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It has been predicted theoretically and indirectly confirmed experimentally that single-layer CrX; (X = Cl,
Br, I) might be the prototypes of topological magnetic insulators (TMI). In this work, by using first-principles
calculations combined with atomistic spin dynamics, we provide a complete picture of the magnetic interactions
and magnetic excitations in CrX;. The focus is here on the two most important aspects for the actual realization
of TMI, namely the relativistic magnetic interactions and the finite-size (edge) effects. We compute the full
interaction tensor, which includes both Kitaev and Dzyaloshinskii-Moriya (DM) terms, which are considered
as the most likely mechanisms for stabilizing topological magnons. First, we instigate the properties of bulk
Crl; and compare the simulated magnon spectrum with the experimental data [Phys. Rev. X 8, 041028 (2018)].
Our results suggest that a large size of topological gap, seen in experiment (4 meV), cannot be explained
by considering pair-wise spin interactions only. We identify several possible reasons for this disagreement. The
magnetic interactions in the monolayers of CrXj are also investigated. The strength of the anisotropic interactions
is shown to scale with the position of halide atom in the periodic table, the heavier the element the larger is the
anisotropy, in agreement with prior studies. Comparing the magnons for the bulk and single-layer Crls, we find
that the size of the topological gap becomes smaller in the latter case. The obtained next nearest-neighbor DM
vector is oriented primarily in-plane of the monolayer and has relatively small z component, which results in a
small value of the topological gap. Finally, we investigate finite-size effects in monolayers and demonstrate that
the anisotropic couplings between Cr atoms close to the edges are much stronger than those in ideal periodic

structure. This should have impact on the dynamics of the magnon edge modes in Cr halides.

DOI: 10.1103/PhysRevB.102.115162

I. INTRODUCTION

Magnetism in two dimensions (2D) has essential peculiar-
ities in comparison with the conventional three-dimensional
(3D) case and in general should be strongly suppressed.
The celebrated Mermin-Wagner theorem [1] tells us that the
long-range magnetic order ceases to exist in 2D at any fi-
nite temperature being completely destroyed by thermal spin
fluctuations. However, this result was obtained theoretically
assuming isotropic short-range magnetic interactions between
the atomic spins (Heisenberg model). At the same time, the
famous Onsager solution to the 2D Ising model shows order-
ing at finite temperature [2]. In real materials, the out-of-plane
single-site or two-site anisotropy will result in the same be-
havior, due to opening the gap in the spin wave spectrum
and the related suppression of thermal fluctuations; however,
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the ordering temperature is much lower than the strength of
exchange interactions in this case [3].

There have been reports on observed magnetism in
graphene, which is the most famous 2D material. However,
it usually originates from defects, e.g., vacancies [4], edges
[5,6], or adatoms [7,8]. Thus, a rather high density of defects
is required to result in a magnetic ordering [9]. At the same
time, the magnetism in layered van der Waals (vdW) bonded
systems has been known for a long time [10,11]. However,
the first reports of successful exfoliation of these materials
down to monolayer thickness appeared only in 2017 [12,13].
Chromium tri-iodide (Crl3) was among the first materials,
where magnetism was observed even within a single layer.
This has sparked an enormous interest in these materials and
many more 2D magnets have been synthesized from the bulk
vdW-bonded structures [14,15]. Even room-temperature fer-
romagnetism has been reported [16], however it has recently
been reported to be suppressed by charge density wave forma-
tion [17].

In chromium trihalides, the magnetic ions (Cr*") within
each layer form a honeycomb lattice [18,19]. In this lattice,
topological magnons have been proposed to exist theoreti-
cally, due to the appearance of a conical point in the magnon
spectrum in an isotropic exchange approximation [20,21]. The
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relativistic interactions can prevent the conical magnon band
crossing and from the gap between two branches [22,23].
Recently, an inelastic neutron scattering experiment was per-
formed on bulk Crlz, which showed a pronounced gap of
about 4 meV opening between the two magnon branches [24].
The latter implies that the two modes get a topological charac-
ter and hence this material might be one of the first realizations
of the topological magnon insulators (TMlIs) [25]. If this is the
case, then it means that one can excite topologically protected
edge spin waves, which will be of enormous importance for
magnonic applications. Chen et al. [24] have attributed the
opening of a topological gap to the Dzyaloshinskii-Moriya
(DM) interaction [26,27], which is the most discussed source
for the topological magnons [20-22,25,28]. However, the pe-
culiarity in Crlj is that the nearest-neighbor (NN) DM vector
is forbidden by symmetry and only for the next NN one it
is finite. In order to fit their data, the authors of that work
had to use the value of the DM vector, which was larger
than that of the corresponding Heisenberg interaction. At the
same time, it was shown in Ref. [29] that the same effect
can be achieved by considering the Kitaev interaction [30],
which is common for systems with edge-sharing octahedra
[31]. This term, contrary to the DM interaction, is allowed by
symmetry between nearest neighbors of the honeycomb lattice
[32]. Again, extremely large values of this term are necessary
to reproduce the data of Chen er al. [24]. Both DM and
Kitaev interactions originate from spin-orbit coupling (SOC)
and therefore they are usually small in 3d-based materials
(smaller than the Heisenberg exchange). However, in the case
of Crl; it is the orbitals of heavy iodine atoms that carry
substantial SOC and is the source of anisotropic interactions
[32-35]. The sets of magnetic interaction parameters ex-
tracted from various experiments and theoretical calculations
are vastly different (for review, see Ref. [36]), so the true
origin of such a large gap in the spin-wave dispersion remains
uncertain.

First-principles calculations, primarily based on density
functional theory (DFT), play a crucial role in the field of
2D magnets. There has been a number of predictions for new
promising materials and some of them were later realized
experimentally (see, e.g., Refs. [18,37—40]). Bulk chromium
trihalides are insulators with the Cr magnetic moment value
being close to the nominal § = % or 3 pp [11]. This implies
that the states associated with magnetism are well localized
and the system can be well described by an effective Heisen-
berg model of interacting spins. These kinds of studies have
been performed focusing on the effective exchange interac-
tions and magnetic anisotropy, which were computed from the
DFT total energies [32-34,41-44].

The isotropic pair-wise exchange interactions in bulk
CrCls and Crl; were computed from first principles and an-
alyzed in detail by Besbes et al. [45]. The authors employ two
different electronic structure codes and analyze the difference
in the exchange interactions, computed using magnetic force
theorem (MFT) [46]. The authors demonstrate that there are
competing ferromagnetic and antiferromagnetic contributions
to the NN exchange coupling, which is related to a complex
interplay between local exchange and crystal field splitting.
This is related to the fact that the Cr-X-Cr bond angle is close
to 90°, which makes it hard to predict its sign even from the

Goodenough-Kanamori rules [47]. Furthermore, they showed
that the MFT applied on the Cr states only leads to the antifer-
romagnetic (AFM) NN coupling in CrCls, which contradicts
the total energy results. They argue that the magnetism of lig-
and states plays a crucial role in stabilizing the ferromagnetic
state in these systems.

Kashin et al. [48] have analyzed the magnetic interactions
in monolayered Crls, using similar methods as in Ref. [45].
They performed orbital decomposition of the exchange cou-
plings and studied their dependence on the strength of local
Coulomb interaction U. The authors estimated the magnetic
ordering temperature and found it to be in good agreement
with experiment. Finally, they simulated the magnon spectrum
of monolayered Crl; and showed how it can be altered by
applying bias voltage.

