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Monolayer Crls, crystalizing in the P31m space group, is a prototypical two-dimensional (2D) material for observing
intrinsic ferromagnetic order. However, its relatively low Curie temperature (7¢) of 45 K severely limits its practical
applications, highlighting the need to explore novel metastable polymorphs with enhanced magnetic properties. In this
study, we employ a global crystal structure search technique combined with first-principles calculations to systematically
investigate new monolayer Crl; phases. Our structural predictions identify two novel polymorphs with Cm and P2 /m space
groups, both of which are dynamically stable and exhibit significantly higher 7¢ values of 145 K and 81 K, respectively.
Electronic property calculations show that the Cm phase is a half-metal, while the P2/m phase is semiconducting with
a bandgap of 0.14 eV. Monte Carlo simulations attribute these enhanced 7¢ values to a notable increase in exchange
interactions. These findings expand the known phase space of Crl3 and provide a promising pathway for designing high-
temperature 2D ferromagnets for next-generation spintronic applications.
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1. Introduction

Two-dimensional (2D) materials with intrinsic mag-
netism have attracted significant attention in recent years due
to their potential for providing robust or tunable magnetic
properties.!!) Unlike layered materials, where magnetism is
induced through external modifications, such as doping with
magnetic atoms or proximity effects at interfaces,!>™* the 2D
materials with intrinsic magnetism offer a more stable plat-
form for spintronic applications.>! However, achieving long-
range magnetic order in purely 2D systems is theoretically
prohibited by the Mermin—Wagner theorem, which states that
isotropic single atomic layers cannot sustain finite-temperature
magnetism. (]

This theoretical constraint was challenged in 2017 with
the experimental discovery of intrinsic ferromagnetism in
monolayer Crl; (Curie temperature 7c = 45 K) (7] and bi-
layer CroGesTeg (Tc = 28 K),[8! demonstrating that magnetic
anisotropy can stabilize long-range order in low-dimensional
systems. These breakthroughs not only validated the exis-
tence of intrinsic magnetic ordering in two dimensions, but
also paved the way for the subsequent discovery of new 2D
magnetic materials.*1?!

The electronic and magnetic properties of 2D mate-
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rials are highly sensitive to their structural polymorphs.
For example, monolayer MoS, exists in both the metal-
lic 17 and semiconducting 2H phases,!!3 black phospho-
rene exhibits strong in-plane thermal anisotropy, whereas
blue phosphorene is isotropic,!!#! and ReSe, display layer-
dependent optical anisotropy due to their distorted octahe-
dral coordination.!'3] Modern phase engineering,!'®! powered
by computational structure prediction tools, has accelerated
the discovery of metastable polymorphs in various 2D sys-
tems, such as graphene,m] boron nitrides, '8! and transition
metal chalcogenides.!'®! These advances suggest that unex-
plored structural configurations of known 2D magnets could
host enhanced magnetic coupling, leading to higher magnetic
transition temperatures.

Chromium triiodide (Crl3), a prototypical van der Waals
ferromagnet, exemplifies this potential. Monolayer Crls
(space group P31m) exhibits intrinsic Ising ferromagnetism
with a Tc of 45 K7l and a bandgap of 1.2 eV,1?0-23] en-
abling its integration into heterostructures with topological in-
sulators, valley-polarized systems, and superconductors. ?4-30]
However, its relatively low T¢ (below the liquid nitrogen tem-
perature) severely restricts its practical applications. While ap-
proaches such as strain engineering and heterostructuring have
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been theoretically explored to enhance its T¢ to 91 K, the
intrinsic potential of metastable Crlz polymorphs with opti-
mized exchange interactions and magnetic anisotropy remains
unexplored.

Here, we employ a swarm-intelligent global struc-
ture search method (CALYPSO)3?3% combined with first-
principles calculations to systematically explore novel mono-
layer Crlz polymorphs. Our search identifies two new
metastable phases, Cm and P2/m, that exhibit significantly
higher Tc of 145 K and 81 K, respectively, surpassing the
Elec-

tronic structure calculations reveal that the Cm-phase is a half-

experimentally observed 45 K in the P31m phase.

metal with strong spin polarization, while the P2/m-phase re-
tains semiconducting with a bandgap of 0.14 eV. Both phases
exhibit enhanced magnetic anisotropic energy (MAE) and
stronger exchange interactions, which account for their higher
Tc values. Our work not only expands the known phase space
of Crlz but also established a promising way for designing
high-performance 2D magnet through metastable polymorph
discovery.

