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Abstract:

The discovery of ferromagnetism in monolayer transition metal halides exemplified by Crls
has opened a new venue in the field of two-dimensional (2D) magnetic materials, and more
such 2D materials are awaiting explorations. Herein, by means of swarm-intelligence global
minimum structure-searching methods in conjunction with first principles calculations, we
identified a novel CuCl, monolayer which exhibits not only intrinsic ferromagnetism but also
auxetic mechanical property originating from the interplay of lattice and Cu-Cl tetrahedron
symmetries. The predicted Curie temperature of CuCl, reaches ~47 K, and its ferromagnetism
is associated with the strong hybridization between Cu 3d states and Cl 3p states in the
configuration. Moreover, upon a biaxial tensile strain or carrier doping, the CuCl, monolayer
can be converted from ferromagnetic to nonmagnetic as well as from half-metal to metal. These
properties endow this CuCl, monolayer with great potential for applications in

auxetic/spintronic nanodevices.

Keywords: Magnetic materials; Copper Halide Monolayer; Negative Poisson's ratio; Structure

design, first principles calculations

1. Introduction

According to the Mermin-Wagner theorem, in theory, long-range magnetic order at finite
temperature is prohibited in two-dimensional (2D) Heisenberg spin systems.! Thus, the
ferromagnetism (FM) had long been absent among 2D systems until the recent breakthroughs
in finding intrinsic FM in atomically thin Crl;? Fe;GeTe,? and Cr,Ge,Teg* In the experiments,
Cr,Ge,Teg was exfoliated down to a bilayer with Curie temperature Tc of 28 K, while the

1



Physical Chemistry Chemical Physics

monolayers of Crl; and Fe;GeTe, were obtained with Tc of 45 K and 68 K, respectively. These
discoveries have sparked intense interest and inspired extensive research about 2D FMs, due
to their great potential for nanoscale device applications, such as spin valves, spin filters, and

data storage.’

Before the discovery of intrinsic 2D FMs, various methods were developed to induce
magnetism into 2D systems, such as strain engineering,® 7 carrier doping,®-'? adsorption,!!- 12
and chemical functionalization.!? 14 Notably, recent theoretical studies predicted that doping
the 3d transition-metals (V, Mn, Fe, Co, Ni, Cu, and Zn) can bring magnetism to the MoS,
monolayer,!3 what particularly interesting is that even though Cu is a nonmagnetic dopant, the
Cu-doped system shows unexpectedly strong magnetism because of the strong hybridization
between Cu 3d states and S 3p states. Similarly, a layered antiferromagnetic (AFM) structure
based on 2D CuO, planes was predicted, and its AFM state correlates with its Cu 3d
configuration and a large degree of p-d hybridization.'® 7 Moreover, an AFM state in the 1D
chain-like CuF, and CuCl, compounds were reported,'® 1 and single-layers of K,CuF, were
predicted to be ferromagnetic 2D crystals.?’ These findings proved the possibility to realize
ferromagnetic states in the Cu-based compounds.

Since the discovery of the ferromagnetic order in 2D Crl;, several other transition metal
halides AB, (A = metal cation, B = halogen anion, x = 2 or 3) monolayers, such as FeCl,,?!
CoBr»,,22 CrCl;,% CrBr3?* and VI5,% have been theoretically investigated. Depending on the
numbers of 3d electrons in the transition metal atom and the strength of halides crystal fields,
these transition metal halides exhibit distinct electronic and magnetic properties. Very recently,
Gao et al. predicted that 2D CuCl crystal can be multiferroic under ambient conditions with
coupled ferroelectricity and ferroelasticity.?® These discoveries indicate a strong likelihood of
the existence of 2D intrinsic FM among Cu-based halide, which inspired us to explore 2D FM
in Cu-Cl system.