References [45,48] neglect the effect of spin-orbit cou-
pling, which only allowed them to address isotropic (Heisen-
berg) exchange interactions. In this work we do the natural
next step and provide a complete first-principles description
of the relativistic magnetic interactions in CrX3 systems.

The paper is organized as follows. First, we present in
Sec. II the details of the performed calculations and describe
the formalism for computing relativistic magnetic interac-
tions. Section III contains the main results and is divided into
several subsections. First, we present the magnetic properties
of bulk Crls, show simulations of the spin wave dispersion,
and compare it with the experimental data of Chen et al. [24].
After that we do the same analysis for the series of CrXj
monolayers (X = Cl, Br, I) and discuss how the change of lig-
and ion affects the relativistic exchange interactions. Finally,
we discuss how finite-size effects can drastically affect the
magnetic couplings in Crlz. In Sec. IV we discuss our main
findings and outline potential directions for future work.

II. COMPUTATIONAL DETAILS
A. Electronic structure

Electronic structure was described by means of DFT and its
extensions to account for strong local Coulomb repulsion U.
The U term was added in two different ways: either on top
of nonspin-polarized [49] or spin-polarized [50] exchange-
correlation (XC) functional. Originally, these methods were
built upon the XC functionals based on local (spin) density ap-
proximation (L(S)DA) and are usually referred to as LDA+U
and LSDA+U approaches. However, in this work we are
using other types of functionals and thus use more general
notation. We refer to them as DFT + U and sDFT + U (where
s stands for spin-polarized version of the XC functional, see,
e.g., Refs. [51,52]). In the former case the magnetism is added
specifically on the manifold of states, where U correction is
applied (Cr-3d orbitals in our case). Thus, there is no intrinsic
magnetism of the ligand (halide) states, which, on the con-
trary, appears in SDFT(4U) case. DFT 4+ U and sDFT + U
have been previously shown to produce substantially different
results for the total energies [52—-55] and the exchange interac-
tion parameters [56]. As was mentioned above, the magnetism
of ligands is particularly important in CrX3 systems, which
motivated us to compare the results obtained with these two
flavors of +U methods.

115162-2



RELATIVISTIC EXCHANGE INTERACTIONS IN CrX; ...

PHYSICAL REVIEW B 102, 115162 (2020)

First, we considered bulk Crl;, for which we used ex-
perimental structural parameters taken from Ref. [18]. Next,
we constructed a series of monolayered CrX; compounds.
Due to 3D periodic boundary conditions, we have added a
vacuum of about 20 A between the layers to avoid spurious
interactions between them. The crystal structures were then
relaxed using the projector augmented wave method (PAW)
[57], as implemented in VASP code [58]. For this purpose we
used PBESol [59] XC functional, which often gives better
structural properties as compared to the original PBE [60].
The plane-wave energy cutoff was set to 350 eV along with
17 x 17 x 1 k-point grid. The forces on each atom were
minimized down to 0.001 eV/A. The calculations based on
(s)DFT + U methods were performed with U =3 eV and
J = 0.96 eV, which is around first-principles-derived values
[61,62]. A full-localized limit double-counting scheme was
adopted [50,63]. Once the structures were optimized, calcula-
tions of the magnetic interactions were calculated with PBE
using full-potential linear muffin-tin orbital-based code RSPt
[64,65]. More details about these calculations will be given in
the next section.

B. Magnetic interactions

In order to describe the magnetic interactions in CrX3 sys-
tems, we considered a generalized Heisenberg Hamiltonian:

A== 3 auie, M

i#j fa.pl={x.y.z}

where ef is the o component of the unitary vector pointing
along the direction of the spin located at the site i (Cr in
our case). Intersite magnetic interactions are rank-2 tensors
and are denoted as Jio]‘.ﬂ . The antisymmetric part of this tensor
can be rewritten in terms of DM vector, having, e.g., such z
component:

By = (5 = 1)/ @

In addition, we also considered local magnetic anisotropy
term:

ﬂanis = - ZKzzezzv 3
i

where K, is uniaxial magnetic anisotropy constant, which if
positive sets the magnetization direction out-of-plane (perpen-
dicular to the monolayer). We have extracted this term from
the magnetocrystalline anisotropy energy (MAE), which is
defined as the total energy difference between in-plane and
out-of-plane directions of the magnetization. Note that the K,
and MAE are not in one to one correspondence in our model,
since the latter is also influenced by anisotropic exchange
interactions (such as the difference between J** and J%).

The parameters in Eq. (1) for a given real material can
be extracted by means of MFT. This approach is essentially
a linear-response theory formulated for second order pertur-
bation in the deviations of spins from equilibrium magnetic
configuration. It is based on a mapping procedure of the
tilting of classical spins, coupled via Eq. (1) and the elec-
tronic Hamiltonian. The MFT was originally formulated for
the case of isotropic Heisenberg interactions in the absence
of spin-orbit coupling [46,66], but later it was extended to

take into account relativistic effects to allow us to compute
the full interaction tensor [67-70]. We present a derivation of
the formulas based on Green’s functions formalism below.

We begin by perturbing the spin system by deviating the
initial moments (&p) on a small angle S?p (the site index is
omitted at the moment):

&= + 8¢+ 8% =2 +[5p x &l — 16 (8p)*. (4
Then one can write the Hamiltonian [Eq. (1)] of the perturbed
system in terms of series in the order of Sp:

A =AY 4 A0 4 A©, 5)

In the collinear limit, all spins point along the same direc-
tion, which we set parallel to Z axis. Then the tilting vectors
have the following components:

8¢ = (8¢";8¢”;0), (6)

[3¢ x &] = (3¢”; —8¢";0). (7)
Focusing on the energy contributions of the second order
in 8¢ (i.e., H?), we obtain

H® = =" (158080 + J78¢; 8¢} — 117 5¢)5¢7
i#]
—J 88 — LIE1G0) + (89)%]). ®)

Then one can do the same perturbation for the electronic
Hamiltonian (#), which will become

H=U"HO =HO + AV +H®, ©)
where U = exp (i820<§ /2) and & is the vector of Pauli ma-
trices. The corresponding terms proportional to d¢ can be
identified and mapped onto generalized Heisenberg model.
This way, the expressions for various components of Jf;ﬂ are

obtained (now the large square brackets refer to the commuta-
tor):

. T Ay . Noa ,
T =3 D TrenlHi, 671Gy ()AL, 671G i), (10)

Y = —% > Trp i, 621G i), 6¥1G jitiwy), (1)
n

and similar expressions for J;; and J;;". In the above equations,
the summation is done over the Matsubara frequencies (w,)
and the trace is over the orbital indices denoted by m. Note
that J%, J, Jl:‘f, J5! are not of the second order in the tilting
angles. Thus, for Mi|Z ,only the D, component [Eq. (2)] can be
computed, while D, and D), are extracted from two additional
calculations with the magnetization pointing along X and Y,
respectively. This has been discussed in Ref. [68].

The present formalism has been implemented into RSPt,
extending its previous capabilities to compute exchange inter-
actions in correlated systems [71]. In the case of (s)DFT + U,
H; in the above equations contain the DFT Hamiltonian as
well as the static self-energy from the U term. Note that the
present approach can also be used to study magnetic interac-
tions in the presence of dynamical local correlations following
Refs. [66,70].

