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The ab initio study was performed using the generalized gradient approximations implemented in the
CASTEP code to investigate the impact of vanadium doping on the electronic, optical, and mag-
netic properties of HgTe. The calculated lattice parameters of the compound under ambient conditions
showed good agreement with experimental data. The pure HgTe compound is a semimetal, with the
higher energy states of the valence band overlapping only the lower energy states of the conduction
band. Doping with vanadium (V) induces ferromagnetism in the system, leading to a signi�cant spin
polarization of about 90% at the Fermi surface, making HgTe a potential candidate for spintronic appli-
cations. The Curie temperature (TC) was estimated using mean �eld theory for doping concentrations of
12% and 24%. The double exchange is suggested as the most responsible interaction of ferromagnetism
in the system. Optical calculations indicate enhanced absorption in the visible and infrared regions,
suggesting its viability for optoelectronic device applications. These �ndings pave the way for the de-
sign of transition-metal-doped HgTe for the technological advancement of spintronics and photonics in
the future.
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1. Introduction

Ferromagnetic behavior is rarely observed in
semiconductors due to the low carrier density. To
enhance this behavior, a combination that inte-
grates both semiconductor and magnetic properties,
particularly within disordered systems, is recom-
mended. For this purpose, dilute magnetic semicon-
ductors (DMS) have been introduced [1�3]. These
compounds are obtained by randomly introducing
magnetic elements, such as transition metals or rare
earth elements, into a non-magnetic semiconduc-
tor cationic matrix by substituting a fraction of
its cations. In some cases, even non-magnetic ele-
ments may be used in the substation process [4�6].
The development of DMS as innovative materials

with novel and interesting properties is expected to
enable their applications in several areas of emerg-
ing technology [7�9].
Modifying the density of charge carriers a�ects

several properties, with electronic and magnetic
properties being of particular interest in this study.
The main challenge is to obtain compounds exhibit-
ing semimetallic behavior and ferromagnetic prop-
erties, with Curie temperature (TC) exceeding room
temperature, thereby enhancing their potential for
spintronic device fabrication [10].
Mercury selenide (HgTe) does not exhibit a

signi�cant gap, nor does it show metallic behavior
or act as a conventional semiconductor or insulator.
It crystallizes in several phases, with the zinc blende
structure being the most stable. HgTe has attracted
considerable attention due to its unique properties,
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making it a promising material for applications in
optoelectronic and spintronic devices, as well as
in thin-�lm transistors, light-emitting diodes, and
electrochemical cells. It is also widely used in in-
frared detectors, adjustable lasers, and thermoelec-
tric coolers, owing to its high electron mobility and
elevated carrier concentration [11�14].
Research on V-doped HgTe remains in its early

stages, and much of the relevant information must
be inferred from studies on similar materials. Using
vanadium as a dopant may introduce magnetism
and enhance the electronic and optical proper-
ties of HgTe. Previous studies on Cr-doped GeO
and GaN have shown room-temperature ferromag-
netic behavior in dilute magnetic semiconductors,
thereby broadening the scope for potential appli-
cations in optoelectronic and magnetic devices [15].
Furthermore, recent ab initio investigations have ex-
amined the e�ects of transition metal (TM) doping
on the electronic, optical, and magnetic properties
of various semiconductors. For instance, theoreti-
cal studies on Cd1−xTMxTe (TM = V, Cr, Mn)
have shown a semimetallic ferromagnetic behavior
at high transition metal concentrations (x), making
it relevant for spintronics applications [16]. At low
concentrations, however, the doped CdTe remains
insulating [17, 18]. Such �ndings support the hy-
pothesis that vanadium doping in HgTe may lead to
signi�cant modi�cations of its intrinsic properties,
which is necessary for e�ective use in electronics and
spintronics.
This study aims to determine whether TM doping

can meaningfully alter the fundamental properties
of semiconductors. Speci�cally, the objective is to
perform ab initio calculations to evaluate the im-
pact of vanadium doping on the optical, electronic,
and magneto�optical properties of HgTe. By analyz-
ing the structural and electronic changes induced
by doping, the work will assess the potential of
V-doped HgTe for use in spintronic and optoelec-
tronic applications, thus contributing to the broader
understanding of TM-doped semiconductors.

