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Abstract

Bilayer Crl; attracted much attention due to stacking-induced switching between the layered
ferromagnetic and antiferromagnetic order. This discovery brought under the spotlight the
interlayer Cr—Cr exchange interaction, which despite being much weaker than the intralayer
exchange, plays an important role in shaping the magnetic properties of bilayer Crl;. In this work
we delve into the anisotropic part of the interlayer exchange with the aim to separate the
contributions from the Dzyaloshinskii—-Moriya (DMI) and the Kitaev interactions (KI). We
leverage the density functional theory calculations with spin Hamiltonian modeling and develop
an energy mapping procedure to assess these anisotropic interactions with peV accuracy. After
inspecting the rhombohedral and monoclinic stacking sequences of bilayer Crls, we reveal a
considerable DMI and a weak interlayer KI between the sublattices of a monoclinic bilayer. We
explain the dependence of DMI and KI on the interlayer distance, stacking sequence, and the
spin—orbit coupling strength, and we suggest the dominant superexchange processes at play. In
addition, we demonstrate that the single-ion anisotropy in bilayer CrI; is highly
stacking-dependent, increasing by 50% from monoclinic to rhombohedral bilayer. Remarkably,
our findings prove that iodines are highly efficient in mediating the DMI across the van der Waals
gap, much owing to spatially extended 5p orbitals which feature strong spin—orbit coupling. Our
study gives promise that the interlayer chiral control of spin textures, demonstrated in thin metallic
films where the DMI is with a much longer range, can be achieved with similar efficiency in
semiconducting two-dimensional van der Waals magnets.

1. Introduction

Since the long sought discovery of two-dimensional
(2D) magnets finally happened with Crl; and
CryGe,Teg [1, 2], a large stream of scientific efforts
has been directed towards achieving new capabilities
with magnetic van der Waals (VdW) heterostructures
[3-7]. Given the diversity of 2D materials, there is a
profusion of possible magnetic VAW heterostructures
that offer endless possibilities. Yet, to find intriguing
phenomena, one does not need to look any further
from the two layers of Crl;. So far, the magnetic prop-
erties of bilayer Crl; have been manipulated by elec-
tric fields [8, 9], electrostatic doping [10], pressure

© 2023 The Author(s). Published by IOP Publishing Ltd

[11], and twisting [12]. In addition, theoretical stud-
ies proposed to switch the direction of magnetiz-
ation in one of its two layers by spin-orbit torque
[13] and predicted the magnetic photogalvanic effect
[14], magnetic polarons [15], and magnetoelectric
response in bilayer Crl; [16].

Monolayer Crl; is composed of chromium atoms
arranged in a honeycomb lattice surrounded by edge—
sharing iodine octahedra. Below the Curie temperat-
ure the S = 3/2 spins on Cr atoms are parallel and the
monolayer Crl; is a ferromagnet (FM) with an out-
of-plane magnetization [17-19]. The magnetic aniso-
tropy energy (MAE), that is necessary for the long-
range magnetic order to persist in 2D crystals at finite
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temperatures [20], emerges in Crl; from an interplay
between the single-ion anisotropy (SIA) and the two-
ion anisotropy (TIA) occurring between the nearest
neighbors Crions [17, 21]. The TIA is usually derived
within the generalized Heisenberg-Kitaev model and
gives rise, in addition to the conventional isotropic
Heisenberg exchange, to the Kitaev exchange and to
the symmetric pseudo-dipolar interaction, depend-
ing on the bond-orientation. These terms, which we
will generally label as ‘Kitaev-like interaction’ (KI),
refer to the traceless symmetric part of the most gen-
eral expression for bilinear spin-spin interactions [22]
and cooperate with dipole-dipole interaction in shap-
ing the total magnetic anisotropy [23]. Like SIA, the
Kl in Crl3 comes mostly from the spin—orbit coupling
(SOC) on iodine atoms. MAE scales with the ligand
SOC strength, being instrumental to Crl; showing a
higher Curie temperature (T¢) than the isostructural
CrBr; and CrCls, whose ligands feature much weaker
SOC than iodines [24—27]. Besides SIA and KI, SOC
can give rise to the Dzyaloshinskii—-Moriya interaction
(DMI). However, the presence of an inversion cen-
ter in the nearest neighbor Cr—Cr bonds imposes that
this antisymmetric part of the anisotropic exchange is
exactly zero. On the other hand, the DMI is allowed
between the next-nearest Cr neighbors and, although
tiny, it can play an important role in gaping the
magnon spectra [28].