2. Computational methods

The swarm-intelligence-based CALYPSO method
and code were employed for searching low-energy 2D
monolayers. 339 Its validity has been manifested by suc-
cessful identification of the ground-state structures for a large
number of systems. In our CALYPSO calculations, simula-
tion cells containing up to two formula units were considered.
The population size was set to 30, and more than 900 struc-
tures were sampled on the potential energy surface for each
stoichiometry within the 2D planar space.

Energy calculations and structural optimizations were
conducted using density functional theory (DFT) as im-
plemented in the Vienna Ab Initio Simulation Package
(VASP).*Y The jon—electron interactions were described us-
ing the projector-augmented plane wave (PAW) method, *!]
and the electron exchange—correlation effects were treated
with the generalized gradient approximation (GGA) formu-
lated by Perdew, Burke, and Ernzerhof (PBE).!*?! A plane-
wave energy cutoff of 520 eV and a Monkhorst—Pack Bril-
louin zone sampling grid with a resolution of 27 x 0.03 A~!
were adopted to ensure that all enthalpy calculations are well
converged with an error less than 1 meV/atom. Structural re-
laxations were performed with forces converged to less than
0.001 eV-A~1.

The monolayers were oriented in the xy-plane, with the
z-axis perpendicular to the layer. A vacuum spacing of 20 A
was introduced along the z direction to eliminate interactions
between layers. To account for electron correlation effects in
the Cr-3d orbitals, the DFT+U method was employed. #3441
The Hubbard U value of 2.7 eV and exchange parameter J

of 0.7 eV were carefully chosen to reproduce key experimen-
tally observations of the Crl3 system, including the correct
orientation of the easy magnetization axis. These parameters
have also been used and validated in previous theoretical stud-
ies on Crl3.[*346] Phonon calculations were performed using
the frozen phonon method, as implemented in the PHONOPY

package. 47!

3. Results and discussion

Our structural search identifies two novel monolayer
polymorphs, Cm and P2 /m, each exhibiting distinct structural
characteristics. The Cm phase features a trigonal bipyramidal
coordination, wherein each Cr atom is bonded to five iodine
atoms, forming a five-faced triangular pyramid (Fig. 1(a)).
The P2/m phase adopts an octahedral configuration, with each
Cr atom surrounded by six iodine atoms, resulting in a more
symmetrical structural arrangement (Fig. 1(b)).
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Fig. 1. Predicted monolayer Crlj structures with the space groups Cm (a)
and P2/m (b).

Table 1. Structural information of the Cm and P2/m phases of mono-
layer Crl3.

Space group Lattice parameters (A) Atomic coordinates (fractional)

Cm a=17.351 Cr 0.058 0.340 0.507
b=5.533 0.340 0.058 0.507
c=21.570 I 0.3580.9100.400
o= =90.884 0.910 0.358 0.400
Y= 116.360 0.112 0.693 0.561

0.6920.112 0.561
0.421 0.421 0.458
0.210 0.210 0.605

P2/m a=10.371 Cr 0.000 0.000 0.500
b=3.983 0.500 0.000 0.500
¢ =19.920 I 0.4590.500 0.590
a = 90.000 0.541 0.500 0.410
B =94.980 0.071 0.500 0.590
Y = 90.000 0.929 0.500 0.410

