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a b s t r a c t

We explored electronic spin-dependent physical aspects of ferromagnetic HgCr2Z4 (Z ¼ S,

Se) spinels using density functional theory (DFT) for spintronic and energy storage appli-

cations. In calculations of structural, electronic, magnetic, and transport aspects, we used

PerdeweBurkeeErnzerhof generalized gradient approximation (PBEsol GGA) plus modified

Becke-Johnson (mBJ) potential. To calculate structural parameters, we optimized both

spinels in the ferromagnetic phase and our predicted data of structural parameters show

good comparison with existing experimental data. Also, the calculated negative formation

energy confirms the structural stability of the studied spinels. Analyzing ferromagnetic

nature of studied spinels based on exchange splitting energy and magnetic parameters, we

used mBJ potential to calculate band structure (BS) and density of states (DOS). By exploring

DOS, we found the dominant role of electrons spin has been shown by negative indirect

exchange energy Dx(pd) values and the fulfillment of the condition Dx(d) > DEcry. In addition,

exchange constants (N0a and N0b) and magnetic moments were also calculated to ensure

their ferromagnetism in studied spinels. Further, the exploration for the influence of

electrons spin on electronic transport aspects has been done by investigating electrical and

thermal conductivities, Seebeck coefficient, and power factor by using classical Boltzmann

transport theory.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Control of spin of electron brought a revolution in the elec-

tronic industry and introduced a new class called spintronic.

For spintronic devices, we need to inject the spin of electrons

in semiconducting materials. This injection of spin opens a

new way in device fabrication. This is because of its low lost

engineering, high efficiency, and nonvolatile storage capacity

[1e3]. For this purpose, we need magnetic semiconductor and

half-metallic semiconductor materials. Since most of the

magnetic semiconductors are insulators and thus have ad-

vantageous. The barrier height of these insulators smoothen

the spin-polarized tunneling current and thus eliminates the

need for half-metallic semiconductors as an electrode mate-

rial. Owing to their outstanding physical properties like giant

magneto-resistance and anomalous Hall effect [4e6], ferro-

magnetic chalcogenide spinels like CdCr2X4 (XeS, Se) and

HgCr2X4 (X ¼ S, Se) are emerging as a potential candidate for

spintronic device applications.

To exploit the potential of different compositions of spinels

for various applications, we need to have a better under-

standing of its response towards different fields. To date, there

are very limited reports on the synthesis and characteriza-

tions of ferromagnetic chalcogenide spinel HgCr2S4 especially

their thin films. In the recent past, some techniques like

chemical vapor deposition, non-reactive sputtering, chemical

bath deposition (CBD) are used to deposit the thin films of

ferromagnetic chalcogenide spinels on different substrates

[7]. Among these techniques, CBD is one of the easy ways to

deposit thin films because it does not require any expensive

equipment for example required in chemical vapor deposi-

tion. Using CBD, one can easily deposit the thin films of typical

thickness ranging from 0.02 to 1 mm thickness. This could be
Fig. 1 e Crystal structure of spinels HgCr2Z4 (Z ¼ S, Se).

Pink, blue and green spheres represent Hg, Cr, and S/Se

atoms, respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web

version of this article.)
achieved just by dipping the substrate in dilute baths con-

taining metals ions and a source of selenium and sulfide ions

[8].

The high ferromagnetic transition temperature (106 K) of

HgCr2Se4 also shows its potential for spintronic device appli-

cations [9,10]. It crystallizes in normal cubic form where Cr

ions are octahedrally surrounded by Se ions giving rise to the

half-filled t2g states of S¼ 3/2. Mane et al. [11], explored optical

characteristics of CdCr2S4 and HgCr2S4 thin films and they find

both spinel films have n-type nature with an estimated

bandgap energy Eg of 2.6 eV/2.7 eV, respectively. The crystal

and magnetic interaction of ZnCr2S4 spinel is investigated by

Hamedoun et al. [12] and their results show good comparison

obtained between a polycrystal and a single crystal. Lattice

dynamical calculations of ACr2X4 spinel-type chromium

chalcides CoCr2S4, ZnCr2S4, (CdCr2S4), ZnCr2Se4, CdCr2Se4, and

HgCr2Se4 were executed by Zwinscher et al. [13], using short-

range (SRM), rigid ion (RIM) and polarizable-ion models (PIM)