Herein, by means of a crystal structure search algorithm in conjunction with density
functional theory (DFT) calculations, we systematically investigated 2D Cu-Cl systems. As
expected, we successfully identified a novel CuCl, monolayer with intrinsic FM. Meanwhile,
we found that this monolayer is an auxetic material, as evidenced by its ultrahigh absolute value
(~0.4) of negative Poisson's ratio (NPR). In addition, applying the tensile/compressive strain
and carrier doping can further tune its magnetic and electronic properties, leading to a
transformation of ferromagnetic — nonmagnetic and half-metal — metal. These unique
properties endow the CuCl, monolayer as a promising candidate for many advanced

applications in spintronics and multifunctional devices.
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2. Computational Methods

The crystal structure search algorithm of particle swarm optimization (PSO) method, as
implemented in the CALYPSO code,?”?° was employed to search stable structures of 2D Cu-
Cl and Cu,Cly (x=2/3, 1/2, 3/7, 2/5, 1/3, 1/4, 1/5 ) monolayers. The effectiveness and
efficiency of the PSO method have been well proven on various systems and compounds.30-3°
We adopted a vacuum distance greater than 15 A in the z direction to eliminate the interactions
between adjacent layers.*? Spin-polarized density functional theory (DFT) computations were
performed using the VASP code*! for geometry optimizations and electronic structure
calculations, and the exchange-correlation functional was described by the Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient approximation (GGA)** unless
mentioned otherwise. The electron projector augmented wave (PAW) 4344 potentials of Cu and
Cl treat 3d'%s! and 3s23p> electrons as the valence electrons, respectively. The GGA+U
approach was also adopted for the 3d orbitals of the transition metal Cu, and the Heyd—
Scuseria—Ernzerhof (HSE06) hybrid function* was used to more accurately describe the
bandgap. The cut-off energy is set to 800 eV, and the Brillouin zone is sampled with a
resolution of 27t x 0.025 A~! using the Monkhorst—Pack method.*¢ The energy convergence
threshold and the force convergence criteria were set as 1x1076eV and 0.01 eV/A, respectively.
Phonon dispersion calculations were carried out by a supercell approach using the Phonopy
code.*” To evaluate the thermal stability, ab initio molecular dynamics (AIMD) simulations are
performed with a 6x6x1 supercell at 300 K with a canonical ensemble (NVT).*® Carrier doping
was performed by adding or removing electrons from the unit cell in the periodic boundary
conditions computations, in which the system was neutralized by a uniform charge background.
The Monte Carlo simulations based on the Heisenberg model were employed to describe the
thermal dynamics of magnetism in equilibrium states,* 3 for which the open source project
MCSOLVER code was used.’! The details about our structural search procedure and

computational methods are given in the Supporting Information.

3 Results and Discussion
3.1. Crystal structure, stability, and electronic properties

After a global structure search at various Cu/Cl ratios in the Cu,Cl;  (0<x<1) compositions,
we identified the 2D crystal phases at each composition and computed their energies to
determine the most viable structure. To evaluate their relative thermodynamic stability, we
further calculated their formation energies and constructed the convex hull (Fig. S1), defined
as AE(Cu; -xCly) = E(Cu; .xCly) — (1 — x)E(Cu) — xE(CI). Several energetically stable

Cu-Cl compositions (e.g., Cu,Cl, CuCl, CuCl,, CuCl;) are located on the line of convex hull,
3
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and their Cu;_Cl, monolayers have been obtained as shown in Fig. S2. Notably, this exercise
leads to a discovery of intrinsic FM in a Cl-rich CuCl, monolayer, which is the focus of this
work.

The CuCl, monolayer adopts a tetragonal structure [space group P-4/m2, one formula unit
(Fig. 1a)], in which each Cu atom connects with four CI atoms, and each Cl atom bonds with
two Cu atoms, forming a CuCly-tetrahedron with only one uniform length of Cu-Cl bond, and
consequently, no atom has redundant valence electrons. The detailed crystal structural
parameters are summarized in Table S1. In the top view, the CuCl, monolayer has a rectangular
crystal configuration with inherent —Cu—Cl-Cu-bucklings and strong symmetry in the a—b
plane, which is very similar to the §-2D SiO, phase.5? The Cu-Cl distance (2.257 A) is larger
than the sum (1.95 A) of covalent radii of Cu and Cl atoms, indicating the formation of
noncovalent Cu—Cl bonds. The electron localization function (ELF) analysis (Fig. 1b) reveals
the charge fluctuation and thus a strong ionic feature for these Cu—Cl bonds.

