a relative to the bottom layer, we can obtain
AB’ (C2/m) stacking shown in Fig. 1(b). Based on these three
stacking orders, we then rotated the top layer by 180◦ with re-
spect to the bottom layer (the center of rotation chosen at the
Cr atom in the top layer), which lead to three new energeti-
cally stable stacking patterns: AB-r (R3̄-r), AB’-r (C2/m-r),
and AA-r shown in Figs. 1(d-f), respectively. It is interesting
to note that the normal stackings and their reversed counter-
parts are difficult to be differentiated from the top view; how-
ever, their differences can be seen from the side view. For ex-
ample, for C2/m stacking in Fig. 1(b), the I atom in the bottom
sublayer of the top CrI3 layer (I2b) sits approximately above
the Cr atom in the bottom CrI3 layer (Cr1), and the I atom in
the top sublayer of the top CrI3 layer (I2t) sits roughly above
the I atom in the bottom sublayer of the bottom CrI3 layer
(I1b); for C2/m-r stacking in Fig. 1(e), the lateral atomic posi-
tions (x and y) of I2b and I2t are switched because of the 180◦

rotation, and therefore I2t sits approximately above Cr1, and
I2b sits roughly above I1b. Similar changes are present for the
other two stacking orders. Such a rotation-induced change in
the atomic alignments between the layers has profound con-
sequences in the magnetic ground state of bilayer CrI3 as will
be discussed below.

Total energy calculations of bilayer structures in all six
stacking patterns (R3̄, R3̄-r, C2/m, C2/m-r, AA, and AA-r)
were then carried out by considering both interlayer FM and
AFM interactions. The results show that the lowest energy
state corresponds to R3̄ stacking with the FM order, which
is consistent with previous DFT studies [23–25] and demon-
strates that the low temperature R3̄ phase has the lowest en-
ergy. The shifted energies of all the considered structures with
respect to the energy of the FM bilayer at R3̄ stacking are plot-
ted in Fig. 2. As discussed in the Methods section, energy cal-
culations were performed in two different DFT+U methods:
Dudarev’s approach [40] and Liechtenstein’s approach [42],
with varying U and J values adopted by prior DFT works [23–
25]. For Dudarev’s approach shown in Fig. 2(a), when Ue f f is
relatively small (Ue f f < 3.0 eV), the AFM bilayer at R3̄ stack-
ing is the second lowest energy state of all the structures. With
Ue f f increasing (Ue f f ≥ 3.0 eV), the AFM bilayer at C2/m
stacking becomes the second lowest energy state of all the
structures, and its energy is lower than that of the FM bilayer
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Figure 2. The total energy of bilayer CrI3 in all six stacking patterns
(R3̄, R3̄-r, C2/m, C2/m-r, AA, and AA-r) with interlayer FM or AFM
order. R3̄ stacking with the FM order has the lowest energy and
thus was used as the zero energy reference. Data in (a) and (b) were
obtained by Dudarev’s DFT+U approach with different Ue f f values,
where data with energy below 20 meV is shown in (a) and data with
energy above 50 meV is shown in (b). Data in (c) and (d) were
obtained by Liechtenstein’s DFT+U approach with (c)U = 2.9 eV,
J = 0.7 eV, and (d) U = 3.9 eV, J = 1.1 eV.

at C2/m stacking. This result is not surprising and consistent
with previous studies [23–25] as the AFM bilayer at C2/m
stacking is considered to be the magnetic ground state of the
high temperature structural phase, while the FM bilayer at R3̄
stacking corresponds to the magnetic ground state of the low
temperature phase. Notably, within energy difference of 20
meV with respect to the FM bilayer at R3̄ stacking, there also
exist the FM bilayer at C2/m-r stacking and the AFM bilayer
at C2/m-r stacking, as shown in Fig. 2(a); in contrast, both FM
and AFM bilayers at R3̄-r stacking and all the bilayers at AA
and AA-r stackings have energies at least 50 meV above the
FM bilayer at R3̄ stacking, as shown in Fig. 2(b). For Liecht-
enstein’s DFT+U approach, similar results can be observed in
Fig. 2(c) with U = 2.9 eV and J = 0.7 eV and Fig. 2(d) with
U = 3.9 eV and J = 1.1 eV. Several points can be made from
our calculations in Fig. 2: first, for bilayer CrI3, R3̄ stacking
with the FM interlayer magnetic order (R3̄ FM in short) is the
most energetically stable, while R3̄ AFM, C2/m FM, C2/m
AFM, C2/m-r FM, and C2/m-r AFM are in the close proxim-
ity in the energy landscape; second, although R3̄ stacking is
stable, its rotated counterpart R3̄-r becomes significantly less
stable, particularly compared to C2/m and its rotated coun-
terpart C2/m-r; third, AA stacking is a metastable stacking
order in comparison with R3̄ and C2/m stackings [23], which
explains why it is rarely observed experimentally, and its ro-
tated counterpart AA-r is even less energetically stable. In
short, in normal stacking orders, R3̄ and C2/m can exist and
their energy differences are small, as verified by experimen-

