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Abstract
The full potential linearized augmented plane wave based on density functional theory is carried out to study the magnetism 
and electronic structures of group  IA elements (K, Rb, Cs)-doped zinc blende ZnX (X = S, Se). Total energy calculations 
indicate that the ferromagnetic phase is always energetically more stable than the non-magnetic phase at equilibrium volume. 
All doped systems are half-metallic ferromagnets with gap in the majority spin channel. The energy band gap decreases on 
increasing the size of dopant atom from K to Cs. The magnetic moments are mainly carried by anions (S or Se) surrounding 
the dopant atom. The intrinsic ferromagnetism is originated from the partly filled anionic p orbitals, which is different from 
classical magnetic materials containing transition metal (TM) atoms. The absence of TM atoms makes these alloys interest-
ing candidates for the study of half-metallic p electron ferromagnetism.

Keywords Density functional theory · Electronic properties · Half-metallic ferromagnets · p-electron ferromagnetism

1 Introduction

Spintronics, or spin-based electronics, which offers fascinat-
ing opportunities for a new generation of devices by exploit-
ing the spin of electrons as well as their charge [1, 2] has 
attracted much attention over the past two decades. Half-
metallic ferromagnets (HMFs), where one of the two spin 
channels is semiconducting (either spin-up or spin-down) 
and the other is metallic, are the most desirable components 
for the high-performance spintronic devices as they provide 
nearly 100% spin polarization at the Fermi level  (EF). In 
particular, diluted magnetic semiconductors (DMSs), fab-
ricated by doping conventional compounds semiconduc-
tors with magnetic elements have triggered more research 
[3–6] aiming at finding materials that are HMFs. For prac-
tical device applications, the search for DMS exhibiting 
the ferromagnetism at or above room temperature (RT) is 
required. Since Dietl et al. [7] theoretically predicted that 

RT ferromagnetism could exist in GaN- and ZnO-based 
DMSs, extensive experimental and theoretical studies have 
been directed toward wide band gap semiconductors III-V 
and II-VI in searching for RT ferromagnetic DMS materials 
[8–15]. However, the literature shows that transition metals 
(TM) find lower solubility in III-V semiconductors, when 
compared to II-VI semiconductors [16]. In this respect, TM-
doped II-VI (such as ZnO, ZnS, ZnSe, ZnTe, CdS, CdSe, 
etc.) compounds have remained a focus of great attention 
by various research groups. For instance, Sambasivam et al. 
found ferromagnetism at RT in Co/fe-doped ZnS [17, 18]. 
Lakshmi et al. studied magnetism in Mn: ZnS nanocrystal-
line and found room temperature ferromagnetism [19]. In 
the experimental study for Co-, Cr- and V-doped ZnO [20], 
the magnetization measurements showed that all the sam-
ples exhibited RT ferromagnetism. Also, the ferromagnetism 
behavior was observed experimentally in Cr-doped ZnTe 
[21, 22]. Soundararajan et al. [21] revealed ferromagnetism 
in  Zn1−x  Crx Te (x = 0.05) alloy powder with Curie tempera-
ture  (TC) much greater than RT. Hou et al. [22] obtained  TC 
of 365 K for Cr concentration > 0.18.

Although a large amount of the literature has been 
reported on the magnetism of TMs-doped DMSs, experi-
mental works have produced inconsistent results and the 
mechanism of ferromagnetism of such systems is still under 
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active debate. This because the TMs dopants often have a 
clustering tendency or secondary phase [23, 24] which are 
detrimental to applications of DMS. To overcome this draw-
back, a new class of DMS with intrinsic ferromagnetism 
behavior has been discovered through doping of non-mag-
netic atoms into the host semiconductors. This phenomenon 
is known in the literature with various names as  d0 ferro-
magnetism, p-electron ferromagnetism or sp-electron fer-
romagnetism. Several theoretical investigations have shown 
that appropriate non-magnetic elements substitutions in 
II-VI semiconductors like C-doped ZnO [25] and CdS [26], 
B/C/N-doped BeO [27] and CaO [28], Cu-doped ZnO [29], 
as well as K/Cu-doped MgS [30] can induce intrinsic fer-
romagnetism. On the other hand, experimental observation 
of RT ferromagnetism in Cu-, N- and C-doped ZnO [31–33] 
confirmed these theoretical predictions.

