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Interplay between Kitaev interaction and single ion anisotropy
in ferromagnetic Crl; and CrGeTe; monolayers

Changsong Xu', Junsheng Feng??, Hongjun Xiang (3** and Laurent Bellaiche'

Magnetic anisotropy is crucially important for the stabilization of two-dimensional (2D) magnetism, which is rare in nature but
highly desirable in spintronics and for advancing fundamental knowledge. Recent works on Crl; and CrGeTe; monolayers not only
led to observations of the long-time-sought 2D ferromagnetism, but also revealed distinct magnetic anisotropy in the two systems,
namely Ising behavior for Crl; versus Heisenberg behavior for CrGeTes. Such magnetic difference strongly contrasts with structural
and electronic similarities of these two materials, and understanding it at a microscopic scale should be of large benefits. Here, first-
principles calculations are performed and analyzed to develop a simple Hamiltonian, to investigate magnetic anisotropy of Crl; and
CrGeTe; monolayers. The anisotropic exchange coupling in both systems is surprisingly determined to be of Kitaev-type. Moreover,
the interplay between this Kitaev interaction and single ion anisotropy (SIA) is found to naturally explain the different magnetic
behaviors of Crl; and CrGeTes. Finally, both the Kitaev interaction and SIA are further found to be induced by spin—orbit coupling of
the heavy ligands (I of Crl; or Te of CrGeTes) rather than the commonly believed 3d magnetic Cr ions.
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INTRODUCTION

Two-dimensional (2D) magnetic materials are receiving a lot of
attention, due, e.g., to the search for long-range ferromagnetism
(FM),"? which can facilitate various applications from sensing to
data storage>* According to Mermin and Wagners theorem,?
however strong the short-range isotropic couplings are, the
realization of 2D magnetism relies on magnetic anisotropy, as a
result of spin—orbit coupling (SOC). The requirement of strong
magnetic anisotropy in low-dimensional systems therefore
explains the rareness of 2D FM materials.

The recent observation of FM in monolayers made of Crl; and
CrGeTe;,”” therefore opens a new chapter in the field of 2D
materials. The chromium in both compounds share the same
valence state of Cr’*, with the 3d® configuration and S=3"""" FM
arises there from the super exchange between nearest-neighbor
Cr ions, that are linked by | or Te ligands through nearly 90°
angles.'®™" Crl; has been demonstrated to be well described by
the Ising behavior,"*'? for which the spins can point up and down
along the out-of-plane z-direction. In contrast, the magnetic
anisotropy of CrGeTe; was determined to be consistent with the
Heisenberg behavior,>”'2 for which the spins can freely rotate and
adopt any direction in the three-dimensional space. Interestingly,
structural and electronic similarities between these two com-
pounds strongly contrast with their difference in magnetic
behaviors, which implies subtle origins for their magnetic
anisotropy. A recent theoretical work adopted the XXZ model,
for which the exchange coupling is identical between the in-plane
x-direction and y-direction but different along the out-of-plane z-
direction, to explain the out-of-plane magnetization of Crls.2
However, there is no definite proof that the XXZ model is accurate
enough to describe the magnetic anisotropy of Crls, and there is a

current paucity of knowledge for the mechanism responsible for
the magnetic anisotropy of CrGeTes. Hence, a thorough micro-
scopic understanding of the difference between the Ising
behavior of Crl; and the Heisenberg behavior of CrGeTe;s is highly
desired.

In particular, it is tempting to investigate if the Kitaev
interaction,® which is a specific anisotropic exchange coupling,
can also be significant in Crl; and CrGeTes. This temptation is
mainly based on the fact that these two materials adopt a
honeycomb lattice and edge-sharing octahedra, exactly as the
layered Na,IrO3 and a-RuCl; compounds which exhibit magnetic
behaviors that are close to spin liquids'*—as a result of significant
Kitaev interactions. Interestingly, finding finite Kitaev interaction in
Cr-3d-based Crl; and CrGeTe; compounds would enlarge the
types of systems possessing such interaction, not only from 4d or
5d to 3d transition-metal-based insulators, but also from S=1/2 to
§=3/2 systems. Such broadening is in-line with recent theoretical
predictions of Kitaev interaction in d’ or 3d systems.'>'®