tal works [27–30] and theoretical studies [23–25]; after 180◦

rotation, however, the energy order is switched, where C2/m-
r remains stable while R3̄-r becomes much less stable. This
suggests that stacking reversal can significantly affect the en-
ergies of stacking patterns in bilayer CrI3, and even switch the
energy order between stackings. To understand why and how
stacking reversal affects the total energy, we examined the av-
eraged interlayer distance in bilayer CrI3 at different stacking
patterns, as shown in Table S1 in the Electronic Supplemen-
tary Information. The difference of the interlayer distance
between the FM and AFM order for each stacking is small.
The difference of the interlayer distance between C2/m and
C2/m-r is also small. However, the interlayer distance of R3̄-
r is about 0.54~0.57 Å larger than that of R3̄; the interlayer
distance of AA-r is about 0.47~0.50 Å larger than that of AA.
From Fig. 1, we can see that in R3̄-r and AA-r stackings, the
I atom in the bottom sublayer of the top CrI3 layer (I2b) sits
almost directly above I1t, the I atom in the top sublayer of
the bottom CrI3 layer. Therefore, the orbitals from I2b and
I1t atoms in these two stackings tend to repel each other, and
push the top and bottom CrI3 layers farther away, compared
to their non-rotated stacking counterparts. This explains the
larger interlayer distances (above 4.00 Å) for R3̄-r and AA-
r stackings shown in Table S1, and why their total energies
are notably higher in comparison with the corresponding non-
rotated stacking patterns R3̄ and AA. In contrast, for C2/m-r
stacking, the rotation does not lead to I2b over I1t, and thus
the interlayer distance barely changes compared to the non-
rotated C2/m stacking, which explains why C2/m-r and C2/m
share similar total energies.
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Figure 3. The energy differences between AFM and FM bilayer CrI3
at different stacking orders computed by different DFT+U methods:
(a) Dudarev’s approach with various Ue f f values; Liechtenstein’s ap-
proach with (b) U = 2.9 eV and J = 0.7 eV and (c) U = 3.9 eV and
J = 1.1 eV.

Now, we move to investigate how the rotation can influ-
ence the interlayer magnetic order of each stacking. The en-
ergy differences between AFM and FM bilayer CrI3 at differ-
ent stacking patterns (R3̄, R3̄-r, C2/m, C2/m-r, AA and AA-
r) were calculated again by different DFT+U methods with
various sets of U and J values, as shown in Fig. 3. For R3̄
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stacking, all the calculations in Figs. 3(a-c) yield the same
magnetic ground state, i.e., interlayer FM. For R3̄-r stacking,
however, the situation becomes more complicated. According
to Fig. 3(a), calculations by Dudarev’s approach indicate that
when Ue f f = 2.0 eV, EAFM−EFM = 0.8 meV for R3̄-r stack-
ing so FM is slightly more stable; with Ue f f increasing (≥ 3.0
eV), EAFM−EFM becomes increasingly negative and thus the
interlayer magnetic ground state is switched to AFM. Similar
trends are found in the data of Figs. 3(b) and 3(c) computed
by Liechtenstein’s approach, where U = 2.9 eV and J = 0.7
eV give FM as the magnetic ground state, while U = 3.9 eV
and J = 1.1 eV show AFM as the magnetic ground state for
R3̄ stacking. As for C2/m and C2/m-r stackings, the oppo-
site behavior occurs: for C2/m-r stacking, all the calculations
in Figs. 3(a-c) confirm interlayer FM as the magnetic ground
state; for C2/m stacking, however, the magnetic ground state
once again depends on the choice of interaction parameters.
As shown in Fig. 3(a), when Ue f f = 2.0 eV, EAFM−EFM = 0.5
meV for C2/m stacking and therefore FM is slightly more
stable; with Ue f f increasing (≥ 3.0 eV), EAFM − EFM once
again becomes increasingly negative and thus the interlayer
magnetic ground state is switched to AFM. Calculations by
Liechtenstein’s approach with two sets of U and J values in
Figs. 3(b) and 3(c) both suggest AFM as the magnetic ground
state of C2/m stacking. Finally, moving to AA and AA-
r stackings, Dudarev’s approach in Fig. 3(a) shows that the
magnetic ground state of AA stacking could have a transition
from FM to AFM when Ue f f = 5.0 eV. Liechtenstein’s ap-
proach determines AFM as the magnetic ground state of AA
stacking when U = 2.9 eV and J = 0.7 eV (Fig. 3(b)), while
FM as the ground state when U = 3.9 eV and J = 1.1 eV
(Fig. 3(c)). In contrast, the magnetic ground state of AA-
r stacking is found to be AFM by all the calculations. To
summarize, we note that the similar change of the magnetic
ground state of C2/m stacking with the U value has been re-
ported by previous DFT calculations in Ref. [25]. Here in our
work, we found that the magnetic ground states of R3̄-r and
AA stackings are also dependent on the interaction parame-
ters. On the contrary, the other three stacking orders, namely
R3̄, C2/m-r, and AA-r, maintain the same magnetic ground
state under different U and J values.

