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Abstract. To produce innovative spintronics components, we are now looking for ferromagnetic semicon-
ductors at room temperature. The aim of this work is to study the electronic structures and the magnetic
properties is to trigger ferromagnetism and to improve the band gap of PbSe The study of the electronic
structure and the magnetic properties of diluted magnetic semiconductors (DMS) type IV-VI PbSe doped
Cr is investigated in detail. Our results are as follows. We then calculated the sp-d exchange couplings
between electrons (holes) of the conduction (valence) band and magnetic impurities. The topology of the
band structure shows that our material is half metal, which has a direct gap in the minority channel due
to the nature of sp—d coupling. The values of Na ferromagnetic and N3 antiferromagnetic obtained in
the mean-field approximation are of the order of 0.551 and —0.445 eV respectively. The Thermoelectric
Conversion Efficiency focuses on a single dimension parameter, the figure of merit ZT. We have seen that
doping with Cr can also have a beneficial effect on thermal conductivity and consequently on ZT. This

leads our material among the best compounds to thermoelectric applications.

1 Introduction

Doped impurities in semiconductors provoke significant
modification in their electronic, magnetic and optical
properties, necessitating their industrial applications.
Magnetic semiconductors involve doping magnetic ele-
ments in traditional semiconductors. Particularly, they
can be used in the field of spintronics. In this context,
the combination of charge and spin at the same time in
new devices opened up a loophole in logic and informa-
tion storage capacities.

The lead-based IV-VI semiconductor family pos-
sesses special electronic characteristics due to the inter-
action of the strongly occupied cation band with the p-
valence electrons of the anion, elicited to sweep a large
a number of different properties that can be used in dif-
ferent fields of application such as optics, superconduc-
tivity, or even magnetism. Due to their semiconductor
property, these compounds have proven to be essential
in thermoelectricity. The introduction of a magnetic ele-
ment such as chromium in the host semiconductor leads
the material to new characteristics. Type II-VI diluted
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magnetic semiconductors form an important class of
DMS in which electrical doping and magnetic doping
can be controlled independently. Lead-based chalco-
genides doped with a magnetic ion are a new class of
DMS that is still poorly understood and the nature of
the magnetic interactions remains to be elucidated. The
p-type doping of type IV-=VI DMS is a challenge and
the control of magnetic interactions by electrical doping
could result in a ferromagnetic DMS at room temper-
ature [1-4]. Cr-doped n-type PbSe with small carrier
concentration is a thermoelectric (TE) material which
attracts increased attention for larger average merit fig-
ures ZT value wide temperature range (300-873 K) [5],
another similar material as Cr rich PbSe has long range
FM coupling order and becomes half metallic, this is
Cr doped PbS [6]. Transition metal-doped IV-VI semi-
conductors, accuracy Ge-Sh—Te-based materials (TM-
GST) have gained attention for their high performance
and reliability. in the work of Wang et al. [7], where
they combine the experimental and the DFT proved
that doping with chromium leads to a GelSb2Te4 type
structure. these results provide a novel approach for the
fabrication of chalcogenide superlattices which are the
best candidates for the next generation of nonvolatile
data storage [7].
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2 Computational method

In the DFT framework, we have performed calcula-
tions using the FP-LAPW method implemented in the
WIEN2k [8]. the stability structural, half-metallic fer-
romagnetic and magnetic properties are treated by the
exchange-correlation potential the generalized gradient
approximation (GGA) was used in the form proposed
by Perdew et al. [9]. In this computation, a unit cell was
divided into two regions where the plane waves is used
in the interstitial region and spherical harmonic expan-
sion was used for atomic spheres. The muffin tin sphere
radiuses (RMT) are chosen in such ways to ensure that
the charge will leak the atomic sphere. The muffin-tin
sphere radii RMT were taken to be 2.5, 1.7 and 2.1
atomic units (au) for Pb, Cr and Se, respectively. RMT
X Kmax = 9 was used for the number of plane waves,
and the expansion of the wave functions was set to
Imax = 10 inside of the muffin tin spheres, while the
charge density was Fourier expanded up to Gpax = 12
a.u.” !, where Gax is the largest vector in the Fourier
expansion. A 12 x 12 x 12 point mesh was used as base
for the integration in The Brillouin zone sampling. The
energy convergence criterion was set to 10~7 Ry

