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ABSTRACT: Herein, we present a detailed comparative study of the structural,
elastic, electronic, and magnetic properties of a series of new halide perovskite AgCrX;

(X: F, Cl, Br, I) crystal structures using density functional theory, mean-field theory Data o

(MFT), and quantum Monte Carlo (MC) simulations. As demonstrated by the Fitted data —

negative formation energy and Born—Huang stability criteria, the suggested perovskite

compounds show potential stability in the cubic crystal structure. The materials are

ductile because the Pugh’s ratio is greater than 1.75, and the Cauchy pressure (C,,— ~51835K

Cy4) is positive. The ground state magnetic moments of the compound were
calculated as 3.70, 3.91, 3.92, and 3.91 pi for AgCrF;, AgCrCl;, AgCrBr;, and AgCrls,
respectively. The GGA + SOC computed spin-polarized electronic structures reveal , . ‘ R s
ferromagnetism and confirm the metallic character in all of these compounds under 0 200 400 600 800 1000
consideration. These characteristics are robust under a +3% strained lattice constant. Temperature (K)

Using relativistic pseudopotentials, the total energy is calculated, which yields that the

single ion anisotropy is 0.004 meV and the z-axis is the hard-axis in the series of AgCrX; (X: F, Cl, Br, and I) compounds. Further, to
explore room-temperature intrinsic ferromagnetism, we considered ferromagnetic and antiferromagnetic interactions of the magnetic
ions in the compounds by considering a supercell with 2 X 2 X 2 dimensions. The transition temperature is estimated by two
models, namely, MFT and MC simulations. The calculated Curie temperatures using MC simulations are 518.35, 624.30, 517.94,
and 497.28 K, with 5% error for AgCrF;, AgCrCl;, AgCrBr;, and AgCrl; compounds, respectively. Our results suggest that halide
perovskite AgCrX; compounds are promising materials for spintronic nanodevices at room temperature and provide new
recommendations. For the first time, we report results for novel halide perovskite compounds based on Ag and Cr atoms.

Normalized Magnetization

1. INTRODUCTION BeO,'* Si0,,"” and other compounds,lé’17 have been found to
demonstrate magnetism.

For this purpose, cubic perovskite-related materials with the
general formula ABX; have been considered, where A ions can

The development of modern technologies demands that the
processing and storage of information be done with extreme
efficiency. Future research in this area is going to concentrate

on spintronics (also known as “spin-based electronics”), which be rare earth, alkaline earth, alkali, or other large ions involving
differentiates itself from conventional electronics by consider- Pb*" and Bi**, and B ions could be transitional metal ions of
ing electron spin to be a new kind of “degree of freedom.” the 3d, 4d, or 5d, which fit into the octahedral sites. X
High spin polarization magnetic materials are often the best represents oxygen or halogens (F, Cl, Br, I), which are
choice in spintronic devices.”” To create novel spintronic anions.'®"” Perovskite materials offer fascinating features due
devices, magnetic semiconductors or spin-injecting half-metals to their variable structure and composition, such as
have inspired the study of magnetism. Modern spintronic tremendous magnetoresistance, high magneto capacitance,

applications,3 which include GMR,* MRAM, spin valves, and
magnetic sensors, effectively utilize half-metallic (HM)
ferromagnetic materials as a result of recent improvements in
spintronic innovation.”® De Groot et al., discovery of half-
metallic ferromagnetism in (Pt/Ni)MnSb Heusler alloys for
the first time in 1983 opened up an entirely novel area for
research.” Since then, the phenomenon of HMF in spinel
chalcogenides, along with single and DPs, has been the topic of
extensive theoretical and experimental research.*” Binary and
ternary oxides, such as MgO,10 Ca0,"' ZnO," SrTiOz,13

and multiferroicity. As a result, they have inspired a lot of
applied and fundamental fields like chemistry,”® physics,’
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advanced materials,”> as well as other fields. The lead-
containing perovskite compounds are poisonous and danger-
ous despite their potential in photoluminescence applications.
The structural, electrical, optical, and mechanical character-
istics of a material, among others, are often studied in detail to
understand the challenges associated with its use in certain
applications. Scientific communities may take notice of lead-
free halide perovskites as a viable alternative.””** To predict a
material’s potential applications, its physical features are often
investigated using experimental and theoretical ap-
proaches.”>*® Perovskite materials, which are made up of
insulators, semiconductors, and even superconductors,,27’28
show some of the many potential uses for photocatalytic,
dielectric, ferroelectric, pyroelectric, piezoelectric, magnetic,
superconductivity, and ionic conductivity.” "

In recent times, researchers have been in pursuit of
developing innovative spintronic devices. Lin et al. predicted
that the NbBaMn,O¢ compound could have a maximum
magnetic moment of 10 yp/fu with a half-metallic (band gap of
1.43 eV in spin down channel).” Similarly, Dar et al. explored
a series of Cs,KXClg: (X = Ti and V) compounds and found
that Ti-based compounds had a magnetic moment of 1 yy per
cell, while compounds based on vanadium had 2 py, per cell.”
So materials applicable for spintronic devices should have high
degree of spin polarization, i.e, a large magnetic moment. We
hope for a high magnetic moment in Ag and Cr based halide
perovskite compounds. It was discovered that most of the
cubic perovskites had an isotropic and mechanically stable
nature. However, more research is required at all levels to
explore their potential in existing crystals or to create new
crystals that can satisfy all of the criteria for practical spintronic
applications. Though there have been theoretical and
experimental attempts to forecast a potential candidate for
nanoelectronic and spintronic devices, it is challenging to
realize 3D materials with outstanding electronic and magnetic
properties at room temperature.

This research project will explore the properties of the newly
predicted halide AgCrX; (X: F, Cl, Br, and I) compounds. Our
investigation will cover the compound’s structural, phonon
band structure, mechanical, electronic, and magnetic proper-
ties. We will also examine how the application of strain affects
its magnetic characteristics. To determine the system’s most
stable state and the presence of room temperature ferromag-
netism, we will analyze the ferromagnetic (FM) and
antiferromagnetic (AFM) coupling between magnetic atoms
in AgCrX; (X: F, Cl, Br, I) compounds. Additionally, we will
forecast the transition temperature using mean-field theory
(MFT) and quantum Monte Carlo simulations while utilizing
the exchange interactions constant. This study will allow the
investigated compounds to have practical uses for feasible
electronic and spintronic device applications.