To assess the dynamic stability of our predicted CuCl, monolayer, we calculated its phonon
dispersion curves (Fig. 1c) using the finite-displacement method. The absence of any
significant imaginary modes in the first Brillouin zone demonstrates its dynamic stability. By
performing AIMD simulations in the canonical ensemble, its thermal stability was evaluated
at 300 K. It is found that the CuCl, monolayer well maintains its structural integrity (Fig. 1d),
and only slight deformation occurs after a simulation of 5 ps, which indicates its good thermal
stability at normal conditions. Moreover, we also examined the mechanical stability of the
CuCl, monolayer by calculating its elastic constants. The elastic constants obtained by the
strain-energy method are C;; = 14.71, Cy, = -5.82, Ci; = 14.71, and Cg = 1.94 N/m,
respectively. Clearly, the Born—Huang criteria® for a mechanically stable 2D material (e.g., i.e.,
Ci1 > Cyp, C1Cp — C122 > 0, Cg6 > 0) can be satisfied in the CuCl, monolayer, indicating its

mechanical stability.
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Fig. 1. The structure symmetry of (a) CuCl, monolayer from the side and top views. The yellow
and blue atoms represent Cl and Cu atoms. (b) Electron localization function map of the CuCl,
monolayer. (c) The structure and total-energy evolution for CuCl, monolayer in AIMD
simulations at T = 300 K for 5 ps (d) Phonon dispersion curves of CuCl, monolayer. The
Poisson’s ratio (e¢) and Young’s modulus (f) of CuCl, monolayer, the solid blue line, and the

imaginary red line represent the positive and negative values.

To examine the mechanical behaviors of the CuCl, monolayer, we further calculated its in-
plane Young’s modulus Y(0) and in-plane Poisson’s ratio v(0) based on the elastic constants.
As shown in Fig. le-1f, Young’s modulus Y(0) and Poisson’s ratio v(0) of the CuCl, monolayer
both exhibit strong anisotropy, implying different mechanical responses against the same strain
along different directions. The highest value of Young’s modulus is 12.40 N/m at 6 = 90° and
270°, which is much smaller than that of MoS, (129 N m!)*3 and BN (318 N m!).>* This
relatively low Young’s modulus endows CuCl, a potential mechanic flexibility. Interestingly,
an obvious NPR is obtained in the CuCl, monolayer along its x, y directions and neighboring
directions (Fig. 1f). The CuCl, monolayer in both x- and y-directions have a large NPR value
of —0.40. This absolute value of NPR is quite high, larger than 5-phosphorene (-0.267)° and
Ag,S (-0.12),°¢ and is comparable to those of W,C (-0.4),>’SiSe (-0.413),°® and Ptl, (-0.54).5°

As we know, materials with NPR also called auxetic materials, which have unique properties
that they could expand when stretched or laterally shrink when compressed. Thus the calculated
NPR results indicate that the CuCl, monolayer is an auxetic material, which originates from a
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coupling of lattice symmetry and Cu—Cl tetrahedron symmetry. As discussed above, CuCly-
tetrahedron is the basic unit in the structure of CuCl, monolayer. In particular, the CuCly-
tetrahedron of symmetry group 7, has one special orthogonal projection, which goes through
on opposite edges (2-fold axis).5? For the CuCl, monolayer, the lattice vector is along the 2-
fold axis, which means the distance of two CIl atoms will increase when the tensile strain is
applied to the edge to the tetrahedron (as shown in Fig. S3), giving rise to the appearance of
NPR. A similar mechanism of NPR has been found in 2D Si-O crystals.>?
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Fig. 2. The spin band structures of CuCl, monolayer of spin up (a) and spin down (b) state with
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HSEO06 function. The blue line and red line represent the spin up and spin down, respectively.
(c) The spin PDOS of Cu 3d and CI 3p orbitals in the CuCl, monolayer, and (d) the spin-charge

density distribution of CuCl, monolayer with an isosurface value of 0.009 a.u.