3 Results and discussion

3.1 Structural properties and stability of the
Cr-doped PbSe

The binary IV-VI semiconductor PbSe crystallizes
in the NaCI(B1) structure with a space group of
225(Fm3m), where the Pb atom occupies the top of
the cube and the atom Se located at the center of
the cube. For the Pby_,Cr,Se compounds, we used a
super cell of 16 atoms and substituting one and too Pb
cation sites by the Cr atoms to obtain the following frac-
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tions Pby_,Cr,Se (x = 0.125 and 0.25). For example in
Fig. 1. We present the structure which corresponds to
x = 0.125 and = = 0.25. To have the thermodynamic
stability of the solid-state phase of doped systems, we
calculate the formation energy by the following relation
[10]:

Er = E (doped) — E (pure) + ppp — ficr

Where the terms E (doped), E (pure), upp and pcy
are the total energy of the doped PbSe, the total energy
of the pure PbSe, the chemical potentials for Pb and Cr
atoms, respectively. By using this definition the forma-
tion energy is negative for all fractions Cr confirms that
the Cr-doped PbSe exhibits a good structural stability
The calculated negative formation energies are —17.7
and —17 eV of Pby_,Cr,Se (z = 0.125 and 0.25) com-
pounds illustrate that the compounds formation in the
FM state is more favorable (see Table 1). The curve
analysis E(V) (E = total energies, V = cell volumes)
with adjustment by the empirical Murnaghan equation
of state [11] leads to determine the equilibrium lattice
constant (a), the volume modulus (B) and its pressure
derivative (B’). Figure 2 Show the linearity of decrease
the lattice constant with increase fraction doped-Cr
The decrease of the lattice parameters with Mn con-
centration may be attributed to the large ionic radius
of Cr** (1.66 A) compared to that Se** (1.03 A). This
decrease in lattice parameter can be further explained
by a start of the formation of the secondary phase and a
decrease in the default concentration. The replacement
of Cr by Pb influences the bond length which causes
a small crystal distortion in the crystal structure, The
calculated lattice parameter a (A) versus concentration
was fitted by a polynomial order 3 equation gives a very
small deviation:

a(A) = 6.2711 — 0.925z — 0.0662> — 0.0042z"

Fig. 1 The crystal structures of Pbi_;Cr;Se compounds with : a x = 0.125, b = 0.25 supercell of 16 atoms
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Table 1 Calculated lattice constant (@), bulk modulus (B), half-metallic ferromagnetic band gap E, and half-metallic gap

for Pby1_,Cr;Se

Pbi_,Cr.Se a (A)

B (GPa) B’

Er (eV) Emuvr (eV) Enm (eV)

z =0.125
z=0.25

6.1416
6.051

49.47 3.77
51.69 3.38

—17.704 0.39 0.07
—-17 0.304 0.017

6,20

—m— Jattice parameter
Fit Polynomial Order 2|

6,15 -

6,10 -

6,05

Lattice Parameter (A")

6,00

5,95

. . . . ; . ; . ; .
0,10 0,15 0,20 0,25 0,30 0,35 0,40
Cr Fraction

Fig. 2 Variation in lattice constants a of Pbi_, Cr;Se as
a function of composition x

3.2 Band structure and density of states property

The study of electronic properties consists of analyzing
the band structure to know the effect of the magnetic
impurity. The band structure is determined in the along
the high symmetry directions in the Brillouin zone. The
existence of a high symmetry between majority and
minority spin and the position of EF in gap of minor-
ity channel proves that the system is a half-metallic
character (see Fig. 3a). The Pbg g5 Crg.125Se have an
direct gap at I' point. The half-metallic ferromagnetic
band (HMF) gap E, value obtained is 0.39 eV and half-
metallic (HM) gap Gpm equal 0.07 eV this last one is
very important in spintronic applications. The increases
of Cr ions in the crystal lattice provoke the growth of
electrons in the conduction band which leads to the
insulator-metal transition [12,13]. the addition 0.125 of
Cr quantity induce a decrease in the band gap (EHFM)
by 0.09 eV and a slight increase in the half-metallic gap
by a 0.01 eV (see Table 1), this overlap in the gap is
due to the increase in spd exchange interaction between
band electrons and localized 3d electrons of the transi-
tion metal atom [14,15].