2. COMPUTATIONAL METHODOLOGY

First-principles simulations were conducted using the
Quantum-Espresso code.”* The plane-wave pseudopotential
method was used for density functional theory (DFT)
calculations.” The exchange and correlation energy was
determined using the generalized gradient approximation
(GGA + SOC) proposed by Perdew, Burke, and Ernzerhof,*
along with the hybrid functional developed by Heyd, Scuseria,
and Ernzerhof’’ In the pseudoatomic computation, the
number of valence electrons considered were 1 for Ag (4d"
+ 5s'), 4 for Cr (3d* + 4s?), and 1 for each element X, such as

F (2s* + 2p°), Cl (3s* + 3p°), Br (4s* + 4s°), and I (5s* + 5s°).
The electron wave function was computed as a plane-wave
basis set, with optimal values of the wave function and charge
density cutoff set at 50 and 220 Ry, respectively. To sample
from the Brillouin region, the Monkhorst—Pack technique was
used.”® The convergence of the findings was carefully verified
for all computations. The Hellmann—Feynman (HF) force on
each atom was reduced to less than 107 Ry/Bohr, and then,
the structures were considered relaxed. The formation energy
of bulk AgCrX; was defined as

AgCrX,

Ep = [Er = (aBge® + DEG™ + EX"™)1/(a + b + ¢)

(1)

where E:;%Cﬂ% represents the total energy of the crystal
structure AgCrX; per unit cell under the steady-state
equilibrium conditions. The E Agb‘llk, Ec™% and Ey™* is energy
per atom, calculated from the Ag[FCC], Cr[BCC], and X
molecular phases, respectively, where a, b, and c are integers
that indicate the number of Ag-atoms, Cr-atoms, and X atoms
per unit cubic cell, respectively.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. The halide perovskite material that
has been presented in Figure la has a cubic crystal structure
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Figure 1. (a) Side-view of AgCrX; halide perovskite crystal structures,
where Ag, Cr, and X (F, Cl, Be, and I) atoms are represented by
green, blue, and white spheres, respectively. (b) Green, red, black, and
orange lines represent the volume optimization of AgCrF;, AgCrCl,,
AgCrBr;, and AgCrl; compounds, respectively.

and belongs to the space group Pm3m (#221). It has five
atoms per unit cell of AgCrX; (X: F, Cl, Br, I) perovskite
compounds. Among these, the Ag atom is placed at the corner,
the Cr atom is placed at the body-centered, and the X (F, C],
Br, I) atoms are positioned at the adjacent face-centered sites.
To investigate the structural, electronic, and magnetic
characteristics of AgCrX; (X: F, Cl, Br, I) compounds, we
first did optimization, i.e., calculated the total energy as a
function of unit-cell volume. By lowering a material’s crystal
energy relative to its unit cell volume, one may utilize first-
principles simulations to find the ground-state energy and
lattice parameters. The calculated total energies by varying unit
cell volume are fitted using Birch—Murnaghan’s curve
approach.’”** Figure 1b depicts the volume optimization
curves for all of the investigated compounds. Table 1 listed the
optimized lattice constants of AgCrF;, AgCrCl;, AgCrBr;, and
AgCrl; are 4.002 4.718, 5.016, and 5.40S A, respectively. By
comparing the lattice parameters, it is found that they are
enhanced when moving from F to I because the atomic sizes
(electronegativity) increase (decrease) across the group. To
check the thermodynamic stability at equilibrium, the lattice

https://doi.org/10.1021/acsomega.3c10174
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Table 1. Optimized Lattice Constant (a,) is in the Unit of A,
Optimal Volume V, in a Unit of A3, Formation Energy (Ey)
in a Unit of eV, the Local Magnetic Moment of the Cr
Atoms and Total Magnetic Moments of AgCrX; (X: F, Cl,
Br, I) Compounds are in the Unit of g

sample a, Yo E¢ Heor (Mo
AgCrF, 4.00 64.09 -0.28 3.70 (3.57)

3.96" —1.15" [5.00,4.00,3.00,1.99]*
AgCrCl; 471 105.02 —-0.20 391 (3.75)

531" 195.60* -1.85% (4.00,5.00]*
AgCrBr; 501 126.20 —0.17 3.92 (3.78)

5537 22372™ —1.43% 2.00%%
AgCrl, 5.40 157.90 —0.14 3.91 (3.82)

599%  259.596*  [-1.16]* = 4.00°°

constant formation energy is calculated with respect to its
constituent atoms and has been tabulated in Table 1. The
formation energies are negative for all studied compounds,
indicating that all these compounds are thermodynamically
stable. We also considered magnetic and nonmagnetic
calculations and found that all these compounds have a
magnetic ground state. A negative formation energy suggests
that these compounds in the experiment may grow
spontaneously through an exothermic reaction in which energy
is released.

These compounds are being investigated for the first time,
and no data are available in the literature. The physical and
chemical properties arise due to the valence electron
contribution, which participates in bonding. Therefore,
compounds with similar family members from the periodic
table of elements tend to have similar characteristics. For this
reason, we compared our findings with nearly matching
perovskite compounds. For example, let us compare AgCrF;
with AgCoF; and AgNiF;, metallic and semiconducting
compounds. They have lattice constants of 3.96 and 3.93 A
with total magnetic moments of 3.04 and 2.00 yp in the cubic
phase. While if we compare AgCrF; with a series of perovskite
KMF; (M; Mn, Fe, Co, Ni) compounds, they have optimized
lattice constants of 4.19, 4.06, 4.04, and 4.01 A for KMnF,,
KFeF;, KCoF;, and KNiF;, respectively. Table 1 lists our
computed values of magnetic moments compared with those
of a series of perovskite KMF; compounds. Similarly, the
lattice constant of AgCrCl; can be compared to CsPbCl;, the
magnetic moment with the RbCrCl;, KCrCl;, and KMnCl,,
which are 4.00, 4.00, and 5.00 yy, respectively.*® By comparing
the compound AgCrBr; with CsCdBr;, which has a lattice
constant of 5.53 A. Similarly, the compounds XTiBr; (X = Rb,
Cs) which having the magnetic moments of 1.99 yy and 2.00
uy with GGA calculations.***° On comparing the AgCrl; with
RbCSBI3 and CsCrl; having magnetic moments 4.00 y per unit
cell.

