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Abstract

The recent discovery of 2D magnetic systems has inspired research into their fundamental
properties and prospective applications. Emerging 2D materials, chromium trihalides (CrXs, X = Cl,
Br, 1), exhibit controllable spin-lattice interactions, making them promising material for next-
generation technologies in magnonics, spintronic, and magneto electronics. For the investigation of
heat transport in a changing magnetic field, Crls stands out as a possible material due to its low-
temperature antiferromagnetic (AFM) interlayer interactions. This study employs density functional
theory (DFT) to examine the convergence criteria, magnetic characteristics across various magnetic
phases, and structural properties of monolayer Crls. The results of our convergence tests indicate that
the optimized lattice constant is 6.880 A, which is achieved with an energy cut-off of 40 Ry and a k-
point mesh of 7x7x1, corresponding to the minimum total energy. Furthermore, our calculations yield
a magnetic moment of 3.56 uB per Cr atom, providing insight into the material's magnetic properties.
The optimized lattice constant and magnetic moment obtained in this study provide a fundamental
understanding of monolayer Crls properties, paving the way for the development of novel magnetic and
electronic devices. These findings have far-reaching implications for the advancement of spintronic,
magnonics, and related fields.

Keywords: 2D materials, Chromium lodide, Ab initio DFT calculations, Total energy,
Magnetic moment.
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INTRODUCTION

Recent years have seen remarkable progress in material science, fueled by the demand for
innovative materials with outstanding thermal, electronic, and optical properties. The global
demand for solar energy as an abundant resource necessitates more efficient photovoltaic
materials to tap into its full potential.

Graphene and other 2D materials can exhibit tunable electronic and magnetic properties when
decorated with transition metals (Song et al., 2018). However, the absence of intrinsic
magnetism in these 2D materials limits their exploitation spintronic applications because their
long-range order cannot withstand fluctuations in temperature in an isotropic system
(Mermin-Wagner theorem) (Halperin, 2019). Recent research has shown that the Mermin-
Wagner constraint cannot be applied to magnetization of materials at non-zero temperatures
in some 2D materials with a significant magneto crystalline anisotropy, such as Chromium
(III) Iodide (Crls) (Kaur & Mandal, 2024).

Among these materials, Crls stands out due to its intriguing magnetic order and electronic
band structure, making it a focal point for spintronic and nanoelectronics applications. This
van der Waals material (Crls) is easily exfoliated into mono-, bi-, and few-layer structures,
granting it exceptional properties (Li et al., 2019) (Gibertini et al., 2019) ( Huang et al., 2020).
Its layered configuration gives Crl; exceptional characteristics, making it an enticing
candidate for various technological applications. This potential is further enhanced by the
unique interplay between its properties, as phononic, electronic, and magnetic degrees of
freedom are strongly coupled, as proved by both theory and experiment (Singh et al., 2019).
A study of magneto-phononic phenomena in Crls is desirable because of the material's several
degrees of freedom and the potential to use them in nanoscale electro-optical, spintronic, and
caloritronic applications as shown in Fig 1.
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Fig 1: Present and future applications of spintronic (Irfan, 2021).