2. Computational details

The calculations presented in this work, such
as total and partial state density, band structure,
magnetic moment, and other parameters, are ob-
tained by applying the density functional theory
(DFT) implemented in the CASTEP code and using
the optimized Troullier�Martins�Goring (OTFG)
pseudopotential [19]. The calculations were car-
ried out within the generalized gradient approxima-
tion (GGA), without including spin�orbit coupling
(SOC) e�ects [17, 18].
A 6 × 6 × 6 Monkhorst�Pack k-point mesh

was employed to ensure adequate sampling of
the Brillouin zone, o�ering comprehensive cover-
age of the reciprocal space for precise calculations.

Fig. 1. Crystalline structure of the HgTe com-
pound visualized using Vesta software.

Additionally, an energy cut-o� of 500 eV was chosen
to ensure both convergence and accuracy in the
computational results. We showed that the prim-
itive cell of HgTe is a zinc blende structure with
space group F4̄3m and contains four atoms, in-
cluding two atoms of mercury (Z = 80) and two
atoms of tellurium (Z = 52). A 2 × 1 × 1 super-
cell containing 16 atoms was employed to study the
physical properties of V-doped HgTe. The mate-
rial adopts a tetragonal structure with space group
P4̄2m (no. 111).
The primary objective of these calculations is to

replace one of the cationic sites in the semiconduc-
tor structure with a doping element � this time it
will be the vanadium (V) atom. The introduction
of this type of transition metal is intended to inject
3d-TM impurities into the system. We have carried
out a thorough study of the physical properties of
the Hg1−xVxTe compound. To assess the impact
of vanadium substitution on magnetic properties,
we used a supercell with a chemical composition
of Hg7V1Te8.

3. Results and discussions

3.1. Structural properties

The primitive cell of HgTe consists of two
interpenetrating face-centered cubic (fcc) sublat-
tices (see Fig. 1). Mercury atoms (with Z = 80)
occupy the �rst sublattice, while tellurium atoms
(with Z = 52) occupy the second. In this arrange-
ment, Hg atoms are located at the (0, 0, 0) position,
and Te atoms are positioned at (0.25, 0.25, 0.25).
The experimental lattice parameter for HgTe is
reported to be 6.46 Å [20].
To study the structural stability and determine

the equilibrium properties of the material, the total
energy as a function of volume is �tted using the
third Birch�Murnaghan equation of state [21]
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Fig. 2. Total energy versus cell volume of HgTe
calculated using (a) GGA-PBE and (b) LDA.

In Fig. 2, the total energy as a function of unit
cell volume for HgTe is presented, calculated us-
ing the generalized gradient approximation with the
Perdew�Burke�Ernzerhof (GGA-PBE) and the lo-
cal density approximation (LDA).
It was found that the results obtained using LDA

di�er signi�cantly from other results, particularly
for the lattice parameter a. The LDA approach un-
derestimates this parameter by 0.07 Å compared to
the experimental value. This discrepancy is in agree-
ment with previous studies [22], which have also re-
ported that LDA tends to underestimate the lattice
constants due to its overbinding e�ect. In contrast,
the results obtained using the generalized gradient
approximation with the Perdew�Burke�Ernzerhof
(GGA-PBE) functional are in good agreement with
both experimental values and previous �ndings, as
shown in Table I (see also [20�23]). The GGA-PBE
method has been shown to provide a more ac-
curate description of the structural properties of
HgTe and related semiconductors in similar stud-
ies [24, 25]. Given this discrepancy, we opted to
use the GGA-PBE method for calculating the other
properties of HgTe, as it ensures greater accuracy
and reliability, bringing our results into closer align-
ment with experimental data and other theoretical
predictions.

Fig. 3. Structure of the doping system Hg7VTe8.

TABLE I

Lattice parameter calculated using both GGA and
LDA; our results compared with other results.

Lattice parameter a

Present work (GGA) 6.50 Å
Present work (LDA) 6.39 Å
Experimental value 6.46 Å [23]
Other calculations (GGA) 6.41 Å [21], 6.664 Å [22]
Other calculations (LDA) 6.47 Å [20]

To investigate the impact of V substitution on the
physical properties of the system, a supercell con-
taining 16 atoms in total was used, corresponding to
the chemical composition Hg7VTe8. As illustrated
in Fig. 3, this supercell provides a representative
model of our compound. A doping concentration of
x = 0.125 was realized by substituting a mercury
(Hg) with a vanadium (V) at the site of the HgTe
supercell shown in Fig. 3. As a result of this substi-
tution, the structure becomes tetragonal and crys-
tallizes in the space group P4̄2m (no. 111).