3.2. Magnetic and electronic properties

To explore the magnetic properties of the CuCl, monolayer for applications in
nanoelectronics, we firstly identified its ground state by computing energies in both spin-
polarized and unpolarized cases using the standard GGA functional. It is found that the ground
state of CuCl, is spin-polarized, exhibiting intrinsic FM. Considering the valence electron of
Cu is from a 3d orbital in the magnetic calculations, it is essential to examine the influence of
Hubbard U correction.®® ¢! Thus, we further performed GGA+U calculations to examine the
relative energies of different states including nomagnetism (NM), ferromagnetism (FM),
antiferromagnetism (AFM), as well as the lattice constants, magnetic moments, and spin-
polarized band structures of the CuCl, monolayer. Regardless of the used Uy value (in the
range of 0~3 eV), the FM configure is always of the lowest energy (Fig. S4), indicating that

the FM is the ground state of CuCl, monolayer at GGA+U level of theory, the same as that
6
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obtained by PBE computations. Moreover, compared with PBE results, the lattice constants,
magnetic moment, and spin-polarized band structures of the CuCl, monolayer all have no
obvious change after including the Hubbard U correction with different U values (Fig. S5-
S7). On the other hand, it is well known that GGA tends to underestimate the band gaps, and
the hybrid exchange-correlation functional, HSE06,* typically gives more accurate band gap
energies. Thus, we also calculated the spin-up/-down band structures of the CuCl, monolayer
using spin-polarized HSE06 functional (Fig. 2a-2b). The spin-up channel is semiconducting
with a wide gap of 4.67 eV at HSEO06 level (~4.40 eV at the PBE level), while the spin-down
channel features the metallic character with a 100% spin-polarization. Note that HSE06 reveals
the same half-metal feature as obtained by PBE and GGA+U computations (Fig. S6 and S7).
These above results suggest that including a Hubbard U potential functional do not have
significant effect for the magnetic calculation of the CuCl, monolayer, thus standard GGA will

be used in the following magnetic studies.

Analyzing the projected density of states (PDOS) (Fig. 2¢) reveals that the density of states
near the VBM is mainly composed of Cu 3d and Cl 3p orbitals. To assess the distribution of
magnetic moments, we calculated the spin density distributions of the CuCl, monolayer (Fig.
2d) and found that the magnetism in this monolayer stems from both Cu and Cl atoms.
Specifically, the magnetic moments are mostly located on the Cu atoms (~0.47 uB), with
smaller contributions from each CI atom (0.14~0.35 uB). This situation is different from the
magnetism in other transition-metal halides such as CrX; (X = Cl, Br, I) 2 monolayers, where
the magnetism arises solely from transition-metal atoms.

Moreover, we computed the Curie temperature (T.) to estimate the effect of temperature on
magnetism by using Monte Carlo simulations, Which is defined as H = — Zi, / ijM; - M;, where
J;; is the nearest-neighboring exchange parameter and M is the spin magnetic moment.5 In this
Monte Carlo simulations, the parameter J is estimated to be about 7.20 meV for the CuCl,
monolayer. Fig. 3a summarizes the simulated magnetic moment curves and specific heat (C,).
By observing the peak position in the specific heat C, (T) plot, the Curie temperature of CuCl,
monolayer is determined to be 47 K. Under strain and carrier doping (as discussion later), the

curie temperature of CuCl, monolayer is nearly unchanged.
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Fig. 3. (a) The magnetic moment (M) (blue) and specific heat (Cv) (red) with respect to
temperature for the 2D CuCl, crystal. (b) The Cu—Cl—Cu superexchange interaction for a 90°
Cu—Cl-Cu bond angle between Cu 3d orbital and Cl 3p orbital. Schematic representation of
Cu-3d orbital splitting (c) and superexchange in the crystal field (d) of CuCl, monolayer.