with structure data and calculate force constants due to the

tetrahedral A-X bonds are in the order CoCr2S4 < ACr2S4 <
ACr2Se4 (A ¼ Zn, Cd, Hg). Some exceptional properties like

high magneto-resistance, high hall coefficients with the red

shift in optical absorption edge have further made this a

ferromagnetic spinel and play a vital role for spintronic device

applications [13e15]. Other theoretical literature on HgCr2Se4
represented ferromagnetism by employing the local density

approximation (LDA þ U) to study the exchange coupling

constants [16]. Theoretically, Xu et al. [17], explored HgCr2Se4
spinel to predict the quantized anomalous Hall Effect, which

was anticipated as Chern semimetal.

According to our best information, no theoretical investi-

gation on ferromagnetism and transport aspects has been

conducted on HgCr2Z4 (Z ¼ S, Se) so far. As far as the theo-

retical investigation is concerned, it is very limitedly available

on HgCr2Se4 in the reported literature. Therefore, in the cur-

rent study, we conducted a detailed theoretical investigation

on the electronic, magnetic, and transport aspects of HgCr2Z4

(Z ¼ S, Se). For this, DFT based technique revised by modified

Becke and Johnson (as implemented inWein2K code) has been

applied in our study [18]. This technique in turn produced the

exact electronic structures of the spinels with accurate

bandgaps. For the judgment of the consistency in transport

aspects, the computed electronic structures were integrated

with BoltzTraP code [19]. The revealed structural stability in

the ferromagnetic phase and computed transport aspects of

studied spinels demonstrated them useful in the applications

related to spintronic and energy storage devices.
2. Method of calculation

In this paper, we employed a spin-polarized DFT computa-

tional method to investigate the electronic, magnetic, and

transport aspects of HgCr2Z4 (Z¼ S, Se), where similar systems

are already theoretically reported [20e23]. The method used

for all studied calculations is full-potential linearized

augmented plane wave plus local orbital (FP-LAPW þ lo),

which is implemented in Wien2k software [24]. PBEsol

generalized gradient approximation of Perdew et al. [18], was

adopted for the computation of the ground-state energies and
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Fig. 2 e The energy versus volume plots of (a) HgCr2S4 and (b) HgCr2Se4 spinels in FM and NM phases.
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structural parameters, in particular with exchange-

correlation functionals. The structures were continued to be

optimized until all the forces on each atom fall to zero.

Further, the TraneBlaha-modified BeckeeJohnson (TB-mBJ)

[25] exchange potential has also been brought into use for the

investigation of the electrons spin-dependent ferromagnetic

and transport aspects. Because, literatures show that TB-mBJ

potential is useful as exchange-correlation functionals in

predicting the electronic band structure [26,27]. The muffin-

tin radius (RMT) and the maximum value of the wave vector

(Kmax) are multiplied as RMT � Kmax ¼ 8 in reciprocal lattice for

the convergence of the energy. So for better convergence, we

take RMT � Kmax ¼ 8 for all calculations.

In addition, we set muffin-tin radii as 2.37 a.u. for Cu, 2.5

a.u. for Cr, 1.85 a.u. for S, and 2.1 a.u for Se. The default value

(-6Ry) of cut off energy was employed. Furthermore, the

angular momentum vector (lmax) and Gaussian factor (Gmax)

have been kept at 10 Ry and 18 Ry respectively. The primary

and essential point of methodology is the selections of k-

points, which are chosen by selecting the number of k-points

pairs for the best conversion of energy. For best energy

convergence, 1000 k-points are selected because, after these k

points, energy optimizations become constant. For transport

aspects, the semi-classical Boltzmann transport theory has

been employed to compute the HgCr2Z4 (Z ¼ S, Se) [28,29].