We can see a gap in the majority spins if we move the
fermi level towards the conduction band which leads
the materials to a semiconductor character. this is a
new class of materials called Spin-gapless semiconduc-
tors and according to Wang et al. [16] the practical use
of SGS type II made by Fermi level tuning to achieve
easy switching between electron and hole modes.

Chromium is the chemical species with the fewer
electrons in the system, with the d orbital’s unfilled.
Therefore, this atom makes the main contribution to
the occupied states of the minority spin states. The
Fermi level is located in the band gap of the minority
spin electrons, between the occupied d bands of the Cr
atoms and of the states resulting from the hybridization
of the d orbital’s of the Cr and the p Pb. this hybridiza-
tion provoke the double exchange interaction which is
the principal cause of introducing ferromagnetism in
the IV-VI doped Cr.

The chemical environment of the Cr atoms will be
determining for the conservation of the half-metallicity.
This information is consistent with that described in
Fig. 3a, b, which show the contribution of Cr, Pb and
Se atoms to energy bands, for majority and minority
spin electrons

The spin up-flip energy (E**) and the spin down-
flip energy (F*~) measure an energy cost, whereas
the down-flip is the spin counterpart to the ioniza-
tion energy, while the up-flip is the spin counterpart
to minus the electron affinity [17]. We calculated the
difference of the spin-flip energies by the relationship:
Es _ Esff 4 Esf+

The chemical hardness in quantum chemistry is
defined as the half between the deference of finite and
ionization energy; similarly, we designate Eg as spin
gaps stiffness. All this quantity is displayed in Table 3.

The calculations generally show the spin-flip gaps
B (B7) is 0.39 (0.215) and 0.398 (—0.077 eV)
for Pbg.75Crg.25Se, and Pbg 75 Crg.o55e respectively
(Table 2). These values indicated to intraband tran-
sitions across the pseudogap, and interband transitions
across the spin gap. Since, the spin electronegativity x
is less than unity; we note that the down flip is ener-
getically cheaper than to flip a spin up. Figure 4 shows
the total and partial density of states for spin-up and
spin down patterns for the Pby_, Cr,Se (z = 0.125 and
0.25) compounds.

the both edges of the band gap in the spin-down chan-
nel is principally composed of the hybridized 3d states
of Cr and 6p states of Pb atoms, The DOS around EF
are mainly participated by Cr-d states with small attri-
bution of Se-p states which play the important role to
provoke HM ferromagnetism in these compounds.

The reduced DOS near EF in spin-down channel is
also seen in when substituting Cr in PbSe.

The Cr atom is surrounded by a tetrahedral environ-
ment, their d-orbital split into both orbitals to, and e;.
Owing to the substitution of the chromium, the entire
electron in majority spin states Cr-d gets generated in
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Fig. 3 Spin-polarized band structures for majority spin (up) (red line) and minority spin (dn) (green line) for Pby_, CrzSe.
(ax=0.125 and b 0.25)

Table 2 Calculated spin—flip gap Es and the spin electronegativity x for Pbi_,Cr;Se (z = 0.125 and 0.25)

Pb;_,Cr,Se Et = Bl B! E = EL—E] E, XS = (B E5) /2
x =0.125 0.39 0.215 0.605 ~0.0875
x =025 0.398 —0.077 0.32 —0.237

Table 3 Calculated total and local magnetic moment (in pg) within the muffin-tin spheres and in the interstitial sites for
Pbl_zCrISe

Pb1_;Cr;Se Mot Mcy Mpy, Mse Minter

z = 0.125 4.0148 3.129 0.0025 —0.042 1.047

x = 0.25 8.026 3.185 —0.0045 0.078 1.048
4 : :
1Pby g75Crg 1255¢ 20__
154
10 1
; :
Q =)
A R0 ;
15 4
20

T T T T T T T T T — T T T T T T T T T
-0 -8 6 -4 2 0 2 4 6 8 10 10 -8 6 -4 2 0 2 4 6 8 10
Energy (eV) Energy (eV) Eg