The magnetism in the CuCl, monolayer can be understood from crystal field theory.%4¢7 In
the CuCl, monolayer, the Cu atom donates electrons to Cl atom, and the coordination of Cl
atom is relatively weak, causing a high-spin configuration, and therefore the arrangement of
electrons is localized on Cu?*. Referring to the Cu-3d orbital projected density of states (Fig.
S8) and crystal symmetry in the CuCl, monolayer, we obtained its schematic orbital splitting
as shown in Fig. 3c. In the coordination field of 2D CuCl, crystal (D,,), Cu-3d states split into
a group of lower-energy orbitals, namely single b, (d,2_,2) orbital and 2-fold degenerate e (d\;,
d,.) orbital, and a group of higher-energy orbitals, namely single b, (d,,) orbital and single a
(d,?) orbital. In this coordination, according to Hund's rule,%® when electrons are distributed to
the energy degenerate orbitals, they occupy different orbitals with the same spin preference.
Thus, the nine d electrons of Cu?* ion (d°) fully occupy the e, b,, b; orbitals, and singly occupy
the spin-up channel of a orbitals, while the spin-down channel of the a orbital is empty,
resulting in an on-site magnetic moment of the Cu atom (Fig. 3d)

On the other hand, macroscopically, the energetically more favorable FM ordering of CuCl,
monolayer can be understood by the Goodenough—Kanamori—Anderson (GKA) formalism.5%
70 There are two competitive distinct mechanisms that determine the magnetic ordering: (i) the

direct exchange between two nearest Cu atoms (Jp) when Jp<0, the material is in AFM
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coupling, and (ii) the chlorine-mediated Cu-Cl-Cu superexchange interaction (Js) via Cl p
states. Js>0 is for the FM coupling. In the CuCl, monolayer, the nearest Cu-Cu distance is 3.62
A, and their direct interaction is weak because of the large distance. In such systems with near-
90° anion-mediated Cu-Cl-Cu bond angles (6=106.8°, Fig 3b), the superexchange interaction
between Cu-Cl-Cu atoms overwhelmingly results in the FM coupling.

At the micro level, the p-d hybridization, i.e., the d-orbitals on adjacent Cu atoms
overlapping Cl p orbitals, in the CuCl, monolayer is confirmed by the PDOS (Fig. 2¢). The
Cu-CI-Cu superexchange interaction tuned by the Cl anion is derived from the strong p-d
hybridization between CI 3p and Cu 3d orbitals. More precisely, in the CuCl, monolayer, the
Cl atom connecting the nearest contiguous Cu?" ions distributes its spin-down electron to the
unoccupied a (d,2) spin-down orbital of Cu?’, forming a strong superexchange interaction,
which results in FM. In short, the FM of CuCl, correlates with Cu 3d configuration and strong
hybridization between Cu 3d states and Cl 3p states.
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Fig. 4. (a) Strain and (b) carrier dependence of the exchange energy AE (AE = Epy — Enp,
where Ery and Eyy are the total energy of FM state and NM states, respectively) of CuCl,
monolayer. The spin band structure of (c) 2% compress strain and (d) 0.2 hole doped CuCl,

monolayer. The blue line and red line represent the spin up and spin down, respectively.
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3.3. Effect of strain and carrier doping on magnetic and electronic properties

Usually, such as Cr—trihalide Janus monolayers and CoBr,,”! applying strain engineering
and carrier doping can tune a magnetic property of material.®3-%¢ Thus, we applied the in-plane
biaxial strain and carrier doping to the CuCl, monolayer and examined their effects on the
magnetic properties. As shown in Fig. 4a, it is found that the CuCl, monolayer can convert
from FM state to NM state when the compressive strain reaches up to 2%. Similarly, the NM
state is tuned to appear under the carrier doping levels up to -0.4 per f.u. (Fig. 4b). The observed
change from FM state to NM state can be understood by the Stoner Criterion. According to this
criterion, when the relative gain in exchange interaction is larger than the loss in kinetic energy,
a spontaneous magnetism can occur when it satisfies the “Stoner Criterion”: D(E)J > 1, in
which the D(Ey) and J represent the DOS at the Fermi energy Ef and the strength of the
exchange interaction.” 73 In the CuCl, monolayer, when the compressive strain reaches above
4%, the variable D(E¢) could not keep meeting the requirement for D(E¢)J > 1, giving rise to
the disappearance of its FM.