In order to be able to compute the interaction between two
sites, it is essential to define the orthogonal set of localized
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orbital on each of them. As was pointed out in Ref. [45], it
is essential for CrXj systems to capture the delocalization of
the Cr-3d states in order to obtain proper description of the
magnetic interactions. There is no unique recipe to choose the
projection and here we have adopted Lowdin-orthogonalized
orbitals, which can be easily constructed in RSPt. In principle,
this orthogonalization should produce the states, which are
relatively delocalized in real space, making them more similar
to Wannier orbitals.

Once the Jf;ﬂ tensors were extracted, they were used to
compute the ordering temperatures and adiabatic magnon
spectra. The latter was done using the UppASD software
[72,73].

III. RESULTS AND DISCUSSION
A. Crl; bulk

We computed the full tensor of exchange interactions, us-
ing the formalism described in Sec. II B. In the most general
case there are nine independent components of these interac-
tions with each neighbor. There are certainly bonds which are
related by symmetry, but then the interaction tensor has to be
transformed using the symmetry operation bringing one bond
to another. Therefore, plotting the components of the interac-
tion with each particular neighbor is not that informative. In
order to facilitate the analysis and present the results in the
most compact way, we have defined the following quantities:

J =¥+ +J%)/3, (12)
1D| = V(D)2 + (DY 4 (D2, (13)
IS =LgP 4 gPy —J, (14)

where J represents the isotropic (Heisenberg) part of the in-
teraction, and |D| is the magnitude of the DM vector. The J®
is the symmetric anisotropic part of the exchange coupling.
In principle, JS contains both two-site anisotropy and the
Kitaev term. In a certain reference frame, the former appear
as off-diagonal elements and the latter as a purely diagonal
one (see, e.g., Refs. [32,34]). In order to analyze all bonds at
once, we show the three eigenvalues of the J S tensor (denoted
as ||J5])), which contain a combined effect of the two types
of couplings, discussed above. In the above equation the site
indices are omitted.

The low-temperature rhombohedral (R3) structure of Crls
is shown in Fig. 1. Each plane consists of honeycomb lattices
of Cr atoms, surrounded by six iodine atoms, forming edge-
sharing octahedra. The Cr layers are ABC stacked in such
a way that every atom in one layer is located right above
and below the holes of the honeycomb Cr networks of the
adjacent layers. We defined the structure using a hexagonal
cell, containing three layers with six Cr atoms in total.

The calculated exchange parameters defined by
Egs. (12)-(14) are shown in Fig. 2. First of all, one can
see that all computational setups suggest that the system has
an overall tendency to ferromagnetic order. The isotropic
part of the nearest-neighbor (NN) J; is the dominant one. Its
value depends on whether the U term is taken into account
and whether the underlying functional is spin polarized
or not. The calculated interlayer exchange coupling J. is

FIG. 1. (a) Experimental structure for the bulk Crl; taken from
Ref. [18]. Cr(I) atoms are shown as blue (orange) spheres. (b) The
networks of Cr atoms along with the most relevant exchange in-
teractions. The Cr atoms belonging to different layers are depicted
with various colors for better visualization of the stacking. In the
calculation a, b, and ¢ axes were pointing along %, —%2 + ?fz, and
Z, respectively.

ferromagnetic, which is consistent with the ground state
magnetic order. Note that it is very sensitive to the relative
position of the adjacent layers and is even predicted to change
its sign in bilayer Crl; for the stacking corresponding to
high-temperature C2/m structure [61,62,74].

The differences in the J; value, obtained using three
computational schemes, can be tracked down to its individ-
ual orbital-by-orbital contributions. As was pointed out in
Refs. [45,48], the J; coupling consists of two competing terms
originating from e,- and #,.-like orbitals. Following Ref. [45],

= (a) —@— SDFT

g 1r —=— DFT+U
= —— SDFT+U
S

v 0 ,,,,,,,,,,,,,,

0.50 0.75 1.00 1.25 1.50
Ri]'/a

FIG. 2. Calculated exchange parameters as a function of the dis-
tance in bulk Crls. (a) Isotropic exchange interaction (J). (b) Length
of the DM vectors. (c) Eigenvalues of the anisotropic exchange tensor
JS.
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FIG. 3. Orbital structure of the NN isotropic exchange interac-
tion in bulk Crl;. Top panel: Values of energy splittings between
different kinds of e, and t,, orbitals having spin-up and spin-down
projections. Bottom panel: Orbital-resolved NN exchange interaction
in bulk Crl;.

we analyze the behavior of Jj, employing analytical expres-
sion from superexchange theory [75,76]:

_ 1 1 12
le< - )tﬁe— il (15)

uu ud ud’
Ate Ate Att

where A for instance, stands for the exchange splitting
between the #, (t) spin-up (1) and e, (e) spin-down (d) states,
and t;, is the hopping integral between the corresponding
orbitals.

Neglecting SOC in the calculation (so that spin becomes
a good quantum number), we have extracted the energy split-
tings between the two effective types of orbitals. These results
are shown in Fig. 3 along with the calculated orbital-resolved
components of the isotropic part of the NN exchange inter-
action. First of all, it is seen that the A’ increases as one
compares sDFT, DFT + U, and sDFT + U extracted values.
This is directly influencing the #,,-#5, contribution to Ji, which
shows the opposite trend, as expected from Eq. (15). The
situation is more complex with the ey-f>, contribution. Here
we find that inclusion of U leads to the increase of both
A" and A" parameters. However, comparing DFT + U and
sDFT + U, the two relevant energy splittings behave in a dif-
ferent way. The crystal-field splitting (A}%) tends to increase
much more in SDFT + U as compared to DFT + U, whereas
the exchange splitting (A)), on the contrary, goes slightly
down. Both of these factors contribute to an overall decrease
of the FM e,-t,, contribution. This fact once again highlights
the importance of the comparative studies between DFT + U
and sDFT + U calculations.

The NN symmetric and next NN (in-plane) antisymmetric
anisotropic couplings are not negligible, but still smaller than
the isotropic Ji. The NN DM vectors are zero by symmetry
and the next NN ones are already not that big. On top of that,
it is not entirely oriented along z axis, which is preferable for

20 — sDFT

—— DFT+U
sDFT+U |
Exp. fit

FIG. 4. Simulated adiabatic magnon spectra for bulk Crl; using
the parameters shown in Fig. 2.

opening the topological gap in the spin wave spectrum. Our
results show that D* is equal to 0.05, 0.02, and 0.012 meV in
sDFT, DFT + U, and sDFT + U, respectively. So the U term
also acts on the orientation of the DM vectors in a nontrivial
way. Overall, comparing different setups, the results for the
|D| follow the same trend as for J.

Using the obtained interaction parameters, we have cal-
culated the ordering temperatures and the adiabatic magnon
spectra. The T, was estimated applying mean-field approxima-
tion, which yielded the values of 53, 22, and 73 K using sDFT,
DFT 4 U, and sDFT + U derived parameters. The experi-
mental 7, of bulk Crl3 is 68 K [11], which means that DFT +
U calculations provide the best agreement with the measured
data. Note that the mean-field estimates usually overestimate
the actual value of the T, which can be obtained from more
accurate calculations, based on Monte Carlo method. Thus the
sDFT + U calculation strongly underestimate the 7., which
is a result of reduced J;, which we discussed above. The
calculated magnon spectra are shown in Fig. 4. Note that we
observe six magnon branches, which is equal to the number
of magnetic atoms in the hexagonal cell, as a result of finite
interlayer magnetic couplings (see [24]). The MAE per Cr
atom was estimated to be 0.47, 0.52, and 0.28 meV in sDFT,
DFT + U, and sDFT + U, respectively. The gap in the spin
wave spectra at the zone center (which is equal to MAE) is
primarily defined by the single ion anisotropy constant K.,
whereas the contribution of the two-site anisotropies plays a
secondary role. Only in the case of DFT 4 U are these two
contributions of comparable size. This conclusion is in con-
tradiction with the total-energy difference analysis presented
in Ref. [33] where the anisotropic intersite interactions are
suggested to be relatively stronger than the local anisotropy.