During last decade, the binary II–VI chalcogenides ZnS 
and ZnSe have received enormous research interests in 
the field of high performance optoelectronic devices due 
to their wide band gap. The both compounds crystallize in 
zinc blende structure (ZB) at an ambient pressure but can 
be also prepared with wurtzite structure. Though the ZnS/
Se compounds are in the same family and have the same 
stable phase, their electronic properties (mainly band gap) 
are different from each other. Bulk zinc sulfide (ZnS), with 
a larger band gap of 3.68 eV [34], is an important candidate 
for ultraviolet light-emitting diodes (LEDs), solar cells, opti-
cal sensors, photocatalytic devices, etc. [35–38], whereas 
bulk zinc selenide (ZnSe), which has a band gap of ~ 2.8 eV, 
playing a striking role for application in energy upconversion 
[39]. Moreover, besides the mentioned properties of ZnS/Se 
compounds, new functionality can be added to these mate-
rials by means of introducing magnetic degree of freedom 
[40, 41].

These works motivated us to study the possibility of HM 
ferromagnetism in ZnX (X = S, Se) with group  IA elements 
(K, Rb, Cs) as dopants, searching for further HMFs that do 
not contain TM elements. Therefore, in the present paper we 

investigate the electronic and magnetic properties of these 
alloys in their ordered ZB structure by using first-principles 
density functional calculations. The roles played by alkali 
dopants and chalcogen atoms in ferromagnetic properties are 
discussed in order to establish the DMSs characteristics. The 
paper is structured as follows. The methodology is described 
in Sect. 2, while results and discussions are presented in 
Sect. 3. Finally, the concluding remarks are drawn in Sect. 4.

2  Computational method

The present calculations are performed by using the accurate 
full potential linearized augmented plane wave (FP-LAPW) 
method as incorporated in the wien2K package [42] within 
the framework of density functional theory (DFT) [43]. The 
generalized gradient approximation (GGA) parameterized 
by Perdew, Burke and Ernzerhof (PBE) [44] is used for the 
exchange and correlation potential.

The un-doped cells ZnS and ZnSe have zinc blende  (B3) 
structure with space group of 216 

(
F43m

)
 , where the Zn 

atom is located at (0, 0, 0) and S/Se atom at (0.25, 0.25, 
0.25) position (Fig. 1a). To simulate our doped systems 
ZnMX (M = K, Rb, Cs; X = S, Se), we have constructed 
cubic supercell  Zn8X8 with 2 × 2 × 2 dimension, which con-
tains 8 Zn and 8 (S/Se)atoms (Fig. 1b). For 12.5% doping 
concentration of M atom, the Zn atom positioned at (0, 0, 0) 
in supercell  Zn8X8 is replaced by M atom forming the ter-
nary alloy  Zn0.875M0.125X, as shown in Fig. 1c.

To reach an appropriate degree of convergence, the cutoff 
parameter RMT Kmax is taken as 8.0, where RMT is the small-
est muffin-tin radius and Kmax is the maximum modulus for 
the reciprocal lattice vectors. Inside the atomic spheres, the 
maximum value of angular momentum for the wave func-
tion expansion is l = 10. The fully relativistic and scalar 
relativistic approach is used for core and valence electrons, 

Fig. 1  Conventional cell of a ZnS/Se, b  Zn8 (S/Se)8, c  Zn0.875M0.125S/Se (M = K, Rb, Cs) (Color figure online)
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respectively. Muffin-tin radii (RMT) are chosen to be 2.0 bohr 
for S, 2.2 bohr for K, 2.4 bohr for Cs and 2.3 bohr for other 
atoms. For geometry optimization and physical property cal-
culation, the Brillouin zone is sampled by Monkhorst–Pack 
mesh [45] of 5 × 5 × 5 k-points. In our calculations, the 
atomic coordinates are fully relaxed until the maximum 
force acted on each atom is smaller than 2.10−3Ry/a.u., and 
the self-consistent convergence of the total energy is set to 
 10–5 Ry/cell.