0.759 0.000 0.554

0.241 0.000 0.446

The energy differences (AE) of the Cm and P2/m phases
relative to the ground-state P31m phase are 0.178 eV/atom and
0.079 eV/atom, respectively, indicating their relative energetic
favorability. Notably, these AE values are lower than those of
several experimentally synthesized metastable 2D materials,
for example, the 17 phase of MoS, (AE = 0.280 eV/atom)
and the Imm?2 phase of GaAs (AE = 0.348 eV/atom).[*8->11 To
further evaluate their thermodynamic stability, we calculated
the formation energies of the Cm and P2/m phases with re-
spect to elemental Cr and I. The calculated formation energies
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are —0.569 eV/atom for the Cm phase and —0.668 eV/atom
for the P2/m phase. These negative values indicate that both
phases are thermodynamically stable against decomposition
into their elemental constituents. Therefore, despite being
metastable with respect to the ground state, the moderate for-
mation energies suggest that the Cm and P2/m phases could
potentially be synthesized using appropriate techniques, such
as molecular beam epitaxy. Additionally, phonon dispersion
calculations are performed to assess their dynamic stability
(Figs. 2(a) and 2(b)). The absence of imaginary frequencies
along the high-symmetry paths in the Brillouin zone confirms
that both the Cm and P2/m phases are dynamically stable.
Next, we investigated the electronic and magnetic proper-
ties of the two newly identified Crl3 monolayers. To determine
their magnetic ground state, we performed total energy calcu-
lations for four common magnetic configurations in both the
Cm and P2/m phases: ferromagnetic (FM) and three antifer-
romagnetic states (AFM1, AFM2, and AFM3) (Figs. 3(a) and
3(b)). The results indicate that both phases favor ferromag-
netic ordering in their magnetic ground states. The calculated

(o]

()

energies for these four magnetic configurations are listed in
Table 2. Additionally, both phases exhibit identical magnetic
moments to the experimental P31m phase of around 6.0 ug
per unit cell, suggesting the robustness of their ferromagnetic

behavior.
Cm P2/m

8 (a)

————————|
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Fig. 2. Calculated phonon dispersion spectra of the Cm phase (a) and P2/m
phase (b). The absence of imaginary frequencies along the high-symmetry

paths in the Brillouin zone confirms their dynamic stability.

Table 2. The relative energies (in units of meV/atom) between FM and the
three configurations (AFM1, AFM2, and AFM3).

Space group FM (meV) AFMI (meV) AFM2 (meV) AFM3 (meV)

Cm 0 19.38 7.05 13.55
P2/m 0 5.19 5.54 8.93
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Fig. 3. Four magnetic configuration considered for the Cm phase (a) and P2/m phase (b) of Crl3.

Table 3. Magnetic anisotropy energy (MAE), exchange interactions (J;, J2, J3), and Curie temperature (Ic) for Cm, P2/m, and

experimental P31m phases in the monolayer Crl; system.

Space group MAE (meV) Ji (meV) J> (meV) J3 (meV) Ap (meV) Tc (K)
Cm -1.20 11.67 13.47 1.14 -0.53 145
P2/m 0.72 4.63 429 0.45 0.32 81
P31m 0.65461 2.93 0.64 -0.16 0.14 45 (Exp.)

Band structures and densities of states calculations re-
veal that both phases exhibit spin polarization. The Cm phase
demonstrates half-metallic behavior, featuring a significant en-
ergy gap of 2.19 eV at the Fermi level in the spin-down states.
While the P2/m phase displays semiconducting properties
with a band gap of 0.14 eV. Further analysis of the densities of

states indicates that the magnetic properties in ferromagnetic

state are primarily driven by the hybridization between Cr-3d
orbitals and I-5p orbitals.

Magnetic anisotropy energy (MAE) is a critical parameter
for stabilizing 2D magnetism at finite temperatures, as it quan-
tifies the energy difference between in-plane and out-of-plane
spin orientations by incorporating spin—orbit coupling (SOC)

(EmaE =E IS&))C - Eg(?lc). Our calculations show that both the
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Cm and P2/m phases have stronger magnetic anisotropy than
the experimental P31m phase (Table 3). The MAE values for
the Cm and P2/m phases are —1.20 meV and 0.72 meV per
Cr atom, respectively. These are 0.59 meV and 0.11 meV
higher than the value for the experimental P31m phase.!*®! For
the Cm phase, the negative MAE value indicates that the easy
magnetization axis lies in the in-plane (100) direction, while
for the P2/m phase, the positive MAE value suggests that the

easy magnetization axis is aligned with the out-of-plane (001)

direction.
(a) s e e e b —Cr-s
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Fig. 4. Band structures and projected density of states (PDOS) for the
Cm phase (a) and P2/m phase (b). The black dashed lines indicate the
Fermi level in each panel.

