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We present an investigation into the magnetism exhibited by AMY, compounds characterized by a chalcopyrite structure, where A
can be Cu or Ag, M can be Sc, Ti, V, Cr, Mn, or Fe, and Y can be either S or Se. By substituting M atoms at the Ga position of AGaY,
compounds, the magnetic properties were calculated using the full potential linearized augmented plane wave method under the
generalized gradient approximation and local spin density approximation with the WIEN2K code. The obtained spin-polarized
results confirmed the presence of ferromagnetic and half-metallic (HM) properties in AMY, compounds (A =Cu, Ag; M=Ti, V,
Cr, Mn; Y =$, Se), wherein the HM property is preserved through p-d hybridization of p states of Y (S, Se) atoms with d (t,,) states
of M (M =Ti, V, Cr, Mn) atoms, and minimal contribution of —s states of A (A = Cu, Ag) atoms. The total magnetic moments for
AMY, compounds were calculated as 1.00, 2.00, 3.00, and 4.00 ug/f.u. for M =Ti, V, Cr, Mn, respectively. For AFeY, compounds
(A=Cu, Ag; Y =S, Se), electronic band structures for both up spin and down spin states were identical, suggesting antiferromag-
netic behavior at equilibrium, while AScY, compounds (A =Cu, Ag; Y =S, Se) exhibited nonmagnetic properties at equilibrium.
Overall, the accurate HM properties of AMY, materials suggest promising prospects for their utilization in spintronics and
magnetic storage device applications.

1. Introduction

Materials possessing half-metallic ferromagnetic (HMF) prop-
erties have garnered substantial interest in the realm of spin-
tronic applications [1—4]. Initially, the focus was on transition
metal (TM) doped binary systems like InAs, GaAs, ZnO, and
GaN [5-8], owing to their predicted high Curie temperature
(Tc=>300K). As a result, research on TM-doped binary

semiconductors has received significant attention in both
theoretical and experimental aspects of spintronics [9-11].
However, despite exhibiting ferromagnetism (FM), binary
FM semiconductors encounter challenges in practical spin-
tronic applications due to the rapid loss of spin polarization
through spin-flip scattering, attributed to the low solubility
of magnetic ions in the binary substrates [4, 5, 12, 13]. To
address these limitations, the search for new HMF materials
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with compatibility with traditional semiconductors’ structure
and lattice matching has become imperative, opening possi-
bilities for practical applications in spintronics when coated
as thin films [14].

I-II1-VIL, type chalcopyrite compounds are ternary ana-
logs of II-VTI type zinc blende (ZB) structured compounds,
characterized by the tetragonal-chalcopyrite structure with
the tetrahedral space group I-42d and four formula units per
unit cell [6-8, 14, 15]. These materials have found wide appli-
cation in various technological domains, such as dielectrics,
mid-infrared sources, photovoltaic applications [16, 17], and
spintronics [18], due to their wide energy bandgap and low
melting point. Notably, research intensity has increased due
to the possibility of substituting TM atoms at one of the two
cation sites, overcoming spin-flip scattering, and maintaining
an asymmetrical crystal structure by exploiting the low solu-
bility of magnetic ions in nonmagnetic semiconducting
hosts [19].

Several reports have highlighted the FM observation in
I-IITI-VI, type chalcopyrite compounds, including CuAlS,,
CulnSe,, CuGaSe,, CulnS,, CuFeS,, and AgGaY, (Y =S, Se),
upon substituting TM (V, Cr, Mn, and Fe) atoms at group III
sites, making them promising materials for spintronics appli-
cations [19]. Experimental studies have confirmed FM order-
ing in Mn-doped ZnSnAs, [20], ZnGeP,, CdGeP, [21], Zn
(GeSn)As,, bulk MnGeP,, and MnGeAs, [22]. Additionally,
the possibility of antiferromagnetic (AFM) in Mn-doped II-
Ge-V, (II=Cd, Zn; V=P, As) at T=0K has been reported
[23]. Notably, the substitution site plays a crucial role in
achieving carrier-mediated FM, as demonstrated when Mn
is substituted on the Ge site of II-Ge-V, leading to the gen-
eration of holes and stabilization of FM [23]. Similarly, the
substitution of Mn at group III sites in CulnSe,, CulnS,,
CuAlS,, and CulnTe, chalcopyrite compounds has been
observed to produce holes, signifying FM stabilization [16].
An interesting AFM property has also been observed when
Mn is substituted at the Cu site [16]. However, the underly-
ing origins of these unique FM and AFM properties remain
unclear, necessitating further experimental investigations [24].