Moreover, for the transport aspects, all the calculations

related to the electronic structure of the spinels have been

used within the BotlzTraP code [19]. For all the BoltzTrap

calculations, a larger value of k points is used in this study,

and electrical (s) and thermal (k) conductivities, Seebeck
Table 1 e The calculated lattice constant a0 (�A), bulk
modulus B0 (GPa) ground state energy difference
(DE ¼ ENM ¡ EFM), enthalpy of formation DH (eV) for
HgCr2Z4 (Z ¼ S, Se).

Spinels a0 (�A) B0 (GPa) DE (eV) DH (eV)

HgCr2S4 10.37 90.15 5.21 �0.98

Exp. 10.24a

HgCr2Se4 10.89 72.83 6.64 �0.84

Exp. 10.75a

a Ref [34].
coefficient (S), and figure of merit (ZT) have been investigated

against the temperature range 200 Ke600 K.
3. Results and discussion

3.1. Structural and electronic properties

The cubic spinels HgCr2Z4 (Z ¼ S, Se) that possess space group

Fd-3m#227 (see Fig. 1) and are of ordered crystalline structures

have been converged with reference of energy for the mini-

mization of their ground state energies in non-magnetic (NM)

and ferromagnetic (FM) states. The plots of the energy (Ry)

versus volume (a.u.) in terms of NM and FM states have been

shown in Fig. 2 (a, b). It is clear from the comparative analysis

that FM state is responsible for higher energy release than that

of NM State. This confirms the more stability of FM than that

of NM states. From Refs. [30,31], we can see that the studied

compounds are experimentally found to be ferromagnetic. In

order to justify that our calculations agree with the experi-

mental results, we have only considered nonmagnetic and

ferromagnetic configurations of the spins. As evident fromour

calculations, DFT also predicts HgCr2Z4 to be stable ferro-

magnetic compounds. In addition, the enthalpy of formation

(DHf) is computed to find out the thermodynamic stability of

the said cubic spinels. DHf can be found by using the following

expression [32]:

DHf ¼ETotal

�
HglCrmZn

�� lEHg �mECr � nEZ (1)

here, ETotalðHglCrmZnÞ is the total calculated ground state en-

ergy of studied spinels, while EHg ECr EZ, represents their in-

dividual atoms energies. The letters l, m, and n represent the

number of atoms of Hg, Cr, and S/Se per their unit cell volume,

correspondingly. Referred to Table 1, our calculated values of

DHf represent negative values. It means that studied spinels

with negative values thermodynamically stable. The decrease

in the stability happens when S is replaced with Se.

To find the ground states lattice parameters such as the

lattice constant (ao) and bulk modulus B0, we done volume

optimization in FM phase. From the minimum volume of the

unit cell, we calculate ao and B0 using Murnaghan’s equation

of state [33] with PBEsol-GGA. The results of both parameters

are tabulated and noted that the calculated value of ao for both

spinels are closely related to experimental values [34]. The
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Fig. 3 e Spin dependent band structures plot for HgCr2S4 and HgCr2Se4 for majority spin (↑) and minority spin (↓) channels.
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bulkmodulus decreaseswhereas there is an increase in lattice

constant from HgCr2S4 to HgCr2Se4. This happens because

interatomic distance starts increasing when the anion size

increases.