In Fig. 4 we also show the simulated magnon spectrum
obtained using the fitted values from experiment [24]. Com-
paring the results against the fitted spectrum, one can see that
the sDFT and DFT + U-derived values produce the magnon
spectrum, which lies in a correct energy range. The sDFT + U
results result in substantially underestimated magnon ener-
gies, which is also in line with relatively small value of T,
obtained from the corresponding exchange parameters. The
strongest discrepancy is found for the position of the optical
branches, which in our calculation happens to lie at lower
energies. This is related to relatively strong ferromagnetic
J> coupling. The dispersion at the K point is also different

115162-5



Y. O. KVASHNIN et al.

PHYSICAL REVIEW B 102, 115162 (2020)

CI‘I3

CrCl3
—~1 _(a)l I - DFT
Z - DFT+U
= —t— sDFT+U

= 0.02
£ 0.002
S
— 0.000 0.00
. 0.005
>
& 0.000 0.0
2= _0.005F
- L & L L —0.1 '_|_' L L | L L
0.5 1.0 1.5 2.0 0.5 1.0 15 2.0 0.5 1.0 1.5 2.0

Ri]'/a

Rij/a Ri]'/a

FIG. 5. Calculated relativistic exchange parameters in monolayers of three considered Cr halides as a function of the distance. The plotted
quantities are defined according to the Egs. (12)—(14). (a)—(c) The calculated isotropic exchange. (d)—(f) The DM vectors length. (g)—(i) The
eigenvalues of J* tensor. The nearest and next-nearest neighbors are located at the distances of +/3/3 and one lattice constant, respectively.
These neighbors correspond to J; and J; interactions, shown in Fig. 1 for the bulk.

from experiment, where the gap of about 4 meV is observed.
Our calculations take into account both symmetric and anti-
symmetric anisotropic interactions, which were discussed as
possible sources for the gap opening. We indeed observe the
gap opening, but its value is not bigger than 0.7 meV (as
obtained using sDFT). By setting to zero either J5 or the DM
terms, we identified that the latter one primarily contributes
to this effect. Still, the magnitude of the gap is not as strong
as suggested by experimental data. There can be several rea-
sons for such behavior, such as incompleteness of our spin
Hamiltonian [Eq. (1)]. For instance, it might be necessary to
augment it with higher-order interactions or consider lattice
effects, which we will discuss in Sec. IV.

B. 2D periodic monolayers

Next we investigated monolayers of CrX3. The optimized
parameters of the crystal structure are shown in Table I
The experimental lattice constants for the bulk samples of
CrCls, CrBr3, and Crlz are 5.96, 6.3, and 6.86 A, respec-
tively [18,77,78]. The results were obtained with PBESol
functional and can also be compared with prior results [42]
obtained with PBE. One can see that the lattice constants
obtained here are closer to the experimental bulk values,
which should be an indication that PBESol performs bet-
ter for modeling of the structural properties of chromium
trihalides.

The results obtained with various computational setups
turned out to be quite similar. There is a clear trend that adding
the U term slightly increases the equilibrium lattice constant.
One should keep in mind that since the bond angle is close
to 90° and there are competing FM and AFM contributions
to the NN coupling, the magnetic interactions are highly
sensitive to any small changes in the position of the halide
atom. Hence, the fact that sDFT, DFT + U, and sDFT + U

produced slightly different structures will also contribute to
the differences in the calculated interaction parameters.

The calculated exchange parameters for the series of CrX3
monolayers are shown in Fig. 5. First of all, one can see that
the anisotropic interactions (D and JS) scale with the mass
of the halide. This corroborates with the idea that the SOC on
the halide atoms plays a crucial role in defining the strength of
anisotropic Cr-Cr interactions [33]. The strongest relativistic
interactions are found for Crls. For this system, we can also
compare the results with respect to those obtained for bulk
(Fig. 2). Overall, the results are quite similar. The J; becomes
smaller, while |D,| gets larger in the single-layer limit as
compared to bulk. However, this is partially related to the
structural relaxations, which were considered for monolayers.
The mean-field estimates of the 7.’s in the three systems
follow the same trend we found for bulk Crl; with DFT + U
yielding the highest and sDFT 4 U the lowest values. The
DFT + U-derived T.’s for monolayered CrCl;, CrBr3, and
Crls are 25, 42, and 58 K, respectively, which are in good
agreement with experimental values of 10 [79], 27 [80], and
45 K [13].

The obtained isotropic exchange couplings in Crls can
be compared with prior works, where it was also calculated
using MFT. For bulk, we found a very good agreement with
prior values [45]. Regarding single-layer Crls, the agreement
with Ref. [48] is less good, but the structural optimization
was done using different functionals in these two works,
which makes it difficult to compare. Nonetheless, there is
one substantial qualitative difference related to the effect of
Hubbard U. The results of Kashin et al. suggest that J; value
is larger in SDFT 4 U as compared to sDFT. Here we find the
same trend, as was already reported for the bulk Crl3, namely
that sDFT + U results in smaller values of the exchange.
The present behavior is in agreement with the analysis from
Ref. [45].
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TABLE I. The structural parameters for the relaxed CrX; monolayers obtained in various setups. Here zy stands for the distance of the
halide atom X (= Cl, Br, I) away from its nearest Cr plane (located at z = 0).

CrCl; CrBr3 Crls
sDFT DFT+U sDFT+U sDFT DFT+U sDFT+U sDFT DFT+U sDFT4+U
aA) 5.932 5.952 5.967 6.291 6.310 6.326 6.817 6.842 6.856
z Q) 1.320 1.329 1.332 1.419 1.429 1.431 1.541 1.554 1.557
derx (A) 2.324 2.336 2.341 2.479 2.492 2.497 2.690 2.705 2.710

The results for J’s CrCl; also suggest an instability of
the ferromagnetic state with the value of J; being negative
in the sDFT and sDFT 4 U schemes. The latter result is in
agreement with Ref. [45], where the corresponding bulk of
this material was investigated. Thus only the results obtained
with DFT 4+ U are able to provide the correct sign of this
interaction. In fact, this is the only scheme which neglects
an intrinsic magnetism of the ligand states. In some way it
supports the findings of Ref. [45], which suggest that if there is
an intrinsic magnetism of halide atoms, then it should also be
added to a model describing magnetic interactions. Our results
suggest that by excluding this effect from the calculations
in the first place provides a better ground for construction
of the minimal Heisenberg model, involving only spins of
transition metal atoms. The same conclusions were reached
for transition metal oxides in Ref. [56].

Next, we address the MAE, which values are shown in
Table II. The results are in good agreement with Refs. [42,81],
even though another functional have been used in those two
works. One can see that the heavier the halide, the stronger
the tendency to the out-of-plane orientation of the moments.
This fact has also been observed experimentally for the series
of Cr(Cl,, Br;_,); compounds [82]. Prior DFT calculations,
based on VASP, predicted the monolayer of CrCls to have
weak out-of-plane anisotropy [42,81]. We indeed reproduce
this result by employing the full-potential electronic structure
method in this work. However, the value of MAE in CrCl;
is so small that it becomes comparable to the size of mag-
netic shape anisotropy. In Ref. [83] it was shows that the
latter term dominates and results in the overall anisotropy
to be in-plane. Recent experiments indicate the presence
of strong trigonal distortions due to graphene substrate and
do not allow for direct comparison with these calculations
[79].