Driven by these discoveries, the current study is driven
by a desire to develop deeper insight into the intricate elec-
tronic configurations and magnetic properties exhibited by
AMY, compounds (with A representing Cu or Ag, M repre-
senting Sc, Ti, V, Cr, Mn, or Fe, and Y representing S or Se)
within the structured framework of chalcopyrite. Employing
sophisticated first-principles methodologies facilitated by
the WIEN2k code, we have utilized exchange-correlation
functionals incorporating generalized gradient approxima-
tion (GGA) [21] and local spin density approximations
(LSDA) [22].

It is worth noting that there is a notable scarcity of theo-
retical computations and experimental observations for
AgMY, compounds, thus making this investigation the pio-
neering endeavor to conduct band structure calculations for
these materials, particularly in the context of their potential
applications in spintronics. The manifestation of HMF within
AgMY, compounds, where M encompasses Ti, V, Cr, or Mn
and Y represents S or Se, presents an exciting avenue for
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driving advancements in spin-based device technologies.
This realization holds significant promise for the develop-
ment of innovative applications harnessing the unique prop-
erties of these materials.

2. Crystal Structure and Methodology

AGaY, (A=Cu, Ag; Y=S§, Se) compounds crystallize in the
chalcopyrite structure [4, 25, 26] with the space group I-42d,
and their atomic positions can be described as A1 (0, 0, 0),
A2(0,1/2,1/2); Ga; (1/2,1/2,0); Ga, (1/2,0, 1/4), Y1 (u, 1/4,
1/8); Y2 (u, 3/4, 1/8); Y3 (3/4, u, 7/8); Y4 (1/4, u, 7/8),
comprising two molecules per unit cell. The internal param-
eter u determines the anion displacement and results in two
unequal anion—cation bond lengths, with the anions being
closer to one pair of cations than the other. Each Y (S/Se)
anion is coordinated with two Cu/Ag and two M/Ga cations
in the chalcopyrite structure. The unit cell experiences tetrag-
onal distortion, characterized by the internal parameter u,
with 77 =c/2a~ 1. AMY, compounds are derived by substitut-
ing Ga atoms with TM ions (M =S¢, Ti, V, Cr, Mn, Fe) in
AGaY, (A=Cu, Ag; Y=S, Se) while preserving the chalco-
pyrite structure with nearly equal ¢/2a ratio.

The calculations were performed using the full potential
linearized augmented plane wave (FP-LAPW) method based
on spin-polarized density functional theory (DFT) within LSDA
and GGA, as implemented in the WIEN2k code [23, 24]. This
method involves expanding the electronic wave function, crystal
potential, and charge density into two basis sets. Wave functions
are expanded in spherical harmonics within each atomic sphere
region, while a plane wave basis set is used in the interstitial
region. The crystal potential within the muffin-tin sphere is
assumed to be spherically symmetric and constant in the
interstitial region. Valence wave functions inside the sphere
are expanded up to I, = 10, and a plane wave Fourier series
is employed with a cutoff of k,,, = 7.0/RMT in the interstitial
region, with RMT being the muffin-tin radius. The charge
density is Fourier expanded up to Gy, =12. The specific
values of RMT for each element are considered 2.08, 2.12,
2.18, 2.23, 2.24, 2.16, 2.14, 2.02, 2.05, and 2.09 for Ag, S, Se,
Sc, Ti, V, Cr, Mn, and Fe, respectively, in AgMY, compounds.
For CuMY, compounds, the RMT values are set as 2.2, 2.3,
2.1,2.4,2.3,2.1,2.2,2.3,and 2.4 for Cu, Sc, Ti, V, Cr, Mn, Fe,
S, and Se, respectively. The integration of k-points is carried
out using a 15X 15 X 7k mesh in the irreducible wedge of the
Brillouin zone for both CuGaY, and AgGaY, compounds.