Further, the change of magnetic moment was estimated at different strain strength or doping
levels (Fig. S9a). When the tensile strain is applied, the total magnetic moment of the CuCl,
monolayer first increases from 1.55 uB to 2 uB but remains nearly unchanged after the strain
reaches to 6%. In contrast, the total magnetic moment in the case of carrier doping has no
obvious change. In general, the changes of both Cu-Cu distances and Cu-Cl-Cu angles increase
with aggrandizing the tensile strain (Fig. S9b). Under tensile strain, the Cu atom has a filled d-
shell and the spatial hybridization between Cu atoms is small, resulting in a relatively low
direct exchange interaction. Consequently, the influence of Cu-Cu distances is larger than Cu-
CI-Cu angles under tensile strain, thus the Cu-Cl-Cu superexchange interaction would be
enhanced, leading to the increase of FM state. In the different hole-doping levels, the variations
of Cu-Cu distance and Cu-Cl-Cu angle are almost unchanged, and the magnetism nearly
remains the same. In contrast, with the increase of electron concentration, the Cu-Cu distances
are augmented gradually, which is beneficial to FM state (Fig. S9c). Meanwhile, since the
magnetic moment is mainly contributed by Cu atoms (as shown in Fig. S9a), under the strain
of -2% to 4%, there is a slight improvement of magnetic moments (1-2 uB); however, under
carrier doping, the magnetic is nearly unchanged. This discrepancy may be ascribed to the
following difference: strain can enhance the spin splitting of Cu 3d orbital near the Fermi level,
while carrier doping has no obvious influence (Fig. S10).

In addition, adopting the biaxial strain and carrier doping can also tune the electronic

property of the CuCl, monolayer. As shown in Fig. 4c, the metallic CuCl, monolayer can

10
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convert to a half-metal under a compressive strain of 2%. Meanwhile, under doping 0.2 hole,
a similar change from half-metal to metal also occurs (as shown in Fig. 4d). Under the tensile
strain and electron doping, CuCl, monolayer can still keep half-metallic.

Based on the above DFT calculations, we found that the CuCl, monolayer is a novel 2D
auxetic material coupled with intrinsic ferromagnetism, thereby endowing it with potential for
applications in nano multifunctional devices. Due to the non-conventional auxetic feature, the
CuCl, monolayer can expand when stretched or laterally shrink when compressed, which allow
them to be used in sensors, aerospace, and biomedical area. Additionally, its tunable
electronic/magnetic properties are another important merit for applications in spintronic

nanodevices.

4. Conclusion

In this study, we identified a stable 2D CuCl, crystal in the Cu—Cl binary systems using the
PSO algorithm combined with DFT calculations. The CuCl, monolayer adopts a tetragonal P-
4/m?2 structure with CuCl,-tetrahedrons as the basic unit, and exhibits auxetic behavior under
a uniaxial strain with a high absolute value of NPR (0.40). Remarkably, the CuCl, monolayer
exhibits intrinsic ferromagnetism with Curie temperature Tc of 47 K, which is associated with
its Cu 3d configuration and the strong hybridization between Cu 3d states and Cl 3p states.
Applying the biaxial strain and carrier doping, we theoretically examined and tuned their
magnetic and electronic properties. When the compressive strain reaches 4% or the electron
doping reaches 0.4 per f.u., the CuCl, monolayer can transfer from FM to NM state. Meanwhile,
under a tensile strain of 4% or hole doping level of 0.6 per f.u., the CuCl, monolayer transforms
from metal to half metal. All these findings suggest that the novel CuCl, monolayer is a

promising candidate for future applications in spintronics and other nanodevices.
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