3  Results and discussions

The stability of the materials is one step forward to get 
insight into their physical properties. In this paper, the stabil-
ity of studied DMS compounds has been estimated from the 
variation of total energy with respect to cell volume in both 
non-magnetic (NM) and ferromagnetic (FM) states. The 
equilibrium lattice constant (a), bulk modulus (B), its pres-
sure derivative (Bʹ) and the total energy difference between 
NM and FM states 

(
ΔE = E

NM
− E

FM

)
 at their equilibrium 

lattice constants are listed in Table 1. These predicted results 
have been obtained by fitting the calculated total energies 
as function of volume using Murnaghan’s equation of state 
(EOS) [46]. This EOS describes the relationship between the 
variables (E, V) and it is given by

where V
0
 is volume at zero pressure (i.e., equilibrium vol-

ume), V  is the volume at pressure P and E
0
 is the energy 

corresponding to the V
0
 . The B and B′ can be calculated from 

the following formula:

(1)E(V) = E
0
+

BV

B�

⎡⎢⎢⎣

�
V
0
∕V

�B�

B� − 1
+ 1

⎤⎥⎥⎦
−

BV
0

B� − 1

(2)B = −V
�P

�V
= V

(
�
2E

�V2

)

V
0

(3)B� =
(
�B

�P

)
P=0

Our calculated lattice parameters increased from K- to 
Cs-doped ZnS/Se, which can be attributed to the increase 
in atomic radii. For all the six compounds, the FM state is 
more favorable in energy than the corresponding NM state. 
To evaluate the structural stability, the cohesive energy is 
introduced to make easy a comparison of stability of com-
pounds. The cohesive energy of a solid is defined as the 
energy required to decompose it into single atoms, which 
is a measure of bonds strength. We calculated the cohesive 
energy of each compound using relation [47]

where EZnMS/Se

coh
 refers to the total energy of the ZnMS/Se 

compounds, EZn

iso
 , EM

iso
 and ES/Se

iso
 are the energies of an isolated 

Zn, M and S/Se atoms, respectively. l, m and n are the num-
ber of each atom in the unit cell. The cohesive energy versus 

(4)
EZnMS/Se

coh
= 2

(
EZnMS/Se

total
− lEZn

iso
− mEM

iso
− nES/Se

iso

)
∕(l + m + n)

Table 1  Optimized parameters 
under non-magnetic (NM) and 
ferromagnetic (FM) order as 
well as total energy difference 
ΔE (meV/cell) for each case of 
M-doped ZnX

Compounds FM ordering NM ordering ΔE (meV)

a (Å) B (Gpa) Bʹ a (Å) B (Gpa) Bʹ

Zn0.875K0.125S 5.6414 56.3666 5.8097 5.6406 56.0754 5.7753 62.9819
Zn0.875Rb0.125S 5.7025 51.6796 5.5525 5.7009 51.8674 5.3481 64.0549
Zn0.875Cs0.125S 5.7797 48.3589 4.8160 5.7769 48.7891 4.7458 44.6500
Zn0.875K0.125Se 5.9271 45.5039 4.6220 5.9248 46.4879 4.2221 48.8093
Zn0.875Rb0.125Se 5.9932 44.4677 4.5694 5.9945 43.6824 3.9441 61.1778
Zn0.875Cs0.125Se 6.0826 41.5597 3.9517 6.0702 40.8092 3.5891 19.9039

Fig. 2  Spin-polarized cohesive energy versus volume plot of ZnMS/
Se (M = K, Rb, Cs) (Color figure online)
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volume curves under FM order are displayed in Fig. 2. For 
the sake of simplicity, we have presented the cohesive 
energy plots for only FM ground state. Figure 2 shows that 
absolute value of cohesive energy decreases as the doped 
elements range from K to Cs, which suggest that the stability 
of the alloys decreases with increasing dopant size which is 
consistent with decreasing bulks modulus given in Table 1.

The calculated total magnetic moment in all investigated 
compounds is exactly 1.00 μB, which are typical HM fer-
romagnets. It is well known that the HM ferromagnets with 
large magnetic moment are expected to present large stray 
magnetic fields, and thus lead to considerable energy losses 
in spintronic devices applications [48]. Thus, to this respect, 
a very interesting case is HM magnets which possess small 
values of magnetic moment. The total and atomic resolved 
magnetic moments of the alkali-doped ZnX (X = S, Se) at 
their equilibrium constants are summarized in Table 2. As 
indicated in the results, the total magnetic moment is prin-
cipally contributed by doping atom M, its nearest neighbor-
ing X atoms and the interstitial region. However, the other 