The main goal of this manuscript is to report results of first-
principles calculations, along with the concomitant development
of a simple but predictive Hamiltonian, to demonstrate that: (i)
significant Kitaev interaction does exist in Crl3 and CrGeTes (which
also invalidates the XXZ model in these two compounds); and (ii)
the different interplay between this Kitaev interaction and the
single ion anisotropy (SIA) naturally explains the observed
magnetic anisotropy in these 2D ferromagnetic materials. Another
surprising result is that the Kitaev and SIA anisotropies are both
dominantly induced by the SOC of the heavy ligand elements
rather than the 3d element Cr.
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Fig. 1 Schematization of the Crl; and CrGeTes structures, as well as
the different coordinate systems indicated in the text. The planes in
blue, green and red indicate the easy plane form Kitaev interaction
for Cr0-Cr1, Cr0-Cr2 and Cr0-Cr3 pairs, respectively. Note that Ge of
CrGeTejs is not shown for simplicity

RESULTS
Magnetic Hamiltonian and coupling coefficients

To precisely describe the magnetic anisotropy and explore
differences between Crl; and CrGeTe;, we consider a Hamiltonian
containing both exchange coupling, Hey, and SIA, Hy;, terms:

1
H:Hex+Hsi:Ezsi'jii'sj"_zsi‘ftﬁ'si 1M
77 i

where 7 and A; are 3 X 3 matrices gathering exchange and SIA
parameters, respectively. The sum over i in Eq. (1) runs over all Cr
sites, while the sums over j, j run over all nearest-neighbor Cr pairs
(note that the anisotropy in exchange coupling between more
distant Cr neighbors is at least an order smaller and is thus
negligible, see details in Supplementary Table 1). Density
functional theory (DFT) calculations are performed on Crl; and
CrGeTes monolayers to extract the components of 7 and A using
a precise four-states method'”'® (see Supplementary Discussion
for details). Note that (i) all the results shown below are based on
the use of an effective Hubbard U= 0.5 eV, unless stated (see the
effects of the choice of other U's in Method section); and (ii) the
Dzyaloshinski-Moriya (DM) interaction is absent in our studied
systems because of the existence of an inversion center between
nearest-neighbor Cr ions."

Let us first focus on the exchange coupling J matrix for Crls
and CrGeTe;. The J matrix is expressed in the {xyz} basis, for
which the x-y plane is the film plane while the z-axis is the out-of-
plane direction of the film. We choose the Cr0-Cr1 pair (see Fig. 1)
to calculate the exchange coupling parameters, from which the
parameters for Cr0-Cr2 and Cr0-Cr3 pairs can be deduced via
three-fold rotational symmetry. It is numerically found that this
matrix is symmetric, i.e, Jy, =Jy Jy;=J, and J, = J,, which is
consistent with the fact that there is no DM interaction in our
investigated compounds. As shown in Table 1, J,, J,,, and J,, of
Crl; possess quite different values of —229, —1.93, and
—2.23 meV, respectively, while the off-diagonal elements of 7 in
the {xyz} basis are smaller but non-negligible. Such results contrast
with the XXZ model adopted in ref. &, which assumes that (i)
Jo = Jyy#Jy and (ii) Jyy, Jy, and J, can all be neglected. Different
schemes and strategies, such as changing the value of U, using
experimental structures rather than the computationally opti-
mized ones and even replacing other Cr ions by nonmagnetic Al,
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Table 1. Matrix components of {7}, as well as the J and K parameters,
of the Cr0-Cr1 pair, and the SIA coefficient A,, for the Cr0 ion, as given
by DFT calculations with §=3

Iy Jyy Sz Jy Jyz Jxz
Crl 229 -193 -223 03 0.29 017
CrGeTe;  —654 —637 —664 015 —004  —0.02

Ja I Jy J K A
Crls —246  —241  —159  -244 085 ~0.26
CrGeTe;  —665 —663 —628 —664 036 025

Corresponding coefficients for the Cr0-Cr2 and Cr0-Cr3 pairs can be
deduced via three-fold rotational symmetry. Note that the global
coordinate system {xyz} and the local coordinate system {aBy} of each
Cr—Cr pair are shown in Fig. 1. The units of the parameters indicated here is
meV.