3.2. Mechanical Properties. Elastic constants are physical
quantities that reveal a material’s mechanical properties and
how it responds to external forces. For the cubic system, there
are three independent elastic constants, C;;: Cy;, Cyp, and Cyy.
The stiffness matrix of rank two having 36 components is
composed of three independent elastic constants in the case of
cubic crystal structure. The stiffness matrix components are
denoted by the notation C;, where i and j are indices that
represent the direction in which stress or strain is being
applied. By examining the energy variation that results from
applying a slight strain to the unstrained lattice, one can derive

these constants.”’ The constant C,, is related to unidirectional
compression along the primary crystallographic directions,
while C,, and C, are connected to shear deformation
resistance. In the case of the mentioned material, AgCrX;
(X: F, Cl, Br, I), AgCrCl, possesses the highest C;; compared
to other compounds. It suggests that the compound is fairly
rigid and resistant to deformation in a direction parallel to a
certain crystallographic axis. The material will have a high
modulus of elasticity and increased stiffness, as the value of C,;
is high, suggesting a strong bond between the atoms and ions
in the material. While AgCrBr; gains second position in rigidity
and withstand to deformation as the value of C,; is less than
that of C;; of AgCrCl;. While in the remaining two
compounds (AgCrF; and AgCrl,), AgCrF; shows a higher
C,/’s value than AgCrl; does. In the studied material AgCrCl,
the value of constant C,, is again larger compared to others,
which means that in a particular crystallographic plane, the
material AgCrCl; exhibits strong resistance to shear
deformation, so the material holds the ability to resist shearing
forces that are applied perpendicular to a certain axis or
direction in its crystal structure. This suggests a strong link
between the atoms or ions in that plane and that they cannot
easily slide or slip. The constants C,, of compounds AgCrl;,
AgCrF;, and AgCrBr; gain the second, third, and fourth largest
values compared to AgCrCl;, while compound AgCrF; has the
largest value of constant C,, than other mentioned compounds
(AgCrCl;, AgCrBry, and AgCrly). In this article, the three
independent elastic constants, C;;, C}, and C,y, are enough to
fulfill the Born-Huang criteria of stability. These values for
AgCrX; (X: F, Cl, Br, and I) are given in Table 2.

Table 2. Elastic Constants of AgCrX; (X: F, Cl, Br, I)
Perovskite Compounds in Unit of GPa

elastic constant AgCrF; AgCrCly AgCrBr; AgCrly
Cy 48.69 93.15 74.77 47.49
Cp 17.54 24.16 16.67 21.20
Cy 13.81 11.18 9.32 6.86
C11C44 3.52 8.32 8.01 6.91

The ratio (C—”) of a material’s stiffness is in a direction
44

perpendicular to that in which it possesses the highest stiffness.

A series of parameters known as Born—Huang stability criteria

must be met for a crystal lattice to be mechanically stable.

According to the following equations, the Born—Huang criteria

for cubic crystal stability can be derived™*?
C;+2C,>0, Cyu>0, C;—C,>0 @)

The standards are based on how elastic the lattice is and
how much force it takes to bend it. The compound AgCrX,
(X: F, Cl, Br, and I) has positive lattice elastic constants; this
demonstrates that spontaneous compression or shear deforma-
tion cannot impact the lattice very easily. So, the lattice
possesses more energy overall than the sum of the energies of
the individual atoms that make it up. The atoms are kept
together by cohesive forces as a result, ensuring that the lattice
is energetically stable. Stiffness and compressibility are two
fundamental mechanical properties of materials that determine
their behavior under stress and deformation. The ability to
resist deformation is measured by stiffness,”* whereas the
capacity to change volume in response to applied pressure or
stress is measured by compressibility.”> Poisson’s ratio

https://doi.org/10.1021/acsomega.3c10174
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describes the link between stiffness and compressibility, which
is the ratio of the lateral stresses and axial strains that occur
when a material is exposed to external loads. When comparing
the elastic constants C,;, C;, and C,,, it can be seen that
AgCrX; (X: F, Cl, Br, I) is less compressible in the x direction,
as Cy; is larger than C;, and C,,. The bulk modulus and the
shear modulus establish the material’s mechanical character-
istics. The bulk modulus is defined as the ratio between the
pressure exerted and the é)roportional shift in volume that
occurs as a consequence.”® The letter “B” is often used to
signify the bulk modulus. The bulk modulus may be calculated
using the two independent elastic constants C;; and C,

B C, +2C,
3 (3)

The bulk modulus measures a compound’s hardness, and the
values listed in Table 3 indicate the hardness of the material

Table 3. Various Moduli of a Series of AgCrX; (X: F, Cl, Br,
I) Compounds

modulus AgCrF, AgCrCly AgCrBr, AgCrl,
B 27.92 47.16 36.04 29.96[16.5]"7
92.68" 31.9% 21.0%7 16.5%
Gy 14.51 20.50 17.21 9.37
Gy 0.30 0.33 0.34 0.27
Gy 7.40 10.42 8.78[ 4.82
10.01* 14.15" 6.56% 4.197"

AgCrX; (X: F, Cl, Br, and I). It shows that AgCrCl; has the
highest value of bulk modulus, which means that it is the
hardest studied material in this study. Meanwhile, AgCrBrj; is
the second hardest compound in the examined material,
AgCrX; (X: F, Cl, Br, I). The remaining two compounds,
AgCrl; and AgCrF;, are comparatively less hard than the
previous ones. Through a comparative analysis of the bulk
modulus values of AgCrF; AgCoF;, and AgNiF;, it can be
deduced that the latter two compounds exhibit higher levels of
hardness in comparison to AgCrF;, as shown by their greater
bulk modulus values. Comparably, we may make a comparison
between the bulk moduli of AgCrCl;, AgCrBr;, and AgCrl,
with those of CsCdCly, CsPbCl;, CsPbBr;, and CsPbl;,
respectively. This comparison reveals that the compounds
mentioned above exhibit a lower hardness than AgCrCl,,
AgCrBr;, and AgCirl;, as shown in Table 3.

