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ARTICLE INFO ABSTRACT

Communicated by: T. Kimura Investigations of materials of the quasi-binary system ZngAsy-MnsAsy have been performed. We present band
structure calculations of crystal structures of ZnzAsy, MnsAsy and ZnMnyAsy within the framework of the density
functional theory (DFT) and DFT + U method. The calculations based on first-principles were made using plane
waves normalized on pseudopotential with the Quantum Espresso software package. Was obtained, that
fundamental gap for MnsAs; and ZnsAs; is equal to the optical band gap, while the band gaps for ZnMnjAs; was

closer. The calculation for MnsAs; and ZnMnyAsy by method DFT + U were performed; in these cases, the
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ZnMn,As
Zns Asz 2 fundamental band gaps are closer to the optical band gaps, respectively. Considering the series ZngAsy; —
MnsAss ZnMnpAsy — Mnj3Asy, an increase in the Fermi energy was observed: Ef = 7.5 — 8.98 — 12.04 eV. It was

established that the band gap of ZnMnyAs» (Eg = 0.6 €V) is a direct band gap corresponding to the transition
between points I'>I" of the Brillouin zone. The E; value obtained by us is closely known from experiments on
optical absorption and the study of the temperature dependence of resistivity with E; values equal to 0.8 eV and
0.76 eV, respectively. For Mn3As, and ZnMnpAss, splitting is observed in density of states (DOS) between spin up

and spin down electrons.

1. Introduction

An increasing interest in diluted magnetic semiconductors (DMSs) is
connected with attempts to use these materials in instrumental struc-
tures as sources of spin-polarized charge carriers [1]. In addition to
comparatively long-studied diluted magnetic semiconductors based on
II-VI Zn;xMn,Te and Cd;MnyTe [2] as well as based on III-V,
In; xMnyAs and Gaj;xMnyAs [3] are intensively studied. Recently, a
group of DMSs based on II-V compounds are much less known in spite of
their extremely attractive magnetic and transport properties; first of all,
it should be emphasized that these materials are characterized by a small
cation-cation distance among the known DMSs which are not in the II-V
group. Small cation-cation distances causes the sp-d (sp-f) exchange
interaction between the band carriers and localized magnetic moments
of these ions and the d-d (f-f) interaction between the ions themselves,
both types of the exchange interactions are much stronger in II-V than in
other DMS [4]. The interest in semiconductors of the II-V group and
solid solutions based on them increased dramatically after the discovery
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of topological properties in the narrow-gap semiconductor CdsAs; [5,6].
The study of ternary and quaternary solid solutions are the subject of
considerable current research [7-11], being ZngAs, a representative
p-type semiconducting compound of II-V group with space group
P4,/nmc and optical band gap is 1.1 eV [12]. Studies of the structure and
magnetic properties of MnsAs, are presented in Refs. [13-15]. The
importance of studying the properties of the diluted magnetic semi-
conductor (Znj;.xMny)3Assinduced the study of the quasi-binary system
Zn3A52—Mn3A52 [16].

In [16], a phase diagram for the existence of solid solutions
(Zny xMny)3Ass and Znp.4Mny4Assare presented. The construction of
the phase diagram contributed to the technology optimization for pro-
ducing high quality large single crystals of the ternary magnetic semi-
conductor ZnMnyAs, and solid solutions of DMS (Zn;_xMny)3Ass. This
was followed by extensive studies on the new material ZnMnyAs; using
both x-ray structural and neutron diffraction analysis, as well as the
study of the anisotropy of magnetic properties and electrical conduc-
tivity of (Zn; xMny)3Ass [17-23]. However, it must be emphasized that
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the ternary compounds, mentioned above, and solid solutions based on
them are generally poorly (not enough) understood.

The purpose of this paper is to study of quasi-binary system of alloys
ZnsAsp-MnsAssand to clarify on first-principles the features of the band
structure and density of localized states of the ternary magnetic semi-
conductor ZnMnyAsy within the system ZnzAso—MnsAsy. This can be
useful for understandingthe anisotropy of the magnetic properties and
electrical conductivity of not only ZnMnyAs,, but also other solid solu-
tions (Znj xMny)3Ass.

2. Crystal structure

ZngAs; is a wide-gap semiconductor with a direct band gap (at the
I-point of the Brillouin zone). The crystal structure belongs to the
tetragonal space group P4y/nmc (No. 137) and is quite complex. For
example, the tetragonal unit cell of a-ZnzAs, contains 160 atoms (96 Zn
and 64 As) and can be divided into 16 fluorite cubes provided, where a
= 8.316 A and ¢ = 11.76 A are the tetragonal lattice constants. Each
fluorite cube contains 4 As atoms on a face-centered cubic lattice with a
lattice constant ag = a/2 and 6 Zn atoms inside a distorted cubic lattice
(the lattice constant ~ ap/2) with two vacancies connected by a diagonal
[4].