Table 2. Parameters of Eq. (5) and Ae from both Eq. (5) and DFT for
Crl3 and CrGeTes

Parameters (meV) Ag (meV/fu.)

bk 2A,, bK+24,,  Eq.(5) DFT
Crl —0.16 —0.17 -0.33 —1.11 —0.82
CrGeTes —-0.17 0.17 —0.003 —0.01 0.02

Ae defines the energy difference between the energy for an out-of-plane
magnetization and the averaged energy of ferromagnetic states having in-
plane magnetization

are used to check their influence on J,, J,,, and J,, of Crls. It is
numerically found that they all qualitatively give the same results
(as detailed in Supplementary Discussion) in the sense that the
aforementioned assumption (i) of the XXZ model providing
equality between J,, and J,, is not satisfied, which automatically
implies that such latter model is not accurate enough to precisely
describe magnetic anisotropy in Crl; and CrGeTes systems.

The symmetric J matrix is then diagonalized to obtain its
eigenvalues (to be denoted as J, Jg, and J,) and corresponding
eigenvectors (to be coined a, B, and y) for the Cr0-Cr1 pair. As
seen in Table 2, J, and Jg are the strongest eigenvalues in
magnitude and are close to each other in Crl; (—2.46 and
—2.41 meV, respectively), while J, is smaller in magnitude by
about 1 meV. The same hierarchy exists between J,, Jg, and J, in
CrGeTes, but with J, and Jg being now stronger in strength (about
—6.65 meV), while J,=—6.28 meV is about 0.4 meV smaller in
magnitude than the other two exchange coefficients. As shown in
Fig. 1, the a-axis points from Cr1 to Cr0 in both systems, and
therefore belongs to the x-y plane. On the other hand, the B-axis
is roughly along the direction joining the two ligands bridging Cr0
and Cr1, and thus does not belong to the x-y plane. Similarly, the
y-axis, which is perpendicular to both the a-axis and S-axis, does
not lie in the x-y plane. It is important to realize that the {afy}
basis diagonalizing the 7 matrix is specific to each considered Cr
pairs, unlike the “global” {xyz} basis. In other words, the {aBy} basis
differs for the Cr0-Cr1, Cr0-Cr2, and Cr0-Cr3 pairs, as shown in
Fig. 1 by means of red, green, and blue arrows.

The Hex exchange coupling Hamiltonian can now be rewritten,
gathering these three local orthogonal {afy} coordinate bases
(one for each Cr pair) and assuming that J,=Jg (note that it is
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different with J, = J,, in XXZ model®), as

Hee= 33 (Jas;?'s;’ +JpSPSP + Jys,.VsjV>
I

)
= In(ses+KS)
)

where J=J, = Jg is the isotropic exchange coupling and K=J, —
Jo>0 is the so-called Kitaev interaction that characterizes the
anisotropic contribution. Table 1 provides the values of both J and
K and, in particular, indicates that the Kitaev interaction cannot be
neglected in Crlz and CrGeTes.

Let us now investigate the other energy of Eq. (1), that is the
SIA, which involves the A matrix. For that, one needs to go back to
the global {xyz} basis, since only the A,, term can be finite by
symmetry. It is numerically found that A,,=—0.26 meV in Crls,
while it adopts a similar magnitude but with a change of sign in
CrGeTes (since A, = 0.25 meV there). Such significant values of A,
(which is of the same order of magnitude than the K Kitaev
parameter) implies that SIA is not negligible, which contrasts with
the results in ref. 8. H; can thus be simplified as

M= ZAZZSZSZ 3)