Further, the electronic behavior of any substance is very

important to be computed because it has a direct effect on

other physical features such as electronic transport and

magnetic aspects. However, for its detailed description, an in-

depth study of band structure (BS) is considered extremely

significant. For the accurate prediction of BS, we employed TB-

mBJ potential for HgCr2Z4 (Z ¼ S, Se). Therefore, the detailed

description of the calculated BS has been shown in Fig. 3. The

location of conduction band minima is at Х-symmetry direc-

tion whereas the location of valence band maxima is at G-

symmetry direction with Fermi level at valence band in up

spin ([) channel. In the up spin ([) channel, the indirect

bandgap with the semiconducting behavior of the spinels is

clear. On the other hand, the same location at G-symmetry

direction for both conduction band minima and valence band

maxima has been found to observe in down spin (Y) channel,

with Fermi level inside them. This produces an insulating

bandgap with the exchange of mechanism. The combination
of down spin (Y) channel along with insulating and up spin ([)

channel with semiconducting properties makes the ferro-

magnetic semiconductors. The calculated values of up spin ([)

bandgap for studied spinels are listed in Table 1 and we found

our calculated values of bandgap indicate that these spinels

can function invisible of the electromagnetic spectrum.

The total density of states (TDOS) shows also a similar type

of behavior (see Figs. 4 and 5). The TDOS along with partial

density of states (PDOS) Hg, Cr, and S/Se illustrates the ferro-

magnetism and exchangemechanism (see Figs. 4 and 5). In up

spin channel, there is hybridization of individual Hg-2s/2p

states and Cr-3d-states in the region between �2.8 eV and

2.0 eV and �4.0 eV to Fermi level with S/Se-2p states. On the

other hands, it is�1.4 eV to�3.0 eV Cr-3d states, Hg-2s/2p and

S/Se-2p states respectively in down spin channel. Further, in

the conduction band, the hybridization of Cr-3d states, Hg-2s/

2p states, and S/Se-2p states is from 1.0 eV to 2.2 eV for spin-

down channel and from 1.4 eV to 3.2 eV for up spin channel.

However, in the down spin channel, the splitting of states and

interaction inside the valence band are considered account-

able for the exchange mechanism to induce ferromagnetic

semiconducting nature in the spinels.

https://doi.org/10.1016/j.jmrt.2020.11.063
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Fig. 4 e The TDOS of HgCr2S4 spinel and their PDOS of Cr, Hg and S atoms for up (↑) and down spin (↓) channels.
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3.2. Magnetic properties

The partial and total magnetic moment (mB) of the spinels has

been shown in Table 2 to show the absence of the clustering of

transitionmetal (Cr) and to explain the exchange energies as a

source of ferromagnetism. The exchange interaction in S/Se-p

states Cr-3d states becomes clear from the shifting of mag-

netic moment to nonmagnetic sites and from the decreasing

ofmagneticmoment of Cr atom.Moreover, various exchanges

may also be involved in the structures causing the shifting

magnetic moments towards interstitial regions.

The exchange energies and crystal fields are produced by

the hybridization of the individual states in the structures of

the compounds in hand. The octahedron of S/Se atoms oc-

cupies the Cr site with þ3 valencies, whereas the tetrahedral

setting of S/Se atoms occupies the Hg site of valency þ2. A

coulomb repulsive effect having 3 d electrons of Cr atoms is

thus generated by the octahedral positions of S/Se, which

proves to be more powerful near the octahedron and becomes

comparatively weaker away from it. The 3 d states of Cr are

split into triplet (linear, t2g) and doublet states (nonlinear, eg)

by the octahedral environment of S/Se atoms because of

which the elongation happens in octahedron while raising the

energy of eg states as comparedwith the t2g states [35e37]. The

calculated energy of the crystal field such as DEcry ¼ t2g � eg of
studied spinels are expressed in Table 3. When we calculated

the crystal field energy and exchange splitting of 3 d states of

Cr with the help of relation;ðDxðdÞ¼ DY
d �D[

d Þwe found that the

crystal field energy holds a lower value as compared with the

exchange energy. Resultantly, the greater value of exchange

energy is due to the dominance of ferromagnetism.