3.2. Electronic properties

We begin our discussion with the electronic
properties (i.e., band structure and total density
of states (TDOS)) of pure HgTe. In Fig. 4, the
band structure calculations indicate that HgTe be-
haves as a semimetal, characterized by the overlap
between the conduction band maximum and the
valence band minimum. It is worth recalling that
a semimetal can be viewed as a semiconductor in
which the lower energy states of the conduction
band slightly overlap with the higher energy states
of the valence band, although it is rarely described
in these terms. The behavior of the band structure
within this framework is consistent with previous
studies.
The investigation of the band structure of un-

doped HgTe is essential as it provides critical infor-
mation, such as the band gap. As shown in Fig. 4,
the calculated band gap for HgTe is −0.16 eV.
Although this value is smaller than the experi-
mental value of −0.3 eV [26], it remains consis-
tent with other values reported in the literature:
−0.56 eV [25], −0.84 eV [27], and −0.15 eV [28].
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Fig. 4. Calculated band structure of the pure com-
pound HgTe.

Figures 5 and 6 present the results of the total and
partial density of states calculations, respectively.
The valence band (VB) is separated into two dis-
tinct regions, while the conduction band (CB) forms
a single continuous region, exhibiting strong sym-
metry between spin-up and spin-down states. These
two bands are separated by a band gap (Eg) with a
width of 0 eV. This analysis indicates that the HgTe
compound is a non-magnetic semiconductor.
In addition, the perfect symmetry between spin-

up and spin-down states con�rms the absence of
any magnetic behavior in HgTe. The total mag-
netic moment has been calculated to be 0 µB. Fur-
thermore, the compound exhibits a zero band gap
and a very small density of states at the Fermi
level. These �ndings align with the previous anal-
ysis and con�rm the semimetallic behavior in our
system.
In our study, even for V concentrations below

12.5%, the majority spin channel remains metallic,
while the minority channel exhibits a clear semi-
conducting character (see Fig. 7). Consequently, the
system maintains a half-metallic nature, rather than
becoming a full insulator, as reported by Cuono
et al. [29]. This discrepancy can be attributed to
both the doping concentration investigated in our
work and the exchange-correlation approximation
employed.
It is well known that theGGA+U approach intro-

duces a corrective potential that signi�cantly a�ects
systems containing strongly correlated d electrons,
such as transition metal ions. The inclusion of the
U term lowers the energy of the occupied d states
and shifts the unoccupied states upward, e�ectively
widening the band gap in both spin channels. As a
result, calculations using GGA+U+SOC may pre-
dict an insulating behavior, while standard GGA,
which often underestimates the on-site Coulomb in-
teraction, can yield a metallic or half-metallic phase.
Therefore, our results are consistent with Cuono et
al. [29] once the Hubbard correction is considered.

Fig. 5. TDOS of pure HgTe compound.

Fig. 6. PDOS of pure HgTe compound.

The choice of a 12.5% vanadium concentration in
our work was motivated by the following consider-
ations:

� Our primary objective was to demonstrate the
existence of half-metallic behavior, 100% spin
polarization, and to examine the ferromag-
netic nature acquired after V doping in HgTe.

� At a V concentration of x = 12.5%, the
system exhibits a ferromagnetic ground state
and higher spin polarization than at other
concentrations; these two features are crucial
for spintronic applications.

� At lower concentrations (x < 12.5%), we
observed magnetic instability and spin disor-
der, which can be explained by variations in
exchange coupling constants, which determine
the type of magnetic interactions between V
atoms.

� Other dopants, such as Mn and Co, although
displaying high spin polarization, exhibit nei-
ther half-metallicity nor ferromagnetic sta-
bility. Hence, V-doped HgTe at 12.5% re-
mains the most promising con�guration for
achieving e�cient spintronic behavior.
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Fig. 7. Band structures of Hg1−xVxTe, where (a)
x = 3.125%, (b) x = 6.25%, (c) x = 12.5%.