3. Results and Discussion

Atomic and equilibrium lattice positions play a crucial role in
determining the magnetic and electronic properties of solids.
Therefore, before conducting calculations for electronic and
magnetic properties, we first perform full atomic position
and volume optimization for two host materials, AGaY,
(A=Cu, Ag; Y=S§, Se) and AMY, (A=Cu, Ag; M =S¢, Tij,
V, Cr, Mn, Fe; Y =S, Se), using the GGA and LSDA methods
for NM, FM, and AFM states [27, 28]. It is worth noting that
the calculated results for AgMY, and CuMY, are identical
under both GGA and LSDA. Hence, the volume optimization
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Figure 1: Total energy (Ry)/f.u. as a function of volume (A3 ) plots for nonmagnetic (NM), ferromagnetic (FM), antiferromagnetic (AFM)

phases of CuMS, (M =Sc, Ti, V, Cr, Mn, Fe) compounds using GGA.

(energy—volume) curve for CuMY, compounds under GGA is
presented in Figure 1.

From Figure 1, it is observed that the introduction of M
(Sc, Ti, V, Cr, Mn, Fe) atoms into the NM host AGaY, (A=
Cu, Ag; Y =S, Se) transforms them into FM or AFM materi-
als. Specifically, for CuMS, (M =Ti, V, Cr, Mn), the FM state
exhibits the minimum energy compared to the NM and

AFM states. On the other hand, for CuFeS,, the AFM phase
demonstrates the lowest energy compared to the NM and
FM phases, suggesting its stability in the AFM state at equi-
librium. In contrast, for CuScY, compounds, the NM phase
has the lowest energy, indicating that these compounds are
stable in the NM state at equilibrium (Figure 1). Similar find-
ings were obtained for AgScY, compounds also.
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TasLE 1: Calculated internal parameter (u), equilibrium lattice constants (ao, ¢o) in A, and bulk modulus (Bo) in GPa, total energy difference
AE; (AE; = Epy—Enn) in meV/cell, AE, (AE, = Epy—Earm) in meV/cell between the nonmagnetic (NM), ferromagnetic (FM), and antifer-
romagnetic (AFM) states of CuMY, (M =Sc, Ti, V, Cr, Mn, Fe; Y =S, Se) using GGA.

NM FM AFM
Compounds AE, AE,
ag Co B, u ag Co By u ao Co By
CuGaS, 0.248 5.35 10.76 74.8 0.248 5.36 10.74 744 0.248 534 10.79 752 — —
Others 0.249* 5.37* 10.74* 75.1° — — — — — — — - — —
CuScS, 0.232 5.82 10.01 72.24 0.230 5.804 9.97 7222 0228 581 995 7222 -81 =56
CuTiS, 0.244 545 10.63 80.38 0.242 5.43 10.63 80.36 0.240 5.41 10.53 80.36 —81.6 —56.9
CuVs$, 0.250 5.38 10.50 96.01 0.248 5.36 10.50 9599 0.246 5.32 1048 9599 -1.7 =26
CuCrS§, 0.265 549 10.72 184.7 0.263 5.47 10.72 184.5 0.261 5.46 10.70 184.5 —-14.7 -9.7
CuMnS, 0.247 541 1050 1024 0.245 5.39 (5.39b) 10.50 (10.57b) 102.2 0.243 539 1047 1022 -734 -584
CuFeS, 0.275 5.17 10.09 1084 0.273 5.15 10.09 108.2 0.271 5.14 10.04 1079 —-2.01 0.223
CuGaSe, 0.243 564 1130 59.2 0.244 5.68 11.31 60.6 0.244 5.66 11.30 61.1 — —
Others 0.244* 5.67* 11.34* 60.3* — — — — — — — — — —
CuScSe, 0.245 5.61 11.17 63.56 0.241 5.63 11.14 63.53 0.242 5.69 11.16 63.56 — —
CuTiSe, 0.231 587 11.51 68.24 0.229 5.85 11.49 68.22 0.231 5.84 1148 68.11 —-193 -6.8
CuVSe, 0241 5.66 11.17 74.36 0.239 5.68 11.15 7436 0237 5.68 11.13 7432 —-12.1 -31.2
CuCrSe, 0.249 5.64 11.10 67.14 0.247 (0.249°) 5.64 (5.60°) 11.07 (11.28°) 67.14 0.245 5.64 11.07 67.08 —72.8 —65.3
CuMnSe, 0.241 5.69 11.14 85.12 0.242 5.67 11.12 85.12 0.241 5.67 11.08 85.04 —-9.82 —-2.85
CuFeSe, 0.253 5.61 11.03 118.6 0.256 5.59 10.98 118.6 0.254 5.57 1096 118.1 —5.31 7.48

“Shay and Wernick [29], "Medvedkin et al. [17], “Yu et al. [30].

