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Abstract. The structural and electronic properties of the ternary Cu,Ag,_,Cl alloy are investigated using
a recent version of the full potential linear muffin-tin orbitals method (FPLMTO) based on the density
functional theory, within both the local density approximation (LDA) and the generalized gradient ap-
proximation (GGA). The lattice constants, bulk modulus and band gap were calculated as a function of
copper molar fraction z in rock salt (B1) and zincblende (B3) structures. These parameters were found
to depend non-linearly on alloy concentration Cu, except for the lattice parameter which follows Vegard’s
law. Our results predict the rock salt phase as the ground state for this ternary system.

1 Introduction

In recent years, there is a continuous interest in the study of the structural and electronic properties of silver halides
such as AgCl, due to their importance in the photographic processes [1], as well as in photo and electro-chemistry [2].
The copper halides, especially CuCl, are prototype materials for non-linear optical experiments [3], and present many
unusual features compared with the III-V and II-VI compounds [4]. Recently Ameri [5,6] investigated the structural
and electronic properties of CuCl;_,I, and Cu,Ag;_,I ternary alloys. Another theoretical study [7] investigated the
structural, electronic and thermodynamic properties of ordered Cu,Ag; 1. On the other hand, we previously published
the results of a study of both bulk and superlattice systems of copper halides within the ab initio method [8]. Despite
the technological importance of AgCl and CuCl binary compounds the CuAgCl alloy system has never been explored
to the best of our knowledge. Keeping in view that the lattice mismatch between CuCl and AgCl is very small we
extend our work in the present paper to Cu,Ag;_,Cl alloys. The experiments have shown that the atomic ground
states of AgCl correspond to the rock salt (B1) structure (space group Fm-3m), a form that they have in common
with the majority of the alkali halides. On the other hand, CuCl and other I-VII semiconducting copper halides are
known to be semiconductors with large and direct gaps in their zincblende (B3) ground state phase (space group
F43m). Our aim is to get further insight into the nature of the CuAgCl alloy in the B1 and B3 phases. Otherwise the
objective of this work is to predict the ground state properties and the nature of the band structure for this ternary
alloy versus copper concentration. The knowledge of physical properties of this alloy provides an insight view about
its performance in practical applications.

So, we have investigated the structural and electronic properties of Cu,;Agy—,Cl (hereafter, 0 < z < 1 denotes the
molar fraction of Cu), by performing ab initio calculations based on the full-potential linear muffin-tin orbital within
the density functional theory. This paper is organized as follows: A brief description of the computational details
and methodology is given in sect. 2. We present the theoretical results and discussion concerning the structural and
electronic properties in sect. 3 and the conclusion is given in sect. 4.

# e-mail: fasbenplast@yahoo.fr (corresponding author)
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Table 1. The plane wave number (NPW), energy cut-off (Ecy¢) (in Ry) and the muffin-tin spheres radius (RMTS) (in u.a.)
used in the calculation for binary CuCl and AgCl compounds and for their corresponding alloys in B3 and B1 structures.

Structure ~ Compound NPW Ecu (Ry) RMTS (u.a)

Cu Ag Cl

LDA GGA LDA GGA LDA GGA LDA GGA LDA GGA

AgCl 895 148 45.12 52.7 2.322 2.150 2.220 2.154 2.420 2.154
B3 Cuo.25Ag0.75C1 562 1542 65.0 52.1 2.152 2.165 2.250 2.450 2.523 2.145
Cuo.5Ag0.5Cl 452 875 32.57 42.0 2.152 2.135 2.154 2.145 2.845 2.425

Cuo.75Ag0.25C1 1452 1607 44.157 87.12 2.452 2.152 2.125 2.455 2.154 2.120

CuCl 1850 2010 17.8 45.40 2.548 2.154 2.985 2.542 2.710 2.253
AgCl 875 2006 52.4 20.6 2.080 2.452 2.125 2.647 2.10 2.755
B1 Cug.25Ag0.75Cl 642 690 53.22 10.9 2.520 2.591 2.333 2.599 2.54 2.52
Cug.5Ag0.5Cl 652 690 65.17 10.9 2.455 2.591 2.455 2.591 2.455 2.54