TABLE II. Calculated magnetocrystalline anisotropy energy
(MAE), obtained from the total energy differences.

System Setup MAE (meV)
sDFT 0.01
CrCl; DFT 4+ U 0.03
sDFT + U 0.02
sDFT 0.16
CrBr; DFT +U 0.15
sDFT + U 0.09
sDFT 0.70
Crl; DFT +U 0.64
sDFT + U 0.32

Using the obtained interaction parameters, we have calcu-
lated the adiabatic magnon spectra, which are presented in
Fig. 6. Comparing with bulk (Fig. 4), we find that overall
the spin waves are predicted to get softer in the monolayer
limit. The strongest difference is in the value of the topo-
logical gap, which becomes negligible for the (s)DFT 4 U
case.

Why is the gap at the K point much smaller than the
value of the next NN DM vector, even though they should be
related? Figure 7(a) depicts the directions of the DM vectors
in monolayered Crls obtained within DFT + U. One can see
that they obey the global threefold rotational symmetry. The
sublattices are clearly different, since all Dlj vectors for the
first sublattice are pointing away from the atom, whereas it is
the opposite for the atom belonging to the other sublattice.

The direction of the DM vectors is also governed by the
local (i.e., bond) symmetries according to Moriya’s rules [27].
As an example, in Fig. 7(b) we show the local environment
of one of the next NN Cr-Cr bonds. There is a twofold
rotational axis perpendicular to this bond and therefore the
corresponding DM vector is expected to lie in the normal
plane. For the selected bond, the C, axis is pointing along
y direction and the calculated DM vector has the following
Cartesian coordinates: D = (0.09, 0,0.01) meV, which is in
perfect agreement with symmetry analysis. However, one can
see that the DM vectors are lying primarily in the plane of
the Cr networks. The D, component is relatively small, but
it is the only one responsible for the gap opening at the K
point. Our calculated magnitude of the next NN DM is in good
agreement with the total-energy-based estimate [84,85]. The
direction is not exactly the same though.

To conclude, according to our results, the anisotropic inter-
actions indeed lead to the gapped topological magnon states

15 r
sDFT
—— DFT+U

1ok L sDFT+U
= -
g \
3 5t

OF K M r

FIG. 6. Simulated adiabatic magnon spectra for monolayered
Crl; using the parameters, obtained for three computational setups,
shown in Fig. 5.
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(b) V'

FIG. 7. (a) Calculated next NN D, ; and D, ; vectors for the two
Cr sublattices (1 and 2) in monolayered Crl;. DFT 4 U derived data
are presented. The color corresponds to the sign of a z component of
the DM vector. (b) A more detailed view on the bond, marked with an
orange box in (a). The direction of the twofold rotational axis located
between the next NN Cr atoms is shown with a cyan arrow.

in Crl;. However, the gap between the two magnon branches
is even smaller than the value we obtained for the bulk of this
material.

C. Finite-size ribbons

Even though the gap at the point K of the BZ is small com-
pared to experiment, the qualitative picture of two topological
modes is reproduced by our calculations. Such topology of
the magnons implies that there will be surface/edge modes,
having chiral nature and being robust against perturbations,
which makes them very promising for magnonic technology.
However, the dynamics of the magnon edge modes can be
strongly affected by any modification of the interaction pa-
rameters, which can be expected to appear at the edge of the
material.

For this purpose we have broken the periodicity along one
of the directions in the 2D plane and added a 20 A thick
vacuum. We have preserved octahedral environment for all Cr
atoms including the ones at the edge of the 1D ribbon. We
believe that this structure should resemble the experimental
situation, where the Cr dangling bonds will be saturated in
order to screen its charge. The resulting structure is shown
in Fig. 8. For our analysis we have selected three types
of chromium atoms located close to the surface of the rib-

FIG. 8. Schematic picture of the simulated finite-size flake of
Crl;. The Cr atoms closest to the edge are labeled. The directions
of the largest DM vectors are shown with arrows. The dashed circles
highlight the atom the DM vectors are calculated for.

bon. Figure 9 shows the magnetic interactions between these
atoms.

The values of the Cr magnetic moments are close to the
nominal 3 up and are practically the same for all types of
Cr atoms. Since the inversion symmetry between the nearest

® 11
— m 22 v
% 1r 3-3 m
= v 12
— e 13 e
"ﬁ: ¢ 23
ideal
O 1 1 1 1
0.25 0.50 0.75 1.00
. 0.4 [ T T T
% [ |
&
— 0.2F o
Trﬁ . @
0.0 £ . I .
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0'5 [ T T * T T
—~ -
% v
£ 00 ; a8
= —0.5F .
1 1 3 1 1
0.25 0.50 0.75 1.00
Rij/a

FIG. 9. Exchange interactions between selected Cr atoms located
the closest to the edge of the material. The results for DFT + U are
presented along with the corresponding values obtained for an ideal
periodic 2D monolayer.
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neighbors is broken by the presence of the vacuum, the cor-
responding DM vector becomes finite for the atoms close to
the edge. Still, the D, is the dominant interaction among DM
vectors. Moreover, there are also less symmetry constraints for
the DM vectors for the atoms at the edge of the ribbon. As a
result, these interactions between Cr(3) atoms become nearly
four times stronger than those in the bulk. Their orientation
also changes and they start pointing more away from the
surface, which should influence the dynamics of the edge spin
waves. Analyzing the interactions between the atoms further
from the edge, one can see that the finite-size effects are quite
short ranged. Cr(1) atoms already experience exchange inter-
actions similar to those in the periodic monolayer, meaning
that the electronic structure is not influenced by the presence
of the edge. The results for JS suggest that the symmetric
anisotropic interactions and Kitaev exchange are much less
sensitive to the proximity to the edge as compared to the DM
vectors.

IV. OUTLOOK

We have addressed the full tensor of exchange interactions
between Cr ions in bulk Crl; as well as in the series of mono-
layered chromium trihalides. The calculations for bulk Crls
correctly predict the gap opening at the K point. However, the
magnitude of the gap was found to be much smaller than in
experiment. Both DM interactions and Kitaev type were found
not to be sufficiently strong to reproduce the gap of ~4 meV,
seen in the experiment [24]. The next NN DM vectors were
also found to lie primarily in-plane, which does not contribute
to the corresponding mode splitting.

The magnetic interaction tensors Jf;ﬁ for the bulk and
monolayer Crl; were also compared. The isotropic coupling
was found to decrease in the single layer limit, which is
consistent with the experimentally observed decrease of T, as
compared to bulk [13]. Analyzing the results for the series
of CrX; compounds we find that the SOC-related properties,
such as MAE, DM interaction, and symmetric anisotropic
exchange all scale with the mass of halide atoms. It is shown
that the effect of Hubbard U on the dominant ferromagnetic
coupling depends on the underlying spin polarization of the
XC functional. This originates from the fact that the resulting
crystal fields and the exchange splittings between various
orbitals are different in DFT 4+ U and sDFT + U methods.
All three considered monolayers of chromium trihalides are
predicted to be ferromagnetic only within DFT + U setup,
where the intrinsic magnetism of ligand orbitals is neglected.

