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Enhancing ferromagnetic coupling in CrXY (X = O, S, Se;
Y = Cl, Br, I) monolayers by turning the covalent character

of Cr-X bonds

Hao-Ran Zhu @', Bin Shao '™ and Xu Zuo'>**

On the basis of first-principles calculations, we investigate the electronic and magnetic properties of 1T phase chromium sulfide
halide CrXY (X = O, S, Se; Y = Cl, Br, I) monolayers in CrCl, structure with the P3m1 space group. Except for the CrOl monolayer, all
CrXY monolayers are stable and ferromagnetic semiconductors. Our results show that the ferromagnetic coupling is dominated by
the kinetic exchange between the empty eg-orbital of Cr atoms and the p-orbital of anions under the three-fold rotational
symmetry. In this context, the coupling strength allows for being greatly enhanced by turning the nature of Cr-X bonds, i.e.,
increasing the covalent contribution of the bonds by minimizing the energy difference of the coupled orbitals. As we illustrate for
the example of CrOY, the Curie temperature (T.) is nearly tripled by substituting O by S/Se ion, eventually reaching the highest T in
CrSel monolayer (334 K). The high stabilities and Curie temperature manifest these monolayer ferromagnetic materials feasible for

synthesis and applicable to 2D spintronic devices.
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INTRODUCTION

The discovery of monolayer magnetic material Crl;' opens the
door to the development of two-dimensional (2D) spintronic
devices aiming for ultralow energy consumption, ultrafast device
operation, and ultrahigh density information storage®™. For
practical applications, it is highly desired to enhance the strength
of magnetic exchange interaction such that the magnetic device
can be operated at room temperature (300 K). However, up to
now, the Curie temperatures of 2D ferromagnetic semiconductors
reported in experiments are much lower than room temperature,
e.g., the T, of Crl; and CrGeTes are 45 K' and 20 K>, respectively.
Thus, it remains a challenging task of searching 2D ferromagnetic
semiconductors with high T.51°,

Generally, the magnetic cations in transition-metal semicon-
ductors are separated by nonmagnetic anions. Magnetic
couplings mainly involve kinetic exchange mechanism, or the
so-called superexchange interaction, i.e., the magnetic
exchange of d-electron-bearing cations arises from virtual
hopping between the cation d-orbital and anion p-orbital. In
crystals, the symmetry properties not only determine whether
the virtual hopping is allowed, but also decide the sign of
magnetic exchange interaction, i.e., being of ferromagnetic
(FM) or antiferromagnetic (AFM) exchange''"'3. According to
the Goodenough-Kanamori-Anderson rule, when the interact-
ing cation-anion-cation path makes an angle of 90° the
magnetic coupling of cations prefers FM exchange'''*'>,
Besides, the strength of this virtual hopping is related to the
covalent admixture amplitude of p—d bonds from perturbation
theory (p|Hcrystal|d)/Apa, where the A,g is the energy difference
of the p- and d-orbital level'’®. Thus, it suggests that the FM
exchange interaction in semiconductors could be realized by
carefully choosing the symmetry of the crystal field and its

strength is associated with the admixture level of p- and d-
orbital, i.e., the covalent character of p—d bonds.

In this work, based on first-principles calculations, we investi-
gate a series of semiconducting ferromagnets, 1T phase
chromium sulfide halide CrXY X = O, S, Se; Y = Cl, Br, |)
monolayer. Both the calculated phonon spectra and molecular
dynamics (MD) simulations indicate that the CrXY monolayer is
thermodynamically stable except for the CrOl monolayer. Given
the nearly 90° Cr-X/Y-Cr interacting path and the three-fold
rotational symmetry, the magnetic interaction between Cr ions
favors FM exchange, which is confirmed by our energetic
estimations of various magnetic configurations. Furthermore, our
results show that the FM coupling is mainly contributed from the
hybridization between the empty e -orbital of Cr atoms and the p-
orbital of anions. Using a simple Hamiltonian model, we reveal a
general mechanism that FM coupling in CrXY monolayers can be
significantly enhanced by reducing the energy difference between
p- and d-orbitals, especially for p- and e,-orbitals. As a result, by
minimizing the energy difference of the es- and p-orbital level,
which is achieved by substituting O by S/Se, the covalent
character of the hybridization is greatly enhanced, yielding the
increasement of the T. from 49 K to 334 K (CrSel).

