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Exploring of Be;xCrxSe alloys for spintronics and optoelectronic applications
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In this study, spin polarized density functional theory (DFT) is implemented to predict
physical characteristic of Be;xCrxSe (x = 6.25%, 12.5%, 18.75%, 25%) compound. The
electronic characteristics of pure BeSe compound show semiconductor behavior but after
Cr doping BeSe elucidate half-metallic ferromagnetism (HMF) for all doping
concentrations. The outcomes elucidate the total magnetic moment Mt per Cr-atom are
4.0028, 4.0027, 4.0021 and 4.0002 uB for 6.25%, 12.5%, 18.75%, 25% concentrations,
respectively and the magnetism mainly originated from d-state of the impurity atom which
is further ensured from the magnetic spin density. Furthermore, the optical parameters are
also computed to determine the effect of doping on the material’s response to incident
light of energy spanning from 0 to 10 eV. The optical study depict that the studied systems
possess maximum absorbance and optical conductivity in UV-range with minimal
reflection. The overall outcomes illustrate that the Cr doped beryllium selenide (BeSe) is
promising material for spintronic and optoelectronic devices.

(Received February 29, 2024; Accepted April 29, 2024)

Keywords: Spintronics, DFT, Magnetic density, Optical parameters

1. Introduction

From past few decades, an intensive experimental and theoretical work is done on an
emergent group of compounds which is recognized as the dilute magnetic semiconductors (DMS).
DMS has use in spintronic industry and multifunctional electronic devices (optoelectronics, gas
sensors, field-emission devices, non-volatile memory devices and ultraviolet absorbers) [1-6]. The
DMS are based on III-V and II-VI binary compounds which is the combination of both
ferromagnetic (FM) and semiconducting properties. The DMSs are attained by incorporation of
transition metals (TM) within host material’s matrix [7] which changes the E, of host system due
to change in electronic features [8] causing asymmetric band profiles showing metallic and
semiconductive behavior in either spin channels leading to half metallic ferromagnetic materials.
In 1983, HMF behavior was observed by De Groot ef al. for the very first time, by studying band
structures of half-Heusler compound such as PtMnSb and NiMnSb [9]. Several researchers have
been predicted theoretically as well as experimentally, the behavior of HMF in various types of
materials such as perovskite compounds Lag 7Sro3MnQO; [10], Heusler alloys Co.MnSi [11], double
perovskites Sr,FeMoOg [12], also in binary compound like Cr-doped ZnTe [13], Cr-based BeTe,
BeSe [14], V doped MgSe/MgTe [15], BeTe [16], ZnSe [17] and ZnTe [18].

In this respect, beryllium chalcogenides BeX (X= Se, S, Te) have garnered intense
attention of scientific community due to their technological applications in optoelectronics,
spintronics and micro-electronics [19-23] devices. At ambient pressure and temperature, BeX are
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transformed from zinc blende to NiAs structure [24, 25]. These semiconductors have a wide E,,
large hardness, stability and maximum value of the bulk modulus [26]. Numerous current studies
concentrated on electronic characteristics to attain FM properties and HM ferromagnetism in TM
based BeSe compounds [27][28]. Moreover, the previous theoretical studies have been explored
for Be;xMnX (X= 8§, Se, Te) [29, 30], Cr doped BeX (X= Se, Te) [31] and Cr doped PbSe [32],
Mn doped CdS [33] compounds for realizing ferromagnetism.

In recent research optical, electronic, and magnetic characteristics of pure and Be;.«CrxSe
at different concentration are systematically investigated by using FP-LAPW method. Results
revealed that the probed alloy has a HM-behavior and good ferromagnetism. Literature survey
revealed the limited computational work on doped BeSe compound. These outcomes may give a
new route for implementation of investigated alloys in optoelectronic/spintronic devices.