Therefore, for the investigation of the other prop-
erties of Hg1−xVxTe, only the 12.5% dopant
concentration will be considered.
To break the symmetry between major and mi-

nor spins and to induce magnetic behavior in the
HgTe compound, we introduced vanadium (V) �
a transition metal � into its structure. The results
obtained are shown in Figs. 8�10. The introduction
of V into the HgTe compound leads to signi�cant
changes in the band gap compared to the undoped
material, particularly in the band gaps of the spin

Fig. 8. Calculated band structure of V-doped
HgTe. The Fermi level (EF) is represented by the
dashed line, with majority-spin (black line) and
minority-spin (red line).

channels. In the spin-down channel, the band gap
increases due to the additional electrons introduced
by the V atoms, which occupy electronic states and
push them away from the Fermi level, resulting in
a widening of the gap. On the other hand, in the
spin-up channel, the band gap decreases as the va-
lence band shifts upward due to the presence of V
impurities. This shift brings the valence band closer
to the conduction band, thereby narrowing the gap.
These changes are clearly illustrated in Fig. 8. The
presence of distinct band gaps in the two spin chan-
nels makes Hg1−xVxTe a highly promising mate-
rial for spintronic applications. In spintronics, the
ability to control and manipulate electron spin is
essential, and materials with spin-selective band
gaps can signi�cantly enhance the performance and
functionality of spin-based devices.
Figure 9 presents TDOS for the Hg1−xVxTe

compound with a vanadium doping concentration of
x = 12.5%. The system exhibits semimetallic prop-
erties accompanied by a magnetic behavior. This
result is con�rmed in Fig. 10, which presents the
partial density of state (PDOS) for the doped com-
pound, highlighting the contribution of vanadium
dopant, particularly its 3d orbitals, and the strong
hybridization observed between the Te-p and V-3d
orbitals. Analysing the energy levels reveals that
the d orbitals are split into two energy levels, i.e.,
e and t2. The e+ orbit is fully �lled, while the t+2
orbit is partially �lled. Meanwhile, the e− and t−2
orbits remain empty. This is consistent with results
reported in the literature [30].
Figure 10 shows the PDOS for HgTe doped with a

single V impurity. The bandgap (Eg) values, span-
ning from 0.9 to 3.1 eV, originate primarily from
the V-3d states, with a minor contribution from
the Te-p states observed in both spin channels.
These results highlight that the introduction of V
modi�es the electronic structure of HgTe and that
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Fig. 9. TDOS of V-doped HgTe.

Fig. 10. PDOS of V-doped HgTe.

an analysis of the PDOS for Hg1−xVxTe provides
signi�cant insights. (Recall that the electron con-
�gurations of tellurium (Te) and vanadium (V) are
[Ar] 4d25s25p4 and [Ar] 3d54s2, respectively.)
The data shown in Fig. 10 indicate a clear

covalent bond between V and Te atoms, arising
from the p�d hybridization near the Fermi level.
These �ndings are consistent with the expected
behavior of transition-metal-doped HgTe systems
and align with previous studies [31]. The observed
p�d hybridization is crucial for understanding the
electronic interactions within the doped material,
emphasizing the role of vanadium in modifying the
electronic structure of HgTe. This modi�cation im-
parts distinctive electronic and magnetic proper-
ties, making the material suitable for a range of
advanced applications. For example, Hg1−xVxTe
could be valuable in magnetic electronics, enabling
better control over electron spin, which is very use-
ful for memory and logic devices. Its optoelectronic
properties could also enhance performance in in-
frared detectors and solar panels due to speci�c

Fig. 11. Absorption spectrum of pure HgTe and
V-doped HgTe.

interactions near the Fermi level. Finally, combining
the semiconducting and magnetic properties of
Hg1−xVxTe could lead to the development of more
advanced magnetic sensors and other innovative
devices for future electronics.

3.3. Optical properties

To investigate the in�uence of vanadium (V)
doping on the optical properties of HgTe, we analyze
key parameters within the linear response regime,
including the dielectric function, absorption coe�-
cient, re�ectivity, and energy loss function. The re-
sults are presented below, with the detailed deriva-
tion process available in [32]. This analysis follows
the framework of direct transition probabilities and
the Kramers�Kronig relations
ε (ω) = ε1 (ω) + iε2 (ω) , (2)

where ε1(ω) and ε2(ω) are, respectively, the real
and imaginary parts of the dielectric function as a
function of the optical frequency ω.