Cuo.75A80.25Cl 1470 2745 56.25 100.2 2.652 2.632 2.458 2.132 2.758 2.13

CuCl 2450 1045 45.28 42 2.520 2.754 2.451 2.244 2.154 2.145

2 Computational details

In this study, the first-principles calculations are performed using the FPLMTO method [9, 10] augmented by a
plane-wave basis (PLW) based on the density functional theory (DFT), as implemented in the Lmtart code [11]. The
exchange and correlation potential was calculated using the local density approximation (LDA) [12] and the generalized
approximation (GGA) [13]. This is an improved method compared to the previous ones which treats muffin-tin spheres
and interstitial regions on the same footing, leading to improvements in the precision of the eigenvalues. At the same
time, this method in which the space is divided into an interstitial regions and non-overlapping muffin-tin spheres
(MTS) surrounding the atomic sites, uses a more complete basis than its predecessors. In the interstitial regions, the
basis functions are represented by the Fourier series. Inside the MTS, the basis functions are represented in terms of
numerical solutions of the radial Schrodinger equation for the spherical part of the potential multiplied by spherical
harmonics. The charge density and the potential are represented inside the MTS by spherical harmonics up to l.x = 6.
The self-consistent calculations are considered to be converged when the total energy of the system is stable within
10~° Ry. In order to avoid the overlap of atomic spheres, the muffin-tin spheres radius for each atomic position is taken
to be different for each case. Both the plane waves cut-off are varied to ensure the total energy convergence. The values
of the muffin-tin spheres radius (RMTS), number of plane waves (NPW), used in our calculation are summarized in
table 1.

3 Results and discussion
3.1 Structural properties

In this section the structural properties of the binary compounds CuCl, AgCl and their ternary alloys Cu,Ag;_,Cl were
analyzed in the zincblende (B3) and rock salt (B1) structures. The alloys were modeled at some selected compositions
x = 0.25, 0.5, 0.75 with ordered structures described in terms of periodically repeated supercells. For the considered
structures, we perform the structural optimization by minimizing the total energy with respect to the cell parameters
and also to the atomic positions presented in table 2. The obtained results for Cu,Ag; _,Cl with (z = 0, 0.25, 0.5, 0.75
and 1), in B1 and B3 phases are shown in fig. 1 using GGA and LDA approximations.

It is seen from this figure that the ground state in Cu,Ag;_,Cl is that of the B1 phase for z = 0, 0.25, 0.5 and 0.75
at ambient conditions, but for = 1 the binary is stable in B3 phase. The structural properties of Cu;Ag;_,Cl alloys
are calculated by energy minimization process. In this process, the unit cell volume is varied and the corresponding
unit cell energy is evaluated. The unit cell energy versus the volume is fitted by the Murnaghan equation of state [14].
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Table 2. Atomic positions for CuzAg;_,Cl alloys.

Phase X Atom Atomic position
B3 0.0 Cl (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 1/4 3/4), (1/4 3/4 3/4)

Ag (01/2 1/2), (1/2 0 1/2), (1/2 1/2 0), (0 0 0)

0.25 Cl (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 1/4 3/4), (1/4 3/4 3/4)
Ag (01/2 1/2), (1/2 0 1/2), (1/2 1/2 0)
Cu (000)

0.5 Cl (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 1/4 3/4), (1/4 3/4 3/4)
Ag (01/21/2), (1/2 0 1/2)
Cu (000), (1/21/20)

0.75 Cl (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 1/4 3/4), (1/4 3/4 3/4)
Ag (01/21/2)
Cu (000), (1/201/2), (1/2 1/2 0)

1.0 Cl (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 1/4 3/4), (1/4 3/4 3/4)
Cu (01/21/2), (1/201/2), (1/21/2 0), (0 0 0)

Bl 0.0 Cl (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 1/4 3/4), (1/4 3/4 3/4)

Ag (01/21/2), (1/2 0 1/2), (1/2 1/2 0), (0 0 0)

0.25 Cl (1/2 1/2 1/2), (1.0 1.0 1/2), (1.0 1/2 1.0), (1/2 1.0 1.0)
Ag (01/2 1/2), (1/2 01/2), (1/2 1/2 0)
Cu (000)

0.5 Cl (1/2 1/2 1/2), (1.0 1.0 1/2), (1.0 1/2 1.0), (1/2 1.0 1.0)
Ag (01/21/2), (1/2 0 1/2)
Cu (000), (1/21/20)

0.75 Cl (1/2 1/21/2), (1.0 1.0 1/2), (1.0 1/2 1.0), (1/2 1.0 1.0)
Ag (01/21/2)
Cu (000), (1/21/20), (1/201/2)

1.0 Cl (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 1/4 3/4), (1/4 3/4 3/4)
Cu (01/21/2), (1/201/2), (1/21/2 0), (0 0 0)