2. Computational details

Based on the DFT, the WIEN2k code was used to explore the electronic, magnetic and
optical characteristics of Beo,9375CI‘o,oﬁzsse Beoog75CI‘0,1zsse, Beo,3125Cr0,187sse, and Beo‘75Cro_258e.
All the calculations are done with the help of FP-LAPW approach [34]. The electron-core
interaction was described through generalized gradient approximation (GGA) which is
parameterized by Perdew Burke Ernzerhof (PBE). In these calculations, the unit cell is portioned
into two parts, for atomic spheres, the spherical harmonic expansion is used and for outside of the
muffin tin (MT) sphere, the potential is constant owing to plane wave solutions of the Schrodinger
wave equation. The MT sphere radius is taken in such a way that leakage charge should be zero.
For non-overlapping spheres, the values of the muffin tin radii (Rm) are selected as 2.23, 2.11,
2.98 (bohr) for elements of Cr, Be and Se, respectively. The convergence parameters Ryt X Kmax =
8 are used to converge the calculations. Rumr has the lowest value and Kuax represents the high
magnitude which used in plane wave expansion with angular momentum ln.x and Gaussian factor
Gmax are 10 and 16, respectively. A 12 x 12 x 12 k-mesh is found to be well converged within first
Brillouin zone (BZ). Furthermore, 1000 k-points are used within wedge of the first BZ to attain
self-consistency. Threshold energy is selected as 10° Ry, to separate the core/valance electrons.

3. Results and discussions

3.1. Electronic and Magnetic Properties

The study of electronic characteristics comprises of spin-dependent band structure (BS)
and density of states. The knowledge of BS is important to recognize compounds for their usage in
electronic gadgets as it reveals the nature of the material (metal, insulator or semiconductor) [35].
Bands in solids arise owing to the electron’s diffraction within periodic crystal lattice [36]. In
literature, it is found that pure BeSe has the indirect E; (2.43 €V) [37]. The intrinsic BeSe executes
semiconductor behavior with indirect band gap 2.55 eV which is comparable to the reported work
(see Fig. 1). Moreover, the clear view about the electronic structure is obtained through DOS. To
understand the participation of various atoms, the behavior of the total DOS is examined (see Fig.
2a, b). The plots exhibit the same behavior that explained earlier described in BS. For more
elaboration of total DOS, the spectra of partial DOS are computed (see Fig. 2¢) which define the
participation of s, p, d and f-orbitals of material. It is clear that the VB is majorly composed of Se-
p atom around the Fermi-level (Er) whereas the CB is contributed by Be-s and Se-p states with
sharp peak that appeared at 6 eV and strong hybridization occurred due to these states. Moreover,
it is observed that there is no spin polarization in pure BeSe compound. After doping, the BeSe
compound is polarized in both spins (down/ up). It revealed the semiconductor nature in spin-
down channel with 2.38, 2.58, 2.8 and 2.93 eV E, at 6.25%, 12.5%, 18.75% and 25%
concentration while metallic behavior is observed in spin-up channel which confirm the HMF
characteristic of the compound that leads to 100% spin-orientation at Er (See Fig. 3(a-d)). At
different concentrations, there are new states near the Er and directly affect the electronic structure
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of intrinsic BeSe system. The diversity of E, designates the materials efficiency in spintronic

gadgets.
Q) /
™~
4t |
2t ;
3
S0k~ —>me——-1-F
e
uJ-2/ 7
g Ard
-4F '
\ st T
-6} |
PureiBeSe
i L r X WK
Fig. 1. BS plot of pure BeSe.
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Fig. 3. BS of Be;.xCrySe at (a) Bey.9375Cro.0s255¢ (b) Bepos7sCro.1255¢ (c) Beosi2sCro.1s75Se (d) Bey.75Crp.25Se.

To verify the cause of change in BS after doping, the TDOS and PDOS are also calculated
(see Fig. 4). In doped compound, hybridization provokes the double exchange interaction that
induces FM behavior. At x = 0.0625, 0.125 and 0.1875 doping content, the upper and lower VB
region are within -2.4 to -7.2 ¢V and -2 to -7 eV, respectively which are largely contributed by Se-
p/Cr-d ion with minor participation of Be-s/Cr-p states. In both spin versions (See Fig 4(a-c)), the
sharp peak observed at 4.1 eV due to Be-s state. It is clearly showed that there exists a strong
hybridized states above Erconsisting of Cr/Se-p states and Cr-d state. In contrast with increasing
doping concentration (x=25%), the d-orbital of the Cr-atom split into both e, and t,, orbitals. The
five-fold degenerate TM-d state split into three-fold t», (dxy, dy. and dy,) bonding states and two-
fold (4 z and dx*-y*) anti-bonding states in accordance with the crystal field. Due to less coulomb
interactions the e, orbitals are higher in energy than ty, states.