Permanent magnetic order in atomically thin Crls was experimentally confirmed in 2017,
marking the first demonstration of 2D magnetism. Using the polar magneto-optical Kerr effect
(MOKE), Experiments and theory agreed that, 2D Crl; is a ferromagnetic semiconductor with
antiferromagnetic interaction between its layers ( Huang et al., 2017). Increases in the number
of layers and heterostructures with graphene do not disrupt the magnetic order. Despite its
low Curie temperatures (61 K for bulk and 45 K for monolayer), it maintains its ferromagnetic
properties far into the high-temperature range, with the monoclinic to rhombohedral phase
transition occurring at around 220 K (Tomarchio et al., 2023).
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A potent combination of first principles of DFT and Diffusion Monte Carlo (DMC) calculations
produced some of the most accurate estimates of the electronic, magnetic, and structural
properties of monolayer Crls. Based upon the DMC-quality structure obtained and acquired
a high-resolution monolayer spin density that showed each Cr atom to possess a magnetic
moment of 3.62 uB and each I atom to have a moment of -0.145 uB. As demonstrated, Crls
possesses remarkably strong spin-phonon coupling, with a predicted value as large as 3.32
cm-1 (Staros et al., 2022). Mogulkoc et al., (2023) reported that the ground-state electronic
structure calculations were performed by using ab initio methods based on density functional
theory (DFT) and the projected augmented wave (PAW) method as implemented in the
Vienna ab initio simulation package. CrX systems are dynamically stable and demonstrate
ferromagnetism along with half metallicity. 2D phases of chromium pnictides are predicted
to be the perfect spin polarizers with ferromagnetic order and room temperature stability. The
electronic structure and magnetic properties of monolayer Crls can be the changed by
adsorption of alkali metals., calculations show that a lower adsorption coverage of alkali metal
can transform monolayer Crl; from semiconductor to half metal. The total magnetic moment
and the local spin magnetic moment of Cr are linearly enhanced with increasing adsorption
coverage, which greatly enhances the ferromagnetism. The method was carried out by DFT
implemented on VASP (Yang et al., 2021).

Previous studies on monolayer Crl; have employed various pseudopotential methods to
investigate its ground-state properties, magnetic and electronic behavior, and vibrational
characteristics. However, this work focuses on establishing the convergence criteria and
exploring the magnetic and structural properties of the monolayer Crl; using the Perdew-
Burke-Ernzerh of non-linear core correction Kresse-Joubert Projector-Augmented Wave (PBE-
spn-kjpaw) pseudopotential prescription. Notably, this study is the first to report on
monolayer Crl; using this specific pseudopotential approach. This study lays the groundwork
for investigating the vibrational properties of monolayer Crl;, including phonon dispersion
and density of states, which can reveal energy propagation mechanisms within the lattice
(Pocs et al., 2020) (Study et al., 2022).

COMPUTATIONAL METHOD

All calculations are performed using the Quantum ESPRESSO (QE) distribution (Giannozzi
et al., 2009). We use the exchange-correlation functional constructed using spin-polarized
Generalized-Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof non-linear
core correction Kresse-Joubert Projector-Augmented Wave (PBE-spn-kjpaw) prescription
within the quantum expresso pseudopotential library (Blochl, 1994) (Reyes-Martinez et al.,
2020). A systematic convergence test was carried out to investigate the convergence behavior
of Total Energy (Etot) with respect to Energy Cutoff (Ecut), Lattice Constant (Lat), and
Brillouin Zone Sampling (K Points). The ratio of 1:10 for E..: and energy cutoff threshold was
used (Wang et al., 2021) (Marfies, 2012). To determine the total minimum energy of Crl;, we
performed calculations using a 7x7x1 k-point mesh (2 Cr and 6 I atoms), taking into account
the crystal symmetry, which results in degenerate energy states for certain k-points. The
energy cutoff was varied from 10 Ry to 100 Ry (Webster & Yan, 2018) (Tomar et al., n.d.), with
the results presented in Table 1. Convergence tests were also conducted with respect to k-
point sampling, using mesh sizes ranging from 1x1x1 to 10x10x1 with an interval of 1.0, while
keeping the lattice constant and energy cutoff fixed (Tomar et al., n.d.). The results are
summarized in Table 2. Furthermore, we calculated the optimal lattice constant for Crls using
a hexagonal crystal structure. The calculations employed a plane wave kinetic energy cutoff
of 40 Ry and a Monkhorst-Pack grid of 7x7x1 (Olsen, 2019). The results are presented in Table
3. The ferromagnetic moment was computed from Self-consistent Field Calculation (scf)
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output file and the structural properties were visualized and computed using VESTA
(Retegan et al., 2023) (Aslam et al., 2023) (Wang & Sanyal, 2021).

RESULTS AND DISCUSSION

Convergence Test

The first result presents the total energy of the Crl; compound, investigated with respect to
three key parameters: energy cutoffs, K-point sampling, and lattice constant (Hamann,
2013).