RESULTS AND DISCUSSION
Geometrical configuration and stabilities

The 1T phase chromium sulfide halide CrXY monolayer is
constructed by substituting one of the chalcogen atom (X) by a
halogen atom (Y) in one atomic layer of CrX,, as shown in Fig. 1a.
Each Cr atom is coordinated by three chalcogen atoms and three
halogen atoms, resulting in a strongly distorted octahedron. The
dynamic and thermal stabilities of the CrXY monolayer are studied
by calculating phonon spectra and performing molecular
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Fig. 1 Geometrical and magnetic configuration of CrXY monolayer. a 1T phase chromium sulfide halide CrXY monolayer crystal structure
and the magnetic exchange paths. b Four different magnetic spin ordering configurations are involved. The blue, yellow and green balls
represent the Cr atom, chalcogen atom (X) and halogen atom (Y), respectively.

Table 1. Energies of CrXY monolayers.

FM AFM-1 AFM-2 AFM-3
CrOCl 0 30.06 24.14 12.11
CrOBr 0 13.35 6.99 1.36
CrSCl 0 203.96 73.05 20.31
CrSBr 0 114.40 101.48 47.09
Crsl 0 106.22 93.38 43.45
CrSeCl 0 96.12 93.01 32.01
CrSeBr 0 110.20 103.74 40.29
CrSel 0 119.30 109.61 46.14
Calculated relative energies (meV/Cr) for various magnetic configurations
of CrXY monolayers, as shown in Fig. 1b. The FM state is chosen as energy
reference.

dynamics (MD) simulations, respectively. In the calculated phonon
spectra (Supplementary Fig. 1), no imaginary phonon mode is
observed except for the CrOl monolayer, suggesting that the CrXY
monolayers are dynamically stable. Hereafter, the CrOl monolayer
will not be discussed in the following. To confirm the thermal
stability, we perform MD simulations of the CrXY monolayers at
300 K for 20 ps. As revealed by MD snapshots (the inserts in
Supplementary Fig. 2), the surface morphology is basically
unchanged during the simulations, implying that those mono-
layers are thermally stable. Furthermore, we have investigated
mechanical stability by calculating the elastic constants. Supple-
mentary Table 1 shows that all CrXY monolayers satisfy the Born
conditions' (Cq;, Cys, and Cuu >0, and Cq1Cyy G, >0),
suggesting that they are mechanically stable.

Magnetic ground state

To address the magnetic ground state of CrXY monolayers, we
compare the energies of several typical magnetic configurations,
including non-collinear magnetic structure (FM, AFM-1, AFM-2 and
AFM-3, shown in Fig. 1b)'8. Table 1 shows that the energy of FM
state in each system is lower than the energies of all AFM states.
The net magnetic moment of all 2D CrXY monolayers is about 3uz/
f.u, indicating a d® electron configuration in high spin state.
Furthermore, we calculate the total energy as a function of the
magnetic propagation vector ¢ = (g, q,) by utilizing the
generalized Bloch theorem (gBT)'. As shown in Fig. 2a and
Supplementary Fig. 3, the minimum of the curve is located at g =
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(0, 0), indicating that the magnetic ground states of all 2D CrXY
monolayers are FM state.

Figure 2b and Supplementary Fig. 4 show the calculated spin-
dependent density of states (DOS) of the CrXY monolayers, with
the coordinates based on the octahedron of CrXsY3 (the inset of
Fig. 2b). All CrXY monolayers are FM semiconductor, and Cr-3d
orbitals split into the triplet orbitals t,, and doublet orbitals e in
the octahedral crystal field. Meanwhile, the lower t,g-orbitals are
half occupied, and the ej-orbitals also have significant electron
occupation, indicating a sizable interaction with the p-orbitals of
the anion.

For realizing the long-range FM ordering in CrXY monolayers,
the magnetic anisotropy is an essential prerequisite?®. The
magnetic anisotropy energy (MAE) is calculated by comparing
different spin directions, the energies differences for different spin
directions are shown in Supplementary Fig. 5. Except for CrSeCl
and CrSeBr monolayers, the energies minimum of the spin
direction are in the x-y plane, other CrXY monolayers are along
the out-of-plane direction. All CrXY monolayers exhibit magnetic
anisotropy, demonstrating that long-range FM ordering can
emerge at certain temperatures.