S/Se-p states and Cr-3d-states induce one another kind of

energy that wasmeasured by indirect exchange energyDxðpdÞ.
Here, the negative indirect exchange energy DxðpdÞ favors the

ferromagnetism by demanding lower energy. The exchange

energy DxðdÞ and indirect exchange energy DxðpdÞ increase

from HgCr2S4 to HgCr2Se4 as shown in Table 3, whereas DCF

decreases proving HgCr2Se4 more favorable for ferromagne-

tism as comparedwith HgCr2S4. Through the relations such as

N0b ¼ DEV=xCSD; and N0a ¼ DEC=xCSD [38,39], the exchange

constants have been computed, which further elucidate the

ferromagnetism. In the relations, ðDEC ¼ EY
C �E[

CÞ and

ðDEV ¼ EY
V �E[

VÞ are the energies at conduction and valence

bands, where CSD is the average magnetic moment of Cr atom

and X is the concentration of magnetic ions. The negative

value of ðN0bÞ and ðN0aÞ as shown in Table 3 are considered

the typical trends of ferromagnetic semiconductors. The

magnetic impurity is revealed by the negative value of ðN0bÞ

https://doi.org/10.1016/j.jmrt.2020.11.063
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Fig. 5 e The TDOS of HgCr2Se4 spinel and their PDOS of Cr, Hg and Se atoms for up (↑) and down spin (↓) channels.
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through energy gaps in down spin channel, due to the energy

decreases to favor the Zenger’s exchange model [40,41].

3.3. Electronic transport behavior

It is very important to know about the electronic transport

behavior of spin orientated compounds for device fabrication

[42,43]. The ability of devices to convert the wasted heat into

beneficial electrical energy is illustrated by the transport pa-

rameters. It is, therefore, electronic transport behavior of

HgCr2Z4 (Z¼ S, Se) is brought into detailed discussion in terms

of figure ofmerit (ZT), power factor (sS2/t), Seebeck coefficient

(S), thermal conductivity (k/t), and most importantly, elec-

trical conductivity (s/t), in temperature ranges from 200 to

600 K (see Figs. 6(a-d) and 7.

The movement of free carriers shows the electrical con-

ductivity (s/t). When the temperature is increased, the s/t of

ferromagnetic spinels starts increasing because sufficient

energy is provided to the carriers by the temperature that
Table 2 e The total and the local magnetic moments (in
Bohr magneton) calculated for HgCr2Z4 (Z ¼ S, Se).

Spinels Total (mB) Int.(mB) Hg (mB) Cr (mB) (ZmB)

HgCr2S4 12.0009 0.34 0.003 3.007 �0.047

HgCr2Se4 12.0006 0.31 0.008 3.085 �0.079
allows the movement of the carriers towards the conducting

channel from the valence one. The s/tincreases gradually up

to 600 K for both spines under observation. The increasing rate

of s/t of HgCr2S4 falls slow as compared with HgCr2Se4 (see

Fig. 6a). So, HgCr2S4 carries the highest s/tup to 600 K, where

the rest of the studied spinel may fall victim to thermal

agitation. However, the carriers and the lattice vibration pro-

duce heat in ferromagnetic spinels for k/t as phonon wave is

produced by lattice vibration. Due to the limitations of clas-

sical transport theory-based BoltzTraP code [19], we have

managed to study only the electronic part of ke/t.

To understand the thermal conductivity of both spinels,

the Fourier law (q ¼ �k dT/dx) [44,45] proves to be very helpful

for us where efflux of heat is represented by q, temperature

gradient is represented by dT/dx, and coefficient of ke/t is

represented by ke. Up to 400 K, there is a gradual increase in

the k/t of the studied spinels after which it becomes

comparatively fast as the carriers become more energetic to
Table 3 e The calculated values spin down gap (↑Eg (eV)),
crystal field energy (DEcrystal), direct exchange Dx(d) and
indirect exchangeDx(pd) and the exchange constants (Noa

and Nob) for HgCr2Z4 (Z ¼ S, Se).