The shear modulus is the modulus of rigidity. The Hill
approximation can be employed for estimating a material’s
shear modulus. The resistance of a material to shear stress-
induced deformation is indicated by its shear modulus. Shear
pressures more readily distort materials with low shear moduli,
while high shear modulus materials are stiffer and more
resistant to shearing forces. By comparing (in Table 3) AgCrF,
with AgMF; (M = Co, Ni), results show that the compounds
AgMF; are stiffer and quite resistant to shear forces. In
addition, comparing the shear modulus of AgCrCl; with that of
CsCaCl; and CsCdCl, indicates that these two compounds are
more resistant to shear strength. Further, the compound
AgCrBr; is more resistant than KGeBr; but less resistant than
RbGeBr; and CsGeBr;, as they have higher values of shear
moduli. Furthermore, Hill approximations can be used to find
the approximate values for the shear modulus of a given
material as follows

_ Gp + Gy
2 4)

where Gy represents the Reuss approximation (modulus),
whereas Gy is the Voigt approximation (modulus), AgCrl; has
higher values of Gy, making it a more resistant material than
LiPbl;, as shown in Table 3. Equations S and 6 represent the
mathesgnatical expressions of Reuss and Voigt approxima-
tions.

Gy

Cy, — Cp, +3C,,
5 (%)

The Voigt approximation is a technique used for
determining the shear modulus upper bound and the effective
elastic properties of composite materials. The composite
material is supposed to be transversely isotropic and to
comprise two components with equal volume fractions in this
approximation. A technique for evaluating the lower bound of
a composite material’s effective elastic aspects is the Reuss
approximation. It is probably accurate to say that the
composite material behaves as if it were a homogeneous
component with isotropic properties. The Reuss approxima-
tion is mathematically represented as

— (Cll B C12)5C44
4C44(3C11 - CIZ) (6)

Gy =

R

It is a variation in a material’s physical characteristics when
measured along different axes.’” Materials that are isotropic
have an A value of 1, whereas materials that are anisotropic
have an A value that is higher or lower than 1. This may
happen as a result of variations in the crystal structure, grain
orientation, fiber alignment, or other elements that have an
impact on the material’s é)hysical behavior. The mathematical
formula for anisotropy is”

2Cy,
Chp—Cp (7)

The values of anisotropy of AgCrF;, AgCrCl;, AgCrBr;, and
AgCrl; are 0.88, 0.33, 0.32, and 0.52, respectively, showing that
they are all anisotropic compounds. In Table 3, a comparison
of the anisotropic values of these materials with others is
mentioned, which indicates that AgCrF; has higher anisotropic
values than AgCoF; and AgCrF; which implies that the
AgCrFy’s behavior (stiffness or strength) changes considerably
when measured in different directions. This could mean that
AgCrF; might be stronger or stiffer along one axis compared to
another. This behavior can also be seen for AgCrl; while
comparing it with LiPbl;. On the other hand, AgCrCl; has less
anisotropic values than CsCaCly (GGA approximations), but
higher than CsCdCl; which has negative anisotropic values.
The anisotropic behavior of AgCrBrj; is quite interesting as its
anisotropy values are higher than KGeBr; but less than
RbGeBr; and CsGeBr;, making it stiffer or stronger than
KGeBr;, but less than RbGeBr; and CsGeBr;. Two mechanical
characteristics of materials that go against one another are
ductility and brittleness. The degree to which a material resists
plastic deformation under tensile stress before collapsing is
called ductility.”’ When a material is said to be brittle, it has a
small tendency to deform before breaking under stress but
cracks when put under stress.”> The Young Modulus, Pugh’s
ratio, and Poisson’s ratio are the parameters for evaluating
brittleness. These are discussed in more detail in the following

https://doi.org/10.1021/acsomega.3c10174
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paragraphs. The resistance (stiffness) of an elastic solid to a
change in length may be measured using Young’s Modulus,
also known as the stress-to-strain ratio.”’ Young’s Modulus can
be expressed mathematically as

9GB
E=—-"_
3G+ B (8)

In the present study (see Table 4), Young’s modulus of
AgCrF; (37.12) is higher than that of AgNiF; (28.99) but less

Table 4. Mechanical Parameters of AgCrX; (X: F, Cl, Br, I)
Halide Perovskite Compounds

modulus AgCrF; AgCrCly AgCrBr, AgCrly

A 0.88 0.33 0.32 0.52
0.54* 0.437° 0.41% 0.22*

E 37.12 56.41 45.65 29.28
42.88"M 36.857° 31.60*° [10.78]*

cP 3.73 12.98 7.35 14.33

15.5 14.33

B/G 3.77 4.52 4.10 621
481% [1.76]7° 3.44% 1.98%

v 0.37 0.39 0.38 0.42
0.42*! 0.36"° 0.37% [0.28]*

¢ 0.50 0.40 0.37 0.57
[0.571* 0.51% 0.37 0.57

2 41.82 77.91 54.43 57.01

u 13.46 20.18 16.49 10.28

than that of AgCoF; (42.88), which signifies that AgCoF; has
greater stiffness or resistance to deformation under an applied
force than AgNiF; but less than AgCoF;. In addition, AgCrCl,
(56.41) has the highest resistance to external stress of all of the
studied compounds, ie., AgCrF;, AgCrBr;, and AgCrl. It is
also a more resistant material than CsCaCly (36.35 GGA
approximations) and CsCdCl; (36.85). On the other hand,
AgCrBr; (45.65) is the second-highest stiffening compound in
this study and also higher than KGeBr; (17.94), RbGeBr,
(27.71), and CsGeBr; (31.60). Finally, AgCrl; (29.28) has
much larger resistance to external force than LiPbl; (10.78).
The mechanical stress at some particular point within a
continuum is measured by Cauchy pressure CP. The difference
between two elastic constants (C;,—C,,) is referred to as
Cauchy pressure. It can be represented mathematically as
follows

CP=C, - C, ©)

The sign (positive or negative) of the Cauchy pressure can
be utilized to predict the type of bonding in a solid. The
Cauchy pressure is positive for compounds with dominant
ionic bonds and negative for those with dominant covalent
bonds.** Cauchy pressure, which demonstrates the angular
nature of atomic bonding in metals, is related to the ductility of
materials.”” A positive Cauchy pressure often observes a
crystal’s ductility, whereas brittleness can be identified by a
negative value.”” The calculated Cauchy pressures of
AgCrX;(X: F, Cl, Br, and I) are 3.73, 12.98, 7.35, and 14.33,
respectively. Cauchy pressure is positive for all the above-
mentioned compounds, which means that all the studied
compounds (AgCrF;, AgCrCl;, AgCrBrs, and AgCrl;) are
ionic and ductile. The Pugh’s ratio B/G, also known as the
Pugh’s modulus ratio, is a relationship between the bulk

modulus (B) and the shear modulus (G) of a material. It has
been characterized as follows