In addition to magnetic properties that bilayer
Crl; inherits from its constitutive layers, the inter-
layer exchange has proven extremely important as it
can affect the direction of layers’ magnetizations. It
is an order of magnitude weaker than the intralayer
exchange, but the possibility to tune it via stacking
alternations made it a subject of numerous studies.
For example, if we adopt the stacking from bulk Crl;
that crystallizes either in rhombohedral (the low tem-
perature or LT phase, R3 space group) or monoclinic
lattice (the high temperature or HT phase, C/2m
space group) [29], we end up with two different
bilayer structures that we refer to as the LT and the HT
structure (figures 1(a) and (b)). Here the theoretical
[10, 30-33] and experimental [34] studies agree: the
LT stacking favors the FM ordering of layers’ mag-
netizations, whereas the HT stacking leads to layered
antiferromagnetic (AFM) order. However, being real-
ized through (at least) two iodines, the interlayer Cr—
Cr coupling is mostly of super-superexchange type,
which makes its microscopic description complicated
due to a high number of relevant hopping processes
[35-37].

In bilayer Crl; studies galore the interlayer
exchange is most often considered isotropic. This is
a reasonable assumption for many purposes, given
that the bilayer Crl; lattice is centrosymmetric and
thus the DMI is forbidden, whereas the K1, if nonzero,
is usually very small. However, the strict constraints
imposed on DMI by the global symmetry of the struc-
ture do not forbid the DMI to appear locally, between
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the specific neighbors. Moreover, if the DMI exists
between the specific neighbors and the global sym-
metry constraints are somehow removed—the mac-
roscopic DMI can emerge as well. New studies warm
up such expectations showing that skyrmions—
topologically protected particle-like spin textures that
usually appear as a consequence of DMI—can be
induced via moiré magnetic exchange interactions
in twisted bilayer Crl; [12, 38, 39]. Concerning the
interlayer DMI in general, Vedmedenko et al [40] pro-
posed the atomistic model that predicts the form-
ation of global chiral spin textures due to inter-
layer DMI between the ferromagnetic layers coupled
through a nonmagnetic spacer. Recently, chiral con-
trol of spin textures is experimentally achieved in fer-
romagnetic TbFe/Pt/Co thin films, where the out-of-
plane magnetization of TbFe is DMI-coupled with
the in-plane magnetization of Co [41]. In this mul-
tilayer system the interlayer DMI is strong because
the Pt atoms carry the conductive electrons that fea-
ture strong SOC. In analogy to TbFe/Pt/Co, the ques-
tion is whether the iodine ligands, that also have con-
siderable SOC, can play the role of DMI-mediator in
bilayer Crl;. Moreover, having in mind the import-
ance of KI in monolayer Crl3, how strong is the inter-
layer KI in bilayer Crls?

We present a theoretical study that combines the
density functional theory (DFT) and Hamiltonian
modeling in calculating the anisotropic part of the
interlayer exchange in bilayer Crl;. The manuscript
is organized as follows: we start by presenting the
employed computational approach in section 2.1
and describe the model Hamiltonian that expresses
the coupling between two perpendicular spins in
section 2.2. The ability of the perpendicular-spins
model to capture the changes in DFT band energies is
demonstrated in section 2.3. The validity of the model
is extended to describe the coupling between fully
magnetized layers in section 2.4, where we reveal a
considerable DMI and an order of magnitude weaker
KI between the sublattices of bilayer Crl;. We demon-
strate how both DMI and KI depend on structural
transformations and the SOC strength in section 2.5,
suggesting possible superexchange mechanisms gov-
erning these interactions. Finally, in section 3 we sum-
marize the study by proposing a 2D magnetic hetero-
structure that should be a suitable platform for realiz-
ing the interlayer DMI coupling of layers’ magnetiza-
tions, similar to that experimentally achieved in thin
metallic films.

2. Results

2.1. Computational approach

We model the bilayer Crl; by stacking two Crls
layers in rhombohedral (LT) and monoclinic (HT)
sequences (figure 1). The structural details and com-
putational parameters of DFT calculations are given
in the section 4. In order to study the coupling
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Figure 1. Bilayer Crl; with LT (a) and HT (b) stacking. Atoms from the upper layer are colored by brighter nuances. The HT
structure is obtained from LT when the upper layer is translated by a, /3. (c) One pair of Cr atoms immersed into the Crls-like
environment with Cr atoms replaced by Al. Spins on Cr atoms are depicted by thick green arrows.

between the two spins from different layers, we need
to isolate them from the rest of the magnetic environ-
ment. To solve this problem, we use the 2 x 2 super-
cell and replace by Al all the Cr atoms except the two
whose interaction will be inspected (figure 1(c)). Al
is trivalent like Cr, so the two remaining Cr atoms are
embedded into the nonmagnetic crystalline environ-
ment reminiscent of that in bilayer Crls. To check the
validity of the atomic replacement method, we cal-
culated the SIA and the intralayer nearest-neighbor
exchange tensor J; of monolayer Crl; and compared
the results to those obtained with the reference four-
state method [42] in supplementary information.

