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Magnetic ground state of CrOCI: A first-principles study
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By first-principles calculations, this paper reveals that the antiferromagnetic (AFM) ground state of CrOCl
with an orthorhombic structure observed in experiment is mainly due to the competition between the neighboring
magnetic exchange interactions (J;’s). The AFM ground state requires that the first and second nearest neighbors
(J; and J,) are AFM couplings with comparable magnitudes, and that the seventh nearest neighbor (J7) has
a certain size of AFM coupling. By using Liechtenstein’s density functional theory (DFT + U) method and
appropriately adjusting the on-site exchange (J) parameter, the J;’s can satisfy these conditions and lead to
the experimentally observed AFM ground state (AFM-Exp). The 7 parameter changes the energy levels of the
Cr-3d orbitals and consequently the energy differences between the orbitals, which in turn impacts the sign
and magnitude of J;’s. By decomposing the J;’s into orbital contributions, it is shown that introducing the J
parameter significantly reduces the ferromagnetic parts of J; and J, and converts them to AFM coupling, which

leads to the AFM-Exp ground state.

DOLI: 10.1103/PhysRevB.108.094435

I. INTRODUCTION

Magnetic materials have received widespread attention for
a long time due to their potential applications in spintronics,
magnetic storage devices, logic circuits, and sensors [1-5].
The recent discovery of Cr,Ge,Teg and Crl; ferromagnetic
monolayers [6,7] provided opportunities for the develop-
ment of two-dimensional (2D) spintronic devices that offer
ultralow-energy consumption, ultrafast device operation, and
ultrahigh-density information storage [8—10].

Recently, a series of theoretical calculations [11-16] pre-
dicted that the CrOCl monolayer is a ferromagnetic (FM)
2D material with a high Curie temperature (7¢), and CrOCl
bulk is an A-type antiferromagnetic (AFM) material with an
interlayer AFM exchange interaction and intralayer FM ex-
change interaction. However, early and recent experiments
[17-20] show that the few-layer CrOCI is characterized by
an intralayer AFM ground state, which has a complicated
AFM spin order along the b axis (11 ) and quasi-1D FM
chains along the a axis. The contradiction between the the-
oretical calculations and the experimental results prompts us
to explore the origin of the AFM ground state of CrOCI by
a fine tuning of density functional theory (DFT)-based first-
principles calculations.

Generally, magnetic insulators exhibit two types of ex-
change interactions, including the kinetic exchange (i.e.,
so-called superexchange) and the direct exchange (always FM
and weak) [21]. The semiempirical Goodenough-Kanamori-
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Anderson (GKA) rules [21-23] were proposed to qualitatively
understand the superexchange interactions. However, the
crystal field of Cr ions in CrOCI is characterized of a sym-
metry much lower than octahedral coordination, which leads
to more exchange channels or orbital contributions competing
with each other. It is therefore crucial to analyze all possible
exchange channels to determine the magnetic interactions in
this system.

In this paper, we investigate the magnetic ground state and
exchange interaction of the CrOCI bulk and monolayer by
adopting the rotationally invariant DFT + U introduced by
Liechtenstein. We show that the on-site exchange parameter
(J) is indispensable to reproduce the AFM ground state of
CrOCl bulk measured in experiment, because it will influence
the neighboring magnetic exchange interactions. By decom-
posing the exchange interaction into the orbital contributions,
it is shown that the J parameter weakens the calculated FM
coupling parts, making the AFM coupling parts dominant in
Ji and J,. In addition, the competition between the AFM cou-
plings of the neighbors results in the experimentally observed
AFM ground state.