Our results highlight the importance of choosing the
DFT+U approach with suitable U and J values when it comes
to computing the energies and determining the magnetic
ground state of bilayer CrI3, a system with strong electron cor-
relation effects [23–25]. However, the potential change of the
magnetic ground state with U and J values brings additional
challenges for us to determine how stacking reversal will af-
fect the magnetic ground state. For Dudarev’s approach, we
have examined Ue f f from 2.0 to 5.0 eV, and Ue f f is typically
chosen around 3.0 eV in the literature [23, 58]. With Ue f f =
3.0 or 4.0 eV, it is clear from Fig. 3(a) that the 180◦ stack-
ing rotation remarkably switches the magnetic ground state of
all three stacking orders: R3̄, C2/m, and AA. In specific, the
magnetic ground state of R3̄ stacking is changed from FM to
AFM when it is reversed to R3̄-r stacking; the ground state
of C2/m stacking is switched from AFM to FM when it is
rotated to C2/m-r stacking; AA stacking shows an FM-to-

AFM transition after the rotation to AA-r stacking. We ex-
pect that Ue f f = 2.0 eV is too low while Ue f f = 5.0 eV is too
high, which could give rise to unreliable results. For Liechten-
stein’s approach with U = 3.9 eV and J = 1.1 eV (the values
used by Ref. [25]), the switching of interlayer magnetic order
by stacking reversal is also evident for all three stacking pat-
terns, as shown in Fig. 3(c); nevertheless, with U = 2.9 eV and
J = 0.7 eV (the values used by Ref. [24]), only C2/m stack-
ing exhibits a clear switching of the magnetic ground state by
stacking reversal, as shown in Fig. 3(b). This renders us diffi-
cult to determine whether R3̄ and AA stacking orders should
definitely experience the magnetic ground state switching af-
ter the 180◦ rotation. Therefore, we further carried out hybrid
functional calculations through the screened Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06) method [50, 51] with-
out use of any U and J parameters. The HSE06 results are
shown in Fig. S1 in the Electronic Supplementary Informa-
tion, where the 180◦ stacking rotation switches the magnetic
ground state for all three stacking orders, similar to the results
from Dudarev’s approach with Ue f f = 3.0 or 4.0 eV shown
in Fig. 3(a), and also consistent with the results from Liecht-
enstein’s approach with U = 3.9 eV and J = 1.1 eV shown
in Fig. 3(c). This confirms that stacking reversal is an effec-
tive strategy to switch the interlayer magnetic order in bilayer
CrI3.

It is important to note that the switching event for C2/m
stacking exists for different DFT+U approaches with differ-
ent U and J values and the HSE06 method without use of
any U and J parameters, demonstrating that our results about
C2/m and C2/m-r stackings are robust. Fortunately, recent
experimental studies by polarization resolved Raman spec-
troscopy [27–30] verified that exfoliated bilayer CrI3 assumes
the monoclinic C2/m stacking. Moreover, CrBr3 bilayers with
the top and bottom layers aligned and anti-aligned were grown
by molecular beam epitaxy, and they were found to have oppo-
site interlayer magnetic orders [32]. These experimental find-
ings further corroborate our calculations on C2/m and C2/m-
r, where the switching of interlayer magnetic order by stacking
reversal is present. Therefore, we focus on C2/m and C2/m-r
stacking patterns to reveal the microscopic mechanism of the
switching in the following discussions.