Pugh's — ratio = B/G (10)

It is a significant factor that categorizes solid materials into
ductile and brittle groups, with a critical value of 1.75.°7%° A
material is characterized as brittle when the B/G < 1.75, while
it is considered ductile when the B/G > 1.75, ratio of B to G is
more than 1.75.°* It is clear from the analysis that the
compounds AgCrF;, AgCrCl;, AgCrBr;, and AgCrlj; are ductile

because they have values of % that are greater than 1.75. If we

compare the studied materials with the literature (Table 4), it
can be seen that all of the materials KGeF;, RbGeF;, and
CsGeF; are also ductile. Similarly, AgCrCl; is the second-
highest ductile material studied in this work and is even more
ductile than CsCaCl;. The compound AgCrBr; has values of
ductility much higher than those of KGeBr; (3.44), RbGeBr,
(2.10), and CsGeBr; (1.78). Finally, AgCrl; (6.21) is the most
ductile material; it is also more ductile than LiPbl;. The ratio
of a material’s lateral to longitudinal strain under mechanical
force can be defined by the basic mechanical characteristic
known as Poisson’s ratio (). Its mathematical form is

,_ 3B-2G
2(3B + G) (11)

In this scenario, bulk modulus B and shear modulus G are
both taken into consideration. The Poisson’s ratio is a critical
parameter that characterizes the mechanical behavior of
materials, specifically in terms of their brittleness or ductility.
Materials exhibiting a Poisson’s ratio below 0.26 are classified
as brittle, whereas those with a Poisson’s ratio about equal to
or over 0.26 are categorized as ductile.”” Here, the compounds
AgCrF;, AgCrCl;, AgCrBr;, and AgCrl; have a Poisson’s ratio
that is positive and higher than 0.26 as mentioned in Table 5,

Table 5. GGA + SOC Calculated Total Magnetic Moment
(m) of AgCrX; (X: F, Cl, Br, I) Compounds in Unit of py
under Various Strains €

sample m(—3%) m(—2%) m(0%) m(+2%) m(+3%)
AgCrF; 3.66 3.67 3.70 3.74 3.75
AgCrCl, 3.87 3.89 391 3.93 3.94
AgCrBr, 3.88 3.90 3.92 3.95 3.95
AgCrl, 3.85 3.87 391 3.93 3.94

which indicates that they are all ductile in nature. The
observed outcome indicates that the compounds under
investigation exhibit a propensity to undergo expansion
(contraction) in two orthogonal dimensions when subjected
to compression (tension) in an alternate direction. This fact is
known as the Poisson effect.

The Kleinman parameter ({) is another dimensionless
parameter that can range from 0 to 1. It is used for fixing cation
and anion sublattices for their locations. According to
Kleinman’s definition, the minimized bond bending compo-
nent is linked to the lower threshold, while the minimal bond
stretching component is related to the higher threshold.”" The
Kleinman parameter () is defined in terms of elastic constants
C,; and C,,”?

_ C,, + 8C,
7C; + 2C, (12)
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It can be seen from the equation that { gains its highest
value, if C;; = C, as { = 1. The parameter proposed by
Kleinman has a well-established correlation, wherein a decline
in its value corresponds to a boost in resistance to bond
bending or bond angle distortion.”* Presently, the compounds
AgCrl; and AgCrBr; have the highest and lowest values of §,
which indicates that they have the smallest and largest
oppositions to bond bending or bond angle distortion.
AgCrF; and AgCrCl; also have lower bond bending bond
angle distorting compared to AgCrBr;. Lamé parameters are a
pair of material-specific quantities denoted as y and A, which
are used in the formulation of strain—stress relationships.
These quantities are sometimes referred to as the Lameé
coefficients, Lamé constants, or Lamé moduli.”* Typically,
Lamés first parameter and Lamé's second parameter are
denoted by p and 4, respectively. In the realm of elasticity, the
shear modulus, denoted as , is the designated nomenclature,
and G may serve as a substitute for y. The use of Young’s
modulus E is often linked with the symbol G, whereas the
parameter y is frequently matched with the symbol A.”> The y
and A are defined as

_ E

H= 2(1 + v) (13)
_( VE
T 1+ )1 - 2w) (14)

Using GGA + SOC calculations, Lame’s parameters have
been calculated. which shows that Lameé’s second modulus is
approximately Voigt’s shear modulus. On the other hand, there
is a connection between a portion of Young’s modulus and the
first Lamé modulus. This is something that can be easily
shown: 4 = Cy, and, pu = (c“gic“)
system.However, AgCrX; (X: F, Cl, Br, I) are substantially
anisotropic materials, so our calculated results do not satisfy
the above relations, which only apply to isotropic systems.

3.3. Phonon B and Structure. The finite displacement
method was used to calculate the second-order interatomic
force constants (IFCs-2) harmonic terms using PHONOPY
code.”® The IFCs-2 were computed using a 4 X 4 X 1 supercell
containing 48 atoms, and the total energies were obtained
using point meshes of 5 X 5 X 1. The graph in Figure 2a—d
displays the phonon band structure along the high symmetry
points that form a closed path '=M—K-T" in the first Brillouin
zone. Notably, a negative frequency exists at the M point in the
phonon band structure due to the slight variations in the lattice
constant. Besides this, it is small in magnitude and can be
neglected. All of the phonon band structures show positive
frequency at the I' point, indicating the compounds being
studied are kinetically stable.

3.4. Electronic Structure. The electronic properties of a
material include the conductive behavior of electrons, their
distribution across energy levels, arrangement of electronic
structures, and response to the external field. The qualities
above are paramount in influencing the conductivity and
magnetic properties of the components. Figure 2a—e shows the
band structure, and 3a—d represents total density of states
(TDOS) and partial density of states (PDOS) of the AgCrF,
compound.