The Mn3As; semiconductor is a semiconductor with three different
modifications. The first modification of MnsAsj (I) is a high-temperature
phase with a tendency to twinning. When this phase is cooled, inter-
grown crystals containing MnsAsy (II) and MnsAs4 with very closely
related structures are obtained. The third modification of Mn3zAs, (III) is
obtained at low temperatures [24]. Since we were interested in clari-
fying the features of the band structure of ZnMnyAs, at temperatures
close to helium, for the comparative series, the third modification of
MnsAs; with monoclinic crystal structure and space group C2/m (No.
12) was chosen. We are planning to use data about band structure of
ZnMnyAs; in our further investigations, for example, studies of the
mechanisms of hopping conductivity. The structure of MngAs, (III), like
the other two modifications, can be in the form of close-packed layers
formed by arsenic atoms that are broken by manganese clusters around
Mn4 atoms [24].

ZnMnyAs; is a layered magnetic semiconductor with a hexagonal
space group, which, as was shown in Ref. [17], has an ordered sequence
of the doublet of the Mn planes separated by As and Zn planes. As fol-
lows from neutron studies [21], the magnetic order does not correspond
to the ideal crystal structure, which can be explained by the fact that the
Mn planes contain some Zn atoms and vice versa. In Ref. [25], it can be
also noticed that ZnMnyAss has a disordered layered structure. This is
explained by a chemical disorder in the layered structure, characteristic
for the ZnMnyAs, structure, related to the coexistence of layers fully
occupied by Mn ions, together with mixed Mn/Zn bilayer. These features
also make the studies of the ZnMn,As, band structure more attractive
and interesting.

3. Experimental details for ZnMnyAs,

The ZnMnjyAs; single crystal was obtained by the modified Bridgman
method from stoichiometric amounts of ZnsAs; and MngAs; placed in a
glass-graphite cup inside an evacuated quartz ampoule. After heating
above the melting and synthesis temperature for 10 h, slow cooling was
carried out with a rate of 5 K h™! near the melting point 1113 K; cooling
was carried out in the presence of a temperature gradient of 2 K cm™! of
the furnace. The spatial symmetry group and unit cell parameters were
determined using a Rigaku Ultima IV diffractometer [25].

Absorption spectra were recorded at temperatures of 77 K and 300 K
(Fig. 1) for a plane-parallel single crystal plate of ZnMnyAs, with a
thickness of d = 1.5 mm; the plane of the plane was the cleavage plane
(001) of the space group P3m1. The evaluation of the width of band gap
at the absorption edge gave a value of Eg ~ 0.8 eV.
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Fig. 1. Absorption spectra of single crystals of ZnMn,As, at temperatures (a) T
=77K, (b) T = 300 K.

The result obtained is in good agreement with the band gap (E, =
0.76 eV) determined from the analysis of the temperature dependence of
the resistivity.

4. Computational work

First-principles calculations based on density functional theory
(DFT) and DFT + U were used for structure of ZnsAsp, MngzAs,,
ZnMnyAs, crystals as implemented in Quantum Espresso software
package [26,27]. The calculation involved exchange and correlations
according to Perdew-Burke-Ernzerhof (PBE) functional and Ultrasoft
Pseudopotential (USPP). The calculated unit cell for ZnsAs;, MnsAs; and
ZnMnyAs; was constructed in the 3D visualization program for struc-
tural models VESTA [28]. First Brillouin zone of materials was accom-
plished using from Monkhorst-Pack method. Marzari-Vanderbilt
smearing size was fixed to 0.1 Ry. Geometry optimization of the
supercell were performed using variable cell relaxation (vec-relax)
calculation as implemented in Quantum Espresso code.

Energy cutoff of 50 Rydberg in a plane-wave basis set was used for
calculation. Two different methods were adopted for calculating band
structure of MnsAsy: DFT without U value, DFT + U with calculated U.
And one method was applied for calculating of ZnMnyAs, and ZnsAsy:
DFT + U with calculated U and DFT without U value, respectively. The
calculated Hubbard U was determined using linear response theory.

5. Band structure

The energy band spectra of the compounds under study were
calculated at high-symmetry points of the Brillouin zones [29] in their
appropriate units, and along lines connecting them.

The results of the calculation of the band structure of ZnzAsy, MngAsy
and ZnMnyAssare presented in Fig. 2. The Fermi energy level was chosen
as the starting point of the energy scale.