Finally, we investigate the properties of ribbon of Crlj try-
ing to quantify the impact of finite-size effects on the magnetic
interactions. The NN DM couplings, which are forbidden
in the periodic structure, become finite and gain substantial
values close to the edges of the material. In addition, there
is a strong (factor 5) enhancement of the next NN DM in-
teractions. We suspect that the dynamics of the edge magnon
states might be strongly affected by the produced changes in
the Jf;ﬂ ’s, which should be done in a separate study.

The disagreement between the present theory and experi-
ment for bulk Crl; might originate from the lattice effects. The
latter is known to be able to open the gaps in the spin wave
spectra [86]. Note that phonon-induced intervalley scattering
can lead to a dynamical gap opening at K and K’ points in the
electron spectrum of graphene [87,88]. One can assume that a
similar effect can take place in a magnetic honeycomb lattice
as well, but this question needs further investigation.

Strong spin-phonon coupling has been reported for CrX;
systems [89,90]. Since phonons and magnons in this class of
materials have similar energies [81,89], even a small coupling
can produce a substantial hybridization between the two types
of excitations. One can expect the exchange interactions will
be sensitive to any structural distortions, due to the NN bond
angle being close to 90° and the internal competition between
FM and AFM contributions. This is indirectly supported by
the fact that the strain (¢) in monolayer CrX; was shown to
lead to substantial changes of the effective NN exchange [42].
In particular, for CrCl; it was predicted even that this coupling
can change its sign for € > 2.5%.

The coupled dynamics of phonons and magnons can cur-
rently be parametrized from first-principles calculations and
then solved exactly in the limit of classical spins [91,92] or
approximately in quantum flavor [93]. We foresee that such
investigation for CrXj systems will be done in the near future.

We note that recent ab initio calculations of generalized
spin susceptibility for monolayer Crl; were shown to provide
the topological gap in the magnon spectrum of the similar
size as in experiment [35]. The gap was also shown to be
proportional to the spin-orbit coupling strength of the halide
atom. However, these calculations do not assume any specific
form of spin Hamiltonian and cannot identify the strengths of
different relativistic exchange parameters. Therefore, another
possible reason for the underestimation of the topological gap
in our calculations might be the neglect of higher-order (e.g.,
biquadratic or ring) exchange interactions, which are some-
times pronounced in 3d-metal-based systems [94-96]. We do
not think however that this is the case since the magnetic
interactions found from small deviations via MFT take into
account all these effects, and the magnon excitation spectra
are directly related to these magnetic parameters [97]. On the
other hand, there is also a possibility that the magnetic Hamil-
tonian involving only Cr spins is not sufficient to describe all
the properties of these materials and that an explicit account of
the halide moments is essential. The latter idea was proposed
by Besbes et al. [45].

ACKNOWLEDGMENTS

Y.O.K. acknowledges the financial support from the
Swedish Research Council (VR) under the Project No. 2019-
03569. The work of M.LK. is supported by JTC-FLAGERA
Project GRANSPORT. A.LL. acknowledges support by the
Cluster of Excellence ‘Advanced Imaging of Matter’ of
the Deutsche Forschungsgemeinschaft (DFG) - EXC 2056 -
Project ID 390715994.

[1] N. D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966).

[2] L. Onsager, Phys. Rev. 65, 117 (1944).

115162-9


https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRev.65.117

Y. O. KVASHNIN et al.

PHYSICAL REVIEW B 102, 115162 (2020)

[3] V. Y. Irkhin, A. A. Katanin, and M. I. Katsnelson, Phys. Rev. B
60, 1082 (1999).

[4] Y. Zhang, S.-Y. Li, H. Huang, W.-T. Li, J.-B. Qiao, W.-X. Wang,
L.-J. Yin, K.-K. Bai, W. Duan, and L. He, Phys. Rev. Lett. 117,
166801 (2016).

[5] V. Meunier, A. G. Souza Filho, E. B. Barros, and M. S.
Dresselhaus, Rev. Mod. Phys. 88, 025005 (2016).

[6] M. Slota, A. Keerthi, W. K. Myers, E. Tretyakov, M.
Baumgarten, A. Ardavan, H. Sadeghi, C. J. Lambert, A.
Narita, K. Miillen, and L. Bogani, Nature (London) 557, 691
(2018).

[7]1 H. Gonzélez-Herrero, J. M. Gémez-Rodriguez, P. Mallet, M.
Moaied, J. J. Palacios, C. Salgado, M. M. Ugeda, J.-Y. Veuillen,
F. Yndurain, and I. Brihuega, Science 352, 437 (2016).

[8] R. R. Nair, M. Sepioni, I.-L. Tsai, O. Lehtinen, J. Keinonen,
A. V. Krasheninnikov, T. Thomson, A. K. Geim, and I. V.
Grigorieva, Nat. Phys. 8, 199 (2012).

[9] J. Cervenka, M. L. Katsnelson, and C. F. J. Flipse, Nat. Phys. 5,
840 (2009).

[10] I. Tsubokawa, J. Phys. Soc. Jpn. 15, 1664 (1960).

[11] J. F. Dillon and C. E. Olson, J. Appl. Phys. 36, 1259 (1965).

[12] C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao, C.
Wang, Y. Wang, Z. Q. Qiu, R. J. Cava, S. G. Louie, J. Xia, and
X. Zhang, Nature (London) 546, 265 (2017).

[13] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R.
Cheng, K. L. Seyler, D. Zhong, E. Schmidgall, M. A. McGuire,
D. H. Cobden, W. Yao, D. Xiao, P. Jarillo-Herrero, and X. Xu,
Nature (London) 546, 270 (2017).

[14] K. S. Burch, D. Mandrus, and J.-G. Park, Nature (London) 563,
47 (2018).

[15] M. Gibertini, M. Koperski, A. F. Morpurgo, and K. S.
Novoselov, Nat. Nanotechnol. 14, 408 (2019).

[16] M. Bonilla, S. Kolekar, Y. Ma, H. C. Diaz, V. Kalappattil, R.
Das, T. Eggers, H. R. Gutierrez, M.-H. Phan, and M. Batzill,
Nat. Nanotechnol. 13, 289 (2018).

[17] A. O. Fumega, M. Gobbi, P. Dreher, W. Wan, C. Gonzalez-
Orellana, M. Pefia-Diaz, C. Rogero, J. Herrero-Martin, P.
Gargiani, M. Ilyn et al., J. Phys. Chem. C 123, 27802 (2019).

[18] M. A. McGuire, H. Dixit, V. R. Cooper, and B. C. Sales, Chem.
Mater. 27, 612 (2015).

[19] M. A. McGuire, Crystals 7, 121 (2017).

[20] S. A. Owerre, J. Phys.: Condens. Matter 28, 386001 (2016).

[21] A. Riickriegel, A. Brataas, and R. A. Duine, Phys. Rev. B 97,
081106(R) (2018).

[22] S. K. Kim, H. Ochoa, R. Zarzuela, and Y. Tserkovnyak, Phys.
Reyv. Lett. 117, 227201 (2016).

[23] H. Kondo, Y. Akagi, and H. Katsura, arXiv:2006.10391.

[24] L. Chen, J.-H. Chung, B. Gao, T. Chen, M. B. Stone, A. L
Kolesnikov, Q. Huang, and P. Dai, Phys. Rev. X 8, 041028
(2018).

[25] L. Zhang, J. Ren, J.-S. Wang, and B. Li, Phys. Rev. B 87,
144101 (2013).