Spinels [Eg (DEcrystal) Dx(d) Dx(pd) Noa Nob

HgCr2S4 0.90 3.80 4.10 �0.15 �0.20 �0.08

HgCr2Se4 0.35 3.38 3.90 �0.11 �0.39 �0.06

https://doi.org/10.1016/j.jmrt.2020.11.063
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Fig. 6 e The computed (a) electrical conductivity (s/t), (b) Seebeck coefficients, (c) electronic thermal conductivity (ke/t) and (d)

power factors (S2s/t) plot versus temperature of HgCr2S4 and HgCr2Se4 spinels.
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flow in more heat. However, HgCr2Se4 has the least k/t at

600 K, whereas at the same temperature range, HgCr2S4 ach-

ieves the highest level of it (see Fig. 6c). There must be a very

low ration of k/t to s/t (Weidman-Franz law (LT¼ k/s)) against

temperature to be the best thermoelectric materials. Its value

is of the order of 10�6 indicating the compounds useful in

thermoelectric applications.

The calculation of the temperature gradient of potential is

done as the See back coefficient (S) between two dissimilar

metals. Fig.6b shows the computed value of S of thematerials.

It has a small value for HgCr2Se4 and a large one for HgCr2S4 at

200 K. Further, the Seebeck coefficient has convergence at
Fig. 7 e The computed figure of merit (ZT) plot versus

temperature of HgCr2S4 and HgCr2Se4 spinels.
250 K whereas it has divergence up to 600 K for both spinels

under experiment. HgCr2S4 secured maximum value whereas

HgCr2Se4 attained minimum value from all the materials. In

addition, the p-type behavior of the studied spinels becomes

clear from the positive value of See back coefficient. The

thermoelectric efficiency is measured by the power factor

(S2s/t). It does not include thermal conductivity because of

which its resulted values are overestimated, but at the same

time, the trends have accuracy. There was an increase in the

value of power factor up to 600 K for both spinels. For both

spinels HgCr2Se4 and HgCr2S4, its value becomes constant on

the same temperature range. On the other hand, its value

continued to increase linearly up to 600 K for HgCr2S4, (see

Fig. 6d). The small Seebeck coefficient causes an increase in

the power factor at higher temperatures [46,47]. Lastly, we

also investigate the figure of merit (ZT) using the known

values of s, S, and ke and found linear variation with tem-

perature range (200 Ke600 K). From Fig. 7, a ZT value with

temperature varies directly and recorded maximum values at

600 K for both spinels HgCr2S4 and HgCr2Se4.
4. Conclusions

In the current study, BoltzTraP code and Wien2k code have

been brought into use for the electronic transport and ferro-

magnetism aspects of HgCr2Z4 (Z ¼ S, Se). More energy was

released in FM than that of NM State during the optimizing

process where the ferromagnetism has further been assured

by negative values of DHf. The ground state parameters such

as B0 decrease whereas there is an increase in a0 fromHgCr2S4

https://doi.org/10.1016/j.jmrt.2020.11.063
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to HgCr2Se4 in FM phase and noted that our calculated values

of a0 good comparable to experimental value. TheDOS and the

electronic BS of the studied spines prove them to be ferro-

magnetic semiconductors. From DOS, we calculate the ex-

change interactions and found strong hybridization that

ensures the ferromagnetism tempted by electrons spin. Our

predicted results of exchange parameters indicate that

comparatively greater values of DðdÞ are favorable for the

ferromagnetism than ðDCFÞ. In addition, the exchange con-

stant ðN0bÞ and the negative value of-exchange energy are the

cause of reduction in energy in the down spin channel.

Another evidence for p-d hybridization/exchange interaction

is the decrease of mB at Cr site and increase of mB on other sites.

The k/s ratio and power factor prove thatmore thermoelectric

efficiency is possessed by HgCr2S4 than HgCr2Se4.
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