We further performed an orbital-resolved analysis to gain
a deeper understanding of the fundamental mechanisms un-
derlying the MAE. As shown in Figs. 5(a) and 5(c), the con-
tributions from orbital hybridizations involving Cr atoms are
minimal due to the d’s sub-orbitals mutually cancel each other
out in both phases. In the Cm phase, the positive MAE is pri-
marily due to the hybridization between the p, and p; orbitals
of iodine atoms, while negative contributions arise from the
hybridizations between the p, and p, orbitals, as well as the p,
andp, orbitals of iodine atoms (Fig. 5(b)). In the P2/m phase,
the positive MAE is mainly attributed to the hybridization be-
tween the p, and p, orbitals of iodine atoms (Fig. 5(d)). These
results demonstrate the critical role of iodine orbital hybridiza-
tion in governing the magnetic anisotropy of the two phases.

We evaluate T¢ using Metropolis Monte Carlo simula-
tions based on the Heisenberg model. Considering the nearest,

second, and third neighbor couplings of on-site spins, the spin

Hamiltonian can be written as

H = — JISi-S,-—ijS,ij
{i.0) (i.7)

— Y 588, Y Ap(S5)°, ¢))
(i) i

where (i, j), ((i,j)) and ({{i, j))) denote the nearest, second,
and third neighbor spins, respectively. Ji, J>, and J3 are the
corresponding Heisenberg exchange interaction constants. Ap
represents the single-ion anisotropy. The total energies of the
different magnetic configurations are calculated using DFT to
obtain the values of J, J», and J3. The value of Ap is derived

from the magnetic anisotropy energy.

=

MAE (meV)
|

MAE (meV)

Fig. 5. Orbital-resolved SOC-MAE contributions: Panels (a) and (b) are the
Cr-3d and I-5p orbitals of the Cm phase. Panels (c) and (d) are the Cr-3d and
I-5p orbitals of the P2/m (c) phase.

We performed Monte Carlo simulations on an 80 x 80 x 1
spin lattice for the Cm phase and a 40 x 40 x 1 spin lattice
for the P2/m phase with periodic boundary conditions, using
107 steps for equilibration and averaging. In our Monte Carlo
simulations, the T¢ is determined from the peaks in the spe-
cific heat capacity as a function of temperature. To validate
our Monte Carlo simulations, we benchmarked the method by
calculating the Tt of two experimentally synthesized materi-
als: the P31m phase of Crl3 (experimental Tc = 45 K)!"! and
the R3m phase of Gd,C (experimental Tc = 350 K)."5?! Our
simulations yielded T¢ values of 58 K for Crlz and 370 K for
Gd,C, demonstrating good agreement with experimental re-
sults. In particular, our predicted Tc for the P31m phase of
Crl; is also consistent with previously reported Monte Carlo
simulation results!>3-57]

As shown in Table 3, the calculated values of Ji, J>, and
J are all positive, indicating that the magnetic couplings favor
ferromagnetic ordering.

Figure 6 illustrates the evolution of the Monte Carlo spin
moments and the corresponding heat capacity curves for Cm
and P2/m phases. The simulated T values for the Cm and
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P2/m phases are 145 K and 81 K, respectively, significantly
higher than that of 45 K observed in the experimental struc-
ture. These results suggest that both Cm and P2/m phases are
promising candidates for further exploration within the mono-
layer Crl3 system and hold considerable potential for advanc-

ing research on 2D magnetic materials.

1.00F (a)
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g L
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v
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0
0 100 200 300

Fig. 6. Temperature dependence of the average magnetic moment
(Mayg) and specific heat (Cy) for the Cm phase (a) and P2/m phase (b),
as obtained from Monte Carlo simulations. The Curie temperatures (7¢)
of the Cm and P2/m phases are 145 K and 81 K, respectively.

4. Conclusions

In conclusion, we systematically explore novel phases
within the monolayer Crlz system by combining a swarm
intelligence global structure search methodology with first-
principles calculations. This approach leads to the identifi-
cation of two previously unreported phases, Cm and P2/m,
which exhibit significantly enhanced 7¢ values of 145 K and
81 K, respectively, well beyond the experimentally observed
value of 45 K. Additionally, we show that the Cm phase is half-
metallic, while the P2/m phase exhibit semiconducting prop-
erties. The insights gained from this work not only deepen our
understanding of the various electronic and magnetic proper-
ties in the monolayer Crl; system, but also provide a promis-
ing foundation for the development of high-performance spin-
tronic materials.
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