farther X atoms and Zn atoms have vanishing moments. 
Summing up the magnetic moments, we found more than 
62% of all magnetic moments are restricted within  MX4 
tetrahedron in the doped systems. To obtain the visual 
impression of the magnetic property of the studied alloys, 
we have selected Rb-doped ZnS as an example for analy-
sis of its three dimensional (3D) isosurface of spin charge 
density. This is shown in Fig. 3, where the spin density is 
localized mainly on the nearest neighboring S atoms, which 
derives from the p orbital. Although the magnetic moment 
induced by Rb atoms is small, it activates the p electrons of 
its connecting S atoms which contribute chiefly to the total 
moment. Thus alkali metals (K, Rb and Cs) behave as spin 
polarizers in host matrices.

The spin-polarized electronic structures of ZnMS/Se sys-
tems have been calculated. In the following, we concentrate 
the discussion on the computational electronic structure 
of ZnRbS/Se for which the magnetic stability is highest, 
while ZnKS/Se and ZnCsS/Se have similar behavior. Fig-
ure 4 shows the spin-polarized band structure of ZnRbS/

Table 2  Calculated total 
magnetic moment (mtotal), 
local magnetic moments of 
Zn atom (mZn), doping atom 
(mM), its nearest neighboring 
X atom 

(
m

S
1
∕Se

1

)
 and other X 

atom 
(
m

S
2
∕Se

2

)
 , and interstitial 

magnetic moment 
(
m

interstitial
)
 

for each case of M-doped ZnX

Compounds mZn (μB) MM (μB) m
S
1
∕Se

1

(
�
B

)
m

S
2
∕Se

2

(
�
B

)
m

interstitial
(
�
B

)
mtotal (μB)

Zn0.875K0.125S 0.003 0.025 0.148 0.008 0.326 1.000
Zn0.875Rb0.125S 0.002 0.034 0.150 0.006 0.326 1.000
Zn0.875Cs0.125S 0.001 0.061 0.149 0.003 0.323 1.000
Zn0.875K0.125Se 0.002 0.022 0.157 0.010 0.298 1.000
Zn0.875Rb0.125Se 0.001 0.033 0.164 0.007 0.276 1.000
Zn0.875Cs0.125Se 0.001 0.053 0.165 0.005 0.275 1.001

Fig. 3  A 3D isosurface 
of the spin charge density (
� = �up − �down

)
 for ZnRbS. 

The isosurface value of � (in 
yellow) is 0.013 e/A3. The Zn, 
S and Rb atoms are represented 
by red, gray and blue colors, 
respectively (Color figure 
online)
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Se alloys for minority spin (spin-down) and majority spin 
(spin-up) configurations along high-symmetry directions 
in the first Brillouin zone. The minority spin channels are 
metallic whereas the majority spin channels keep semicon-
ductor behavior with an indirect energy gap (Eg) of about 
1.18 eV and 0.4 eV for ZnRbS and ZnRbSe, respectively. 
Therefore, these systems are HMFs, leading to 100% carrier 
spin polarization at the Fermi level 

(
Ef

)
 . This is opposite to 

the properties of HMFs CrS [49] and V- and Cr-doped zinc 
chalcogenides [50], where the majority spin electrons exhibit 
metallic character and the energy gap is at the minority spin 
channel. The bands close to  EF in the whole Brillouin zone 
for both compounds and both spin channels are flat and 
nearly dispersionless. The main contributor to the flat band 
is chalcogen p-states. It has been argued by other authors 
[51, 52] that the mechanism leading to this phenomenon is 
an important condition for stability of HM ferromagnetism. 
Above flat band, the lower conduction band is shifted toward 
the Fermi level as we move along the  IA column from K to 

Cs, and hence, the band gap decreases as shown in Fig. 5. 
Band gap is also found to decrease as one goes from S to 
Se atom.

