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ABSTRACT. With the aim of improving and investigating magnetocaloric insights for spintronic applications, we
investigated the electronic structure of Cr-doped AISb compounds via first-principles calculations using the KKR-
CPA-DFT method. Here, we investigated the stability of alloy materials as a function of magnetic contamination.
A stable semimetallic ferromagnetic phase can be obtained by introducing the Cr element into AISb, which is
inherent in nonmagnetic semiconductors. The total magnetic moment of the doped material changes from 0.1167
uB to 0.716 uB for 4% and 25% Cr, respectively. Curie temperature changed to 740 K at 25% Cr concentration.
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INTRODUCTION

Spin electronics is a field that emphasizes spin as an information vector. Applications in this area
are widespread today, although spintronic devices can be found in hard disk read heads, magnetic
non-volatile random access memories (MRAM), and magnetic sensors, but their primary
application is information storage. Moving to information processing via more complex spin-logic
architectures requires platforms that can inject, propagate, detect, and potentially manipulate spin
information at macroscopic distances [1-3].

Spintronic materials are an integral part of modern technology. Due to its unique
characteristics and sophisticated breeding methods, it is widely used in the electronics industry.
In this context, Al-Sb alloys have been introduced into spintronics, supported by previously
obtained promising results [4, 5].

Aluminum antimonide (Al-Sb) is of renewed interest in a variety of applications ranging from
ionizing radiation detection to microelectronics and optoelectronics. For gamma-ray detection,
Al-Sb materials are particularly promising as novel materials that can be detected with high
energy resolution at room temperature. This was later attributed to the indirect bandgap of 1.6 eV
in the Al-Sb system, the high atomic number of Sb, potentially large electrons, and hole motions
up to several hundred cm V-.s7! is due to room temperature [6].

Indeed, there are limited theoretical and experimental reports on the physical properties of
dilute AlSb-based magnetic semiconductors (SGs). Many efforts have been made to improve the
performance of Sb-rich materials. For example, adding Si, Al, O, and W to Sb-rich materials can
effectively improve thermal stability and material grain homogeneity [7]. AlSb, which is less
common than GaAs in I1I-V semiconductors, is called the 6.1 A family and has indirect and direct
band gaps of 1.6 eV and 2.6 eV, respectively [8]. Potential applications in the field of spintronics,
electro-optical and electronic devices [9], as well as high-energy solar cells, p-n junction diodes
and transistors [9-11]. This compound has been used, for example, as a high-temperature
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semiconductor material [9, 12], as an anode candidate for sodium/lithium-ion batteries, and is also
promising as a photon detector [8, 13]. In microelectronics, AlSb and its related alloys are used
in advanced field effect transistor designs that promise faster switching speeds and lower power
consumption than silicon devices. This work is part of a larger effort to understand the
fundamental microscopic limits of performance of this semiconductor material and others. Our
major findings in this work are that the dominant native defects in AISb are aluminum interstitials,
antimony anti-sites, and aluminum vacancies, depending on chemical environment and doping.
Transition metals and rare element are the most important and studied compounds [14-16].

The intrinsic defect and charge carrier concentrations of the impurity-free material are
calculated by coherently solving the charge neutrality equation. We find that the material without
impurities is n-conducting at a finite temperature. In this investigation, chromium (Cr) was
introduced as a dopant into the phase change material AISb. The resulting material, Al;.\Cr,Sb,
underwent thorough characterization involving assessments of thermal stability, crystal structure,
and electrical performance. It was observed that higher concentrations of chromium led to
enhanced thermal stability. The study identified an optimal composition that exhibited improved
particle uniformity.

The aim of this work was to evaluate the effect of doping on the stability of DMS. To this end,
first-principles calculations using the KKR-CPA-DFT method were performed to predict and
clarify the magnetic and electronic properties of dilute magnetic semiconductors based on
chromium-doped Al-Sb.

COMPUTATIONAL METHOD AND CRYSTAL STRUCTURE

The Korringa-Kohn-Rostoker coherent potential approximation (KKR-CPA) method was used to
calculate the structural, electronic and magnetic properties of this system [17, 18]. The calculation
uses density functional theory (DFT) [19, 20] and is implemented in the program package
MACHIKANEYAMA2002v09 [21]. Akai et al. have developed his KKR-CPA method dealing
with transition metal (TM) alloys [22].

In this method, the so-called outer and inner wavefunctions of the extended sphere are
expanded into atom-centered extended spherical waves, which are Hankel functions or numerical
solutions to the Schrédinger equation. Additional extended spherical waves were placed at
carefully selected interstitials to optimize the basic set.

The selection and expansion radii of these sites were determined automatically using the
sphere geometry optimization (SGO) algorithm. Self-consistency was achieved by a highly
efficient convergence acceleration algorithm. Brillouin zone (BZ) integration was performed with
an increasing number of k points (6 6 8) to ensure convergence of results on the spatial grid. The
geometry is fully relaxed using Hermann-Feynman forces and total energy. For the self-consistent
method, the convergence criterion is set to 10 €V and the charge difference DQ = 108 C between
two successive iterations.

Figure 1. Structure of AISb alloy.
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The alloy compound AISb has a cubic crystal structure with space group symmetry F-43m
No. 216 and cell parameter a = 6.2337, with Al and Sb atoms at (0, 0, 0) and (1/4, 1/4, 1/4)
position. Figure 1 shows the structure of pure AISb optimized in this work using first principal
component calculations.