II. COMPUTATIONAL DETAILS

Spin-polarized first-principles calculations based on the
projector augmented-wave (PAW) pseudopotentials [24] are
implemented in the Vienna ab initio simulation pack-
age (VASP) [25,26]. The generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof form [27,28] is
selected as the exchange-correlation functional, following
electrons being treated as valence states: Cr-3d and 4s, Cl-2s
and 2p, and O-2s and 2p. The DFT + U method is employed

©2023 American Physical Society
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FIG. 1. (a) A top and side view of the CrOCI crystal structure. (b) Four AFM spin orders are considered. Blue, cyan, red, and green spheres
represent the Cr atom in the upper sublayer, Cr atom in the lower sublayer, O atom, and Cl atom, respectively. The first-principles phase
diagrams of the CrOCI (c) bulk and (d) monolayer, where the green dashed lines are phase boundaries. (e) Magnetic exchange paths.

to properly describe the strong electron correlation effect of
the Cr-3d orbitals, implemented by the Liechtenstein’s ap-
proach [29] and Dudarev’s approach [30]. A cutoff energy
of 500 eV is used for the plane-wave expansion. The con-
vergence criteria of structure optimization are 107> eV and
0.01 eV A~ for energy and force, respectively. To isolate the
interactions from the periodic images, a vacuum space of 20 A
is included. A Monkhorst-Pack k-point mesh of 10 x 8 x 1
(10 x 2 x 1) is utilized in the structural optimizations and the
calculations of the electronic and magnetic properties for the
1 x1x1(lx4x1)unit cells. In addition, explicit energy
dispersion correction terms are employed by using the DFT-
D3 method [31,32]. The phonon dispersion is calculated using
a3 x 4 x 1 supercell with the finite displacement method by
the PHONOPY software [33,34]. The exchange interactions are
calculated by using the four-state method [35] with4 x 5 x 1
supercells and the Green’s function method based on magnetic
force theory by using the TB2J code [36]. In the latter method,
the exchange integral is calculated by

e
i

where (i, j) and (m, n) denote the site and local orbital in-

dices, respectively, Gle in is the intersite Green’s function,

Jij Im Tr{AinG), ;,AuG

n jn,im}dg’ (1)

A (Ajp = Hifn - Hiﬁl) is the energy differences between
spin-up and spin-down orbitals, Tr denotes the trace over
the orbital indices, and EF is the Fermi energy. The Green’s
function can be derived from the Wannier functions (WFs),
which can be reconstructed from the wave functions by the
first-principles calculation (the VASP code in this work) by
using the WANNIER9O code [37,38].

III. RESULTS AND DISCUSSION

A. Magnetic ground state

The orthorhombic chromium oxyhalide CrOCI bulk with
the space group Pmmn [17] is a layered van der Waals (vdW)

AFM semiconductor. Figure 1(a) shows that each Cr atom is
coordinated by four oxygen atoms and two halogen atoms,
forming a distorted octahedron of CrO4Cl,. Several previous
theoretical studies [11-16] predicted the CrOCl monolayer
is an FM semiconductor, but experimental studies [17-20]
showed that the CrOCI bulk is an AFM semiconductor, with
intralayer AFM spin order, the magnetic ground-state struc-
ture is shown in Fig. 1(b) and named AFM-Exp. To investigate
the discrepancy between experimental results and theoretical
predictions, we compare the effects of the on-site Coulomb
parameter (U) and on-site exchange parameter (/) on the
magnetic ground state of CrOCI bulk using the Dudarev’s ap-
proach and Liechtenstein’s approach of the DFT + U method.
In the Dudarev’s approach, only the effective Ues (Uer =
U — J) is significant, which is equivalent to 7 = 0 eV in the
Liechtenstein’s approach.

To investigate the magnetic ground state of both CrOCI
bulk and monolayer at different U and J parameters, we
calculate the total energies of one FM state and four AFM
states. The AFM states are shown in Fig. 1(b). By comparing
the total energies, it is shown that the FM state is the magnetic
ground state for CrOCI bulk and monolayer within a wide
range of the U values when 7 = 0 eV, as shown in Figs. 1(c)
and 1(d). This result is consistent with previous predictions for
CrOCI monolayer [11-16]. However, the CrOCI bulk is also
predicted to be FM, which is inconsistent with the experimen-
tal result, indicating that the accuracy of previous calculations
is questionable.