In calculating the interlayer exchange tensors, we
follow a two-step computational procedure: in the
first step the electron density and the Kohn—Sham
wavefunctions are obtained from noncollinear self-
consistent field calculations without SOC. The direc-
tions of spins S; and S, on Cr atoms are constrained
perpendicular to one another (figure 1(c)) using the
penalty functional [43]. In the second step the Kohn—
Sham wavefunctions from the first step are used, the
SOC is included and the sum of band energies is cal-
culated for different directions of the spin quantiz-
ation axis, which is rotated around a given axis. For

example, if S, is parallel to the spin quantization axis,
it will rotate together with it, whereas the direction
of S; is unaffected by rotation (see figure 1(c)). Given
that only the sum of band energies is used, this pro-
cedure can be applied to any system provided that the
use of the magnetic force theorem is justified [44—46].
This method can save more than 50% of the compu-
tational time (see the supplementary information for
details) while offering the accuracy of the reference
four-state method [42, 47].

2.2. Hamiltonian of two perpendicular spins

Here we derive the model describing the coupling of
two perpendicular spins, that is used for mapping the
differences between DFT band energies obtained for
different directions of the spin quantization axis. In
closer detail, we suppose that the two spins belong
to different layers, but the model works as well if the
spins are belonging to the same layer.

The total energy of such a two-spin system is

E=Em+$1T8+81A4:181 + 84S, (1)

where E,, is the nonmagnetic contribution, J is an
exchange tensor describing the interaction between
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the spins S; and S,, and A; is the SIA tensor attrib-
uted to the spin S;. If the layers are structurally
identical and magnetic atoms are Wyckoff partners
sharing the same site symmetries, then A; = A, = A.
Without loss of generality, let us choose the coordin-
ate system by fixing S; along the z-axis and direct-
ing S, in the xy-plane. Now, §; = (0,0,S;) and S, =
(S2cos(9),Sysin(¢),0) and the spin configuration
is completely determined by a single parameter—
the angle ¢ between the S, and the x-axis. The
equation (1) turns into

E(¢) = Ec+ 515 (Juxcos (@) + Ly sin(¢))
+ 82 (A_sin’ (¢) + A sin (29))
=Ec+E(¢)+Ea(d), (2)

where we introduced the parameters A_ = A, — Ay
and A} = (A +A)x)/2 for convenience and Ec =
Enm +A,ST + A,,S3 comprises all the ¢-independent
terms. The important terms for our discussion are
the exchange interaction energy E;(¢) and the con-
tribution from the SIA E4(¢). If we interchange the
roles of §; and S, the equation (2) yields J,, and J,..
If we further change the rotation axis from z- to x-
axis, Jx, and J,x are obtained (and J,; and ] that
are known already). Therefore, by considering the sets
of spin configurations that we denote as {S; || z +>
S, O z} and {81 xS O x}, one obtains all the
off-diagonal [J -matrix elements.

In general, the 7 tensor decomposes into the iso-
tropic Heisenberg exchange and the anisotropic DMI
(antisymmetric) and KI (symmetric) [47],

1 1
J= 3L +3 (7-J7)

Heisenberg exchange DMI

1 1
+ E(j‘i‘jT)—gTr(j)Hs

anisotropic symmetric exchange (KI)

= %Tr(J)H3+D+IC. (3)

By assumption, the spins are perpendicular and the
Heisenberg exchange between them vanishes. Thus,
the exchange energy contains only the DMI and the KI
contributions, Ej(¢) = Epm(¢) + Ex(¢). The DMI is
usually expressed as the mixed vector product, Epy =
D-(S; xS;), which introduces the Dzyaloshinskii
vector,

D= (szDnyz> = (]yz - ]zyy]zx _]xu]xy _]yx) .

(4)

N —

For a system with a well defined symmetry, the dir-
ection of D can be (at least partially) determined
with the help of Moriya rules [22]. In supplementary
information we derive the Moriya rules in a form that
is more suitable for our purposes.

Within {S ||z« S, Oz} spin configurations,
the total variation of the Kitaev energy is AEx =