In order to understand the magnetic interactions and the
origin of the magnetic ground state change in bilayer CrI3,
we performed MFT calculations [52–54, 56, 57], whose re-
sults are summarized in Fig. 4. Fig. 4(a) and 4(b) respectively
shows the calculated in-plane (Jin, i.e., intralayer) and out-of-
plane exchange couplings (Jout, i.e., interlayer) as a function
of the distance between Cr atoms. For the out-of-plane inter-
actions, we presented the values multiplied by coordination
number N; Jout = N · Jout where N = 2, 2, 4, 4, 2 for the 1st,
2nd, 3rd, 4th, and 5th neighbor interactions between the top-
layer and bottom-layer Cr atoms, respectively. The first thing
to be noted is that the intralayer exchange couplings (Jin) are
not much changed from C2/m to C2/m-r stacking, as shown
in Fig. 4(a) where the filled-red and the open-blue symbols
are largely overlapped except for the small change found in
the first neighbor coupling. It is well expected from the 2D
nature of CrI3.
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Figure 4. Calculated (a) in-plane and (b) out-of-plane magnetic
exchange couplings as a function of the distance between Cr atoms
in bilayer CrI3. The filled-red and open-blue symbols represent the
results of C2/m and C2/m-r, respectively. For the out-of-plane cou-
plings we present the values multiplied by coordination number Jout
(see the main text). The filled curves (shaded areas) show the inte-
grated values of Jout up to the given distance; Jint(r) = ∑

r
0 Jout(r).

(c), (d) The orbital-decomposed out-of-plane magnetic interactions
for C2/m and C2/m-r stacking, respectively. The green triangles,
red diamonds, and blue circles correspond to the eg-eg, t2g-t2g and
eg-t2g interactions, respectively.

On the other hand, the remarkable difference is clearly no-
ticed in the interlayer couplings. Fig. 4(b) compares the calcu-
lated Jout in the two different stackings. The key difference is
the second neighbor Jout whose sign is negative (i.e., favor-
ing the interlayer AFM order) and positive (i.e., favoring the
interlayer FM order) in C2/m and C2/m-r, respectively. See
Eq. 1 in the Methods section to understand why the negative
(positive) sign of magnetic couplings favors the AFM (FM)
order. While the smaller deviations are found in the longer-
range interactions, this second neighbor coupling, as strong as
the first neighbor coupling, is certainly the main difference in
the two structural phases. The shaded area of Fig. 4(b) refers
to the integrated values of all magnetic couplings up to the
given distance where red and blue color represents the result
of C2/m and C2/m-r, respectively. It clearly shows that the
AFM (negative sign) and FM (positive sign) interlayer cou-
pling is favored for C2/m and C2/m-r, respectively, which is
in agreement with our total energy results discussed above. It
is interesting to note that, while the major AFM coupling is
the second neighbor Jout, the longer-ranged AFM couplings,
particularly the 3rd and the 5th neighbor interactions, also
make critical contributions in stabilizing the interlayer AFM
order for the C2/m phase of bilayer CrI3 [24].

Further information can be obtained from the orbital-

d3z²-r²

dx²-y²

dx²-y²

dx²-y²

(a) (b)

2nd Neighbor interactions

C2/m-rC2/m

Figure 5. Calculated maximally localized Wannier orbitals mainly
responsible for the interlayer eg-eg hopping in (a) C2/m and (b)
C2/m-r stackings. The dashed lines depict the hopping paths in be-
tween the top-layer and bottom-layer I atoms. The blue and yellow
colors represent the opposite signs of wavefunction phases.

decomposed interaction profile. It is instructive to compare
the result of C2/m-r presented in Fig. 4(d) with that of C2/m
in Fig. 4(c) which was discussed in the previous study [24].
Just as in C2/m, the FM interlayer couplings in C2/m-r are
mediated by eg-t2g interaction and the AFM by eg-eg and t2g-
t2g interactions. In C2/m-r, however, the AFM eg-eg coupling
is significantly weaker than that in C2/m. Together with the
stronger FM coupling of the second neighbor eg-t2g, the inter-
layer FM order is stabilized in C2/m-r.