The total Hamiltonian of Eq.
combining Egs. (2) and (3) as

H= %Z (Js, S+ Ks,VsjV> + ZAZZS,?S,? @)
i i

This simplified Hamiltonian gathers (i) isotropic exchange coupling
from J; (i) anisotropic Kitaev interaction from K in the different
local {aBy} bases; and (iii) SIA in the global {xyz} basis. Let us now
try to express the total energy associated with magnetism in an
unified coordinate system. Equation (4) shows that the anisotropic
part of the exchange energy (arising from K) is only related to the
projections of spins on the three different y axes (one for each
Cr-Cr pair). Due to the fact that these three y axes (to be denoted
as y1, Y2, and ys, respectively) are normally not perpendicular to
each other, we now orthogonalize them using the Loéwdin’s
symmetric orthogonalization scheme.?® The resulting orthogonal
axes form the {XYZ} coordinate system that is shown in Fig. 1. In
this global {XYZ} basis, the out-of-plane z-axis of the film is along
the [111] direction, and y;, y», and y5 can be expressed as (1, g, a),
(a, 1, a), and (g, a, 1), where a€[—3, 1]. As consistent with the
relatively large-in-magnitude and negative value of the isotropic
exchange coupling J (see Table 1), ferromagnetic states are
considered here. When expressing their spin in the {XYZ} basis, i.e.,
S(Sx Sy, Sz), and considering a magnitude S = %, it is straightfor-
ward to prove that the energy per Cr ion associated with Eq. (4)
can then be rewritten as

(1) can then be rewritten by

E= (bK + 2Azz) (sty + SyS; + st)() +C (5)
where b = gajz‘f and C = 3 (3J + K) + 3 A, are independent of the

spin direction (see Supplementary Discussion for details). One can
also easily demonstrate that the symmetric form of (SxSy + SySz +
S75x) implies that the magnetization within the x-y plane of the
film (for which Sx 4+ Sy + Sz = 0) is fully isotropic. In other words,
any direction of the spin within this x-y plane generates the same
energy. Note that we further conducted DFT calculations (not
shown here) that indeed numerically confirm that such in-plane
isotropy is mainly obeyed in Crl; and CrGeTe; (the maximal
energetic difference we found between in-plane directions of
spins is 0.006 and 0.004 meV/f.u. in Crl; and CrGeTes, respectively),
which attests of the relevance and accuracy of the simple
Hamiltonian of Eq. (4) and the resulting energy of Eq. (5). Note
also that, although such isotropy in the x-y plane is in line with the
results of ref. 8, its origin is totally different: here it arises from the
Kitaev interaction and its subsequent frustration, while in ref. ® the
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isotropy in the x-y plane lies in the assumption of the XXZ model
(see a detailed comparison between the two models in
Supplementary Discussion).

It is also worthwhile to emphasize that ref. ® assumed that SIA is
negligible small, while according to Eq. (5) and as we will show
below, both the Kitaev interaction (K) and SIA (A,) play an
important role on the overall magnetic anisotropy of Crl; and
CrGeTes. To demonstrate such fact, one can realize that Eq. (5)
involves (SxSy fvsz + Sz5x), which adopts (i) its maximum when
Sx = Sy = Sz =5, which corresponds to spins being aligned
along the out- of plane z-direction; versus (ii) a minimum when
Sx + Sy + Sz = 0, that is when spins are lying within the x-y plane.
The sign and value of the bK + %Azz coefficient appearing in front
of (SxSy + SySz + Sz5x) in Eq. (5) should therefore determine the
magnetic anisotropy: a negative bK +ZA;, favors an easy axis
along the out-of-plane direction while a positive bK + 2 £Az will
encourage spins to lie within the x-y plane. To characterlze the
strength of such anisotropy between the out-of-plane direction
and the x-y plane, we also computed the energy difference, Ag,
between the energy of the state having a fully out-of-plane
magnetization and the averaged energy of states having in-plane
magnetization.