To determine the stable state of all AMY, compounds at
equilibrium, we calculated the spin-polarization total energy
differences AE; (AE; = Egp — Enm)» representing the energy
difference between NM and FM states, and AE, (AE, = Epy
— Eapnm), representing the energy difference between AFM
and FM states. The calculated AE; and AE, values for AMY,
(A=Cu, Ags M=Ti, V, Cr, Mn; Y=S, Se) are negative in
Tables 1 and 2, indicating that the FM state is more favorable
than the other two states in these compounds. Conversely,
for AFeY,, the calculated AE, values are positive, suggesting
the stability of the AFM state in these compounds in Tables 1
and 2. Notably, from Tables 1 and 2, for AScY,, the calcu-
lated AE, and AE, values are both zero, signifying the stabil-
ity of these compounds in the NM state.

Our study demonstrates the significance of atomic and
equilibrium lattice positions in influencing the magnetic and
electronic properties of these solids. By conducting compre-
hensive calculations for these materials, the stable states of
AMY, compounds at equilibrium were determined, provid-
ing valuable insights into their magnetic behavior.

The total energy for all AMY, compounds is fitted to
Birch—-Murnaghan’s equation of state [25] in order to deter-
mine the equilibrium internal parameter u, tetragonal (c/a)
ratio, lattice constants (a, o), and bulk modulus (B,) for the
NM, FM, and AFM states within GGA and LSDA. The calcu-
lated values are presented in Tables 1 and 2 under GGA. The
bulk modulus (By) is also calculated to assess the mechanical
stability using relation (1):

d
By = -V, d_p' (1)
v
From Tables 1 and 2, it can be observed that for small
lattice parameters (ao, ¢o), the By values are large, and vice

versa. This change in lattice constants (ao, ¢y) and bulk mod-
ulus (B,) is attributed to the effect of electronegativity
between the Y [32] and M atoms, signifying that the atomic
size of the M atom plays a crucial role in determining the
ground state and magnetic properties of AMY, compounds.
The estimated values of lattice parameters and bulk modulus
agree with available experimental and theoretical results [17, 19].

Following geometry optimization, the relaxed cation—anion
bond lengths Ry—y and Ry—y of (A=Cu, Agg M=Ti, V, Cr,
Mn, Fe; Y=S, Se) for the stable magnetic phase have been
calculated under GGA and LSDA using relations (2) and (3)
and presented in Table 3 for GGA scheme.

Roy=a {uz + %} 1/2, (2)
RM_Y:aKu—DZ +(1—1F6’72)} 1/2, (3)

where Ry—y and Ry_y are the bond lengths of A—Y and
M—Y, respectively. The bond lengths of A—Y and M—Y of
AMY, either increase or decrease compared to the host
AGaY, (A=Cu, Ag; Y =S, Se). The tetragonal ratio n=c/2a
is maintained at 1, preserving the local crystal structure of
AMY, around the M atoms, which may either contract or
expand for all the compounds without altering the chalcopy-
rite crystal symmetry. For AMY, (A=Cu, Agg M=Ti, V, Cr,
Mn; Y=S, Se) compounds, the calculated Ry, y values are
smaller than R,_y due to an increase in the electronegativity
of Y atoms [32], attracting the M (Ti, V, Cr, Mn) atoms
toward them when the value of © > 0.280. Conversely, Rg.y
is smaller than the bond lengths of Ry_y due to the decrease in
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TasLE 2: Calculated internal parameter (u), equilibrium lattice constants (ao, ¢o) in A, and bulk modulus (Bo) in GPa, total energy difference
AE; (AE; =Epy— Enm) in meV/cell, AE, (AE,=Egyv — Eapv) in meV/cell between the nonmagnetic (NM), ferromagnetic (FM), and
antiferromagnetic (AFM) states of AgMY, (M =Sc, Ti, V, Cr, Mn, Fe; Y =S, Se) using GGA.