3.3.1. Absorption spectrum

The optical absorption coe�cient α(E) as a func-
tion of photon energy E [eV] can be expressed by

α (E) =
2E

ℏc

√√
ε21 (ω) + ε22 (ω)− ε1 (ω)

2
, (3)

where ℏ and c represent the Planck constant and
the speed of light in vacuum, respectively.
As shown in Fig. 11, the absorption coe�cient α

is approximately 105 cm−1. The absorption border
of the pure compound is located around 2.5 eV, in-
dicating that it is a material with interesting optical
properties. Optical absorption increases as photon
energy rises. The injection of carriers by the dopant
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Fig. 12. Real part of the conductivity of HgTe and
V-doped HgTe.

element V induces a shift, which is observed as
the absorption edge of the doped compound moves
toward higher energy.

3.3.2. Conductivity

The optical conductivity σ(ω) characterizes the
conductivity of photoelectrons generated by the
photoelectric e�ect within a material. It can be cal-
culated using the following formula

σ (ω) =
ω

4π
Im (ε (ω)) . (4)

Figure 12 shows the conductivity curves. In the
energy range from 4 to 8 eV, both systems exhibit
high conductivity. This increase is proportional to
the energy of the incident photons in the visible re-
gion. The maximum peak is observed at 7 eV for
the doped compound and at 6 eV for the pure com-
pound, with corresponding values of 5.17 fs−1 and
4.72 fs−1, respectively. These results indicate that
V doping enhances the optical conductivity of HgTe
in this spectral range. Despite this improvement,
the overall conductivity of both systems remains
relatively low. The negative conductivity observed
in Fig. 13 does not indicate that the doped com-
pound rejects current; rather, it re�ects an unusual
response potentially linked to particular physical ef-
fects such as the Hall resistance.

3.4. Magnetic properties

Table II presents the contribution of each ele-
ment to the total and partial atomic magnetic mo-
ments [in µB] for the V-doped HgTe compound
(Hg1−xVxTe).
It is evident from the table that the magnetism

of the compound primarily originates from the im-
purity atom, i.e., vanadium (V). To con�rm this,

Fig. 13. Imaginary part of the conductivity of
HgTe and V-doped HgTe.

TABLE II

Calculated magnetic moments given in [µB] for
V-doped HgTe.

Hg V Te Interstitial Total

0.206 1.961 0.030 0.803 3

TABLE III

Polarization of V-doped HgTe as a function of V
concentration.

Concentration of V [%] Polarization

8 87.8%
12 89.4%
15 91.1%
20 91.5%
24 93.6%

the concentration of V was increased, and it was
observed that both the total and partial magnetic
moments increased proportionally with the V con-
centration (see Table III). Therefore, the positive
and negative signs of the partial spin magnetic mo-
ments for each atom (Hg, V, and Te) indicate the
direction of their respective moments. The elec-
tron spin polarization can be calculated using the
following expression

P =
ρ↑ − ρ↓

ρ↑ + ρ↓
, (5)

where:
� ρ↑ � majority spin states,
� ρ↓ � minority spin states.

The majority spin states of the V-3d orbitals
are partially �lled with three electrons, resulting
in a total magnetic moment of ≈ 3 µB . TDOS is
primarily in�uenced by the V-3d and Te-p states,
which are the main contributors to the overall

121



M. Baiboud et al.

magnetic moment in Hg0.875V0.125Te. A strong p�d
hybridization is observed between the Te-p and
V-3d states in the majority spin channel, leading
to a reduction in the system's total energy and con-
�rming the ferromagnetic con�guration of our com-
pounds. This hybridization also induces small lo-
cal magnetic moments on the non-magnetic Hg and
Te atoms. Both Hg and Te exhibit parallel mag-
netic polarization, further indicating ferromagnetic
behavior.