Figures 1(c) and 1(d) highlight that the 7 parameter is
indispensable in determining the magnetic ground state of
CrOCl bulk. In addition, we also calculate the effects of the
U and J parameters on the interlayer magnetic coupling of
the CrOCI bulk. As shown in Supplemental Fig. S1 [39],
without considering the [J parameter, the interlayer magnetic
coupling is FM, suggesting that it is not possible to form
an A-type AFM structure [12] (intralayer FM coupling and
interlayer AFM coupling). In addition, the interlayer mag-
netic coupling is about two orders of magnitude weaker than
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FIG. 2. Electronic band structure and projected density of states
(PDOS) of CrOCl bulk. Since the CrOCl bulk is an AFM-Exp struc-

ture, the spin-up and spin-down bands are identical and the PDOS
only shows the spin-up part.

the intralayer magnetic coupling, indicating their negligible
impact on the intralayer spin order. The above results show
that the J parameter plays an extremely important role in
describing the AFM ground state of CrOCI. Therefore, we
focus on the specific effect of the 7 parameter on the magnetic
couplings and fix the U parameter to a value of 3 eV, since
the calculated band gap of the system (~2.39 eV, shown in
Fig. 2) is consistent with the experimental values [17-20]
when U =3 eV and J = 1.5 eV. Also, from the density of
states (DOS) in Fig. 2, it can be observed that the valence band
maximum (VBM) and conduction band minimum (CBM) of
CrOCl bulk are mainly contributed by Cr-3d orbitals and the
2p orbital energy levels of the anion are lower than the Cr-3d
orbitals, indicating the distribution of energy levels is critical
for the magnetic exchange channel.

B. Competition between magnetic exchange interactions

To investigate the origin of the AFM ground state (AFM-
Exp) of CrOCl, we analyze the competition between exchange
interactions and its influence on the magnetic ground of the
system. Using the four-state (FS) method and magnetic force
(MF) theory, we calculate the magnetic exchange interactions
of the first seven nearest neighbors, as shown in Fig. 1(e).
As listed in Table I, J;’s obtained from the MF theory are
consistent with those from the FS method, where the values of
Js, Js, and Jg are small enough to be neglected. In addition, J3
is very small from the result of 7 = 1.5 eV, but the AFM-Exp
structure can still be obtained, indicating that the effect of J3
on the AFM-Exp structure is negligible. The magnetic ground
state is determined by J;, J>, and J;. With a J parameter of
0 eV, J; and J, are FM couplings, and with a J parameter of
1.5 eV, J; and J, are AFM couplings. In AFM-Exp spin order,
the spin direction between all Cr atoms and their seventh near-
est neighbor’s Cr atoms is opposite, hinting that an AFM J;
is indispensable. Therefore, the Heisenberg model involving
Ji, J2, and J7 is considered to calculate the magnetic phase

TABLE 1. The calculated magnetic exchange interaction param-
eters J; (in meV) for CrOCl by the four-state (FS) method and
magnetic force (MF) theory with U =3 eV and J = 0 and 1.5 eV.
The J;’s are defined in Fig. 1(e).

J=0eV J=15eV
FS MF FS MF

Ji 1.44 1.69 —1.05 —1.41
Jo 0.99 0.85 —0.98 —1.54
J3 5.00 5.79 0.04 0.09
Jy 0.05 0.00 0.07 —-0.02
Js 0.03 0.01 0.02 0.00
Js 0.06 0.04 —0.06 —0.06
Jz —0.31 —0.20 —0.28 —-0.22
diagram of CrOCl:

H=-=>"18-5,=> 1n85-8— > 1SS (@
(i) () (@)

As shown in Fig. 3(a), when only J; and J; are considered,
in spite of their magnitude and sign, there is no AFM-Exp
in the magnetic phase diagram. In addition, when the FM J3
is included, the magnetic phase diagram as shown in Supple-
mental Fig. S4(a) [39] is the same as that in Fig. 3(a), which
confirms that J3 might not lead to the AFM-Exp phase and
it can be ignored. However, when the AFM J; is included in
the Heisenberg model in Eq. (2), there is an AFM-Exp phase
as shown in Fig. 3(b). In addition, the phase diagram shows
that two conditions must be satisfied for the emergence of
AFM-Exp spin order: (a) J; and J, must be AFM coupling and
have a comparable magnitude; (b) J; must be AFM coupling
[the phase diagram for a FM J; is shown in Supplemental
Fig. S4(b) [39], indicating that there is no AFM-Exp spin
order]. We also examine the influence of lattice distortion in
this study, as detailed in Sec. II of the Supplemental Material
[39].