Total Minimum Energy of Crl; with Respect to Energy Cutoffs, k-point and lattice
parameters

The convergence of the total energy of Crls with respect to the plane wave cutoff energy was
investigated. An increment of energy cutoff for wave function is made until the convergence
is achieved. The total minimum energy converged at 40 Ry plane wave cut offs energy and
the total ground state energy had its minimum at -2769.88314685 Ry. The total minimum
energy increases monotonically with the energy cutoff for the wave function, as shown in Fig.
2. The accuracy of the ground state energy depends on the number of basis functions (Chen et
al., 2020). Moreover, when the number of basis functions approaches infinity, the total
minimum energy is close to the ground state energy (Daga et al., 2020).

Table 1: Total minimum energy of Crl; with respect to energy cutoffs

Energy Cutoff (Ry) Total Energy (Ry)
10 -2718.98329510
20 -2761.49795862
30 -2769.18773767
40 -2769.88314685
50 -2769.92164406
60 -2769.92578087
70 -2769.93145616
80 -2769.93393961
90 -2769.93461234
100 -2769.93489856
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Figure 2: Graph of total minimum energy of Crl; with respect to energy cutoffs where 40 Ry (red dot) is shown be
the best converged value.

Another convergence test of total energy for K-point sampling was performed on Crls. The
total energy of Crls was calculated using various sets of K-points ranging from 1x 1 x 1 to 10
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x 10 x 1. In each of these cases the plane wave kinetic energy cutoff of 40 Ry was used. The
total minimum energy of Crl; is calculated as a function of K-points grid size using plane wave
self-consistent field code (Novoselov Artem; Carvalho, Alexandra; Neto, A. H. Castro, 2016).
For this calculation, the other variables (lattice constant and energy cutoff) are kept constant.
Convergence of the total energy with respect to the discrete Brillouin zone sampling was
achieved for 7 x 7x 1 Monkhorst-Pack grid (Wang et al., 2021). The total ground state energy
has its minimum at -2769.88314685 Ry as given in (Fig 3).

Table 2: The results of the total minimum energy (Ry) of Crl; with respect to K-points grid

K-points grid Total Energy (Ry)
Ix1x1 -2769.85820967
2x2x1 -2769.88424575
3x3x1 -2769.88302060
4x4x] -2769.88309079
5x5x1 -2769.88313581
6%6x1 -2769.88298937
7x7%1 -2769.88314685
8x8x1 -2769.88311463
9x9x1 -2769.88311164
10x10x1 -2769.88309835
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Figure 3: Graph of total minimum energy (Ry) with respect to K-point grid sampling (a.u) where 7x7x1 grid is shown
to be the best converged value (red dot).

To find the equilibrium lattice constant of Crls, the total energy calculation was performed for
a series of possible parameters. In this calculation the energy cutoff and the K-point sampling
are made fixed (40 Ry, 7x 7x 1 K-point) using the energy cutoff and K-point grid criteria for
energy convergence (Gabriel et al., 2020). The numerical calculation shows that the equilibrium
lattice constant is 6.88 A. This result is in a good agreement with the experimental values 6.87

A (McGuire et al., 2015) and 6.84 A (Li Cong; Zhang, Jihai; Chen, Shenwei; Guo, Donghui; Ji,
Wei; Zhong, Dingyong, 2020) as shown in (Fig 4).

Table 3: The results of the total minimum energy (Ry) of Crls with respect to lattice constant
(a.u)
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Lattice constant (Bohr) Total energy (Ry)
11.50 -2769.33267272
12.00 -2769.65401397
12.50 -2769.82174743
13.00 -2769.87662048
13.50 -2769.87662048
14.00 -2769.82305455
14.50 -2769.74032183
15.00 -2769.64028300
15.50 -2769.53078797
16.00 -2769.41764130
—2.769e3

—e— Total Energy (Ry) Vs Lattice Parameter (au)

Total Energy (Ry)
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Figure 4: Equilibrium lattice constant (a.u) with respect to total energy (Ry) where 6.88 A is found to be the best fit
lattice constant (Red dot).