In the case of Crls, the b parameter is numerically found to be
negative. Together with the positive K and negative A,, from Table
1, both bK and %Azz are thus negative. They are determined to be
—0.16 and —0.17 meV, respectively, as shown in Table 2. Such
negative values indicate that both Kitaev interaction and SIA lead
to an out-of-plane easy axis, which is further confirmed by the
negative value of —1.11 meV/f.u for Ag, as calculated from Eq. (5).
Such value is not only consistent with the result of —0.82 meV/f.u.
obtained from DFT calculations (confirming once again the validity
and accuracy of our rather simple Egs. (4) and (5) but also explains
the previously determined Ising behavior of Crl; favoring the out-
of-plane direction for the magnetization.'”'2

In the case of CrGeTe;, the b parameter is also found to be
negative and leads to bK adopting a negative —0.17 meV value
that is similar to the one of Crls. On the other hand, %AZZ is positive
and yields ~ 0.17 meV, which therefore results in a nearly
vanishing bK+§AZZ and thus to a Ae being nearly zero—that is,
—0.01 meV/f.u. according to Eq. (5), which also compares well with
the result of 0.02meV/fu. directly obtained from DFT (the
difference in sign between the energies from Eq. (5) and DFT
can be overlooked since both calculations provide vanishing Ag).
Such nearly zero value for bK+§AZZ therefore implies that Eq. (5)
predicts that CrGeTe;s is basically isotropic in the whole three-
dimensional space, that is any spatial direction of the magnetiza-
tion (in-plane, out-of-plane or even combination between in-plane
and out-of-plane components) should provide similar magnetic
energy. Such finding is fully consistent with the observed
Heisenberg behavior of CrGeTe;>”'? Note that, although the
isotropic Heisenberg behavior of CrGeTes is confirmed by both
previous experiments and the present computational work, the
anisotropy (Kitaev interaction and SIA) still play a crucial important
role in stabilization of the long-range magnetic ground state, as
indicated by Mermin and Wagners theorem.?

Microscopic origin of Kitaev interaction and SIA

It is also worthwhile to realize that both the Kitaev parameter K
and the SIA coefficient A,, originate from SOC. One may wonder
what specific ions contribute to such coefficients via SOC. To
address such issue, Fig. 2a and b display the atomically resolved
contribution of the K parameter as a function of the SOC strength
in Crl; and CrGeTes, respectively. Such parameter mainly arises
from the SOC of the heavy ligands (namely, | of Crl; or Te of
CrGeTes) in a quadratic way, while the SOC of Cr has almost no
effect on K (the effect from SOC of Ge on K of CrGeTe; is also
negligible). Such predictions for Crl; and CrGeTes are consistent
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Fig.2 Atomic dependencies of the Kitaev parameter K and SIA coefficient A_,. Panels a and b show the dependency of K of Crl; and CrGeTes,
respectively, as a function of the SOC strength. Panels ¢ and d display the dependency of Azz for Crl; and CrGeTejs, respectively, as a function
of this SOC strength. Note that the value of 1.0 (0, respectively) for this SOC strength corresponds to the actual strength (no SOC, respectively)

of the considered element

a
u(Lr)
I(Cr1) nCr2)
B
y
a2V aq
X,

Fig. 3 Tight-binding model and the hooping paths. Panel a, the {x'y’z’} coordinate system and the configuration of the considered Cr,L,
cluster in the tight-binding model, where L is a ligand ion. Panel b, schematization of the extra hopping path related to spins being along the
Z' (1) direction. Panel ¢, the forbidden hopping paths related to spins lying in the x'y’ (—) plane, respectively

with the results of ref.  that anisotropy of Crl; mainly arises from
the SOC of I ligand. This can be understood by the fact that the
super exchange between nearest-neighbor Cr sites is mostly
mediated by these ligands. To further confirm such results, we
developed a tight-binding model (see details in Supplementary
Discussion) that contains only two Cr ions and two bridging
ligands, which form the x’y’ plane (see Fig. 3a for details). Such
model confirms that K> 0 and K oc A2, where A is the SOC strength
of ligands.