NM FM AFM
Compounds AE, AE,
ag Co B, u dg Co B, u ag Co By

AgGaS, 0284 573 1146 6079 028 585 117 59 028 574 114 605 — —
Others 0.284° 577 1154 60.8° — — — S — - = — —
Exp 0.282° 575° 11.50° 776° @ — — — B e — —
AgScS, 0264 604 1077 5676 026 602 1075 56 026 600 107 567 — —
AgTiS, 0278 585 1044  69.07 028 58 1042 68 028 581 104 689 4.0 —-6.0
AgVs, 0.282  5.58 9.95 9687 028 556 993 96 028 554 993 968 —54  —58
AgCrS, 0.298 5.0 981 9651 030 548 979 96 030 546 975 964 —95  —48
AgMnS, 0305  5.44 969 1067 030 542 967 106 030 540 9.65 106 —7.66 —13
AgFeS, 0310  5.40 963 1117 031 538 961 117 031 536 960 117 —7.61 45
AgGaSe, 0279 601 1208 507 027 598 1196 49 027 605 101  50.1 — —
Others 0279 605 1208 50.7° @ — — — S — - — — —
Exp 0272° 598" 1196 638> — @ — — S — — —
AgScSe, 0252 612 1116 49.08 025 610 1112 49 025 608 111  49.0 — —
AgTiSe, 0267 593 1079 7584 026 591 1075 75 027 587 107 758 —67 = —32
AgVSe, 0287 577 1044 6031 028 575 1042 60 028 573 104 602 —62  —54
AgCrSe, 0297 564 1020 7164 029 562 1018 71 029 560 101 716 —421 —6.34
AgMnSe, 0306 586 1066 5121 030 584 1064 51 030 582 106 511 —75  —197
AgFeSe, 0309 568 1028 9832 031 566 1026 98 031 564 102 982  —36 3.9

?Chen et al. [31], bShay and Wernick [29].

TasLE 3: Calculated energy band gap (E,) in eV, heat of formation (AH) in eV, and bond length in A for the stable magnetic state of CuMY,
and AgMY, (M =S¢, Ti, V, Cr, Mn, Fe; Y =S§, Se) compounds using GGA.

FM FM

Compounds (GGA) A Bond length Compounds (GGA) AH Bond length

H Cu—Y M—Y Ag—Y M—Y
CuTiS, —45.01 2.25 2.15 AgTiS, —34.29 2.55 2.34
CuVs$, —68.39 2.27 2.18 AgVs, -36.13 2.56 2.26
CuCrS§, —-70.42 2.30 2.22 AgCrS, —34.36 2.57 2.19
CuMnS, —71.84 2.21 2.14 AgMnS, —44.51 2.58 2.16
CuFeS, —23.75 (AFM) 2.26 (AFM) 2.32 (AFM) AgFeS, —43.41 (AFM) 2.57 (AFM) 2.56 (AFM)
CuTiSe, —39.31 2.42 2.38 AgTiSe, —55.52 2.46 2.36
CuVSe, —38.18 2.40 2.32 AgVSe, —-51.25 2.23 2.18
CuCrSe, —38.77 2.37 2.28 AgCrSe, —27.66 2.21 2.10
CuMnSe, —39.44 2.29 2.13 AgMnSe, —54.41 2.16 2.05
CuFeSe, —40.10 (AFM) 2.26 (AFM) 2.35 (AFM) AgFeSe, —32.08 (AFM) 2.11 (AFM) 2.15 (AFM)

the electro-positivity of the Fe atom in the AFeY, (A = Cu, Ag;
Y =S, Se) compounds when the value of u is <0.280. The
calculated Ry—y and Ry are equal in AScY, (A=Cu, Ag;
Y =S, Se). Additionally, bond lengths are shorter in GGA
compared to LSDA.

Furthermore, formation energies (AH) are calculated, pro-
viding information on the stability of AMY, (A=Cu, Agg M=
Ti, V, Cr, Mn, Fe; Y =S, Se) against decomposition into bulk
constituents. These energies are calculated using expression (4):

1 EAMY —-a EA b EM

= a—+ b +c [ Total Solid ~ Solid — ZCEgolid} . (4)

The calculated AH values of AMY, (A =Cu, Ag; M=Ti,
V, Cr, Mn, Fe; X=S, Se) under GGA approximations are
given in Table 3, respectively. The negative values of AH
indicate that the AMY, compounds are thermodynamically
stable with respect to lattice contraction, making it feasible to
grow these compounds as thin films or multilayers on suit-
able semiconducting substrates.