Structural and Magnetic Properties of Monolayer Cris

Monolayer Crl; exhibits a honeycomb crystal structure where chromium (Cr) atoms are
octahedrally coordinated by iodine (I) atoms (Pokhrel, 2024). The lattice parameters of
monolayer Crl; have been measured experimentally and predicted using DFT as indicated in
Table 4. This study indicates that, the lattice constants 6.880 A from DFT and 7.004 A
visualized using VESTA are in good agreement with experimental measurements and DFT
estimations showing a remarkable consistency.

o

Table 4: Comparison of structural properties of Crls. Lattice parameter a (A), Bond length

°

dcr 1(A) and bond angle Or.cr1

Reference Method a (A) derr (A) 0 (deg)
This work PBE-spn-kpjaw 6.880
This work VESTA 7.004 2.737 90.627
Lado Joaquin, 2017 (Lado Joaquin, 2017) GGA+U 6.686
Haddadi et al., 2024 (Haddadi et al., n.d.) PBEsol 6.817 2.692
PBEsol+U 6.978 2.774
PBEsol+U+V 6.971 2.767
PBEsol+U;+U; 6.826 2.699
Staros et al., 2022 (Staros et al., 2022) LS-DMC 6.870 2.723 90.400
LDA +U 6.695
Fayazi et al., 2022 (Fayazi et al., 2022) GGA+U 6.930
Qian et al., 2015 (Zhang Qian; Zhu, Peng; PBE(HSE06) 7.008
Lam, Chi Hang, 2015)
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Cong et al.,, 2020 (Li Cong; Zhang, Jihai; Experiment 6.840

Chen, Shenwei; Guo, Donghui; Ji, Wei;

Zhong, Dingyong, 2020)

McGuire et al., 2015 (McGuire et al., 2015)  Experiment 6.870 2.727

Crl; is recognized as a ferromagnetic semiconductor with a Curie temperature around 45 K
(Wu et al., 2019). The ground state of monolayer Crl; is primarily ferromagnetic under
compression but transitions to an antiferromagnetic state when subjected to tensile strain
(Yang et al., 2018). This transition occurs at approximately 1.8% in-plane strain, highlighting
the tunability of its magnetic properties through mechanical manipulation (Rahman, 2023).
This study computed and compare the ferromagnetic moment of Crlz with other studies as
reported in Table 5.

Table 5: The average magnetic properties of Crl; in this work and previous theoretical and
experimental results. ppis the average magnetic moment of Crls.

Reference Method B
This work (monolayer) PBE-spn-kpjaw 3.56
Lado et al.,, (2017) GGA+U 3.00
Haddadi et al., (2024) PBEsol 3.18
PBEsol+U 3.97
PBEsol+U+V 3.89
PBEsol+U;+U; 3.21
Staros et al., (2022) LS-DMC 3.61
LDA+U 3.50
Xiaolin et al., (2018) GGA +U 3.32
Qian et al., (2015) PBE(HSE06) 3.10
Li et al., (2024) GGA+U 3.22
Fayazi et al., (2022) GGA+U 3.44
Cong et al., (2020) Experiment 3.28

The structural properties and magnetization of monolayer Crl; are reported in Tables 4 and 5
above. For the equilibrium lattice constant (a) (converged value) and Cr-I bond length (dc:-1)
visualized using VESTA. The results exhibit closer agreement with experiments. The 6.88 A
equilibrium lattice constant is just 0.1% and 0.6 % off from the experiments (Li et al., 2020) and
(McGuire et al., 2015). Also, our visualized Cr-Cr lattice constant of 7.0038 A using VESTA
reveals excellent agreement with the DFT result reported by Zhang Qian using PBE (HSE(06)
which is just 0.06% (Zhang et al., 2015) as in the Figure 5. The Cr-I nearest distance 2.73710 A
is in agreement to both previous DFT and experimental values as illustrated in the table 4. and
figure 5. Although, bond angles have not been measured experimentally in the monolayer
and are scantily reported in DFT studies, our studies visualized the value for the I-Cr-I to be
90.627° which is almost the same with 90.400" by Staros et at., (2020) as shown in Table 4.
Above with just 0.2% difference. All our line research falls less 3% in line with the previous
derived-DFT estimation and experimental finding.