4
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2815, (Kﬁx—l—K%,)l/z. In analogy to DML, it is con-
venient to introduce the vector K = %(]yz + oy S+
Jizs Ty + ]yx) that quantifies the strength of KI by
AEx /28,8, = (K2 +K2)'/2. In general, the matrix K,
unlike D, contains the diagonal elements as well,
that are out of reach of this method as their cal-
culation requires the (anti)parallel spin configura-
tions. Therefore, strictly speaking, for a given refer-
ence frame the parameter K quantifies the strength of
the off-diagonal part of the Kitaev interaction (KI).
From equation (2), we define the SIA constant
as A= AE,/S?, where AE, is the total variation of
the SIA energy term E4(¢) for the rotation of spin S
around a given axis. It can be easily derived that, for a
fixed rotation axis, the energy E4(¢) reaches extrema
+ : 1 A
at ¢y = arcsin (5 + z\/ﬁ
ation is AE, = |E(¢p) — E(¢po + 7/2)]|. If spin rotates
around the z-axis, the in-plane SIA constant A is
obtained, whereas if it rotates around the x-(or y-)
axis the fit yields the out-of-plane SIA constant, A .
Finally, if one performs the DFT calculations for the
{Si]|z4+S, Oz} and {S, || x > S, O x} sets of spin
configurations, the D, K, A, and A are obtained
from fitting to equation (2). We discuss this below by
applying the model to the two Cr spins from different
layers.

1/2
) and its total vari-

2.3. Interlayer coupling of perpendicular Cr
magnetic moments
Bilayer Crl; is an illustrative example as it reveals a
few different scenarios of interlayer exchange coup-
ling and elucidates the important role of the sym-
metry of local environment around Cr ions. We refer
to the pair of Cr ions accompanied by surrounding
ligands as ‘the CrI,—1,Cr cluster’ (n is the number of
ligands that participate in the exchange path between
Crions). We consider the nearest and the next-nearest
interlayer neighbors in both the LT and HT struc-
tures. In the chosen coordinate system the Cr—Cr
bond lies along the x-axis and z-axis is perpendicu-
lar to the Crl; plane (see figure 2(a)). For each con-
sidered structure, we perform the symmetry analysis
to double check whether the calculated off-diagonal
J -matrix elements comply with the extended Moriya
rules exposed in supplementary information.

Starting with the LT bilayer, the nearest and the
next-nearest interlayer Cr neighbors are modeled by
LT, and LT, structures (see figures 2(a) and (b)).
In LT}, the Cr—Cr bond displays inversion, threefold
rotation axis parallel to the bond, and three vertical
mirror planes. Therefore, the Crl;-I;Cr cluster in LT,
satisfies three Moriya rules (a, ¢, e) and consequently
the exchange matrix must be diagonal. In complete
agreement our calculations give all the zeros at the
off-diagonal slots of the exchange matrix (Jrr1 in
equation (S2)).

Moving further to the next-nearest neighbors, the
Crl,—I,Cr cluster in LT has only the spatial-inversion
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b T,
g8
.

3 mirror planes }

270°

HT} structure with I atoms from CrI-ICr cluster replaced by Cl.

Figure 2. The structures used for modeling the nearest and the next-nearest interlayer Cr neighbors in LT and HT bilayer (upper
panel). The four corresponding Crl,—I,Cr clusters are depicted in the middle panel and their symmetries are denoted. Yellow
discs show the polar plots of the E(¢) — Ey, where E(¢) is the sum of band energies for the angle ¢ of the spin quantization axis,
and E is the minimum of band energies around the given rotation axis. In (d) the co-shaped energy curve corresponds to the

symmetry (Moriya rule a), constraining the Jir, to
be symmetric and forbidding the DMI. On the other
hand, no symmetry rule forbids the KI and our cal-
culations reveal K= 32 eV (table 1). Here one can
actually see the KI in action: with S; fixed along the z-
axisand S, rotating around it, the energy of the system
is changing according to the cardioid pattern which is
a direct consequence of the KI (see the polar plot in
figure 2(b)).

Moving the discussion to HT stacking, the x-axis
is a twofold rotational axis for both the CrI,—I,Cr in
HT, and the CrI-ICr cluster in HT, structure (see
figures 2(c) and (d)). Taking into account that the
Cr—Cr bond is perpendicular to the x-axis, these two
cases fall into the Moriya rule (d) category and the
symmetry implies [,y = —Jy, Jox = —Jxzoand J;, = ]
Although KI is not forbidden by symmetry, our cal-
culations reveal its total absence in HT; structure and
a modest K = 25 eV in HT).

Strikingly, both the nearest and the next-nearest
interlayer neighbors in HT structure display consid-
erable DMI in the range of 150-200 ueV (table 1).
In Moriya’s seminal paper it is shown that the DM
energy is linear in SOC [22]. Given that the SOC on

iodine (and not on chromium) gives the major con-
tribution to MAE of monolayer Crl; [17, 21, 48], we
assume that iodine’s SOC is responsible as well for the
interlayer DMI in bilayer Crls. This assumption can
be tested through ligand replacement. The SOC con-
stant for valence electrons in solids scales as A ~ 1 /27,
where Z is the atomic number [49]. Therefore, by
the rule of thumb, if iodines are replaced with chlor-
ine the DMI would reduce Z; /ZZ, ~ 10 times. This
simple estimate works surprisingly well, as we reveal
that the D is reduced 12 times when the two iodines in
HT, cluster are replaced by chlorine (see figure 2(d)
and table 1). Moreover, this example proves the local
character of the interlayer DMI, showing that only
the ligands in the vicinity of Cr—Cr pair play a role
in mediating this anisotropic interaction. Otherwise,
the DMI would not be reduced so drastically even
after the iodines of the CrI-ICr cluster are swapped
by chlorine because the other iodines are still present
in the structure. The dependence of DMI on SOC is
further discussed in section 2.5.