3.5. Curie temperature (TC)

Since the approximation used only describes the
properties of the ground state, an additional ap-
proach� such as the Heisenberg mean-�eld approx-
imation � is needed to characterize the magnetic
properties at �nite temperature. In fact, a simple
Heisenberg model allows one to estimate the Curie
temperature, which is implemented in the SIESTA
code. This model is expressed by

H = −
∑
i̸=j

Jij Si · Sj , (6)

where:

� Si � spin at site i,
� Jij � exchange constant between sites i
and j.

To estimate the Curie temperature, we apply the
Weiss mean-�eld formula derived from the Hamil-
tonian (6), thus

TC =
2

3kB
S (S + 1)

∑
i

ziJi, (7)

where:

� S � spin quantum number of the magnetic
ion,

� zi � coordination number (number of neigh-
boring magnetic atoms) for the i-th shell,

� Ji � exchange interaction for the i-th
neighbor,

� kB � Boltzmann's constant.

The exchange interactions Ji can be derived from
�rst-principles DFT total energy calculations by
evaluating the energy di�erence between di�erent
magnetic con�gurations. Speci�cally, the e�ective
exchange energy ∆E is de�ned as
∆E = EDLM − EFM, (8)

where:

� EDLM � energy of the disordered local mo-
ments (DLM) state,

� EFM � energy of the ferromagnetic (FM)
ground state.

Table IV presents the calculated energies of the
ferromagnetic phases for each concentration.

TABLE IV

Total energy di�erence and ferromagnetic stability for
each concentration.

Concentration ∆E (×10−3) [eV]
Ferromagnetic

stability

8 4.33 stable
12 6.29 stable
15 7.48 stable
20 8.40 stable
24 9.86 stable

This total energy di�erence can be interpreted
within the Heisenberg model as

∆EH = S2C2
∑
n ̸=0

Jn0, (9)

where C represents the dopant concentration. The
summation is running over all interacting magnetic
neighbors in the sublattice.
By combining the energy di�erence ∆E obtained

from DFT with the mean-�eld expression for TC, we
derive the following simpli�ed practical formula [33]

TC =
2

3

∆E

C kB
. (10)

This equation provides a straightforward way
to estimate the Curie temperature directly from
�rst-principles calculations, incorporating both the
magnetic energy and the dopant concentration.
Using (10), we estimate the Curie temperature
for the V-doped HgTe ferromagnetic compound to
be 315 K. This value can be considered high at a rel-
atively low doping concentration. Our �ndings are
consistent with prior computational studies on di-
luted magnetic semiconductors (DMS) doped with
transition metals such as Co and V [19, 34].
It is important to note, however, that the mean-

�eld approximation tends to overestimate TC, par-
ticularly at low dopant concentrations, because
it neglects thermal spin �uctuations and disor-
der e�ects. Nevertheless, this approach remains a
valuable and computationally e�cient framework
for predicting magnetic ordering temperatures in
doped semiconductors from �rst principles.

4. Conclusions

This paper investigates the electronic and
magnetic properties of Hg1−xVxTe with x = 0.125,
using density functional theory (DFT) with the
Perdew�Burke�Ernzerhof (PBE) generalized gra-
dient approximation (GGA) exchange-correlation
functional. The results demonstrate the potential of
V-doped HgTe as a stable ferromagnetic material.
Speci�cally, we �nd that the Hg0.875V0.125Te com-
pound exhibits robust ferromagnetism with a high
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spin polarization of 90%, driven by the ferromag-
netic p�d exchange coupling mechanism.
The stability of the ferromagnetic phase is con-

�rmed by positive total energy di�erences and the
presence of antibonding states resulting from p�
d hybridization, suggesting the onset of sponta-
neous magnetization. Furthermore, the signi�cant
p�d hybridization between the p orbitals of tel-
lurium (Te) and the partially �lled 3d orbitals of
vanadium (V) in Hg0.875V0.125Te leads to a reduc-
tion in the total magnetic moment of the V atom
from its free-space value of 3 µB . This interaction
also induces small local magnetic moments on the
nonmagnetic Hg and Te sites.
The electronic structure of Hg0.875V0.125Te

exhibits a diverse gap character, enhancing its po-
tential as a candidate material for spin injection ap-
plications in spintronic devices. The ability to con-
trol and manipulate spin states in such materials
holds signi�cant promise for advancing technologies
based on spin polarization and magnetic behaviors.
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