All the ground state properties for each composition such as the equilibrium lattice constant ag, the bulk modulus
By, the bulk modulus pressure derivative B’ in Bl and B3 phases using both the LDA and GGA are presented
in table 3 and compared with the available experimental and other theoretical data. The lattice constants obtained
within the GGA for the parent binary system AgCl (in B1 structure) and CuCl (in B3 structure) are, respectively,
2.93% and 1.41% lower than the experimental value [15,16], which is the usual level of accuracy of the GGA. When
comparing the results obtained within the LDA, the lattice constants are 3.11% for AgCl (in B1) and 2.91% for CuCl
(in B3) and are larger than the experimental values [15,16]. Our results regarding By for B1 and B3 phases of CuCl
and AgCl binary are in reasonable agreement with the literature [16,17]. To the best of our knowledge, there are no
data available in the literature for Cu concentrations of 25%, 50%, and 75%. On the other hand, the By calculated for
CuCl in the B1 and B3 structures are larger than those of AgCl for both LDA and GGA approximations.
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Fig. 1. Variation of total energies versus the volume of unit cell for B1 and B3 structures of CuzAgi—,Cl (x = 0, 0.25, 0.5,
0.75, and 1), with LDA and GGA approximations.
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Table 3. Calculated lattice parameter a, bulk modulus By and the bulk modulus pressure derivative B’ compared to ex-
perimental and other theoretical values of CuCl and AgCl and their alloys, in B1 and B3 phases using both the LDA and
GGA.

Phase Material eq (A) By (GPa) By
CuAgi—,Cl =z GGA LDA GGA LDA GGA LDA
B3 0 AgCl This work 6.166 5.866 44.573 74.58 4.978 5.109
Other work  6.08(®) 5.78(D 30.13D  49.33D
Expr
0.25  Cug.25Ag0.75Cl 6.032 5.748 49.133 80.32 5.077 5.157
0.5  CugsAgosCl 5.882 5.611 53.400 86.49 4.905 5.155
0.75  Cuo.75Ag0.25Cl 5.705 5.452 60.755 99.15 5.067 5.102
1 CuCl This work 5.498 5.262 72.671 131.2 4.125 4.74
Other work  5.455®  5.2578(®  48.38(®)  8.993™ 5196  5.075(*)
Expr 5.42(%) 39.8(" 4(©
B1 0 AgCl This work 5.716 5.375 61.93 115.03 4.190 4.923
Other work  5.617¢  5.368(9  43.318¢®  71.61(®  4.40¢ 5.21(%)
Expr 5.548(8) 47®) 4®)
0.25 Cug.25Ag0.75Cl 5.629 5.292 65.46 117.09 4.545 5.383
0.5  CugsAgosCl 5.528 5.195 65.90 122.09 5.222 5.171
0.75  Cuo.75Ago.25Cl 5.303 5.077 87.97 130.9 4.503 5.077
1 CuCl This work 5.313 4.936 74.58 146.07 4.190 4.936
Other work  5.156(®  4.935®  59.05(®  94.148®  4.733)  4.905®
Expr 4.929() 4(©
@) Ref. [3]
(®) Ref. [18]
(©) Ref. [19]
(D Ret. [20]
(©) Ref. [21]
®) Ref. [22]
(&) Ref. [15]
) Ret. [23]

On the whole, our calculated structural parameters are in good agreement with those obtained by first-principles
methods within different approximations. Usually, in the treatment of alloys when the experimental data are scarce, it
is assumed that the atoms are located at the ideal lattice sites and the lattice constant varies linearly with composition
x according to the so-called Vegard’s law [24]:

a(AyB1_;C) =xzaac + (1 — x)ape,

where ayc and ape are the equilibrium lattice constants of the binary compounds AC and BC, respectively, and
(A;B1—,C) is the alloy lattice constant.

In fig. 2, we present the calculated lattice constants for Cu,Ag;_,Cl versus concentration z along with Vegard’s
law result. The lattice constant scales linearly with composition x thus obeying Vegard’s law. Our calculations exhibit
an excellent agreement to Vegard’s law for the rock salt structure and a small deviation for the zincblende structure.
The overall behaviors of the variation of bulk modulus as a function of the composition z is presented in fig. 3. We
remark a significant deviation from the linear concentration using the LDA approximation. So, the use of the GGA in
this work is more appropriate than the LDA and correctly predicts the composition dependence x of the calculated
bulk modulus. A small deviation of the bulk modulus from the linear concentration dependence with the GGA is
observed and should be mainly due to the bulk modulus mismatch between AgCl and CuCl compounds.

A more precise comparison for the behavior of Cu,Ag;_,Cl ternary alloys with the GGA approximation shows that
a decrease of the lattice constant is accompanied by an increase of the bulk modulus. It represents bond strengthening
or weakening effects induced by changing the composition. Figure 4 shows a linear variation of the difference of energy
local minimum of B1, B3, versus composition x. It is clearly seen that the ternary alloy Cu,Ag;_,Cl changes from
B1 to B3 phases when z is larger or equal to 0.920 and 0.975 with the LDA and GGA, respectively.
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Fig. 5. The band structure of B1- Cup.5Ag0.5Cl and B3- Cug.5Ag0.5Cl with LDA and GGA approximations.