For the sake of completeness, we calculated the
DMI between the third neighbors of HT struc-
ture using the 3 x 3 supercell (2 x 2 supercell is not
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Table 1. The magnitude and the components of Dzyaloshinskii and Kitaev vectors. The last two columns present the out-of-plane and

the in-plane SIA constants.

Structure |pueV — |D| D, D, D, K| K K, K, Al Al
LT, (figure 2(a)) 0 0 0 0 0 0 0 0 253 0
LT, (figure 2(b)) 0 0 0 0 32 —14 24 —16 240 1
HT, (figure 2(c)) 175 0 50 —168 0 0 0 0 172 19
HT, (figure 2(d)) 166 0 —166 —4 25 —25 0 0 173 12
HT; (CrCI-CICr) 14 0 —14 3 1 —1 0 0 163 186

sufficiently large for such calculations). The D =
7 ueV is clearly dwarfed by those of the nearest and
the next-nearest neighbors, providing an additional
proof that the interlayer DMI in bilayer Crl; is short
ranged, practically limited to the nearest neighbors.

To the best of our knowledge, the effect of stack-
ing on SIA is not addressed in previous studies of
bilayer or bulk Crls. Most often, it is assumed that
the SIA obtained for monolayer persists in bilayer and
bulk. However, SIA is a local property and as such is
prone to changes of the environment of magnetic ion,
e.g. by altering the stacking sequence. Remarkably, we
obtained an increase of 50% in A, from HT to LT
stacking (table 1). Given that SIA largely contributes
to magnetic anisotropy, one should take this change
into account when estimating the critical temperat-
ure of bilayer or bulk Crls. Further, contrary to the
LT bilayer which is isotropic to the in-plane spin rota-
tions (A = 0, like in the monolayer Crl; [27]), the
HT bilayer is not, as our DFT calculations reveal a
modest in-plane SIA of A|| ~ 10 — 20 eV Therefore,
the alternation of a stacking sequence can change
SIA. Instructively, in HT bilayer the in-plane SIA is
responsible for the distortion of the cardioid pattern
presented in figure 2(c).

2.4. Interlayer coupling of perpendicular
magnetizations

In this section we move further from the two-spin sys-
tems to provide the description of coupling between
the perpendicular magnetizations of fully magnetized
layers, where all the spins are pointing to the same
direction. In general, when spins are randomly dis-
tributed, the total energy of N x N bilayer Crl; (that
contains 2N? spins per layer) is a sum of the nonmag-
netic energy, the contributions from the intralayer
and interlayer exchange coupling of spins, and SIA
contributions at each spin site,

2N?
EN = EN,nm + Z Si| ‘Z‘:yrizsil
it ia=1
1 2N? 2N?
+> 3 ST+ Y SiAS |, (5)

=12 | =1 i=1

where | = 1,2 is the layer index and 7; and j; are indices
numbering the spin sites. The interlayer exchange

tensor Jliz describes the coupling between the spins

6

i and i, from different layers, whereas the intralayer
exchange tensor 75" describes the coupling between
spins 7; and j; from the same layer /.

If we assume that all the spins from one layer point
in the same direction, i.e. S; =S, the equation (5)
greatly simplifies,

E:Enm+sl inlAz—"_inle—’—jBilAz_'_jB%Bz SZ

JT

1 1
+>°s <2j;’ + EJBH + 2A> S, (6)
)

where E = Ey/N? and Ey = Enum/N? are the total
and the non-magnetic energy expressed per unit cell.
In equation (6) the contributions from A and B sub-
lattices (see figures 1(a) and (b)) are separated so that
J, Ail s, describes the interlayer coupling between all the
spins at A, sites with all the spins at B, sites (N? of
each). The tensor 7,7 describes the interaction of a
single spin at A site with all the other spins from the
same layer. If we specify the spins S; = (0,0,S;) and
S, = (S cos(¢), S, sin(¢),0) the equation (6) reads

E(¢) =Ec+ 55, (]}x cos (¢) + I3, sin ((;5))
+ 83 (Q_sin’ (¢) + Q4 sin(2¢)),  (7)

which is the same equation as equation (2). The para-
meters Q_ and Q stemming from 77 and A will be
used solely for fitting purposes and will not be further
discussed, as our focus is on J7.