The spin-dependent electronic band structures of stable
magnetic AMY, (A=Cu, Ag; M=Ti, V, Cr, Mn, Fe; Y=S§,
Se) chalcopyrite’s are calculated along the high symmetry
directions in the first Brillouin zone to gain insight into the
stabilization mechanism of the FM state. Since the results are
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FIGURE 2: Spin-polarized electronic band structures of CuTiS, using GGA.

consistent under both GGA and LSDA schemes for AMY,
(A=Cu, Ag; M=Sc, Ti, V, Cr, Mn, Fe; Y =S, Se), we depict
the spin-polarized electronic band structures of CuMS,
(M =Ti, Fe) compounds in Figure 2 for GGA. The substitu-
tion of M (Ti, Fe) atoms at the Ga site in CuMS, introduces
—3d (“e;” and “t,"))-like states of M atoms near the Fermi
level (Eg) due to crystal field resonance. This results in the
crystal field splitting of —3d (“e,” and “t,,”) like states of M
(M =Sc, Ti, Fe) atoms between the valence and conduction
bands, converting direct band semiconductors into indirect
bandgap semiconductors or metallic materials, as observed
from the figures.

In Figure 2, the spin-polarized electronic band structure
of CuTiS, demonstrates spin-splitting between the majority
spin (spin-up) and minority spin (spin-down) states around
the Eg. This spin-splitting of energy states is attributed to the
hybridization of bonding e, and antibonding t,, suborbital of
—3d states of Ti atoms with the nearest neighbor —3p states
of S atoms, resulting in the formation of a broadband gap
and behaving as a semiconductor in the spin-down channel.
However, in the spin-up channel, these states cross the Er
and behave as metallic, indicating a half-metallic ferromag-
net (HMF) property. Similar characteristics are observed in
CuTiSe, and other electronic band structures of AMY, (A =
Cu, Agg M=V, Cr, Mn; Y =S§, Se) compounds. These com-
pounds likely possess an actual HMF property, and the cal-
culated HM energy gaps (Epm) and minimal energy gaps
(Egl) under GGA for AMY, (A=Cu, Ag; M=Ti, V, Cr,
Mn; Y =S, Se) are presented in Table 4.

However, identical band structures are observed for both
spin-up and spin-down states of CuFeY, (Y =S, Se) within
both LSDA and GGA approximations, as shown in Figure 3.

Therefore, CuFeS, is found to exhibit an AFM metallic nature
in its ground state, which is in agreement with earlier experi-
mental [33] and DFT results [34-36]. The same phenomenon
is observed in CuFeSe, and AgFeY, compounds, where the
spin states of Fe atoms are antiparallel (Fet, Fel) to each
other, transforming AFeY, (A=Cu, Ag; Y=S, Se) into
AFM. The total spontaneous magnetization vanishes due to
the appearance of an induced spin density wave, making both
spin-up and spin-down states antiparallel and similar.

To gain insight into the nature of the chemical bonds and
charge transfer between the atoms A, M, and Y of AMY, (A
=Cu, Ag; M=Tij, V, Cr, Mn, Fe; Y =S, Se), electron charge
density plots along the (110) plane for both up-spin and
down-spin states of CuMS, (M=Ti, Fe) are shown in
Figures 4 and 5 within GGA. General observations from
these figures reveal that the charge density contours are
spherical, with most of the charges accumulating around S
atoms due to the formation of Cu—S and M—S bonds and
charge transfer of valence electrons from Cuto S and M to S
in CuMS,, indicating a mixture of ionic and covalent bond-
ing between them.

For CuTiS,, significant charge transfer between Ti and Y
ions is observed due to the high degree of covalence between
them, leading to the movement of the Ti ion toward S atoms
in Figure 4. A similar bonding nature is present in CuTiSe,
and AgMY, (M =V, Cr, Mn; Y =S, Se) compounds, with an
increase in covalence and less ionic character. The central
part of the atomic sites represents the core states, where the
charge density varies rapidly. The red boundary around the
contour signifies weak or partial bonding between the atoms
A and Y and M and Y, while the white region indicates a
lower electric charge.
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TasLr 4: Calculated half-metallic gap (Exy) in €V, minority spin gap (Egl) in eV, partial, interstitial, and total and magnetic moments in yg
for CuMY, and AgMY, (M =Sc, Ti, V, Cr, Mn, Fe; Y=S, Se) compounds at their equilibrium volume using GGA.