When the J parameter is 0 eV, the exchange interactions
calculated by using the FS method and MF theory fall into the
FM region of the phase diagram, represented by the black cir-
cle and triangle in Fig. 3(b). However, when the 7 parameter
of 1.5 eV, they fall into the AFM-Exp region, represented by
the green circle and triangle in Fig. 3(b). This suggest that the
J parameter plays a crucial role in determining the intralayer
spin order of the CrOCl.

To gain a better understanding of the effect of 7 parameter
on J;’s, we used the Green’s function method to calculate the
orbital-resolved J;’s, which allow us to reveal the microscopic
magnetic exchange mechanism of CrOCl. In an octahedral
crystal field, the fivefold degenerate 3d orbitals of Cr will split
into two groups: 5, orbitals (dy, dy;, and d;) and e, (d,>.,> and
d.). Because the octahedron of CrO4Cl, is distorted and there
are two ClI atoms, the degeneracy of 3d orbitals will be further
lifted. The #,, orbitals will be split into a singlet state b, (dy,)
and a doublet state e (dy;, dy.), and e, orbitals will be split into
two singlet states by (dy>.2) and a; (d2), as shown in Fig. 4.
The three d electrons of Cr** occupy b, and e orbitals, giving
rise to local magnetic moments of 3up.
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FIG. 3. The magnetic phase diagram of the Heisenberg model (2) in the text as a function of (a) J; and J,, and (b) J,/J; and J,/J;. Since
our calculation shows that J; is AFM, only J; < 0 is considered. The black circle and triangle represent the points calculated by the FS method
and MF theory, respectively, at U = 3 eV and 7 = 0 eV, and the green circle and triangle represent the points calculated by the FS method

and MF theory, respectively, at U =3 eV and J = 1.5eV.

From the orbital-resolved J;’s shown in Fig. 5, J; origi-
nates mainly from the e-e, b;-e, and e-a; hopping channels
[Figs. 5(a) and 5(d)], J» is primarily from the e-e, by-b,,
and b,-b; hopping channels [Figs. 5(b) and 5(e)], while J; is
primarily from the b,-b, hopping channel [Figs. 5(c) and 5(f)].
The contributions of other hopping channels are relatively
weak, due to the local structure. For J, as shown in Figs. 6(a)—
6(c), the e-e direct hopping induces AFM coupling [Fig. 6(a)],
and the b,-e hopping via the b,-p,(p,)-e channel also induces
AFM coupling [Fig. 6(b)]. In contrast, the e-a; hopping via
the e-p,-a; channel leads to FM coupling [Fig. 6(c)]. The di-
agram of the major hopping channels contributing to the J; is
shown in Supplemental Figs. S5(a) and S5(b) [39]. As for J;,
the b,-b, direct hopping generates AFM coupling [Fig. 6(d)],
and the e-e hopping via the e-p,-e channel generates AFM
coupling [Fig. 6(e)]. Conversely, the b,-b; hopping via the
by-p,(py)-bi channel leads to FM coupling [Fig. 6(f)]. The
diagram of the major hopping channels contributing to the J,
is shown in Supplemental Figs. S5(c) and S5(d) [39]. As for
J7, the by-b, hopping is mainly attributed to two consecutive
b,-b, direct hoppings, producing AFM coupling. In the pre-
ceding phase diagrams, we also observed that despite the FM
J3 not affecting the magnetic ground state of the system, the
magnitude of this coefficient decreases dramatically with the
J parameter; this part is discussed in detail in Sec. II of the
Supplemental Material [39].

& a, a,
— — b,
p— a3
— _ & >
2
x — 4.
0/7 ....... b2 b2
symmetry C,,

symmetry

FIG. 4. The 3d orbital splitting from an ideal octahedron with
O), symmetry to a distorted octahedron with C,, symmetry, and d°
electrons occupying b, and e orbitals.