Fig. 4 Calculated spin polarized total and partial density of states for Pby_, CrzSe. (z = 0.125 and 0.25)
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Fig. 5 Spin-resolved t2g and ez DOS of Pbi_, CrySe. (x = 0.125 and 0.25) in the FM configuration
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Fig. 6 Partial density of states (DOS) for Pb and Se atoms of Pbl_,Cr,Se. (z = 0.125 and 0.25) compound in the FM

configuration

band gap. The five degenerate electrons of Cr atom in
quantum states divide into t»g and ey states due the
crystal field created by octahedral environment of Se
atom. The effect of these two types of symmetric states
is visualized in the TDOS (Fig. 5) for Pb;_, Cr,Se at
x = 0.125 and 0.25. the analysis of minoritory channel
of the DOS, informed that the t5, and ey to contribute
completely in CB for both the dopant concentrations
and absent at EF but in majority channel the fraction
for this state’s crosses EF which indicate the metallic
behavior.

We observe in Fig. 6, that the states s of Pb is prob-
ably does not play a role around Fermi energy because
they are separated by other states by an energy gap
of about 4 eV, Whereas the P-Se and P-Pb orbitals
reside in conduction and valence bands around Fermi
level, respectively.

When the impurity element Cr is incorporated into
the matrix PbSe, it produces a significant change
to the DOS of the matrix. The Cr 3d and Pb 6p
states are located in the spin-up band gap, and the
DOS spectral weight is relatively small but not neg-
ligible. the 6s states of Se are located in the low
energy of the valence band on the other hand the
4p states are located near the fermi level in the
valence band and almost symmetric for the two chan-
nels, this situation is noticed for both concentration.
This behavior changes in the conduction band where
we observe that the Pb 6p states have disappeared
for the concentration 0.25 due to the increase mag-
netic impurities in the matrix which directly influ-
ences in the minority channel where the gap widens
(see Fig. 6).
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Table 4 Calculated conduction and valence band-edge spin splitting AE. and AE, and exchange constants Noa and Ny

for Pby_,Cr,;Se (z = 0.125 and 0.25)

Pb;_,Cr,Se AEc = E}—E]! AEy=E!' —E]! Noa Nog
z=0.125 0.21562 —0.17417 0.5513 —0.4453
=025 —0.076 —0.39827 —0.193 1.00

4 Magnetic properties and exchange
coupling

Generally, the magnetism in Cr-based magnetic com-
pounds is initially correlated with the crystal structure.
i.e., lattice constant modifications strongly assign the
magnetic interactions between the ions. according to
the basis of the Heisenberg model which describes the
various magnetic structures, we note that the coupling
in our compounds is ferromagnetic because the type
of the magnetic interaction is an exchange interaction
between the Cr™ ion with spin 3d® and the a nearest
neighbor. Indeed, the magnetism is due to the appear-
ance of locale moment on Cr atoms. We have displayed
in Table 3, the total magnetic moments for the two
concentrations as well as the local magnetic moments
of the Pb, Cr and Se atoms. We notice that the mag-
netic moment of Cr atom for the different concentra-
tions remains around & 3upg, which brings the total
magnetic moment invariant. When introducing mag-
netic impurities into a cation site and due to crystal
field, the 3d orbital’s of the magnetic impurity split into
the triply degenerate t5, states and doubly degenerate
eg states. The magnetic moment of the atom Pb and
Se is neglected which proves that the parents material
is a semiconductor.

In magnetic compounds, The phenomenon where by
individual atomic magnetic moments will attempt to
align all other atomic magnetic moments within a mate-
rial with itself is known as the exchange interaction [18],
If the magnetic moments align in a parallel fashion,
the material is ferromagnetic; if the magnetic moments
align antiparallel, the material is antiferromagnetic.

The approximation of the mean field consists in
replacing the spin operator in the Kondo Hamiltonian
[19] by its mean value proportional to the magnetiza-
tion. Reintroducing the translational invariance of the
system and by neglecting the inter-band words.

With this approach, we can express the exchange con-
stants Noa and Ny as a function of the band edges spin
splitting of the valence and conduction bands. These
last constants are determined by the following relation
[20,21]:

Ec and Noﬁ:AEV

N()ba = A

With AEc = E}'—FE] is the conduction band-edge
spin splitting and AEy = El*—FE] is the valence band-
edge spin splitting at the I' symmetry point, x is the

@ Springer

concentration of Cr, and < s > is half of the computed
magnetization per Cr ion

According to Table 4, the splitting of the valence
band is antiferromagnetic because its value is negative;
on the other hand the splitting of the conduction band
is ferromagnetic (positive).