We calculated the off-diagonal elements of J- T
matrix for HT bilayer and obtained a weak inter-
layer KI of K= 18 ueV. On the other hand, already
from the spatial-inversion symmetry of HT bilayer
we know that there is no DMI as the A;A; (A1B;)
contribution to the Dzyaloshinskii vector exactly can-
cels that from B;B, (B;A,). Nevertheless, this does
not mean that the interlayer DMI between the sub-
lattices is zero. To inspect this, we modeled the A;A,
sublattice of the HT structure by replacing the Cr
atoms of the B; B, sublattice with Al (figure 3(a)) and
obtained the Dzyaloshinskii vector with a magnitude
of Dy 4, =236 eV per unit cell, or 5.55pueV A2,
Although the peV scale does not seem promising, this
is actually a remarkable result, as the estimated %
ratio is 80% (with J taken from [31]), much higher
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than the 10% threshold considered promising for
skyrmionics [50-52].

To the best of our knowledge there are no
available measurements of interlayer DMI in 2D
magnetic heterostructures, but there are in vari-
ous three-dimensional multilayer stacks [41, 53—-56].
In a TbFe/Pt/Co multilayer, the maximal effective
DMI field obtained for Pt thickness of 1.2nm is
Bpmi ~ 13mT, which converted to the interfacial
DMI energy yields Epyy ~ 44 uJ m™—2 = 2.75 ueV A2
[41]. Compared to the D4, 4, of HT bilayer, the DMI
in TbFe/Pt/Co is twice weaker. The DMI energy
recently measured in a variety of synthetic mag-
nets made from Co, Pt, and Ir layers is even weaker
than that, as it does not exceed Epyy ~ 11.3 uJm ™2 =
0.71 ueV A=2 [55]. However, the demonstrations of
purely electrical switching, i.e. the field-free con-
trol of magnetization by electrical currents [54-56],
make these results particularly exciting as they open
a possibility for designing vertical heterostructures
with correlated magnetizations for logic applications
[41]. We remark that the DMI in these metallic syn-
thetic magnets is of Ruderman—Kittel-Kasuya—Yosida
(RKKY) type [57], arising from spin-orbit scattering
of conduction electrons by the atoms of the nonmag-
netic layer (usually Pt or Ir), whereas in the semicon-
ducting Crl; bilayer considered here the DMI is due
to the iodine-mediated super-superexchange interac-
tion between the magnetic moments localized on Cr
atoms—the mechanism which is discussed in detail
in section 2.5. Therefore, with increasing distance
between the Crl; layers, the DMI is not expected
to display the oscillatory behavior characteristic for
RKKY interaction. Despite their different origin, the
DMI hidden in bilayer Crl; is at least of comparable
strength as the strongest known RKKY-type DMI in
metallic three-dimensional magnets.

2.5. Dependence of DMI/KI on structural
transformations and SOC

In this section we analyze in detail the DMI and KI
between the sublattices of bilayer Crl;. We modeled
the HT structure with the unit cell and replaced the
Cr atoms on B sublattices with Al, as depicted in
figure 3(a).

First, we inspected how these anisotropic inter-
actions change as the interlayer distance L is varied.
As shown in figure 3(b), the magnitude of both the
DMI and KI display a fast, exponential-like decrease
when L is larger than ~3 A, consistently with the
expected weak interaction between the layers across
the VAW gap. At shorter separation, the evolution
with L suggests a more complicated situation, espe-
cially for the KI which displays a non-monotonic
behavior. Assuming a superexchange-like mechan-
ism for both interactions, the dependence on the
interlayer distance can be rationalized taking into
account the possible exchange paths involving dif-
ferent transfer integrals (hopping terms) between Cr

7

S Stavric et al

and I ions and their expected dependence on the
relative bond lengths . One can identify three such
hopping terms, corresponding to d¢;-dc, direct hop-
ping (t; oc I7°), dce-p; hopping (f; o< I77/2) and p;-
p1 hopping (3 oc I7%), where we adopted the bond-
length dependence of Harrison [58]. In perturba-
tion theory, the exchange interaction can be expressed
quite generally as a sum of terms each with the form
"F(\, U, A), where F(\, U, A) is a polynomial func-
tion of atomic SOC A, charge transfer energy A, and
on-site Coulomb interaction U and the exponent n
depends on the number of hopping terms involved in
the exchange path. For instance, the contribution to
the exchange interaction arising from the direct d—d
hopping between Cr atoms scales as £ o [710 ~ L 710,
Similarly, a Cr-I-Cr exchange path involving a single
ligand I-p intermediate state would scale as 5 ~ L4,
while a Cr—I-I-Cr exchange path would also include
a p—p transfer integral, scaling overall as #35 ~ L™ 18,
Neglecting the details of the bond geometries and
the angular dependence of each transfer integral and
assuming that the dependence on the interlayer dis-
tance inherits the same scaling law of hopping terms,
one can derive a general functional expression for
both D and K that reads