[26] I. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958).

[27] T. Moriya, Phys. Rev. 120, 91 (1960).

[28] A. Mook, J. Henk, and I. Mertig, Phys. Rev. B 90, 024412
(2014).

[29] I Lee, F. G. Utermohlen, D. Weber, K. Hwang, C. Zhang, J. van
Tol, J. E. Goldberger, N. Trivedi, and P. C. Hammel, Phys. Rev.
Lett. 124, 017201 (2020).

[30] A. Kitaev, Ann. Phys. 321, 2 (2006).

[31] G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205
(2009).

[32] C. Xu, J. Feng, H. Xiang, and L. Bellaiche, npj Comput. Mater.
4,57 (2018).

[33] J. L. Lado and J. Ferndndez-Rossier, 2D Mater. 4, 035002
(2017).

[34] C. Xu, J. Feng, M. Kawamura, Y. Yamaji, Y. Nahas, S.
Prokhorenko, Y. Qi, H. Xiang, and L. Bellaiche, Phys. Rev. Lett.
124, 087205 (2020).

[35] A. T. da Costa, D. Santos, N. M. R. Peres, and J. Fernandez-
Rossier, 2D Mater. 7, 045031 (2020).

[36] D. Soriano, M. 1. Katsnelson, and J. Fernandez-Rossier, Nano
Lett. 20, 6225 (2020).

[37] S. Lebegue and O. Eriksson, Phys. Rev. B 79, 115409 (2009).

[38] S. Lebegue, T. Bjorkman, M. Klintenberg, R. M. Nieminen, and
O. Eriksson, Phys. Rev. X 3, 031002 (2013).

[39] B. Sachs, T. O. Wehling, K. S. Novoselov, A. L. Lichtenstein,
and M. L. Katsnelson, Phys. Rev. B 88, 201402(R) (2013).

[40] Y. Ma, Y. Dai, M. Guo, C. Niu, Y. Zhu, and B. Huang, ACS
Nano 6, 1695 (2012).

[41] X. Lu, R. Fei, and L. Yang, Phys. Rev. B 100, 205409 (2019).

[42] L. Webster and J.-A. Yan, Phys. Rev. B 98, 144411 (2018).

[43] T. Olsen, MRS Commun. 9, 1142 (2019).

[44] M. Pizzochero, R. Yadav, and O. V. Yazyev, 2D Mater. 7,
035005 (2020).

[45] O. Besbes, S. Nikolaev, N. Meskini, and I. Solovyev, Phys. Rev.
B 99, 104432 (2019).

[46] A. L Liechtenstein, M. 1. Katsnelson, V. P. Antropov, and V. A.
Gubanov, J. Magn. Magn. Mater. 67, 65 (1987).

[47] J. Kanamori, J. Phys. Chem. Solids 10, 87 (1959).

[48] I. V. Kashin, V. V. Mazurenko, M. 1. Katsnelson, and A. N.
Rudenko, 2D Mater. 7, 025036 (2020).

[49] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev. B
44, 943 (1991).

[50] M. T. Czyzyk and G. A. Sawatzky, Phys. Rev. B 49, 14211
(1994).

[51] J. Chen, A. J. Millis, and C. A. Marianetti, Phys. Rev. B 91,
241111(R) (2015).

[52] H. Chen and A. J. Millis, Phys. Rev. B 93, 045133 (2016).

[53] H. Chen and A. J. Millis, Phys. Rev. B 93, 205110 (2016).

[54] S. Ryee and M. J. Han, Sci. Rep. 8, 9559 (2018).

[55] S. W. Jang, S. Ryee, H. Yoon, and M. J. Han, Phys. Rev. B 98,
125126 (2018).

[56] S. Keshavarz, J. Schott, A. J. Millis, and Y. O. Kvashnin, Phys.
Rev. B 97, 184404 (2018).

[57] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

[58] G. Kresse and J. Furthmiiller, Comput. Mater. Sci. 6, 15 (1996).

[59] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E.
Scuseria, L. A. Constantin, X. Zhou, and K. Burke, Phys. Rev.
Lett. 100, 136406 (2008).

[60] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[61] P. Jiang, C. Wang, D. Chen, Z. Zhong, Z. Yuan, Z.-Y. Lu, and
W. Ji, Phys. Rev. B 99, 144401 (2019).

[62] S. W.Jang, M. Y. Jeong, H. Yoon, S. Ryee, and M. J. Han, Phys.
Rev. Mater. 3, 031001 (2019).

[63] I. V. Solovyeyv, P. H. Dederichs, and V. I. Anisimov, Phys. Rev.
B 50, 16861 (1994).

[64] RSPt—relativistic spin polarized toolkit, http://fplmto-rspt.
org/.

115162-10


https://doi.org/10.1103/PhysRevB.60.1082
https://doi.org/10.1103/PhysRevLett.117.166801
https://doi.org/10.1103/RevModPhys.88.025005
https://doi.org/10.1038/s41586-018-0154-7
https://doi.org/10.1126/science.aad8038
https://doi.org/10.1038/nphys2183
https://doi.org/10.1038/nphys1399
https://doi.org/10.1143/JPSJ.15.1664
https://doi.org/10.1063/1.1714194
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/s41586-018-0631-z
https://doi.org/10.1038/s41565-019-0438-6
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1021/acs.jpcc.9b08868
https://doi.org/10.1021/cm504242t
https://doi.org/10.3390/cryst7050121
https://doi.org/10.1088/0953-8984/28/38/386001
https://doi.org/10.1103/PhysRevB.97.081106
https://doi.org/10.1103/PhysRevLett.117.227201
http://arxiv.org/abs/arXiv:2006.10391
https://doi.org/10.1103/PhysRevX.8.041028
https://doi.org/10.1103/PhysRevB.87.144101
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRevB.90.024412
https://doi.org/10.1103/PhysRevLett.124.017201
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1038/s41524-018-0115-6
https://doi.org/10.1088/2053-1583/aa75ed
https://doi.org/10.1103/PhysRevLett.124.087205
https://doi.org/10.1088/2053-1583/aba88f
https://doi.org/10.1021/acs.nanolett.0c02381
https://doi.org/10.1103/PhysRevB.79.115409
https://doi.org/10.1103/PhysRevX.3.031002
https://doi.org/10.1103/PhysRevB.88.201402
https://doi.org/10.1021/nn204667z
https://doi.org/10.1103/PhysRevB.100.205409
https://doi.org/10.1103/PhysRevB.98.144411
https://doi.org/10.1557/mrc.2019.117
https://doi.org/10.1088/2053-1583/ab7cab
https://doi.org/10.1103/PhysRevB.99.104432
https://doi.org/10.1016/0304-8853(87)90721-9
https://doi.org/10.1016/0022-3697(59)90061-7
https://doi.org/10.1088/2053-1583/ab72d8
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.49.14211
https://doi.org/10.1103/PhysRevB.91.241111
https://doi.org/10.1103/PhysRevB.93.045133
https://doi.org/10.1103/PhysRevB.93.205110
https://doi.org/10.1038/s41598-018-27731-4
https://doi.org/10.1103/PhysRevB.98.125126
https://doi.org/10.1103/PhysRevB.97.184404
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.99.144401
https://doi.org/10.1103/PhysRevMaterials.3.031001
https://doi.org/10.1103/PhysRevB.50.16861
http://fplmto-rspt.org/

RELATIVISTIC EXCHANGE INTERACTIONS IN CrX; ...