The peak appears on the diagrams of the density of
state (Fig. 3) is characterized by a localized state or
linked to the magnetic impurity of 3d character of Cr.
the existence of two different splittings which mark the
appearance of this localized stat. The splitting AFEy
is a splitting between the spin down valence band and
the localized spin up state which corresponds to the
exchange Nyf strongly antiferromagnetic (negative).
Here we declare, that the effect of finite size translates
by an increase in the width of the 3d bands of the transi-
tion metals caused by a greater overlap of the 3d states
with the states of the valence band, which implies a
decrease in the localization effect

5 Thermoelectric properties

The half-metallic compounds have been widely stud-
ied as promoter candidates in thermoelectricity for con-
verting waste heat into electricity. Among this family
of half-metallicity materials, heuslers and diluted mag-
netic semiconductors compounds which are possess a
high power factor. The figure of merit ZT is parameter
of the performance of the thermoelectric in materials,
their relation is given by the formula: kZT = o8°T

A better thermoelectric performance was given by a
high value of ZT, three variables are responsible for the
thermoelectric performance the high density of states
au round the Fermi level, the flat-dispersive band struc-
tures and the high valence band degeneracy.

We perform calculations of thermoelectric properties
using the Boltztrap code [22] within relaxation time
approximation, a constant relaxation time approxima-
tion, with universal t = 10~ s independent of the com-
pound, was used for all calculations. This approxima-
tion is based on an assumption that relaxation time that
determines electrical conductivity is not very strong at
the energy scale of kT [23].

An ample mesh of 41 x 41 x 41 is used for Bril-
louin zone (BZ) integration. The relation of power fac-
tor (PF = ¢52) and figure of merit contains a dynamic
parameter, its The Seebeck coefficient so it’s useful to
see the influence of this parameter.



Eur. Phys. J. B (2021)94:96

015

80x10" 4 (a) Pby 475Crg 1255¢ —— 300K
] —500K|
6,0x1 0"+ \‘ 700K
4,0x10™
2,0x10*
g 0,0 4
S .
@ 2,0x10%
-4,0x10™ o
-6,0x10™ 4
-8,0x10" T T T T T T T
015 -010 005 000 005 010
n-Ep (eV)
0,045
0.040 3 (€) Py g5Cry 15Se — 300K
] —— 500K
0,035 — 700K]
0,030
0025
E ]
g 0020+
5 |
© 0,015
0,010
0,005 —\
0,000
0,15

0,15

o/t

Page 7 of 9 96
3,5x10” (b)Pb pe S
I, {3
| 0,875 10,125 300K
3,0x10" —— 500K
700K

2,5x10™ 4/
2,0x10™ o
1,5x10%
1,0x10™ o
5,0x10"

0’0 T T T T T

-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15
p—Eg(eV)
18
1(d) Pb, ¢-sCr, 155Se 300K
12

164 0,875 70,125 500K

14 4

12

104
<
N ]

6 -

4

24

0 1

0,15 -0,10

n-Eg (eV)

Fig. 7 Dependence of a Seebeck coefficients, b the electrical conductivity, ¢ the power factor and d the electronic figure
of merit as a function of chemical potential for three temperature of Pbg.g75 Cro.1255¢

To maximize the efficiency of thermoelectric gener-
ators, it is necessary to achieve a good thermoelectric
material. Three parameter influences the importance of
thermoelectric materials. First, high electrical conduc-
tivity causes charge carriers to diffuse from the hot side
to the cold side and this contributes to the creation of a
thermoelectric field, second a low thermal conductivity
and a high Seebeck coefficient.

The Figs. 7 and 8 represents the variation of S as
a function of (u — Ef) for three temperatures. it is
clear that Figs. 7a and 8a presents two peaks, which
are located at energies 0.017 and 0.025 eV (0.022 and
0.028 eV) for the concentration 0.125 and 0.25 respec-
tively. Past this interval the S tends rapidly towards
Zero.

At the same time, it is observed that the increase in
temperature causes a decrease in S due to the increase
in thermal energy. This indicates that this material
has good thermoelectric performance. The negative and
positive S peaks for Pbg g75 Cro.1255€¢ (Pbg.75Crg.255€)
are —609 and 725 WV K~! (=479 and 583 pV K1)
at 300 K, respectively. The total S stays positive which

indicate that the holes as the majority carriers, this
recommends that this is p-type material.