GGA GGA
Compounds Magnetic moment Compounds Magnetic moment
HM Egl HM Egl
Cu M Y Int  Total Ag M Y Int Total
CuTiS, 1.259 0.346 -0.018 0.735 —0.03 0.677 1.00 AgTiS, 2.028 0.42 0.003 0.544 -0.008 0.54 1.00
CuVs, 1.205 0.323 -0.042 1.692 —0.06 0.926 2.00 AgVs, 2.020 0.12 -0.007 1.563 -0.027 095 2.00
CuCr$, 1.325 0.551 -0.075 2729 -0.1 1.057 3.00 AgCrS, 1.548 045 0.015 2456 -0.024 1.06 3.00
CuMnS, 0.987 0350 —0.076 3.584 —0.03 1.086 4.00 AgMnS, 1.680 0.46 0.014 3.345 0.018 1.09 4.00
CuFeS§, — — 0.045 2.678 0.069 0.867 0 AgFeS, — — -=0320 1356 -1.014 1.17 0
CuTiSe, 1.088 0.017 -0.028 0.774 —0.04 0.66 1.00 AgTiSe,  1.662 048 0.00 0.674 —0.020 0.71 1.00
CuVSe, 0934 0713 -0.06 1758 —0.07 0.941 2.00 AgVSe, 1.696 0.24 —0.033 1.662 -0.051 0.72 2.00
1.496 0.667 -0.103 2.833 —0.11 0.978 3.00
CuCrSe, 135 065 —0097 2903 —016° 0853 3.00° AgCrSe, 1593 0.50 -0.04 2.649 —0.066 0.88 3.00
CuMnSe, 1.224 0.533 -0.051 3.674 -—0.05 1.070 4.00 AgMnSe, 1284 0.16 —0.019 3.437 —0.006 0.53 4.00
CuFeSe, — — 0456 3471 -039 -195 0 AgFeSe, — — —0012 1384 -193 -116 0
*Yu et al. [30].
201 CuFes, 201 CuFes,
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FiGURE 3: Spin-polarized electronic band structures of CuFeS, using GGA.

For CuFeS,, the bond lengths Rcy_p. and Rpeg are
almost the same in Figure 5. A similar chemical bond nature
is observed in CuFeSe, and AgFeY,.

To gain a deeper insight into the magnetic properties of
AMY, (A=Cu, Ag; M=Tij, V, Cr, Mn, Fe; Y =S, Se) com-
pounds, the total and partial density of states (PDOS) are
calculated. Since the results are the same under LSDA and
GGA for all AMY,, we present the total and PDOS for GGA
of CuMS, (M =Tij, Fe; Y=S§, Se) in Figures 6 and 7. A gen-
eral observation from the figures is that, in the valence region
of CuMS,, there is a combination of Cu (s), M (—3d (e; and
tg)), and —3/4p of S/Se states, and they cross the Eg in the

up-spin states. However, the behavior of valence electrons is
different in the spin-down states.

The total and PDOS of CuTiS, in Figure 6 reveal a strong
hybridization between the t,, states of —3d Ti atoms and the
nearest neighbor tetrahedral coordinated —3p states of S
atoms, while the e, states of Ti remain localized, exhibiting
a nonbonding nature in the spin-down channel. The large
exchange spin-splitting between the occupied e, states and
partially filled t,, states of —3d Ti atoms and —3p states of S
atoms, with a minor contribution from —s states of Cu
atoms, pushes these states above the Fermi level in the
minority spin. This indicates the presence of an indirect
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FiGure 5: Valence electron charge density contours in the (110) plane for CuFeS, using GGA.

band gap between the valence band and conduction band in
the spin-down channel. On the other hand, the tog states of
the Ti atom are well hybridized with —3p-like states of S
atoms, and these states are extended, crossing the Fermi level,
resulting in a metallic nature in the spin-up channel, indicat-
ing the observation of HMF nature in the CuTiS, compound.
Similar behavior is observed in CuTiSe, and AgMY, (M =V,
Cr, Mn; Y =S, Se) compounds, preserving the HMF property
in these compounds under both GGA and LSDA.

The DOS of CuFeS, in Figure 7 shows a small electron
population near the Fermi level. Similar conducting proper-
ties are expected in both the spin-up and spin-down states,
signifying that CuFeS, is AFM at equilibrium conditions.
The hopping electrons in the conduction band are due to
the hybridization of e, and t,, states of d states of Fe atoms
with —3p states of S atoms, which reduces the kinetic energy
between them when the magnetic ions (Fe) are antiparallel to

each other. Similar observations are found in CuFeSe, and
AFeY, (Y =S, Se) compounds.