clo , Cla | Cis

I(L)=ﬁ+ﬁ+ﬁ, (8)
where I stands for D or K and ¢/ are fitting paramet-
ers effectively including all the complicated depend-
ence on interaction matrix elements. We stress the fact
that different exchange paths can give rise to perturb-
ation terms with the same scaling dependence on the
interlayer distance, that are effectively regrouped in
equation (8). As an example, the Cr—I-Cr exchange
path shares the same L~! dependence with a process
where an electron is transferred from one Cr-d to the
other magnetic atom through both ligands and then
transferred back via a direct d—d process.

Despite the underlying crude approximations,
equation (8) captures surprisingly well the evolution
of both DMI and KI as a function of the overall inter-
layer distance, as shown in figure 3(b). Remarkably,
the non-monotonic dependence of KI can be quite
naturally interpreted as arising from the competition
of different super-superexchange processes occur-
ring across the VAW gap. Notwithstanding the phe-
nomenological nature of the fitting parameters, some
general trends can be deduced. For both interaction
terms, c'14 is negative while ¢/}, and /13 are pos-
itive: the largest coefficients are those involving p-p
hopping terms, which dominate at short separation,
while in the opposite limit the first term—showing a
slower decay—prevails. For instance, at the optimal
distance Lopt = 3.484, one has D(Lgp) = (366 —
143 +20) peVand K(Lop ) = (50 — 25+ 3) peV, with
the dominant contribution arising from the slow-
decaying cl,L~1° term: a compression of 18% causes
an increase of both interactions by more than 300%
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Figure 3. (a) The A; A, sublattice of HT bilayer Crl3 and (b) the magnitudes of the Dzyaloshinskii (D) and Kitaev (K) vectors as a
function of the interlayer distance. Dashed lines are fitted lines with parameters ¢ = 95eVA=10, K = 13eVA~10,
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and 140%, respectively, but the first two terms in
equation (8) largely compensate each other and the
third term starts to kick in, as D(0.82Lyp) = (2.66 —
2.30+0.70) meV and K(0.82Lap) = (0.36 —0.41 +
0.12) meV.

It is worth reminding that the intralayer KI in
monolayer Crlz (not to be confused with K as defined
in section 2.2) has been shown to scale quadrat-
ically with ligand iodine SOC, the transition-metal
SOC contribution being negligible [21]. The superex-
change mechanisms leading to anisotropic exchange
interactions are therefore different from those dis-
cussed in the seminal Moriya’s paper [22], where
it was assumed that the spin of the magnetic atom
couples to its own orbital moment. On the other
hand, the microscopic mechanisms at play are ana-
logous to those analysed for related transition-metal
dihalides, sharing with trihalides similar local bond-
ing environments and strong magnetic anisotropies
[59, 60]. To shed light on SOC dependence of inter-
layer anisotropic exchange couplings in bilayer Crl3,
we varied the SOC constant from A =0 (no SOC) to

A =2)¢ (double the original value), as shown in the
inset of figure 3(b), and fitted the values to the power
function g(\) = goA". The fit yielded np = 1.03 and
ng = 2.19 (see figure 3(c)), meaning that D is a linear
function of A whereas K has nearly quadratic beha-
vior like that of the intralayer KI in monolayer Crls.
The scaling analysis on both SOC and interlayer dis-
tance suggests that superexchange mechanisms are
effective in Crl; bilayer despite the presence of a VAW
gap.
To examine the influence of a stacking sequence
we gradually translated the upper layer along the a,
lattice vector, starting from the LT and ending with
the HT structure (figure 3(c)). The different beha-
vior of D and K with stacking alteration demonstrates
the importance of angles in the Cr-I-I-Cr bonds for
hopping processes that are governing the interlayer
interaction. Along the inspected direction of transla-
tion, K reaches its maximum of 33 1€V on the halfway
between the LT and HT, whereas the maximum of D
of 236 eV is in the HT structure. It is interesting to
see that for structures that are intermediate between
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LT and HT the DMI and KI are the same order of mag-
nitude. Note that in order to find the global maximum
of D and K one should inspect all possible trans-
lational directions, which is a demanding computa-
tional task that goes out of the scope of the present
work.

