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Abstract

Hyperfine field and electronic states of doped chalcopyrite compounds Cu(In1-xAx)S2 with A = V and Cr are calculated by Korringa-
Kohn-Rostoker Green’s function method, where x denotes the concentration of A atoms. The V and Cr doped compounds are 
ferromagnetically stable in terms of energy minimization and their electronic states are half metallic. The hyperfine fields in the 
stable ferromagnetic (FM) state are calculated with their valence and core contributions. In addition, site preference local magnetic 
moments are calculated for the FM and disordered spin moment (DSM) states. Density of states (DOS) exhibit the spintronic 
property of half metallicity. The local core and valence field polarizations are found in the doped chalcopyrite systems, where the 
s-orbital hybridization with the local d-shell is explained in terms of some exchange mechanisms.

Keywords: Hyperfine field; KKR-CPA; Magnetic moment; Density of states; Doped chalcopyrite; Core polarization.

I.  Introduction

Hyperfine field (HF) is an area of current research, which 
provides unique microscopic information about dilute 
ferromagnetic (FM) and antiferromagnetic alloys. A suitable 
ferromagnetic alloy can be designed with 3d transition 
metal (TM) doping into the host matrix of a semiconductor 
material. The 3d impurities have a local moment in dilute 
ferromagnets, whereas s-p impurities are nonmagnetic. The 
hyperfine magnetic properties depending on the impurity 
concentrations are induced by the local core and valence 
s-electrons interaction with the nearest neighbor d-shell. The 
hyperfine energy level shift is contributed by three terms such 
as Fermi contact, orbital and dipolar terms. Among them the 
leading contribution to the HF results from the term of Fermi 
contact interaction, which is obtained by the densities of spin 
magnetization m(r = 0) at the nucleus1.

Recently, Blügel et al. calculated HF of 3d and 4d impurities 
in nickel (Ni) elements. Their formed alloys are binary type 
using the elements of 3d and 4d series, where the hyperfine 
properties in the semi-relativistic approximation are calculated 
for three different exchange-correlation potentials1. Akai et al. 
have performed self-consistent calculations of alloys formed 
by TM impurities and light interstitials in elemental iron 
(Fe) for finding HF2. Korhonen et al. attempted to find HF in 
bcc Fe with heavy impurities using a full-potential approach 
of Korringa-Kohn-Rostoker Green’s function (KKR-GF) 
method3. The Banerjee group reported the TDPAC (time 
differential perturbed γ-γ angular correlation) measurements 
in HfO2. They studied hyperfine interaction in pure and Gd-
doped HfO2 and attributed it to three orthorhombic crystal 
phase4. The Lee-Hone group calculated magnetic structure 
and the distribution of transferred HF at the Sn site of the 
rare-earth element (R) based RMgSn compounds5. At room 
temperature (RT), the host matrix of copper indium sulfide, 
CuInS2 (CIS) is a moderately gapped semiconductor with 
body centered tetragonal structure, having a couple of cations 

and lone anion sites. The transition from nonmagnetic to 
magnetic material is occurred by hosting 3d impurities at 
either or both of the cation sites of the host CIS compound6.

In this study, magnetic hyperfine properties of doped 
chalcopyrite compounds Cu(In1-xAx)S2 are investigated using 
the KKR-GF method, where A is the impurity atoms (V, Cr) 
and x denotes the low concentration of A atom. The V and 
Cr are two consecutive TM atoms having d2 and d3 electron 
configurations, which are used as dopants to understand the 
relative strength of induced HF at V and Cr sites. The TM 
atoms are substituted at the cation site of In3+ rather than Cu1+ 

due to the stability of the system in terms of the minimum 
energy. There were a few attempts to calculate HF in ternary 
compounds by introducing 3d TM and some other atoms7-9. 
The hyperfine interactions in the Bi1−xLaxFeO3 ferrites, HF 
at Mn site in the intermetallic compound LaMnSi2, and 
magnetic interactions and different magnetic properties in 
Fe1−xMxSb2O4, M = Mg, Co, were investigated by the research 
groups of Pokatilov7, Domienikan8, and Berry9, respectively. 
We have been motivated to find hyperfine interactions and 
various induced hyperfine magnetic properties in a relatively 
large alloy system. Therefore, introducing of TM atoms 
at In3+ cation site of CIS matrix show a phase transition 
from semiconductor to FM state and yield local moments 
and dominating core polarized Fermi contact HF. The net 
magnetic moment (NM) is directly proportional to the Cr 
concentrations in doped CIS matrix. The induced properties 
originate from the inner zone of the atoms near the nucleus. 
The role of doped impurities on magnetic hyperfine properties 
is discussed, since in FM materials and their alloys the 
significant hyperfine quantity is directly related to the spin 
density m(r = 0) at the nucleus. The HF of both the impurity 
and the nearest neighbor atoms are estimated in terms of the 
relativistic corrections and therefore the orbital contribution 
term is neglected in the calculations10, 3.
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The layout of the article is as follows: computational 
methods and scopes are termed briefly in section II. The NM, 
spin magnetic moments (SM), total and component DOS of 
doped CIS compounds and hyperfine magnetic properties are 
presented in tabular form and graphically and explained them 
in section III. In section IV, the concluding remarks on results 
are described.