We now work on understanding the analytical results that K> 0
and K o A%. If SOC is not considered, the magnetic coupling is
isotropic with the strength of J. When the SOC of ligands is
included, an extra hopping path emerges for spins that are along
the 7' direction, as shown in Fig. 3a and b, since (px|L - S|py;)=0.
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Such an extra path provides an additional energy term K to the
magnetic coupling, as J,,, = J+ K = 21? (Eemz — Earmzr)-

In the antiferromagnetic case, the two Cr have opposite spins.
The electrons can hop from the occupied t,,4 orbitals of one Cr to
the unoccupied t,4 orbitals of another Cr, which can lower the
Epem 2 by the amount of K o A2. The form of A can be understood
as that the whole hopping procedure includes two times of
ligands’ SOC effects, as shown in Fig. 3b. On the other hand, in the
ferromagnetic case, t,, orbitals of both Cr are occupied with
electrons having the same spin direction. In such case, although
the aforementioned extra hopping path still exists, it cannot lead
to the energy lowering of Eapm . In contrast, there is no such extra
hopping path when spins lie in the Cr,L, (x’y’) plane (denoted with
the “=" mark), since (py_|L - S|p,,—) = 0. Such effects are further
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illustrated in Fig. 3c. As a result, the total effective J,,, =J+ K is
larger than that Jy,, = J,, = J, i.e, K>0. The findings reported
here thus demonstrate, for the first time, that (i) the Kitaev
interaction not only exists in 4d or 5d transition metal insulators,
but also can occur in 3d systems; and (ii) the SOC of the ligands
can play a crucial role on that interaction. Such findings can
facilitate the ongoing efforts to realize Kitaev-type interactions in
3d systems.'>'®

Regarding SIA, Fig. 2c shows that the SOC of | is basically
responsible for the negative A,, of Crls, and that Cr does not
significantly contribute to such parameter. Such finding of a
ligand-induced SIA is also novel, since SIA is typically believed to
arise from the transition metal ion.?'*? Similarly and as indicated
by Fig. 2d, the Te ligand in CrGeTes produces a rather strong (and
positive, in that case) A,,, which is even twice as large as the one
resulting from the SOC of all considered ions. It is in fact the
combination of SOC from both Te and Cr that provides a value of
A,, that is close to the total one in CrGeTe; (note that Ge does not
significantely contribute to this total SIA).

DISCUSSION

We now explain on magnetic behaviors of related 2D systems.
Another 2D ferromagnetic system, CrBrs, was also studied. It is
numerically found (not shown here) that, as similar to Crls, both
the Kitaev interaction and SIA favor an out-of-plane easy axis in
this material. Such finding is consistent with measurements
determining that the net anisotropy of CrBrs is out-of-plane.?®
Interestingly, Eq. (5) of the manuscript can also be useful to shed
some light into controversial issues, such as which magnetic
model is more pertinent to CrSiTes. As a matter of fact, early
neutron work suggested an Ising-like model®* for this system,
while recent measurements argue between an Heisenberg-like
model*® and an Ising model coupled with long-range interac-
tion.?® CrSiTe; shares similarities with CrGeTes in the sense that it
has a negative bK associated with Kitaev interaction, as well as a
positive %Azz induced by SIA. However, the former is equal to
—0.21 meV and is larger in magnitude than the latter (that is equal
to +0.11 meV) in CrSiTes, therefore leading to a less negative bK +
%AZZ of —0.07 meV and thus slightly tipping the balance towards
out-of-plane magnetization (as confirmed by our DFT results
providing Ae = —0.10 meV for the difference between the energy
for an out-of-plane magnetization and the averaged energy of
ferromagnetic states having in-plane magnetization). One can
thus propose that the correct magnetic model for CrSiTes should
be related to a slight perturbation of the Ising model, in order to
account for possible (weaker) in-plane components of the
magnetization in addition to (stronger) out-of-plane ones.

The present general model and the XXZ model are compared
here. The present general model (Egs. (1), (4) and (5)) adopts the
most generalized form of the J and A matrices, which can
capture the microscopic details of different anisotropy. Such
model is powerful, as it explains the origin of Kitaev interaction, as
well as the competition and collaboration between Kitaev
interaction and SIA. It also allows for antisymmetric exchange
coupling, i.e. the so-called DM interaction, when the inversion
centers between Cr-Cr pair are somehow removed. In contrast,
the XXZ model is more macroscopic in nature, since it starts from
the overall effects of the frustration among Cr-Cr pairs. Never-
theless, this XXZ model can still somehow describe the competi-
tion and collaboration between Kitaev interaction (since J, and J,
are different from each other) and SIA. As a result, the XXZ model
can be technically applied to both Crl; and CrGeTes, as well as to
the aforementioned related systems, but, as documented in
Section 4 of the Supplementary Discussion, one really has to
include SIA there to be more accurate.