For the magnetic moment reported in Table 5, some previous DFT estimated the magnetic
moment to be 3 uB across the entire Crl; unit, this lead to many researchers to conclude
that all of the unit cell’s magnetism could be attributed to that from the Cr site (Staros et al.,
2022) charge that one would intuitively surmise based upon Chromium’s typical oxidation
state, but our DFT computed the magnetic moment on each Cr to be 3.56 yB. Interestingly, this
indicates that each Cr possesses a magnetic moment sufficiently larger than that of the +3 uB.
These discrepancies may arise due to the different method adopted. Our computed magnetic
moment is relatively higher than that reported experimentally by Cong et al., (2020) but
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almost the same with that reported by Staros et al., (2022). The magnetic moment calculations
by Haddadi et al., (2024) using different methods produced a range of results, including
values below, above, and close to the experimental value, as well as the value reported in this
work, as detailed in Table 5.

The Structure of Three Magnetic Faces of Monolayer Crl; (AFM, FM and NM)

Monolayer Crl; has a hexagonal lattice structure, consisting of Chromium (Cr) atoms
sandwiched between two layers of Iodine (I) atoms (Mak et al., 2019). The Cr atoms form a
honeycomb lattice, with each Cr atom bonded to six neighboring I atoms. Monolayer Crls
exhibits long-range ferromagnetic ordering, with a Curie temperature (TC) around 45 K (Xue
et al., 2019). The magnetic moments are oriented perpendicular to the plane, resulting in an
out-of-plane magnetization. The magnetic properties change significantly with the number of
layers. Bilayer and thicker Crl; exhibit antiferromagnetic behavior (layer-dependent
magnetism) (Faculty, 2021).

The anti-ferromagnetic structure of monolayer Crl; arises from the alignment of Chromium's
magnetic moments. Each Cr atom has a magnetic moment due to its unpaired electrons
(Shabbir et al., 2018). The magnetic moments are aligned anti-ferromagnetically, meaning they
point in opposite direction. The magnetic moment of 3.51 ;B was calculated using DFT. Figure
6 displayed the crystal structure of AFM Crls.

The ferromagnetic structure of monolayer Crl; arises from the alignment of Chromium's
magnetic moments. Each Cr atom has a magnetic moment due to its unpaired electrons. The
magnetic moments are aligned ferromagnetically, meaning they point in the same direction
(Shabbir et al., 2018). Figure 7 displayed the crystal structure of FM Crls.

Figure 5: Crystal structure of NM of monolayer Crl; where bond lengths and bond angle are shown.
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°Cr
O I

Figure 6: Structural View of AFM Monolayer Crl; where the magnetic moment of three Cr atoms are aligned in
outward direction while one Cr atom is aligned in inward direction opposite to the three atoms.

°Cr

Figure 7: Structural View of FM Monolayer Crlz where all the atoms are aligned in the same direction.

CONCLUSION

We have determined the optimized lattice constant, K-point grid, and energy cutoff for
monolayer Crl;. Our density functional theory (DFT) calculations yield structural and
magnetic properties that are in excellent agreement with previous DFT studies and
experimental results, with little deviations. Notably, this work pioneers the application of the
PBE-spn-kjpaw pseudopotential approach to monolayer Crls. The displayed structures reveal
a clear magnetic alignment. For anti-ferromagnetism the moments are aligned in different
directions while for ferromagnetism the moments are aligned in same direction.

It is recommended that; same studies can be extended to other Chromium Halides like CrBrs
and CrCls. This will pave a way for exploring the structural and magnetic properties of other
2D-materials which can be used for spintronics, photoelectronics and thermoelectronics
applications.
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