To understand the origin of the weaker second neighbor eg-
eg coupling in C2/m-r stacking, we performed the maximally
localized Wannier function (MLWF) analysis and the results
are presented in Fig. 5, where the typically large contributions
among eg-eg channels are selected for presentation. It shows
the wavefunction characters that play the major role in the
eg-eg couplings in the two different stacking orders, because
the successive hoppings between Cr-d and I-p as well as I-
p and I-p are important for the interlayer magnetic interac-
tions [23, 24]. For C2/m shown in Fig. 5(a) (also for the case
of R3̄, not shown), the two symmetric hopping paths are well
identified in between the top-layer and bottom-layer Cr-eg or-
bitals. It is consistent with the previous analysis of Ref. [24].
For C2/m-r shown in Fig. 5(b), on the other hand, the main
second neighbor interaction is mediated by two hopping paths
and their contributions largely cancel each other owing to the
opposite signs of wavefunction phases (see the two dashed
lines connecting I atoms in Fig. 5(b): one connects yellow to
blue while the other connects blue to blue in terms of wave-
function phases). This effect therefore significantly reduces
the AFM eg-eg coupling, which is a distinctive feature not ob-
served in the case of C2/m, and is largely responsible for the
FM ground state in C2/m-r. Indeed, our tight-binding anal-
ysis shows that the eg-eg hopping is about 6 times greater in
C2/m than in C2/m-r, which is largely attributed to the can-
cellation due to the wavefunction phases in the latter. To sum-
marize, the 180◦ stacking rotation from C2/m to C2/m-r in
bilayer CrI3 clearly changes the relative atomic alignments
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between the layers, and alters the hopping paths between the
top-layer and bottom-layer Cr orbitals, thereby leading to dif-
ferent interlayer magnetic exchange couplings and eventually
a different interlayer magnetic ground state. We expect that
similar orbital analysis can be applied to bilayer CrBr3 to ex-
plain the experimentally observed switching of the magnetic
ground state by stacking reversal [32].

IV. CONCLUSIONS

In conclusion, we carried out extensive first-principles cal-
culations by using different DFT+U methods with various in-
teraction parameters of U and J and by using the hybrid func-
tional method, to investigate the magnetic interactions of three
energetically stable stacking patterns R3̄, C2/m and AA in bi-
layer CrI3, and their corresponding reversed stackings R3̄-r,
C2/m-r and AA-r. We found that the 180◦ stacking rotation
can significantly affect the total energy and interlayer mag-
netic ground state. First, stacking reversal changes the energy
order between R3̄ and C2/m, the two most common stacking
configurations in bilayer CrI3 (i.e., E(R3̄) < E(C2/m) while
E(C2/m-r) < E(R3̄-r); second and more interestingly, stack-
ing reversal can switch the interlayer magnetic ground state
from FM to AFM for R3̄, from AFM to FM for C2/m, and
from FM to AFM for AA. A detailed microscopic orbital anal-
ysis was also performed by magnetic force theory calcula-
tions on C2/m and C2/m-r stacking orders to reveal the in-
terlayer magnetic interactions and the origin of the magnetic
order change. The 180◦ stacking rotation changes the relative
atomic alignments between the CrI3 layers, and alters the hop-
ping paths between the top-layer and bottom-layer Cr orbitals,
therefore leading to different interlayer magnetic exchange
couplings and eventually a different magnetic ground state.
This work demonstrates that stacking rotation, like stacking
translation, is also a powerful approach to tune the interlayer
magnetism of CrI3. We expect that similar manipulation of the
interlayer magnetic order by rotating layers can exist for other
2D magnets such as CrBr3 and CrCl3, and magnetic vdW het-
erostructures.

Furthermore, our findings could exert a broad influence in
the Moiré physics of 2D magnets. For example, twisted bi-
layer CrI3 leads to a magnetic Moiré superlattice hosting dif-
ferent local stacking orders corresponding to the translation
and rotation of high-symmetry stacking patterns found in the
original bilayer structure. More specifically, R3̄, C2/m and
AA stacking patterns, as well as another two metastable stack-
ings AC’ and AB’1, can be translated to one another, and
they have different interlayer magnetic ground states [23]. By
twisting bilayer CrI3 from the original structure, especially by

a small angle, a Moiré superlattice is formed with a mixture of
different local stacking orders [23, 59, 60]. These local stack-
ing orders correspond to R3̄, C2/m, AA, AC’ and AB’1 stack-
ings, where R3̄ and AA form FM spin centers, while C2/m,
AC’ and AB’1 form AFM spin centers in the twisted geome-
try. Therefore, twisted bilayer CrI3 can host different spin cen-
ters in the same structure. Our work further shows that stack-
ing rotation can switch the interlayer magnetic order. Hence,
by continuing to twist the bilayer structure (i.e., rotating the
structure), these localized spin centers are expected to expe-
rience the spin flipping, so FM centers become AFM centers
while AFM centers become FM centers, resulting in rich and
novel magnetic properties in 2D magnetic Moiré superlattices.
Finally, when the twist angle is close to 180◦, the Moiré super-
lattice comprises mixed local stacking orders including R3̄-r,
C2/m-r, AA-r that exhibit the opposite spin behaviors to the
twisted structure near 0◦.
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