The effect of the electrical conductivity (o/7) as a
function of (1 — Ey) and the variation of the tempera-
ture is projected on Figs. 7 and 8. According to Fig. 7b,
the electrical conductivity reaches a minimum value in
the chemical potential range [0.017, —0.022 V] for the
three temperatures 300, 500 and 700 K.

At the chemical potential —0.081 eV (—0.066 eV) at
T = 300 K for 0.125 (0.25) concentration (see Figs. 7b,
8b), the electrical conductivity is maximum due to the
increase in the concentration of carriers which causes
an increase in mobility and consequently increases the
conductivity.

Figures 7c and 8c shows the power factor PF Depen-
dence of the chemical potential for three temperatures
of Pb0A875CI"0_125S€ (Pb0,75Cr0,g5Se). ACCOI"ding to Fig.
7c (Fig. 8c), as the temperature increases, power factor
also increases. The maximum value of power factor is
located in the energy area [—0.046, 0.02 eV]. At room
temperature, we found a value of the power factor equal
158.5 w V K~!. The materials-based alloys of Lead and
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Fig. 8 Dependence of a Seebeck coefficients, b the electrical conductivity, ¢ the power factor and d the electronic figure
of merit as a function of chemical potential for three temperature of Pbg 75 Crg.255¢

Table 5 Calculated the electrical conductivity (o/7), The Seebeck coefficient, the power factor and the figure of merit at

300 K for Pb;—;CrzSe (z = 0.125 and 0.25)

Pb;_,Cr,Se o (10* Sm™) S (WV K™ PF (1073 W m™" K™2?) ZT

z=0.125 2.263 149.65 3.32 dn (1.36 up) 8.26 dn (0.083 up)
4.03 [24] —154 [23] 3.04 [23] 0.42 [23]

x=0.25 7.87 668.6 2.74 dn (0.34 up) 3.06 dn (0.018 up)

in combinations Selenium are promoters for the com-
mercial applications such as thermoelectric generators
(TEGs). Next, we figure out the variation of the fig-
ure of merit as a function of chemical potential with
different temperatures

For 0.125 and 0.25 concentration displayed in Fig. 7d
(Fig. 8d). We see two main figures of merit ZT peaks
increasing with temperature and decreasing slightly
with Cr doping and then moving towards the high dop-
ing zone.

@ Springer

We have summarized in Table 5, the different thermal
properties at room temperature for the two concentra-
tions with comparison to the results found in literature.

The calculated the electrical conductivity, the See-
beck coefficient, the power factor and the figure of merit
Z; values for the 0.125 concentration is in reasonably
good agreement with reported result in reference [24],
let us quote here that the treated concentration of ref-
erence [25] is very low (0.5%).

The improvement in thermal properties such that ZT
does not go through increasing the concentration of
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Cr because we have lost the performance of material
through the decrease in ZT.

6 Conclusion

In this manuscript, we have explored the electronic
structure, magnetic and the thermoelectric properties
of a Pby_, Cr,Se semiconductor with x = 0.125 and
0.25 from a DFT approach and Boltzmann transport
theory calculations. OQur analysis of Cr as dopant stud-
ied confirmed the half-metallic characteristic for our
compounds with 100% spin polarization at Er. We
found a the direct band gap at I" point in minority chan-
nel equal 0.39, 0.304 eV for Pby_,Cr,Se (x = 0.125 and
0.25), respectively which provoke the moving of Cr-dtog
states away from EF in down spin channels for both
concentration. The total magnetic moments are inte-
gral Bohr magneton with values 4 up, the exchange
constants proven the ferromagnetic ground state sta-
bility in these compounds. Our results give a very high
seebeck value which directly influences on the power
factor and therefore ZT which give an importance of
these alloys for these application industrial in the ther-
moelectric field. to keep a high performance, we had to
do with a small fraction of Cr. From the results obtained
in this paper, we recommend this material studied for
spintronic, optoelectronic, thermoelectronic devices.

Data Availability Statement This manuscript has no
associated data or the data will not be deposited. [Authors’
comment: Data is available upon request from the Authors.]
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