The valance region is mainly composed of TM-d (e, and ty,) and Se-p states whereas in
conduction region, the Cr-dy, state is large contribute near the Er in spin-dn channel (See Fig. 4d).
Thus, doping element in BeSe compound is responsible for the usage of Be;«CriSe compounds in
spintronic gadgets. To confirm the thermodynamical stability of Be;xCrxSe compound, enthalpy of
formation (AH) energy is calculated (see Table. 1) through the following relation [38, 39].

AH = Ege1_xcrxse — AEcr — bEg, — CEs,

(1)

The stability of the material is proved with negative value of AH. The negative sign
illustrate that the energy is released to the environment during the formation of investigated

compounds.
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Table 1. Formation energy calculated for Be;<Cr.Se compound.

Cr-Concentration Beo.9375Cro.06255¢ | Beoos7sCroi2sSe | Beo.si12sCro.is758e | Beo.7sCro.2sSe

Formation Energy (AEy) -1.74 -1.81 -2.1 2.4
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Fig. 4. Spin polarized DOS of Be;..CrySe at (a) Bey.9375Cro.s255¢ (b) Bepos7sCro.1255¢
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Fig. 5. Magnetic density of Be;.xCr.Se at x= 0.0625.
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The computed net spin magnetic moments uB for Cr doped BeSe in interstitial zone and
individual uB of Cr, Be and Se is summarized in Table 2. The strong magnetic moment is caused
by the partially filled d-orbital at the Cr-site while the week hybridization between non-magnetic
Cr-p and Be-s states is responsible for the minimum magnetic moment. Furthermore, spin-
dependent density is calculated to ensure magnetism (see Fig. 5) in doped compounds. The
calculated Mty of doped BeSe at x = 0.0625, 0.125, 0.1875 and 0.25 are 4.0028, 4.0027, 4.0021
and 4.0002 uB, correspondingly. Moreover, it is found that, atomic moment of Se-atom has
negative sign favor antiparallel alignment whereas parallelly aligned Cr and Be atomic moment
that have positive sign.

Table 2. Computed interstitial, local, and total magnetic moments of Cr doped BeSe.

Concentration Magnetic Moment (uB)

Total Interstitial Cr Be Se
Beo.9375Cro.0625Se | 4.0028 0.77479 3.01124 0.06028 -0.00075
Beoos7sCroa25Se | 4.0027 0.76910 3.03295 0.11074 -0.0018
Beo.s125Croas75Se | 4.0021 0.78411 3.10905 0.16509 -0.00477
Beo.75Cro.25Se 4.0002 0.75869 3.06468 0.06489 -0.00445