The electronic band structure, TDOS, and PDOS of the
mentioned compounds AgCrX; (X: F, Cl, Br, and I) show
similar behavior [see Figures Sla—dS3a—d], which is why we

= C,, for an isotropic
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Figure 2. Phonon band structure of (a) AgCrF;, (b) AgCrCly, (c)
AgCrBr;, and (d) AgCrl; at equilibrium lattice constant.

present only here data for one compound AgCrF;, and the
remaining data is moved to Supporting Information. To
compute the band structures at the high symmetry points I" —
X — M —T — R — M, a range of energy from —6 to 6 eV is
used. The Fermi level is shifted to 0 eV. The spin-up and spin-
down channels cross the Fermi level, as shown in the spin-
polarized band structure (see Figure 2a—e). Employing the
GGA + SOC calculations confirms the metallic and magnetic
nature of the studied halide perovskite AgCrX; (F, Cl, Br, I)
compounds, which exhibit metallic and magnetic behavior
even when no strain is applied (¢ = 0%) [see Figure 2c]. The
energy bands that are only half-filled cross the Fermi level,
giving the bands metallic character. The investigation also
involves the analysis of the TDOS and partial densities of state
(PDOS) of AgCrX; (F, Cl, Br, I) at zero strain, as shown in
Figure 3a—d. This approach aims to provide a comprehensive
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Figure 3. Spin-polarized band structure of a halide perovskite AgCrF;
crystal structure under 0 to 3% volumetric strain: (a) € = —3%, (b) €

—2%, (c) € = 0%, (d) € = +2%, and (e) € = +3%. The spin-up and
spin-down channels are represented by dotted red and solid black
lines, respectively.
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understanding of those compounds’ electronic characteristics.
The investigation indicates that the spin-up and spin-down
channels cross the Fermi level, confirming the materials’
metallic nature at the equilibrium lattice constant. The
nonperfectly symmetrical TDOS and PDOS have demon-
strated magnetic behavior in these compounds.

Figure 3a—d shows that at zero strain (¢ = 0%), the valence
band in AgCrF; is dominated by the d-orbital of Cr atom with
minor contribution from Ag p-orbital and F atom s-orbital
states. While moving from AgCrF; to AgCrl;, the contribution
of the d-orbital of Cr atom keeps on increasing along with the
contribution of p-orbitals of Ag and halogen atoms [see
Supporting Information Figure 3a—d]. Except for the case of
AgCrCl; in which the valence band is due to the major and
minor contribution of d-orbitals of the Cr atom and Ag atom,
respectively [see Figures S4a—d—S6a—d]. On the other, the
conduction bands are formed due to the prominent
contribution of orbitals of Ag atoms along the d-orbitals of
Cr atoms in all compounds, i.e., AgCrX; (F, Cl, Br, I). It is also
clear from the PDOS that near the Fermi level in the
conduction band, the p-state of Ag atom hybridized with the p-
state of the F atom. The same trend is followed by the atoms in
AgCrCly; compounds, while for the AgCrBry (AgCrly), in
CBM, the p-state of Ag atom hybridized with the p-state of Br
(I) atom, as well as d-state of Ag atom, of both compounds
[see Figures S4a—d—S6a—d]. Furthermore, it is confirmed that
the material is ferromagnetic, because the TDOS and PDOS
are not symmetric.

These outcomes result at no strain of the halide perovskites
AgCrX; (F, Cl, Br, I), revealing a metallic behavior, which
supports the findings established by the band structure above.
A further indicator of these compounds’ magnetic behavior is
the nonsymmetric TDOS and PDOS [see Figures S4—S6].
Figure 2a—e depicts the electronic structure estimated vs strain
under different strain. In particular, in light of earlier research
that showed that the application of strain could alter the
electronic structure materials, their magnetic properties would
also be changed. A volumetric strain is used to modify the
electronic structure of AgCrX; (X: F, Cl, Br, I) and to estimate
whether it changes its electronic characteristics. Our
investigation has found that the Fermi level is slightly changed
under the applied strain. Yet, in the strain ranges of € = —3 to
+3% except € = + 1%, there’s no detectable or significant
variation in metallic character for both spin-up and spin-down
channels of these compounds AgCrX; (X: F, Cl, B, I). Figure
2a—e indicates that under applied volumetric strains, the
electronic structure of these compounds does not alter
significantly but causes noticeable changes in the magnetic
moment that do affect their magnetic properties in a
distinguishable way [see Figure 4].

The origin of magnetism, the presence of unpaired electrons,
the strength of magnetic interactions between atoms or ions,
and so forth are discussed The presence of unpaired electrons
in the atom and the asymmetric TDOS, or irregular spin
distribution, gives rise to a nonzero magnetic moment in the
compounds. The cations Ag*, Cr**, and the anion X~ in the
AgCrX; (X: F, Cl, Br, and I) compounds provide electrical
neutrality. As the Ag* and X~ do not or do participate in
magnetism in a minor way, the exchange coupling between
Cr** cations serves as the fundamental governing force of the
magnetic behavior. The 3d states of Cr-atoms contribute the
dominant contribution in the total and local atomic magnetic
moment [see Table 1], which indicates that the other
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Figure 4. Spin-polarized (a) TDOS and (b) PDOS of s-orbital, (c)
PDOS of p-orbital, and PDOS of d-orbital for atoms in AgCrF; crystal
structure at equilibrium lattice constant.

nonmagnetic atoms contribute only a small fraction of
magnetic moment. Our calculations of the total magnetic
moment of AgCrF;, AgCrCl;, AgCrBr; and AgCrl; compounds
at different volumetric strains are listed in Table S.

Hund’s Rule states that electrons must occupy every orbit
singly before the orbit is doubly occupied. This leaves the atom
with unpaired electrons that exhibit a magnetic moment, which
results in total magnetization due to their ability to orient in
either direction. For example, H has one valence electron, so
the isolated H atom is magnetic with a magnetic moment of 1
My, and nitrogen has three valence electrons, so it has a
magnetic moment of 3 .’ Similarly, isolated Cr** ion has
four valence electrons; we are expected 4 yp magnetic moment
in Cr-based perovskite compounds. Based in Table 1, it can be
observed that AgCrl; exhibits a higher total magnetic moment
compared to AgCrF;, owing to a reduction in the electro-
negativity (EN) of the halogen atom present in the compound.
This decrease in EN values results in the localization of charges
around the magnetic atom, thereby escalating the magnitude of
magnetic moments. Figure S shows that when ferromagnetic

AgCrF; —o—
AgCrCl;

AgCrBry =—

Magnetization (jLp/cell)
w
T

AgCrly

A}

3.5 4 4.5 5 5.5 6
Lattice constant (;&)

Figure S. Schematic representations of lattice constant vs magnet-
ization plots of AgCrX; halide perovskite compounds.