Moreover, our work implies potential Kitaev-type quantum spin
liquids in related systems. The predicted presence of Kitaev
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interaction in Crl; and CrGeTes systems hints towards the
possibility of realizing quantum spin liquid state in 3d systems.
As a matter of fact, further studies we performed indicate that
varying in-plane strain can make the isotropic exchange coupling
vanishing while the Kitaev interaction remains finite, which is
promising to realize quantum spin liquid state in Crls and CrGeTes
systems. Furthermore, our predictions also provide another way to
enhance Kitaev interaction in the “traditional” 4d and 5d systems,
that is, for example, to substitute the light Cl ligand with the
heavier | ion in RuCl; compound. The hybrid source of SOC to
produce strong Kitaev interaction should result in interesting
physics and phenomena in related systems.

We hope that our first-principles calculations and concomitant
development of a simple insightful Hamiltonian (see Egs. (4) and
(5)), along with a tight-binding model, deepens the understanding
of magnetic anisotropy in low-dimensional systems. The decom-
position of the total magnetic anisotropy into Kitaev and SIA
effects further sheds light into the behaviors of other related
systems, such as CrBr; and CrSiTes, therefore further demonstrat-
ing its relevance and importance.

METHODS

DFT parameters

Simulations are performed using the Vienna ab-initio simulation package
(VASP).?” A 350 eV plane wave cutoff energy is used, which is 130% larger
than the highest ENMAX of all involved elements. A 12 A vacuum layer is
adopted for all calculations, which is thick enough to get converged results
according to former studies.”*® The projector augmented wave (PAW)
method” is employed with the following electrons being treated as
valence states: Cr 3p, 4s and 3d, | and Te 5s and 5p, Ge 4s and 4p, and Al 3s
and 3p. The local density approximation (LDA)*® is used, with an effective
Hubbard U parameter chosen to be 0.5 eV for the localized 3d electrons of
Cr ions. Such relatively small U value is based on the facts that (i) the
shallow p orbitals of heavy ligands (I or Te) strongly hybridize with 3d
orbitals of Cr; and (i) such strong hybridization leads to less localized 3d
electrons. Nevertheless, other U choices of 0, 1, 2, 4eV and U=4eV
together with J=0.7 eV are also presently tested and qualitatively render
the same results, in the sense that K and A,, have different (the same,
respectively) signs for Crl; (CrGeTes, respectively), as shown in Supple-
mentary Table 1. Gaussian smearing with a smearing width of 0.05 meV is
used in the Brillouin zone integration. Tetrahedron method with Blochl
corrections is also performed, which yields the same K and A,, (to the
precision of 0.01 meV). Note that, exchange couplings between more
distant neighbors other than the first nearest neighbors are not considered
in the magnetic Hamiltonian, due to the reasons that (i) we focus on the
magnetic anisotropy (more distant neighbors may have strong isotropic
couplings, but they do not contribute to the stabilization of the long-range
order); and (ii) the 7 matrix of second nearest neighbors is also calculated
(see Supplementary Table 1) and its anisotropy is found to be an order
smaller than that of the first nearest neighbors. k-point meshes are chosen,
such as they are commensurate with the choice of 4 x 4 x 1 for the unit cell
(that contains eight atoms for Crl; and 10 atoms for CrGeTes). For instance,
the k-point mesh of a 2 x 2 x 1 supercell is 2 X 2 x 1. Denser k-point meshes
up to 4x4x 1 for the 2x2x 1 supercell are also tested and qualitatively
yield the same results, as shown in Supplementary Table 2. All magnetic
parameters are calculated using the four-state energy mapping method
(see Section 3 of Supplementary Discussion for details).'”'® The
Hellman-Feynman forces are taken to be converged when they become
smaller than 0.001 eV/A on each ion. Schematization of crystal structures
are prepared using the VESTA software.®'
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