The dominant contributions to the exchange interactions
in CrOCl originate from different hopping channels, demon-
strating an essentially different character. According to the
well-known Kugel-Khomskii formalism developed on the ba-
sis of the superexchange theory [40-42], the total exchange
interaction of a multiorbital electronic system can be pre-
sented as a sum of all contributions in the following form,

N N

() 4™ AE) I
= - - + . 3
UCr Ae-bz Ae—al (Ae—al - jH)

N e A
A Al Ay

=— — + , @
Uc, Uc, Ap,p, (Dpyp, — T)

where t, Uc; (Ugy = SZCTCUPY - eslloccuw), A, and Jy in Egs. (3)

and (4) are the effective hoppings between the orbitals on two
Cr atoms, the strength of the exchange split, the energy differ-
ences between two Cr-d orbitals, and the Hund’s coupling of
d electrons, respectively. Here, the first terms of Egs. (3) and
(4) are associated with the direct hoppings of an electron from
the occupied orbital of one Cr atom to the empty orbital of an-
other Cr atom [Figs. 6(a) and 6(d)]. The second terms are the
AFM superexchange interactions mediated by the p orbitals
of the ligands [Figs. 6(b) and 6(e)]. The third term refers to
the FM superexchange interaction involving the intra-atomic
exchange Jy [Figs. 6(c) and 6(f)], which is related to the spin
splitting of the empty a; orbital (or the empty b, orbital) [43].
As shown in Supplemental Figs. S8(a) and S8(b) [39], the
spin splitting is significantly reduced by the inclusion of the J
parameter, suggesting a possible reduction of Jy (the smaller
the value of Jy, the weaker is the FM coupling) [44]. Since
the last two terms of Egs. (3) and (4) involve p-d covalency,
t depends on the energy difference between the p-d orbitals
(Ap.q), where the smaller is A4, the larger is ¢ [45]. The
corresponding parameters of Uc, and A’s can be extracted
by projecting the Kohn-Sham states on the atomic Wannier
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FIG. 5. For U =3 eV and J = 0 eV, the decomposition of (a) J1, (b) J>, and (c) J; to the contributions of different 3d orbitals in CrOCI.
Similarly, (d)—(f) are the orbital decompositions of Ji, J,, and J7, respectively, with U = 3 eV and J = 1.5 eV as the parameters.

functions of Cr-3d, O-2p, and Cl-2p orbitals, as shown in we can observe that the potential of the double counting cor-

Table II. rection term is spin dependent:

e i s of e i g of ey A A
1 1 .

counting of the exchange interaction in the DFT + U formal- For the CrOCl system, the b, and e orbitals are half filled,

ism and the exchange interaction in the GGA. According to while the a, and.bl or'bltals are empty, i.e., the system has

. . . . . three electrons with spin-up. Therefore, the potential energy
the double counting energy outlined in the original literature difference of the spin splitting in the a, /by orbitals is as
of the DFT + U method [29], pin spiting 1/91

follows,
Epc[{n®1=1Untn— 1) = 17" (" — D)+ nt (' — 1), AVasp = IV = Ve — (V] — V10|
ay /by 1/b1 DC ay /by DC
Q) =1v, /bl v, /bl —-37], 7
r,®)
pz{
e \\_/ /‘K. é / J& w/ /K
e () ) N € a0
z z z 1
() (b) ()
P pp)
5 /\ D b2 ﬁ 1 /J'<
P " A
/J Y /" Y
X
(d) (e) €3]

FIG. 6. Hopping channels for J;: (a) e-e, (b) by-e, and (c) e- al, Jy: (d) by-bs, () e- e, and (f) b,-b,. Based on the octahedron of CrO,Cl,,

the coordinate system of the orbital is defined as follows: X = f( 2

Bl M)y—[( Gl |c\)z_|u|
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TABLE II. The strength of exchange field (Uc,, in eV), the differences in energy between Cr-3d orbitals (A..p,, Aeq,, and Ay, , in eV),
and the differences in energy between Cr-3d and O-2p orbitals (A, /p 5,5 Ap.ays Dp.es and Ap /., in€V) in fixed U = 3 eV and specified
J parameter (the differences in energy between Cr-3d and Cl-2p orbitals are indicated in parentheses in the table below, where only the second
nearest neighbor involves Cl atom). I, II, and III correspond to the red, green and blue lines in Supplemental Fig. S5 [39], respectively.