materials are subjected to tensile strain, elongating the bond
lengths of magnetic atoms with the surrounding halogen atoms
leading to further charge localization on the magnetic atom
and increased magnetic moments consistent with the Hund’s
rule [see Table 5]. Figure S provides a visual representation of
this phenomenon. In the case of AgCrX; (X: F, Cl, Br, I), the
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local magnetic moment increases under tensile strain, with the
magnitude of the strain determining the extent of the increase.
According to Table 1, the total magnetic moment of AgCrl; is
greater than that of AgCrF; due to a decrease in electro-
negativity (EN) within the same group of elements in the
periodic table. The reduction in EN values leads to small
charges being transferred from the magnetic atom to the
halogen atom; as a result, the calculated total and local
magnetic moment increases. Table 5 indicates that when a
ferromagnetic material is subjected to tensile (compressive)
strain, it can cause the bond lengths of magnetic atoms with
halogen atoms to elongate (reduce), further increasing
(decreasing) the charge localization around the magnetic
atom. In the case of a series of new halides, AgCrX; (X: F, Cl,
Br, I) compounds, the tensile strain has increased the total
magnetic moment, depending on the magnitude of the strain.

Figure 4 shows the behavior of magnetization concerning
the lattice constants. It can be seen that with the increase of
lattice constant, magnetization increases and gains constant
values after the optimized lattice constants. This kind of
behavior can be observed for all compounds under
consideration. For AgCrF;, the magnetization abruptly
increases from 2.28 yuy (at 3.50 A) to 3.61 uy (at 3.60 A)
and gained constant values 4.00 ug (at 5.20 A). While in the
case of AgCrCl;, the magnetization increases from 2.41 g (at
420 A) to 3.50 py (at 4.30 A) and grabs a constant value of
4.00 g (at 5.40 A). The magnetization of AgCrBry compound
shows strange behavior as it swiftly increases 0.51 to 1.37 g
(from 3.70—3.80 A) and again 2.05 i (at 4.00 A) and 3.50 yy
(at 4.30 A) and finally gets constant values of 4.00 yy (at 5.40
A). On the other hand, AgCrl; gets magnetization of 0.24 uj
(at 4.10 A) and keeps on increasing from 1.25 pig to 2.4S ug in
the range of lattice constant 4.30—4.70 A and abruptly
increases and gained magnetization of 3.71 g (at 4.80 A) and
finally gets a constant value of 4.00 u5 (at 6.00 A).

3.5. Ferromagnetic and anti-Ferromagnetic Interac-
tions. The ferromagnetic ground state in AgCrX; (X: F, Cl,
Br, I) can be roughly confirmed by the total energy difference
between Ey, (magnetic) and Eyy; (nonmagnetic). To verify the
ground state, we further used FM and AFM interactions to
examine the ground state of the compounds. For this, we
evaluated AEpy_spy which is defined as

AEpyv—arm = Epm — Eapmt (19)

To confirm whether the halide perovskite compound,
AgCrX; (with X = F, Cl, Br, I), has room-temperature
ferromagnetism, we analyzed the interactions between the first,
second, and third nearest neighbor spin—spin interactions. The
difference in the total energy of various states indicates that
spin orientation is crucial. Therefore, the second and third
nearest neighbor exchange interactions play a significant role in
calculating the Curie temperature for these newly predicted
halide perovskite compounds. In our study, we evaluated three
possible spin orientations, namely, ferromagnetic (FM),
antiferromagnetic 1 (AFM1), and antiferromagnetic 2
(AFM2) configurations [see Figure 6a—c].

In the context of a cubic system, including magnetic centers
of equal magnitude, each magnetic center is characterized by
the presence of a single unpaired electron residing in a
confined atomic orbital. Furthermore, it is worth noting that
the interactions between the localized spins are mostly
influenced by the closest neighboring magnetic ions. The
structural unit cell of such a periodic system has just one

(a) FM

o

Ry

v
v
83
v

Figure 6. Ball-and-stick model of AgCrX; for FM and AFM coupling
(a) FM state, (b) AFM1 state, and (c) AFM2 state. The blue and
yellow colors represent Cr atoms with up and down spin, respectively.

magnetic atom for each material. Therefore, supercells are
required in order to achieve the required solutions and make
use of the mapping technique, as shown in Figure 4. However,
it is anticipated and empirically observed in numerous
magnetic systems that two-body interactions will be the
primary factor, with nearest-neighbor two-body interactions
displaying greater magnitudes. The Hamiltonian equation,
commonly known as the Heisenberg (or Heisenberg—Dirac-
Van Vleck) Hamiltonian, is often used to describe the simplest
scenario involving isotropic two-body interaction magnetic
centers.

H=-31]885=-1235
i\j (ij) (16)

where (ij) indicates that the summation covers all equivalent
pairs of nearest neighbor sites only, which is an infinite number
in a bulk solid, and J is the two-body spin amplitude, also
known as the magnetic coupling constant, between i and j

equivalent sites with S, and .§j total effective spin operators. The

utilization of a minus sign in this context adheres to a tradition
that signifies negative ] values as indicative of an
antiferromagnetic interaction. This interaction implies that a
state characterized by antiparallel spins between sites i and j is
more stable. The amplitudes of the relevant spin operators are
often determined by experimental methods but frequently in
an indirect manner due to the necessity of making assumptions
regarding the magnitude and polarity of the dominant terms.
Ferromagnetic and antiferromagnetic energy can be described
by the equation as, E(FM) = —3],5*, E(AFM1) = —JS,* and
E(AFM2) = +3]S,%. While in our case, S, is 2. Thus, the
ferromagnetic and antiferromagnetic energy difference can be
expressed as

2
Eem — Expvn = 2JS; (17)

Eem = Bz = 6]Sz2 (18)

In this instance, the value of S, is equal to 2, and as a result,
eqs 18 and 19 will have the following form

Eep = Eapn = 8 (19)
Eppm = B = 24/ (20)

To gain insights into the spintronic properties of AgCrX,
(X: F, Cl, Br, 1), we calculated the spin density iso-surfaces.
Spin density (p) is defined as the difference between the
electronic densities of spin-up states (p') and spin-down states
(p*). Figure 8a—f showcases the spin densities of isosurfaces
both top and side views of FM (ferromagnetic), AFMI
(antiferromagnetic type 1), and AFM2 (antiferromagnetic type
2) states in the case of the AgCrF; perovskite compound. The
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spin densities appear uniformly distributed around the
chromium (Cr) atom, with positive and negative spin densities
represented by red and blue dice shapes, respectively [see
Figure 7a—f]. In the case of AgCrF; in FM order (Figure 7a,b),