PHYSICAL REVIEW B 102, 115162 (2020)

[65] J. M. Wills, M. Alouani, P. Andersson, A. Delin, O. Eriksson,
and O. Grechnyev, Full-Potential Electronic Structure Method,
edited by M. Cardona, P. Fulde, K. von Klitzing, R. Merlin,
H.-J. Queisser, and H. Stormer, Springer Series in Solid-State
Sciences (Springer, Berlin, 2010).

[66] M. I. Katsnelson and A. I. Lichtenstein, Phys. Rev. B 61, 8906
(2000).

[67] V. Antropov, M. Katsnelson, and A. Liechtenstein, Phys. B:
Condens. Matter 237-238, 336 (1997), Proceedings of the Ya-
mada Conference XLV, the International Conference on the
Physics of Transition Metals.

[68] L. Udvardi, L. Szunyogh, K. Palotds, and P. Weinberger, Phys.
Rev. B 68, 104436 (2003).

[69] H. Ebert and S. Mankovsky, Phys. Rev. B 79, 045209
(2009).

[70] A. Secchi, A. Lichtenstein, and M. Katsnelson, Ann. Phys. 360,
61 (2015).

[71] Y. O. Kvashnin, O. Gréanis, I. Di Marco, M. 1. Katsnelson, A. 1.
Lichtenstein, and O. Eriksson, Phys. Rev. B 91, 125133 (2015).

[72] B. Skubic, J. Hellsvik, L. Nordstrom, and O. Eriksson, J. Phys.:
Conden. Matter 20, 315203 (2008).

[73] O. Eriksson, A. Bergman, L. Bergqvist, and J. Hellsvik, Atom-
istic Spin Dynamics: Foundations and Applications (Oxford
University Press, Oxford, UK, 2017).

[74] N. Sivadas, S. Okamoto, X. Xu, C. J. Fennie, and D. Xiao, Nano
Lett. 18, 7658 (2018).

[75] P. W. Anderson, Phys. Rev. 115, 2 (1959).

[76] K. I. Kugel and D. I. Khomskii, Sov. Phys. Usp. 25, 231
(1982).

[77] B. Morosin and A. Narath, J. Chem. Phys. 40, 1958 (1964).

[78] L. L. Handy and N. W. Gregory, J. Am. Chem. Soc. 74, 8§91
(1952).

[79] A. Bedoya-Pinto, J.-R. Ji, A. Pandeya, P. Gargiani, M.
Valvidares, P. Sessi, F. Radu, K. Chang, and S. Parkin,
arXiv:2006.07605.

[80] H. H. Kim, B. Yang, S. Li, S. Jiang, C. Jin, Z. Tao, G. Nichols,
F. Sfigakis, S. Zhong, C. Li, S. Tian, D. G. Cory, G.-X. Miao,
J. Shan, K. F. Mak, H. Lei, K. Sun, L. Zhao, and A. W. Tsen,
Proc. Natl. Acad. Sci. 116, 11131 (2019).

[81] W.-B. Zhang, Q. Qu, P. Zhu, and C.-H. Lam, J. Mater. Chem. C
3, 12457 (2015).

[82] M. Abramchuk, S. Jaszewski, K. R. Metz, G. B. Osterhoudt,
Y. Wang, K. S. Burch, and F. Tafti, Adv. Mater. 30, 1801325
(2018).

[83] F. Xue, Y. Hou, Z. Wang, and R. Wu, Phys. Rev. B 100, 224429
(2019).

[84] C. Xu, J. Feng, S. Prokhorenko, Y. Nahas, H. Xiang, and L.
Bellaiche, Phys. Rev. B 101, 060404(R) (2020).

[85] In Ref. [84], the spin Hamiltonian is defined in a different way.
After the conversion, the value of the next NN |f)| in Crls,
shown in Table I from Ref. [84], becomes 0.15 meV.

[86] E. A. Turov and V. G. Shavrov, Sov. Phys. Usp. 26, 593 (1983).

[87] G. G. Samsonidze, E. B. Barros, R. Saito, J. Jiang, G.
Dresselhaus, and M. S. Dresselhaus, Phys. Rev. B 75, 155420
(2007).

[88] B. Kandemir and A. Mogulkoc, Solid State Commun. 177, 80
(2014).

[89] L. Webster, L. Liang, and J.-A. Yan, Phys. Chem. Chem. Phys.
20, 23546 (2018).

[90] M. A. McGuire, G. Clark, S. KC, W. M. Chance, G. E. Jellison,
Jr., V. R. Cooper, X. Xu, and B. C. Sales, Phys. Rev. Mater. 1,
014001 (2017).

[91] L. Stockem, A. Bergman, A. Glensk, T. Hickel, F. Kérmann, B.
Grabowski, J. Neugebauer, and B. Alling, Phys. Rev. Lett. 121,
125902 (2018).

[92] J. Hellsvik, D. Thonig, K. Modin, D. Iusan, A. Bergman, O.
Eriksson, L. Bergqvist, and A. Delin, Phys. Rev. B 99, 104302
(2019).

[93] P. Maldonado and Y. O. Kvashnin, Phys. Rev. B 100, 014430
(2019).

[94] A. N. Yaresko, G.-Q. Liu, V. N. Antonov, and O. K. Andersen,
Phys. Rev. B 79, 144421 (20009).

[95] A. L. Wysocki, K. D. Belashchenko, and V. P. Antropov, Nat.
Phys. 7, 485 (2011).

[96] N. S. Fedorova, C. Ederer, N. A. Spaldin, and A. Scaramucci,
Phys. Rev. B 91, 165122 (2015).

[97] M. 1. Katsnelson and A. I. Lichtenstein, J. Phys.: Condens.
Matter 16, 7439 (2004).

115162-11


https://doi.org/10.1103/PhysRevB.61.8906
https://doi.org/10.1016/S0921-4526(97)00203-2
https://doi.org/10.1103/PhysRevB.68.104436
https://doi.org/10.1103/PhysRevB.79.045209
https://doi.org/10.1016/j.aop.2015.05.002
https://doi.org/10.1103/PhysRevB.91.125133
https://doi.org/10.1088/0953-8984/20/31/315203
https://doi.org/10.1021/acs.nanolett.8b03321
https://doi.org/10.1103/PhysRev.115.2
https://doi.org/10.1070/PU1982v025n04ABEH004537
https://doi.org/10.1063/1.1725428
https://doi.org/10.1021/ja01124a009
http://arxiv.org/abs/arXiv:2006.07605
https://doi.org/10.1073/pnas.1902100116
https://doi.org/10.1039/C5TC02840J
https://doi.org/10.1002/adma.201801325
https://doi.org/10.1103/PhysRevB.100.224429
https://doi.org/10.1103/PhysRevB.101.060404
https://doi.org/10.1070/PU1983v026n07ABEH004449
https://doi.org/10.1103/PhysRevB.75.155420
https://doi.org/10.1016/j.ssc.2013.09.012
https://doi.org/10.1039/C8CP03599G
https://doi.org/10.1103/PhysRevMaterials.1.014001
https://doi.org/10.1103/PhysRevLett.121.125902
https://doi.org/10.1103/PhysRevB.99.104302
https://doi.org/10.1103/PhysRevB.100.014430
https://doi.org/10.1103/PhysRevB.79.144421
https://doi.org/10.1038/nphys1933
https://doi.org/10.1103/PhysRevB.91.165122
https://doi.org/10.1088/0953-8984/16/41/023