The positions of the calculated bands for ZnsAs; and Mn3sAs; corre-
late with the structural bands shown in Ref. [30] and the band gap
calculated by DFT method was 0.97 eV and 0.18 eV, respectively. Our
calculated band gap of MngAss using DFT + U method with calculated U
is resulted to calculated band gap of 0.0 eV. The values of U was
determined through a linear response method which is fully consistent
with the definition of the DFT + U Hamiltonian, making this approach
for the potential calculations fully ab initio [31], and the U value was 3
eV, what corresponds the data in Ref. [32].
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Fig. 2. Band structure of (a) ZnsAs,, (b) Mn3Ass, (c) ZnMnyAss.

This is results are in good agreement with earlier DFT, DFT + U
calculations and experimental data [12,33]. Also in this case of DFT, the
“band gap” refers to the fundamental gap [34], and not to the optical
band gap [12].

The density functional theory is formulated to calculate the
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properties of the ground state.

Although the band structure involves the excitation of electrons into
unoccupied states, the Kohn-Sham [35] energies used to solve discrete
Fourier transform equations are often interpreted as corresponding to
the energy levels of electrons in the solid. The relationship between the
Kohn-Sham eigenvalues calculated by discrete Fourier transform
method and electron energies is theoretically possible only for the
highest occupied electronic state. The Kohn-Sham energy of this state
corresponds to the first ionization energy of the material, taking into
account the exact exchange-correlation functional. However, for other
energies, there are no assumptions that Kohn-Sham eigenvalues will
correspond to a physical observable [36]. The fundamental gap energy
calculated by us within the framework of the density functional theory
(DFT) is not always equal to the optical band gap, being for ZnzAsy equal
to it, for ZnMnyAs; becomes close it, and in the case of Mn3As; it is very
different from the optical width of the band gap.

Considering the series ZnzAs;—ZnMnyAs;—MnsAs,, the calculation
shows that Fermi energy increases Ef = 7.5 — 8.98 — 12.04 eV. From
Fig. 2¢, it is possible to determine that ZnMnAs; is a direct narrow-gap
semiconductor with band gap (valence band — conduction band) E; =
0.6 eV. The upper part of the valence bands in the energy range-2.4 +
—1.7 eV is plane and corresponds to highly localized electronic states.
The largest dispersion E(k) takes place in the energy range —2.5+ —7.5
eV, corresponding to the electronic states of the conduction band. The
band gap E; of ZnMnyAs; is a direct band gap corresponding to the
transition between points [>T of the Brillouin zone.

The total density of states (DOS) of ZnzAsz, MnsAss, ZnMngAsais
shown in Fig. 3. The density of states shows the contribution of the states
of zinc (Zn), manganese (Mn) and arsenic (As), these supports are
analyzed by partial density of states (PDOS). Complete DOS of
ZnMn»As; is the contribution of the Zn, Mn, and As states, therefore, it is
important to understand how electrons are distributed for individual
atoms of the system. The Fermi level is in the valence band, indicating a
degenerate p-type material that is consistent with the acceptor nature of
the Mn.

The total DOS and PDOS of ZnMnjAs; are shown in Fig. 4. As follows
from the analysis the band gap of ZnMn»As; also is 0.6 eV.

In the DOS for Mn3As; and ZnMnyAss, splitting is observed between
spin up and spin down electrons (Fig. 3). The imbalance in the DOS of
ZnMnyAs; is induced by p-electrons of As and d-electrons of Mn with
spin-up and spin-down (Fig. 4), while the DOS distributions for s-elec-
trons with opposite spin-directions are close.

As shown in Figs. 3 and 4 the upper part of the valence bands in the
energy range —7.5 to —2.5 eV can be divided into two groups with
respect to the separated bands. The first narrow group of the valence
bands (—7.5 to —6.8 eV) consists of a single band and is formed mainly
by the highly localized p-state of zinc.

6. Conclusion

Using density functional theory (DFT) and DFT + U method, the
band structure and the DOS of ZnMnyAss, ZnsAs,, and MnsAs,; were
calculated on the basis of first principles. We analyzed the fundamental
energy gap in the framework of the density functional theory (DFT),
being equal to the optical band gap in the case of ZnsAs,, while for
MngsAss; it is very different from the optical width of the band gap. The
calculation for MngAs; and ZnMnjyAs; by method DFT + U with value
Hubbard U equal 3 eV was performed; in this case, the fundamental
band gaps is closer to the optical band gap. In case of analysis of
ZnMnyAsy, the transition I'->I" is a direct type transition. The upper
valence bands in the energy range —2.4 ~ —1.7 eV have a relatively
weak dependence of energy on the wave vector, which corresponds to
highly localized electronic p-states of arsenic. Among the valence elec-
tron states with energies in the range of —7.5 to —6.8 €V, the Zn states
dominate. For Mn3As; and ZnMnjAss, splitting is observed in DOS be-
tween spin up and spin down electrons. The imbalance in the DOS is
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