Next, we calculate the magnetic exchange interaction para-
meters J* by means of the four-state method?'??, which includes
the first-nearest-neighbor (J5¥), second-nearest-neighbor (J5*) and
third-nearest-neighbor (J$) (Fig. 1a). As shown in Table 2, the J$* is
dominated and positive, which is crucial in determining the FM
ordering. Besides, it is worth noting that when substituting O ion
by S/Se ion the J is greatly enhanced. (Other U choices of 1, 1.5,
2,and 2.5 eV are also presently tested and qualitatively render the
same results, as shown in Supplementary Table 2)

Ferromagnetic superexchange mechanism

Given the angle of «Cr-X/Y-Cr being close to 90°, the super-
exchange interaction between Cr ions in CrXY monolayer prefers
FM exchange'"'*1%, Besides, because of the three-fold rotational
symmetry, the three p-orbitals of anion are split into singlet orbital
(V3)(py + py + p,) defining as p, and doublet orbitals being of
(1V2)(px - p,) and (1/v6)(p; - px - py), the coordinates referring to
the coordinate axes parallel to the lines connecting the anion to
the three neighboring cations. The singlet orbital p, has a large
overlap with the eg-orbitals of the cations, i.e, there is a sizable
hybridization between the p, and ej-orbitals of all three
surrounding X/Y ions, which can be inferred from the wave
function depicted in Supplementary Fig. 6a. For each pair of Cr-X/
Y, this hybridization leads to exchange polarization. If the spins of
the three cations are all parallel to each other (FM ordering), the

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



u.)
7
©

5 100 °\ /

80 Y ?
60 \ °/
\ /

204 o o

Relative Energy (meV/f

0 s °:°: ______________

120 ~ ]

H.-R. Zhu et al.

npj

Se-p

——Cr-ty,
Cr-g,

A

)

DOS
o — N
{\
v o __ |
/
S
|

o7

:

-6 -4 2

2 4 6

1
1
1
1
1
1
1
1
1
;
0

Energy (eV)

Fig.2 Magnetic and electronic properties of CrSel monolayer. a Energy dependence on the magnetic propagation vector g, (b) density of
state (DOS) of the CrSel monolayer. The valence band maximum (VBM) energy is set to zero.

Table 2. Magnetic properties of CrXY monolayers.
Jx S Jg

CrOodl 3.11 0.06 0.05
CrOBr 1.43 0.05 0.08
CrsSCl 11.64 0.37 —0.60
CrSBr 11.66 0.32 —0.47
CrSl 11.05 0.24 —0.46
CrSeCl 11.33 0.51 —1.63
CrSeBr 12.53 0.48 —1.33
CrSel 13.12 0.41 —1.02
Calculated magnetic exchange interaction parameters J (in meV) of CrXY
monolayers, the magnetic exchange paths are shown in Fig. 1a.

energy due to the exchange polarization would be the lowest,
since the singlet orbital p, overlaps them equally’®.

To interpret the enhanced J when substituting O ion by S/Se
ion, we consider a model to describe the superexchange
interaction between two Cr ions via the anion in-between. For
simplicity, this model involves one p-orbital of the anion, and two
d-orbitals for each Cr ions, in which the lower orbital is half
occupied and the higher one is empty referring to the t,, and ¢4
orbitals, respectively. The Hamiltonian is given as:

/:/:/:/M+/:/L+I:Iu+/:/17 (1)

where the first two terms Hy, and H, are the on-site energy terms
for the transition metal and anion ligand, respectively, the third
term Hy, describes the Coulomb repulsion between two electrons
in d-orbital (the repulsion between electrons in the p-orbital is
neglected), the last term H, represents the hybridization between
p- and d-orbitals and reads

Ht = Z Z Z tPM(C,TyaCDO + C:)acflw)7 )

i=lr y=a,fo=1,|

where t,, represent the hopping between p- and p-orbitals, / and r
represent the two transition-metal sites, u is the d-orbital index (u
= a, B), ¢ and c are the creation and annihilation operators,
respectively.