The ternary compound under investigation does not 
contain TM atoms thus the proposed mechanism of mag-
netism is different from the Zener’s p–d hybridization [53], 
the Zener’s double exchange [54], the super-exchange [55] 
and the Ruderman–Kittel–Kasuya–Yoshida (RKKY) [56] 
mechanisms. To elucidate the mechanism which may be 
responsible for observed magnetic behavior in these sys-
tems, the total density of states (DOS) and partial DOS of 
the rubidium atom and one of its four nearest neighboring 
chalcogen atoms (S, Se) are calculated and illustrated in 
Figs. 6 and 7. From total DOS (TDOS) plots, we can see 
that spin splitting near the Fermi level shifts the spin-up 
states downward and spin-down states upward to lower the 
total energy of systems. The asymmetrical distributions of 
TDOS between spin-up and spin-down channels suggest 
the magnetism of such doped systems (see Figs. 6a and 
7a). The partial DOS (PDOS) for each compound shows 
existing gaps in both spin directions that separate the anion 
and cation orbitals. The states below the gaps arise exclu-
sively from (S, Se)-p orbitals, while the states above the 
gaps are of Rb-d orbitals (see Figs. 6b–c and 7b–c). As it 
is well known that for ZB structure, the tetrahedral crystal 
field splits the cation d states into threefold degenerate t

2g 
(dxy, dxz and dyz) and twofold degenerate eg 

(
dx2−y2 and dz2

)
 

symmetry states, as presented in Figs. 6d and 7d, while 
anions p states have t

2g symmetry. Only cation t
2g states 

can couple with the surrounding anions p orbitals having 
the same symmetry and create bonding and antibonding 
hybrid orbitals. The bands around Ef  are composed mostly 
from S-3p/Se-4p states, hybridized slightly with Rb p and 
t
2g states. These bands lead to an anomalously flat anion p 
band near the Fermi level, as shown in the previous para-
graph, and reflect the bonding states. In contrast to the p 

Fig. 4  Spin-polarized band structures of  Zn0.875Rb0.125S/Se. The solid 
blue (red) lines represent the majority (minority) spin channel, and 
horizontal dashed line indicates Fermi level. The indirect band gaps 
are indicated by black arrows (Color figure online)

Fig. 5  Calculated band gap of ZnMS/Se (M = K, Rb, Cs) as a func-
tion of alkali dopant
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states, most of d states belonging to eg and t
2g representa-

tions are located at higher conduction energies at about 
4–16.5 eV. Hence, these states are not directly involved 
in formation of spin polarization and ferromagnetism in 
Rb-doped zinc chalcogenides. It was found in previous 
study that the origin of HM ferromagnetism in alkali-
based beryllium perovskites  MBeO3 is attributed to the 
hole mediated double exchange mechanism through the p
-p coupling between M and O atoms [57]. In the present 
case, the exchange splitting of S-3p/Se-4p states around Ef  
plays the pivotal role in the appearance of the half-metal-
licity. Thus the magnetic moment is mainly attributed to 
the (S, Se)-p states, and minor contribution of Rb atom to 
the total moment results from the hybridization between 
the (S, Se)-p and Rb p and Rb t

2g states, which is con-
sistent with spin charge density calculation. However, the 
governing mechanism behind these systems clearly distin-
guishes them from TM (TM = Mn, Fe, Co, Ni)-doped ZnS/

Se [15] where TM d electrons provide the main magnetic 
moment and the p-d hybridization coupling is responsible 
for ferromagnetism. We note that in the case of V- and Cr-
doped ZnS/Se, the ferromagnetic state is stable via double 
exchange coupling in which the delocalized antibonding 
band is partially occupied [50]. 

4  Conclusion

In conclusion, electronic and ferromagnetic properties of 
alkali metals (K, Rb and Cs) incorporated ZnS/Se sys-
tems have been studied using first-principles calculation. 
These systems showed 100% spin polarization at Fermi 
level with gap in the spin-up channel when alkali dopant 
replaces the Zn site in periodic supercells. The band gap 
decreases as one goes from K to Cs. In all cases under 
study, half-metallic ferromagnetism has been observed 

Fig. 6  a TDOS and b–d PDOS 
of Rb-doped ZnS. The upwards 
arrows (downwards arrows) 
represent the majority (minor-
ity) spin directions, and vertical 
dashed line indicates Fermi 
level (Color figure online)

(a)

(b)

(c)

(d)
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with an induced magnetic moment of 1.00 μB per dopant 
atom leading to minimal energy losses in spintronic appli-
cations. From the analysis of partial density of states and 
magnetic moments, the origin of half-metallicity arises 
from the spin polarization of the chalcogen p-orbitals. 
Thus alkali metals may be promising non-magnetic 
dopants for zinc chalcogenides to fabricate dilute magnetic 
semiconductors free of magnetic precipitates.
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