3. Discussion

DFT calculations supported by Hamiltonian mod-
eling reveal strong interlayer DMI in A;A, (B1B,)
sublattice of HT bilayer Crl;. At the microscopic
scale, DMI in HT bilayer emerges between the nearest
and the next-nearest interlayer Cr neighbors due to
broken local spatial inversion. However, due to the
global C, symmetry of sublattices, the contributions
from A;A, and BB, cancel each other resulting in
zero net macroscopic DMI. In addition to DMI, there
is an order of magnitude weaker interlayer KI that
does not vanish due to symmetry. In LT structure
there is no DMI as the Cr—Cr pair with their sur-
rounding iodines are centrosymmetric. Despite the
DMI in HT structure dies out at the macroscopic
scale, the main result of this work is the demon-
stration of the ability of iodine ligands to efficiently
mediate the anisotropic exchange between the mag-
netic layers. This ability comes from the strong SOC
of spatially extended I-5p orbitals and is drastically
reduced if iodine atoms are replaced by lighter lig-
ands. The computational procedure developed in this
work offers unprecedented accuracy in calculating
the anisotropic exchange interactions. Being quite
general, it can be applied to any magnetic mater-
ial provided that the use of the magnetic force the-
orem is physically sound. In addition to the detailed
analysis of the anisotropic interlayer exchange, we
demonstrated that SIA heavily depends on stacking.
Therefore, in estimating the Curie temperature of
bilayer or bulk VAW magnet, one should not use the
SIA calculated for a monolayer but instead should cal-
culate the SIA for the particular system of interest.
With all being said, bilayer Crls is not an appro-
priate 2D magnetic system for the experimental
demonstration of interlayer DMI. Notwithstanding,
we identified all the bricks needed to build one.
Instead of attempting to modify the bilayer Crls, the
approach that seems more promising is to build from
scratch a new heterostructure by finding an appro-
priate 2D magnet that can complement a layer of
Crl;. Using a different 2D magnet as the second layer
has a huge advantage for the interlayer DMI, as the
spatial-inversion symmetry is trivially broken by dif-
ferent chemical composition of the two layers. To effi-
ciently mediate the DMI between the magnetic ions,
a candidate 2D magnet should have ligands that fea-
ture strong SOC. Most importantly, contrary to Crls,
it should have the in-plane magnetic anisotropy in
order to maximize the |[M; X M,| product and its

S Stavric et al

MAE should be strong enough to compete with the
interlayer Heisenberg exchange that would favor the
(anti)parallel configuration of layers’ magnetizations.

Within the CrX; family of 2D magnets only the
CrCl; has an easy—plane MAE [27], but the other
properties discredit it from potential candidacy. First,
its MAE is very small and when combined with Crl;
all the chances are that the interlayer Heisenberg
exchange will prevail, redirecting the magnetization
of CrCl; perpendicular to the plane. Second, the Cr—
I-CI-Cr interaction path is far less efficient than Cr—
I-I-Cr in mediating DMI due to small SOC on CL. We
further note that due to the lattice constant mismatch
between Crl; and CrCl; one would need to match
6 x 6 structure of Crl; with 7 x 7 structure of CrCls
to build a CrlI53/CrCls heterostructure, ending up with
680 atoms in the supercell. Hence, due to high com-
putational demands, we were not able to check these
assumptions, thus leaving the search for a potential
candidate for future studies.

4, Methods

DFT calculations are performed using the Vasp
code [61]. To describe the effects of electronic
exchange and correlation we used the Perdew—Burke—
Ernzerhof (PBE) functional [62]. Even though elec-
tron correlation beyond the PBE approximation may
be expected to affect exchange interactions in VAW
magnets [36, 37], it is currently debated whether a
simplified, mean-field like correction including an
effective Hubbard U on Cr-3d states in a DFT4+U
scheme is appropriate for Crl; [35, 63—65]. As the I-
5p bands provide an efficient screening of Coulomb
interactions [18], we neglected the static mean-field
Hubbard correction of DFT+U, as recently suggested
[65], and we adopted a plain PBE approach for our
analysis. The lattice constant a=7.005A of mono-
layer Crl; is obtained from spin-polarized collinear
DFT calculations assuming the FM ground state. The
interlayer distance is set to Lop, = 3.48 A, which cor-
responds to the experimental interlayer distance in
bulk HT structure [29]. The bilayer made by stacking
two monolayers was not relaxed any further. The lat-
tice vector along the c-axis was set to 30 A so that the
vacuum between periodic replicas along c-axis is 20 A
thick. A cutoff of 450eV is imposed onto the plane
wave basis set and the total energies are converged
to the precision of 10~% eV /electron. We thoroughly
tested the Brillouin zone sampling and in the end
used a 8 x 8 x 1 I'-centered k-points mesh, mean-
ing that the reciprocal cell of the 2 x 2 supercell was
sampled with a 4 x 4 x 1 k-points mesh. To sample
the 3 x 3 supercell, needed to calculate the interaction
between the third neighbors, we used the closest pos-
sible 3 x 3 x 1 k-points mesh. The directions of mag-
netic moments on Cr atoms were constrained using
the approach exposed in [43].
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