3.2. Optical properties

The optical characteristics define the response of material to the incident light that based
on the rate of electronic transitions and recombination in the desired spectral zone. The transitions
in optical features are split into intra-band and interband transitions. In semiconductor materials,
only interband transitions play vital role whereas for metals intraband transition is important [40].
The optical features of the compounds in response to light have been investigated within 0-10 eV.
The dielectric constant (¢1(w) and ex(w)) is directly linked to BS and define the optical material’s
response to incident energy (E= hf) [36]. €i1(®) explain the dispersion of the incident photons while
the &(w) is linked with BS of the materials and explains its absorptive behavior [41]. The static
dielectric function ¢;(0) for pure and Bei«CrSe (x= 6.25%, 12.5%, 18.75% and 25%) are
computed as 6.5, 21.8, 28.1, 80.7, 58.1, respectively (See Fig. 6a). Its value decreases with
increasing energy but after 6 eV its values become constant for all concentrations. Numerous
researchers investigate the ¢(0) of similar compounds. Cobalt doped CdX (X = Te, Se, S) have
values of (1(0)) 25.67, 70.50 and 59.97, respectively [42] and BeiCdi«Se have €(0) values of
6.75, 6.66, 6.45, 6.36 and 6.21 at x = 0, 0.25, 0.50, 0.75, 1.0, correspondingly [43]. At 18.75%
doping concentration, the ¢i(w) attains negative values at 0.5 electron volt that indicate the
reflecting (metallic) nature of the studied compound [38]. The low energy values associated with
metallic nature and electrons are transmitted to intra-band regions. According to BS calculations,
the values of &(0) and E,; are in agreement according to Penn’s model, which suggest that
£1(0)=1+(hw,/E,)* [44], here, w, represent plasma resonance frequency. The interband transitions
are expressed in €(w) and provide information about threshold energy points of the materials [45].
The &x(®) for pure BeSe starts at 3.3 eV which corresponds to the electronic E,. This threshold
values mainly comes from the electronic transitions among VB (occupied states) and CB (un-
occupied states). The critical points of &(®) occurs at 4, 3.1, 2.7 and 2.3 eV for Beg.9375Cro.06255¢
Beoos75Cro.125Se, Beosi2sCro.13755€, and Beo 75Cro25Se, respectively (See Fig. 6b). The absorption of
light is maximum within energy span 5.4-6.9 eV, showing that the studied material could be
suitable in optical devices. The coefficient of optical absorption a(w) of a semiconductor is a
measure of amount of photon energy captivated by the material at a certain frequency. The onset
edges of a(w) are used to obtain the optical band gap [45]. It takes key part in defining the
competence of optoelectronic devices. The maximum absorption for pure BeSe compound is
around 6 eV (156 x 10* cm™) in the UV region (See Fig. 6¢). After doping, the values of the a(®)
for 0.0625, 0.125, 0.1875 and 0.25 are 186 x 10, 175x 10%, 173x 10* and 171 x 10* cm™ at 6.4,
6.6, 6.9 and 7 eV, correspondingly, which means that the doping decreases the sharpness of the
peaks. Thus, the resultant material is good absorbent of UV-light.
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The o(w) explains the performance of a compound to conduct electrical current in
response to an incident EM wave. It follows the same trend as depicted in o(w). There exists no
conductivity up to 2.63 eV that is equivalent to computed E,. The magnitude of highest peaks (in
visible-UV region) is 16495, 14871, 12735, 11538, 9700 (2cm)™' at photon energies 5.9, 6.1, 6.3,
6.5 and 6. 6 eV for pure, 6.25%, 12.5%, 18.75% and 25% concentrations, correspondingly (See
Fig. 6d) which indicates that studied material is potential candidate for optoelectronic gadgets.
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Fig. 6. (a) e1(w), (b) e2(w), (c) o(w) and o(w) of Cr doped BeSe.

The refractive index n(w) determines speed of light in medium compared to speed of light
in a vacuum [46]. The static n(w) is 2.5 for pure BeSe compound but after doing its value is 4.8,
5.3, 9.2 and 7.7 for corresponding doped systems (see Fig. 7a) and these values start to decrease
after 6.1 eV. The mathematical relation between n(w) and &1(w) is n* — k* = ¢ (w) [45]. Another
optical parameter is extinction coefficient k (w) that is directly linked to a(w) [47, 48] through the
following relationship a(w) = 4nk(wyA (see Fig. 6¢). k(w) is a measure of the diminution of
photons (k > 0) in crystal due to absorption and scattering [49]. The k(w) can be explained using

the following formula.
1

k@) = 5 (@) + (@) - e @)’ @

For 18.75% doping concentration, the static £ () is 4.2 (see Fig. 7b) and reveal maximum
peak at 0.2 eV as compared to other doping concentration. The R (w) investigates the surface’s
nature of considered alloys. The static R(w) are 0.1, 0.44, 0.48, 0.67 and 0.61 for x=0%, 6.25%,
12.5%, 18.75% and 25%, respectively (See Fig. 7c). R (w) value exists at 0 eV owing to the lattice
vibrations in the unit cell.
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Fig. 7. (a) n(w), (b) k(w) and (c) R(w) of Be;CrSe of Cr doped BeSe.

4. Conclusion

The spin-dependent optoelectronic and magnetic characteristics of Beo.9375Cro.06255¢
Beoos75Cro.1255¢e, Beosi2sCro.13755€, and Beg75CroosSe alloys are studied by employing FP-LAPW
approach. The analysis of electronic characteristics including BS and DOS depict semiconducting
nature for pure BeSe compound and HMF behavior for different doping concentrations of Cr with
100% spin polarization, The Mry is estimated to be 4.0028, 4.0027, 4.0021 and 4.0002 uB for
Beo.9375Cro.06255¢  Beoos7sCro.125Se, BeosiosCro.is7sSe, and Beo75Cro2sSe, correspondingly which
mainly come from TM-atoms Cr (confirmed through spin magnetic density) and minor magnetic
moment with Be and Se-sites. Moreover, the optical parameters are also computed within energy
range 0-10 eV and studied materials exhibit maximum absorption (at 6 eV) in UV-region. Results

depict that the Cr doped beryllium selenide (BeSe) seems to be suitable candidate for spintronic
and UV devices.
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