The substitution of M (Sc, Ti, V, Cr, Mn, Fe) atoms at the
Ga site of the hosts AGaY, (A=Cu, Ag; Y =S, Se) induces a
net magnetic moment. Table 4 gives the calculated individual
spin magnetic moments and total magnetic moment of AMY,
under GGA. In ATiY, (A=Cu, Ag; Y =S, Se) compounds, the
Ti ions share four of their valence electrons in bond formation,
and the remaining one unpaired d electron is responsible for
the total magnetic moment of 1.00 ug/f.u. In a similar way,
other M (V, Cr, Mn) atoms share their valence electrons
with the nearest neighboring S/Se atoms, and the remaining
unpaired electrons are responsible for integer magnetic
moments of 2.00, 3.00, and 4.00 up per formula unit, respec-
tively, for AMY, (A=Cu. Ag; M=V, Cr, Mn; Y =S, Se) com-
pounds. In AFeY, (A=Cu, Ag; Y=S, Se), each S/Se atom
interacts with the two A (s) and Fe (d) orbitals. The spins of
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FiGure 6: Spin-dependent total and partial density of states of
CuTiS, using GGA.
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FIGUre 7: Spin-dependent total and partial density of states of
CuFeS,; using GGA.

the Fe atoms are aligned antiferromagnetically (Table 4).
Due to this antiparallel spin arrangement, the net magnetic
moments are zero, and the spin-up and spin-down channels
are fully compensated by the local spin moments. The mag-
netic moment on each atomic site of AScY, (A=Cu, Ag; Y =S,
Se) is zero, as there is no spin-polarization near the Fermi level.
From Table 4, it is noticed that the magnetic moments are
either small or negative for A and Y, indicating that they are
antiparallel and localized primarily. The calculated net mag-
netic moment in AMY, (A=Cu, AggM=Ti, V,Cr,Mn, Y =S,
Se) arises mainly from the M ions. The total magnetic moment
of the tetrahedrally coordinated M atom is reduced due to the
increase in the hybridization of M —3d (ez and t,,) states with
the nearest-neighboring Y — (3p or 4p) states of S and Se from
its space charge.

4. Conclusion

In conclusion, our study based on density functional calcula-
tions investigates the magnetic properties of AMY, (A =Cu,
Ag; M=Sc, Ti, V, Cr, Mn, Fe; Y =S, Se) chalcopyrite’s by
substituting M ions at the Ga site of hosts AGaY, (A =Cu,
Ag; Y =S, Se) using the FP-LAPW method within GGA and
LSDA. We find that all the compounds are stable in the
chalcopyrite structure, and the magnetic property appears
in the nonmagnetic host upon the substitution of M atoms.
Specifically, AMY, (A=Cu, Ag; M=Ti, V, Cr, Mn; Y=S§,
Se) exhibit ferromagnetic behavior, while AFeY, compounds
show AFM characteristics at their equilibrium volume. On
the other hand, the substitution of Sc does not induce ferro-
magnetism in AScY,, indicating these compounds remain
nonmagnetic. Moreover, the negative values of formation
energy suggest that these compounds will be thermodynam-
ically stable when synthesized experimentally.

Analyzing the electronic band structures and DOS, we
find that the substitution of M atoms at the Ga site of AGaY,
leads to stable HFM in AMY, (A=Cu, Ag; M=Ti, V, Cr,
Mn; Y =S, Se) with the formation of an energy gap in the
minority-spin channel. Meanwhile, the majority-spin chan-
nel exhibits strong metallic behavior, indicating the presence
of HMF nature with 100% spin-polarization around the
Fermi level. The origin of magnetism arises from the hybrid-
ization of —3d (t,4) like states of M cations with the four
nearest neighbor np-like states of Y (3p/4p) anions in the
AMY, (A=Cu, Ag; M=Ti, V, Cr, Mn; Y=S, Se) com-
pounds, resulting in integer magnetic moments of 1.00,
2.00, 3.00, and 4.00 uB per formula unit, respectively. For
AFeY, compounds, AFM is achieved with the substitution
of Fe atoms.

The HM gaps are found to be more stable with the lattice
position at equilibrium, making it feasible to grow AMY,
(A=Cu, Ag; M=Ti, V, Cr, Mn; Y=S, Se) compounds as
thin films or multilayers on appropriate semiconducting sub-
strates. The overall results demonstrate the potential of these
materials for applications in spintronics and magnetic devices.
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