Next, we identify the possible p-d hopping channels (t,,) by
following the interatomic Slater-Koster integrals®3. Given that the
£Cr-X/Y-Cr is close to 90° and only one p-orbital is considered in
the superexchange path, the d electrons in one Cr ion can only
reach the other Cr via the e,-p-t,4 hopping channel (Fig. 3a). While
for the d electrons from the same orbital couple with each other
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via the t,4-p-t,4 or the e,-p-e; hopping channel, there is no way
that two consecutive hopping processes are possible, see Fig. 3b,c.
Taking into consideration the t,4 and e, orbitals being of the half
occupied and the empty e, orbital, respectively, the exchange
coupling mediated by the e,-p-t,4 hopping channel is FM, and the
AFM is forbidened by Pauli principle.

As shown in Fig. 3d, there are two fourth-order processes for the
case of FM order on transition-metal cations: first with two
electrons jumping away from the p-orbital of anion to e;- and t,4-
orbitals, and two electrons coming back (i.e. the hopping process |
and ll); second with one electron from p-orbital hopping to e,-
orbital on one side, then the electron from t,4-robital on the other
side hopping to p-orbital, and two electrons coming back (i.e. the
hopping process | and lll). Then, the effective Hamiltonian for FM
order is (for the details of derivation see the Supplementary
materials)

t tz)z 1
Ace’
(3)

where A; = g 1-¢,; (the energy difference between e;- and p-
orbitals), A, = &,,|-&,, (the energy difference between t,4- and p-
orbitals) and Acr = &,1-&,,; (the energy difference between e, -
and t,g-orbitals due to the crystal field (CF)), t; and ¢, represent the
hopping between p- and eg-orbitals and p- and t,g-orbitals,
respectively, and U, is the Coulomb repulsion between two
electrons in d-orbital.

In the case of AFM only second-order processes are possible (i.e.
the hopping process | or Il). And the effective Hamiltonian for AFM
order is

tity tit, 2 1

Hm~ ——— ———2(—— —2(——
i B s Grnan A

2
2t2 2t3

_S S @)
A1 Ud+A2

Haem ~

According to Hey = Hem - Haem = —JS:S5 (for Cr3+, S, =S, = 3/
2), we arrive at
8 1 12 1 1

Jex:7 t.t 2 7+ + ]'
1 9(12) [(A1 Ud+A2) Ug+ 7M1+ 4y A%ACFJ

(5)

Since the energy difference terms (A, Ay, and Acg) are larger
than 0, the J$* is positive, i.e., the superexchange is FM ordering,
which is in line with our analysis of exchange polarization. The
corresponding parameters of A and t can be further extracted by
projecting the Kohn-Sham states on the atomic Wannier functions
of Cr-3d and X/Y-p orbitals®*. Compared with the minior changes
of (t1t,)? as substituting the anion (X/Y) by the heavier congener
(see Supplementary Table 3), there are sizable reductions of A,, A,
and Acr in the denominator of Eq. (5) [Fig. 4a, b], playing a decisive
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role in determining the strength of FM exchange interaction.
Particularly, as replacing O by S (Se), the A, changes from around
2 eV to around (less than) 1 eV, which accounts for the great
enhancement of J$*. Moreover, because the A; and A, of X atom
are less than those of Y atom, we conclude that the super-
exchange path of Cr—X-Cr plays a major contribution to the spin
coupling.

Given the smallest magnitude of A; among the energy
difference terms in the denominator (Figs. 3d, 4), we quantitatively
investigate the evolution of J{* as a function of A; with the onsite
Coulomb repulsion Uy = 5 eV and the hopping integrals t; = t, =
-0.5 eV. As shown in Fig. 5, ) increases significantly as decreasing
A;. However, when A; is around 1 eV, the corresponding J?*
reaches almost 30 meV, which is larger than that obtained from
the DFT calculation (~11 meV). This discrepancy can be attributed
to neglecting the interorbital Coulomb repulsion (U'(;“e') when the
e4 and t,4 orbitals are occupied at the same time, leading to the A,
in Eq. 5 being replaced by an effective AS™ ~ A; + UM’ Thus, if
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we consider A;>1 eV, eg. in the range of [1.5 3.5], the
corresponding J{ obtained from this model are in good
agreement with the calculated results (inset in Fig. 5), indicating
the rationality and validity of this mode. Besides, by plotting the
differential charge density of the CrOCl, CrSCI and CrSeCl
monolayers in Fig. 6, we can identify that the electronic density
in CrSCl and CrSeCl is large in the interstitial region between Cr
and S/Se ion, implying the increased covalent contribution in the
Cr-S/Se bond with respect to that in Cr—O bond, which is a
synergy of the variation in t and A. It should be also noticed that
substituting Cl by the late halogen elements gives rise to relatively
weak changes in the covalent character of Cr-Y bonds (see
Supplementary Fig. 6b), yielding a limited effect on tuning the J$*.