RESULTS AND DISCUSSION

Insights into the electronic structure and magnetism of AlSb doped with a single impurity Cr are
explored by the Korringa-Kohn-Rostoker coherence potential approximation (KKR-CPA). First,
we investigated the properties of intrinsic AISb for comparison. Figure 2 shows the total density
of states (TDOS) and orbital projected density of states (PDOS) for pure AlSb calculated within
the GGA approximation.
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Figure 2. Total density of state (TDOS) and orbital projected density of state (PDOS) of pure
AlSb.

A previous study [23] using a pulsed laser deposition (PLD) technique measured the band
gaps of AISb films to be 1.56 and 1.66 eV, which is larger than the estimated value of 1.15 eV.
This discrepancy between experimental and calculated values is mainly due to known limitations
of the exchange-correlation functional in DFT calculations [20]. Moreover, the high symmetry of
the up-spin and down-spin density of states (DOS) and the zero total magnetic moment indicate
that pure AISb is a non-magnetic crystal.

Aluminium is replaced with various concentrations of chromium to induce magnetic
properties in the inherent AISb. Increasing the amount of chromium introduced on the Al sites
changes both the electrical and magnetic behaviour of the material. Chromium atoms have more
electrons than aluminium atoms and behave like additional donors, creating Cr 3d states around
the gap energy. These states are responsible for bandgap narrowing and may act as traps for
electron-hole pairs.

This project investigates alloys with different chromium contents with the formula Al,-(Cr,Sb,
where x is from 4% to 20%. The TDOS and PDOS curves shown in Figure 2 show that the spins
are nearly 100% polarized. The down-spin channel has an indirect bandgap that lies between the
valence band maximum and the conduction band minimum. Conversely, a new peak observed
only in the spin-up state originates from chromium (Cr-3d) spin-up electrons appearing near the
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Fermi energy (Ef). This indicates that the connection has become magnetic and the top-bottom
spin symmetry has been broken, but its stability has not yet been determined. The creation of
localized moments in Cr is responsible for magnetism.

The states consisting of Cr-3d, Al-p, and Sb-p near the Fermi level are crucial for half-metallic
behavior and FM stability. The high hybridization between Cr-3d and Sb-p at the Fermi level
explains why the double exchange mechanism is responsible for the magnetism and stability of
FM states.
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Figure 2. Total density of state (TDOS) and orbital projected density of state (PDOS) of
substituted materials Al;- CrxSb with x running from 4% to 20%.

To investigate the stability of the magnetic state in the system, we performed calculations to
determine the energy of the system in two different magnetic configurations. The first
configuration is ferromagnetic (FM), with all spins oriented in the same direction (Alyy1—xCrypxSb).

Bull. Chem. Soc. Ethiop. 2024, 38(2)



302 Zakaria El Merzouki et al.

The second configuration is the disordered local moment (DLM), also known as spin glass, where
half of the transition metal impurity ion spins are oppositely oriented (Al xCrypx2Crany2Sb).
The energy difference between the two states, known as AE = Eptm — Erero, has been calculated
to study the stability of magnetic states [50, 51]. Furthermore, we estimated the Curie temperature
of Al;«Cr,Sb using the mean-field approximation (MFA), x represents the Cr concentration.

In this equation KB is the Boltzmann constant. The energy difference between the two states
estimated for the exchange interaction and its values are displayed in Table 1.

It is evident from the table that as the amount of chromium in the material increases, it retains
its ferromagnetic properties. Moreover, with a higher Cr content, the total magnetization also
increases.

Table 1. The total energy differences, Stability Phases, Total and Local Moments for Cr Doped AlSb.

Cr% | AE (meV) | Stability phases | M™ (uB) M (uB) M (uB) M (uB)
4 0.00026 Ferro 0.11671 0.00163 3.13973 -0.02824
8 0.00146 Ferro 0.23694 0.00338 3.1305 -0.05262
12 0.00313 Ferro 0.35691 0.00504 3.12125 -0.07593
16 0.00517 Ferro 0.47674 0.00663 3.11375 -0.09868
20 0.00753 Ferro 0.59647 0.00817 3.10763 -0.12114
24 0.00095 Ferro 0.71616 0.00969 3.10249 -0.14348

Furthermore, Figure 3 shows the configuration of Cr-doped AlSb, which exhibits a positive
AE, indicating that it is more stable in the ferromagnetic state than in the antiferromagnetic state.
The analysis in Figure 3 shows that not only the 3d states of impurities but also the 4p states of
Sb contribute significantly to the Fermi level. Co-doping of AISb and Cr indicates that
ferromagnetic stabilization is based on a double exchange mechanism with strong p-d
hybridization. In addition, Figure 3 shows the calculated Curie temperature (TC) of Cr-doped
sphalerite AISb. The results show that both transition metals have high TC values above room
temperature. Remarkably, the TC of vanadium is higher than that of titanium, reaching 750 K.
Moreover, the figure shows that TC increases with doping concentration.
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Figure 3. The calculations of Curie temperature for Cr-doped zinc-blende AlSb.
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When compared to the reported alloys, YbisMnSbi; [23] exhibits similar ferromagnetic
properties as those observed in the examined Cr-doped AISb and the ferromagnetic behavior of
Ni-Mn-Sb [24].

CONCLUSION

Finally, we investigated the electronic and magnetic behavior of the AISb alloy as a function of
changing the chromium concentration. This work shows that DMO becomes a stable metalloid
compound when the Cr element is incorporated as an impurity in AlSb. It also induces a
ferromagnetic phase in the material. Due to the large value of magnetic moment, Cr is the main
contributor to the magnetism of the system. TC is higher than room temperature and increases
with Cr concentration, reaching a value of 740 K at 25%. Such materials are useful and are
expected to have a great impact on the field of spintronics.
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