3.2 Electronic properties

Based on the optimized structural results, the electronic band structures corresponding to high symmetry points are
obtained within the GGA and LDA for the B3 and B1 structures. A Fermi level (EF) is chosen to locate at 0eV and
coincides with the top of the valence band. Figure 5 shows the band structure of Cu,Ag;_,Cl at x = 0.5 in the rock salt
and zincblende structures, respectively. The values of the energy band gap for each structure of Cu,;Ag;_,Cl ternary
alloys versus Cu concentration are presented in table 4 and plotted in fig. 6. Our results of band gap for the binary
compounds are in good agreement with the experiment and the theoretical works. The band gap for B1-AgCl-GGA is
1.086 €V, which is in good agreement with Benmessabih et al. results (0.94eV with the GGA) [19], and the band gap
for B3-CuCl-LDA is 0.775eV , which is in very good agreement with Badi et al. results (0.756 eV with the LDA) [8].
For the other concentrations of alloys, there are no results for comparing our band structure.

It can be seen from table 4 that the gap decreases with the increase of Cu concentrations up to 0.5 in the rock
salt and zincblende phase with the LDA and GGA respectively. When z is more than 0.5 the gap increases with the
increase of Cu. The variation of this gap is nonlinear and the band gap is the largest one at x = 1.
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Table 4. Calculated band gap energy of CuzAgi—,Cl alloys at different Cu concentrations (all values are in eV).

Present work

X Value of Gap Eg (eV) Nature of Gap Other work
LDA GGA LDA GGA LDA GGA Expr
0 0.8633 1.086 M-I’ Indirect Indirect 0.636() 0.94() 3.2(¢)
0.25 0.3564 0.2822 M-I" Indirect Indirect
B1 0.5 0.3225 0.2552 M-I Indirect Indirect
0.75 0.4947 0.3125 M-I" Indirect Indirect
1 0.5503 0.4973 M-I" Indirect Indirect 0.6
0 1.0987 1.5501 r-r Direct Direct
0.25 0.6761 0.7769 r-r Direct Direct
B3 0.5 0.5734 0.6259 r-r Direct Direct
0.75 0.5934 0.5716 r-r Direct Direct
1 0.7752 0.6311 r-r Direct Direct 0.756® 0.509™ 3.40Y
(@) Ref. [g].
(®) Ref. [25].
(©) Ref. [19].
(@ Ref. [26].
(©) Ret. [27].
) Ref. [28].
1,6 - - —Ml—B3 GGA
—@®— B3 LDA
1,4 —@®—B1 LDA
. —E—B1GGA
= 127 ] A Ref (22 and 28 With GGA-B1)
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Fig. 6. Concentration dependence of the band gaps calculated by different exchange-correlation energy approximations for
CuzAgy—,Cl alloy. The measured value is taken from refs. [19, 28].

As a result of the drawn band structures with LDA and GGA approximations, we found that Cug 5Agg 5Cl ternary
alloy compounds have an indirect gap at M—I" for the rock salt phase with an energy of 0.3225 and 0.2552¢eV,
respectively, for the LDA and GGA and a direct gap at the I" point for the zincblende phase with an energy of 0.5734
and 0.6259 eV, respectively for the LDA and GGA. We have found that the Cu,Ag;_,Cl local minimum changes from
B1 to B3 when z is larger or equal to 0.920 and 0.975 with both the LDA and GGA, respectively. These values are
so very close to x = 1. Indeed we can see in fig. 4 that in most phases in the diagram the system is in the rock salt
phase. So these results predict the B1 phase as the ground state for this ternary system.
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4 Conclusion

In this work, we have performed first-principles total energy calculations to predict the ground state properties and
the nature of the band structure for new ordered Cu,Ag;_,Cl ternary alloys versus copper concentration. Studies were
carried out using a recent version of the full potential linear muffin-tin orbitals method (FPLMTO) within the local
density approximation (LDA) and the generalized approximation (GGA). We have studied the variation of the lattice
constants, bulk modulus and band energy as a function of the alloy concentration in the rock salt (B1) and zincblende
(B3) phases. Our results show that the use of the GGA is more appropriate than the LDA and correctly predicts the
composition dependence z of the bulk modulus. The lattice parameters of the Cu,Ag;_,Cl compounds scale linearly
with Cu concentration and the results exhibit small deviation from Vegard’s behavior for zincblende structure. The
electronic band structure shows a nonlinear variation of the fundamental band gaps versus copper concentration. In
addition, the phase diagram exhibits the rock salt structure as the ground state for this new ternary system.
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