II. Computational Scope

Hyperfine interactions of doped chalcopyrite compounds 
Cu(In1-xAx)S2 with A = V and Cr are calculated with the self-
consistent KKR-GF band structure method11. The technique 
of CPA (coherent potential approximation) is used for 
handling the fractional impurity mixed to the pure system12. 
The SRA (scalar relativistic approximation) is implemented 
in the calculation to accommodate the relativistic effects. 
The generalized gradient approximation (GGA) by Perdew, 
Burke and Ernzerhof is used for the estimation of the 
exchange correlation (XC) energy functional of the doped 
CIS systems13. The muffin-tin (MT) type perturbed potential 
approximation is attributed for shaping the form of the 
potential, since the MT zero potential is determined by the 
host system and cannot be changed near the impurity. The 
electronic charge density, wave functions, and the crystal 
potential are expanded in terms of spherical harmonics 
inside the MT spheres with radii RMT centered at the nuclear 
positions. The angular momenta ℓ = 2 is taken into account 
to specify the spherical harmonics for the electronic wave 
functions. To calculate HF accurately, the total-energy 
difference between the magnetic states is taken up to the sixth 
decimal place of the Rydberg scale. The experimental band 
gap of CIS is 1.53 eV. The experimental lattice parameters 
(ELP) for CIS, a = 5.52 Å, c = 11.13Å, and inner parameter 
u = 0.214 are used for the numerical calculations14. The 
hyperfine magnetic properties of the doped CIS compounds 
are calculated by the ELP of pure CIS compound. Almost 
145 k sampling points of the first Brillouin zone (BZ) is 
considered to carry out the BZ integration. Employing the 
CPA technique, the doped CIS compounds are calculated by 
the program package ‘Machikaneyama’ based on KKR-CPA 
developed by Akai15.

III. Results and Discussion

In the calculation of hyperfine properties of doped chalcopyrite 
compounds Cu(In1-xAx)S2, the relativistic corrections are 
significant for heavy nuclei with relatively large nuclear 
charges. Because, the hyperfine fields are essentially 
determined from the wave functions near the nucleus by 
employing the contact interaction formula. The calculated 
magnetic moments of Cr doped CIS matrix such as NM for 
each unit cell and SM for each magnetic ions in terms of doping 
concentrations are shown in Figs.1(a, b). The presented filled 
circles and squares are the calculated data and the connecting 
fitted lines indicate the overall trend of the moments. The NM 

is directly proportional to the concentrations, whereas the SM 
is slowly falling down with concentrations.

The site preference local SM per atom and net HF are 
tabulated in Table 1 for 5% concentrations of V and Cr doped 
CIS compounds. The zero SM results at the nonmagnetic 
atomic sites, where a small amount of HF is induced by 
orbital hybridization. A nonzero HF is obtained at Cu, In, and 
S sites even though no NM is induced. The field strength is 
around 40% stronger at Cr site compared to V site.The up 
and down arrow indicate the spin disordered system of the 
corresponding FM configuration, where zero net SM and 
zero net HF is obtained owing to the cancellation of up spin 
and down spin electronic states16. Therefore, the vector sum 
of the induced magnetic moments and HF both at host and 
doped atomic sites is zero. Relatively larger values of SM 
and HF are obtained in Cr doped CIS compounds rather than 
V doped cases due to a preferential occupation of the high-
spin states of Cr d3 electronic configuration. 

Fig. 1. Calculated (a) total magnetic moments (NM) for each unit 
cell and (b) local spin moments (SM) for each atom (in Bohr 
magneton) of Cr doped CIS compound as a function of Cr 
concentrations. The filled circles and squares represent the 
calculated results connected with the fitted solid lines.
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Table 1. Induced local spin moments (SM) in μB/ion and total hyperfine fields (HF) in KG/ion of Cu(In1-xAx)S2 with 5% concentrations 
of A = V and Cr at In3+ cation site in FM and DSM configurations. Listed data with physical units clarify the variances of 
induced fields and moments at different sites.