Estimation of curie temperature

To determine the exact Curie temperature (T) in CrXY monolayers,
we perform Monte Carlo simulations with the Metropolis
algorithm based on the fully anisotropic Heisenberg model by

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



mcsolver package®, using a 32 x 32 x 1 matrix, the Hamiltonian
reads

H=—J* Z SiS; — J5 Z SiSk — I3 Z SiSk, (6)
77 ik ik

where spins are treated as classical vectors that can rotate and
point to any space orientations. The Curie temperature can be
accurately extracted from the peak of the specific heat capacity for
the CrOCI and CrOBr monolayers as shown in Fig. 7a. In order to
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Fig. 5 Evolution of J$* as a function of A; with A, =5eV, Acg=25¢V,
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verify the reliability of this method, we have calculated the T, of
the Crl; monolayer by taking the magnetic exchange parameters
J¥ and J from refs. 25728, and our results are in good agreement
with those references (see Supplementary Table S4). From the
Fig. 7b, the predicted Curie temperatures of CrSY and CrSeY
monolayers approach or exceed the room temperature, owing to
the larger J5*. And T, can be further enhanced under approximate
tensile strains, 10% tensile stress can further raise the T. of the
CrSel monolayer to 409 K.

In summary, we discover a series of the 2D FM semiconductor
CrXY (X =0, S, Se; Y = Cl, Br, 1) in CrCl, structure. Our study shows
that the FM coupling is due to the hybridization between the
empty eg-orbital of Cr atoms and the p-orbital of anions under the
three-fold rotational symmetry. This mechanism allows for the
strategy of strengthening the FM coupling by increasing the
covalent hybridization contribution of the Cr-X bond in CrXY. As
we unveiled in the CrSY and CrSeY monolayers, utilizing this
strategy the T. could be greatly enhanced to room temperature.
This high T, renders these CrXY monolayers feasible candidates for
2D ferromagnetic materials and spintronic devices.

METHODS

First-principles calculations

The spin-polarized first-principles calculations have been per-
formed based on the projector augmented wave (PAW) pseudo-
potentials?® implemented in the Vienna ab initio simulation
package (VASP)3*31. The generalized gradient approximation in
the Perdew-Burke-Ernzerh form3233 is used for treating the
exchange-correlation effect, and the GGA + U method** is
employed to properly describe the strong electron correlation
effect of the Cr-3d orbitals (U = 3.0 eV)>>~37_ A cutoff energy of 500
eV is adopted for the plane wave expansion. The convergence
criteria of geometrical optimization are 10~° eV and 0.01 eV A~
for energy and force, respectively. For electronic self-consistent
calculations, the energy and force convergence criteria are further
decreased to 1077 eV and 0.001 eV A~", respectively. To avoid
interactions between two periodic units, a vacuum space of 15 A
is employed. A Monkhorst-Pack k-point mesh of 10x 10x 1 and
15x 15x 1 are utilized to the structural optimization and the
calculation of the electronic and magnetic properties for the unit
cells, respectively. The phonon dispersion is calculated using a
4x4x1 supercell with the finite displacement method by the
PHONOPY software®®3°, To investigate the thermal stability, we
carry out isobaric-isothermal (NPT) ensemble molecular dynamics
(MD) simulation at 300 K with the total simulation time of 20 ps
and a time step of 2 fs by using Forcite code®°.
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Fig. 7 Specific heat capacity and Curie temperature of CrXY monolayers. a Evolution of the Monte Carlo specific heat capacity of the CrOCI
and CrOBr monolayers, the inset in (a) is the magnetic moment with the change of the temperature. b Curie temperature (7.) in CrXY

monolayers.
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