(e) AFM2

Figure 7. Top and side view of the spin density iso-surfaces of AgCrF;
(a,b) FM state (c,d) AFMI state, and (e,f) AFM2 state. The value of
the iso-surface is 0.001 eA™® in all cases. The red and blue colors
represent positive and negative spin densities, respectively.

a positive spin density iso-surface is observed in the form of
dice shapes (red color) that enclose the Cr atoms prominently
in both top and side views. Additionally, a small positive spin
density is also observed in the ring shape surrounding the face-
centered halogen F atoms. However, Figure 7c,d shows the
spin density iso-surfaces of AFM type 1 order in which the
positive and negative spin density is alternating. Interestingly, a
small ring of positive and negative spin density surrounding the
halogen F atom is also observed alternatively. The Cr—F bonds
show positive spin density near the negative spin density of Cr
atoms, while in contrast, negative spin density near the positive
spin density of Cr atoms [see Figure 7c,d]. On the other hand,
in the case of AFM2 order, as shown in Figure 7e,f, a uniform
positive spin density iso-surface encloses the upper plane of Cr
atoms, while negative spin density iso-surface encloses the
bottom plane of the Cr atoms. Interestingly, ring-shaped
positive spin density taped the negative dice shape spin density
in the upper plane of Cr atoms. For the bottom plane, the
converse is also true. So, the Cr—F bonds exhibit quite
reflective behavior, as they display positive spin density, where
the negative spin density is prominent around the Cr atom.
Table 6 shows the ground state energies of FM, AFM1, and
AFM2. It is evident from the table that FM is the most stable
state. The energy difference between FM and AFM suggests
that different spin orientations result in various exchange
interactions, highlighting the importance of spin interactions.
The exchange coupling constant for the first, second, and third
nearest neighbor interactions are given the names J}, J,, and J;,
respectively, based on the bond length between them. Table 6
shows J; and ], values, both of which are negative. This
suggests that for all investigated samples, the most stable state
is a ferromagnetic state. For these novel halide perovskite
AgCrX; compounds, we compute the Curie temperature using
MFT and Monte Carlo simulation, which demonstrates
intrinsic ferromagnetism. To perform MFT simulations, we
require the first nearest-neighbor exchange interaction. On the
other hand, to do realistic calculations of the transition
temperature, we considered Monte Carlo (MC) simulations.
To perform MC calculations, we need a high-order exchange

Table 6. Total Energies of FM, AFM1, and AFM?2 States in
Unit of Ry”

compounds AgCrF, AgCrCly AgCrBr, AgCrl,

Epy (Ry) —3244.41 —2906.24 —2790.63 —2874.27
Eari (Ry) —3244.37 —2906.20 —2790.60 —2874.25
Exev (Ry) —3244.41 —2906.05 —2790.47 —2874.12
i (meV) -33.51 —39.53 —33.46 -31.32
T, (meV) —2.45 —-2.55 —1.69 —-1.38
T (K) 259.16 305.72 258.77 24222
™€ (K) 518.28 624.30 517.94 497.28

“The first, second, and third nearest neighbors exchange interactions
Ju J» and J; are computed in meV. In all samples, J; is calculated
0.0005 meV. Transition temperature TcMFT and TcMC values are
expressed in units of K.

interaction constant. The computed values of J;, J,, and J; for
AgCrF; halide perovskite sample with a simple cubic crystal
structure are —33.51, —2.45, and 0.0005 meV/link, respectively
[see Table 6]. Thus, the higher-order term J3 approaches zero,
and only the first- and second-nearest-neighbor interactions are
significant. So, the different values of the exchange interactions
result in different values of transition temperature calculated
using MFT and MC calculations.

The fitted data are shown as a red solid line in Figure 8a—d,
whereas the data points are shown as a black open circle. The
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Figure 8. Normalized magnetization is function of temperature
calculated using MC simulations: (a) AgCrF;, (b) AgCrCl;, (c)
AgCrBry, and (d) AgCrl,. The empty circle denotes the data point
obtained using Monte Carlo simulation, and the solid line indicates
the fitted data to the temperature dependent magnetization

M(T) = (1 - T/T)".

normalized magnetizations exhibit a steep decline in the fitted
data. This suggests that ferromagnetic to para-magnetic states
are undergoing a thermodynamic phase change. For the
AgCrF;, AgCrCl;, AgCrBr;, and AgCrl; compounds, the
computed Curie temperatures using MC simulation are
518.35, 624.30, 517.94, and 497.28 K, respectively. The
selection of magnetic materials in a wide range of various
industrial applications must have unique properties. For
example, magnetic materials used in magnetic storage devices,
magnetic sensors, magnetic shielding electric motors, and
generators depend on their magnetic characteristics, cost, and
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stability up to high Curie temperatures. The structural stability,
dynamic stability, mechanical stability, and high transition
temperature of these compounds indicate the feasibility of
synthesis in the experiment. Once it is synthesized, then it is
recommended to use these materials in the aforementioned
applications.

4. CONCLUSIONS

In this work, we investigated the properties of the new halide
perovskite compound AgCrX; using the DFT method based
on GGA + SOC calculations. We investigated the structural,
phonon spectrum, elastic, electronic, and magnetic properties
of these compounds. Our results indicate that these
compounds are structurally and mechanically stable, making
them feasible for synthesis in experiments. New AgCrX; halide
perovskite compounds are ferromagnetic above room temper-
ature. Spin-polarized relativistic calculations show conducting
behavior in both spin channels, and intrinsic ferromagnetism
remains robust under +3% applied strain. TDOS and PDOS
confirm ferromagnetism, and total magnetic moments increase
(decrease) under tensile (compressive) volumetric strain. The
study found that the z-axis is the hard axis of a magnetic atom.
The single-ion anisotropy was approximately 0.001 meV in all
compounds studied, and using a large supercell of size 3 X 2 X
2 confirmed that it is very small in all cases. We estimated the
Curie temperature (T.) for four different compounds (AgCrF;,
AgCrCl;, AgCrBr;, and AgCrl;) using MFT. Our quantum
MC simulations provided more accurate estimates of T, which
were significantly higher for all four compounds. Halide
perovskite AgCrX; compounds could be promising materials
for spintronic nanodevices that operate at room temperature.
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