Composition :  Unit Cu site In site A site S site

Cu(In0.95V0.05)S2 :  μB /ion 0 0 2.25 0

Cu(In0.95V0.05)S2 : KG/ion 5.24 27.7 −162.51 1.86

Cu(In0.95V
↑

0.025V
↓

0.025)S2  :  μB /ion 0 0 ±2.24 0

Cu(In0.95V
↑

0.025V
↓

0.025)S2 : KG/ion 0 0 ±162.82 0

Cu(In0.95Cr0.05)S2  :  μB /ion 0 0 3.26 0

Cu(In0.95Cr0.05)S2  :  KG/ion 7.1 22.66 −226.48 1.89

Cu(In0.95Cr↑
0.025Cr↓

0.025)S2  : μB /ion 0 0 ±3.26 0

Cu(In0.95Cr↑
0.025Cr↓

0.025)S2  : KG/ion 0 0 ±227.92 0

The NM for each unit cell and SM for each Cr atom along 
with valence, core and net HF are displayed in Table 2 for 
doping of 1% to 6% Cr in CIS compound. The values of NM 
significantly change with Cr concentrations, whereas SM 
seems to be steady with Cr concentrations. However, the core 
and valence HF are oppositely polarized and therefore, the 
net HF are aligned to the core course. The overall trend of HF 

is related to SM and thus slowly falling down with increasing 
impurity concentrations. The calculated hyperfine magnetic 
properties are found to be in reasonable agreement with other 
reported values1, 2. In the calculation of HF, both the orbital 
and dipolar field contributions are neglected because of their 
minor corrections to the presented results.

Table 2. Net moments (NM), local spin moments (SM) and hyperfine fields (HF) for Cr impurity doping at In3+ cation site of 
CuInS2, where HFc is the core contribution, HFv is the valence one and HFt = HFc+HFv is the total value of fields in KG.

Composition NM (μB/cell) SM (μB/Cr) HFc (KG/Cr) HFv(KG/Cr) HFt (KG/Cr)

Cu(In0.99Cr0.01)S2 0.12 3.30 −395.48 165.67 −229.81

Cu(In0.98Cr0.02)S2 0.18 3.29 −393.67 165.33 −228.35

Cu(In0.97Cr0.03)S2 0.25 3.28 −392.47 164.98 −227.49

Cu(In0.96Cr0.04)S2 0.31 3.27 −391.44 164.56 −226.88

Cu(In0.95Cr0.05)S2 0.37 3.26 −390.58 164.09 −226.48

Cu(In0.94Cr0.06)S2 0.43 3.26 −389.79 163.57 −226.22

                

Fig. 2. Total density of states (DOS) for each unit cell (solid line) of (a) Cu(InV)S2 and (b) Cu(InCr)S2 compounds for 5% concentrations of TM 
atoms. Dotted line indicates the component DOS for 3d states of V and Cr atoms, respectively. The upper and lower panels specify the 
spin up and spin down densities, orderly. The Fermi energy level is denoted by a vertical dashed line, which is set at EF = 0 Ry. 
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The total and component DOS of V and Cr doped CIS 
compounds for 5% concentrations are shown in Figs. 2(a, 
b) in a wide energy interval of energy axis around the Fermi 
energy level at EF = 0 Ry, where the states beyond the Fermi 
level are empty. The valence states are interacting and 
hybridizing around the Fermi level. Therefore, the DOS 
exhibits spin bands lying around the Fermi energy level 
only in up spin direction with no spin states at the down spin 
direction. The full spin polarization indicates the half metallic 
situation at the Fermi energy level and therefore induces 
NM, SM and HF. The spin polarized component DOS, split 
because of the crystal-field perturbation, are responsible for 
spin band varying around the Fermi level and producing FM 
properties in the doped CIS compounds17−19.

         

Fig. 3. The trend of core polarized total hyperfine fields in KG with 
(a) impurity concentrations and (b) local spin moments of Cr 
doping at In3+ cation site of CIS compound. The filled circles 
and squares represent the calculated results connected with 
the fitted solid lines.

The HF originates from the spin polarized charge density at 
the nuclear position. The contributory terms for HF are contact 
field, orbital field and spin-dipolar field20. The trend of net HF 
in KG with Cr concentrations and SM are shown in Figs. 3(a, 
b), where the semi-core states are included within the contour 
of energy and therefore considering them as valence states. The 
polarization of In 5p subshells is attributed to their hybridization 
with extended spin-polarized valence states. The fact that the 
total core polarization is always opposite in sign to the local 

moments, whereas the valence polarization is in the same sign 
to SM. Since, the relativistic corrections are relatively trivial for 
the 3d atoms (usually 10% for the TM impurities), therefore in 
the calculations semi-relativistic approximation is considered. 
The spin band coupling is enhanced by Cr doping and dominates 
the variant magnetic properties of the system. The changes of 
the valence-d and core-s wave functions through the TM atoms 
are responsible for this variation1, 2.

IV. Conclusions

Induced hyperfine properties of chalcopyrite compounds with 
V and Cr transition-metal impurities are presented by ab-
initio calculations, where the collinear magnetization axes of 
V and Cr are considered. The correct treatment of core, semi-
core and valence electrons of the impurity atoms are taken 
in the calculation of HF and local moments. The values of 
the local magnetic moments and HF at the atomic sites are 
estimated from the Fermi contact hyperfine interactions. A 
large core negative HF is obtained, which is proportionate to 
the local moments. On the contrary, a positive local valence 
field is found, which is directly proportional to the local 
moments. The s-d exchange mechanism leads to the induced 
core polarization over the valence one, where the majority 
spin-density of s-state electrons near the nucleus is mainly 
caused by the contact interaction. 
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