| I III
J Ucr At’-bz Apx/Py-bz Af-al AP:-al
Ji 0 5.73 5.61 5.66 3.03 4.18
1.5 5.23 5.08 5.74 3.80 4.65
1 I 11T
J Ucr Ucr Ape Dpyop, Ap/py-by
Jr 0 5.73 5.73 6.84 (5.30) 2.85 3.32(3.10)
1.5 5.23 523 6.32 (5.00) 3.48 4.01 (3.67)

where VaT1 p, and V(jl », are the spin-up and spin-down effective
single-particle potentials for the a; /b, orbital in the DFT + U
method, respectively. Equation (7) suggests that the introduc-
tion of the 7 may lead to a reduction in the spin splitting of the
ay /b, orbitals. Adding J to the DFT + U method may correct
the overestimation of d-orbital exchange splitting of DFT +
U. A similar phenomenon has been addressed in other litera-
ture [46] as well. By following the Hartree-Fock formalism, it
can be derived that the exchange splitting is exactly equal to
3 n [43], and the effective Jy can be defined numerically as
1/3 of the exchange splitting read from the calculated DOS.
J¢¢ is mainly influenced by Uc, [¢] — &}, corresponding
to the red arrow in Supplemental Fig. S5(a) [39]]. Introduc-
ing the J parameter will decrease the magnitude of Ucy,
which increases the AFM coupling (f{ can be considered
almost independent of the J parameter). Jf'bz depends on
tf’bz [related to A, /b, corresponding to the green arrow in
Supplemental Fig. S5(a) [39]] and A..p,. Introducing the J
parameter will decrease the magnitude of A,,, and slightly
increase A, 5 p,, which will slightly enhance the AFM
coupling. J{™ is influenced by Jy, 1" [related to A, .,
corresponding to the blue arrow in Supplemental Fig. S5(b)
[39]], and A, . Introducing the J parameter will increase the
magnitude of A, and A, _,, while decreasing Jy, which de-
creases the FM coupling. This eventually converts J; from FM
coupling to AFM coupling. As for J,, the J parameter will
decrease the magnitude of Uc; and A, ., and will increase
the magnitude of Ay, and A/, p,. A decrease in Ug, will
increase the AFM coupling Jé’z'hz, and a decrease in Uc, and
A, . (increasing t57¢) will increase the AFM coupling J5;
nevertheless, an increase in Ay, and A, /, 5, (decreasing
tfz'b‘), and a decrease in Jy will decrease the FM coupling
Jé’z'h‘. These eventually convert the J, from FM coupling to

AFM coupling. Thus, the condition (a) for the emergence of
AFM-Exp spin order to be satisfied. In addition, J7 is almost
independent of the [J parameter, satisfying condition (b).

IV. CONCLUSIONS

The DFT + U method is used to investigate the discrep-
ancy between experimental and theoretical predictions of the
magnetic ground state of CrOCI and the exchange interac-
tion in CrOCl. Using the Liechtenstein’s method with an
appropriate on-site exchange (J) parameter, the experimen-
tally observed AFM ground state (AFM-Exp spin order) is
correctly predicted. The emergence of AFM-Exp spin order
is attributed to the competition between the exchange inter-
actions of different neighbors (J;’s). The AFM-Exp requires
that J; and J, must be AFM coupled with comparable mag-
nitudes and that J; must be AFM coupled according to the
calculated phase diagram. Using the orbital-resolved J;’s, we
show that introducing the J parameter considerably reduces
the strength of the FM coupling part in J; and J, by modifying
the energy differences between the Cr-3d orbitals. As a result,
Ji and J, become AFM coupled with comparable magnitudes,
which leads to an AFM-Exp spin order in the CrOCl.
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