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Electronic structures and magnetism of Cu-doped zinc-blende ZnO have been investigated by the first-
principle method based on density functional theory (DFT). The results show that Cu can induce stable
ferromagnetic ground state. The magnetic moment of supercell including single Cu atom is 1.0 p.
Electronic structure shows that Cu-doped zinc-blende ZnO is a p-type half-metallic ferromagnet. The
half-metal property is mainly attribute to the crystal field splitting of Cu 3d orbital, and the
ferromagnetism is dominated by the hole-mediated double exchange mechanism. Therefore, Cu-doped
zinc-blende ZnO should be useful in semiconductor spintronics and other applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Diluted magnetic semiconductors (DMSs) have been studied
extensively because of their potential usage of both charge and spin
of freedom of carriers in the spintronics [1-4]. In order to make use
of these materials/devices at room temperature, a chief goal of
current research is to fabricate DMSs with Curie temperature T¢ as
high as possible for the spintronic applications. During the past
years, a number of transition metal (TM) doped semiconductors
with room temperature ferromagnetism have been reported, such as
Mn-doped ZnSnAs, [5], Ni and Cu doped wurtzite ZnO [6-8], Co
doped anatase TiO; [9], Cr doped AIN [10] and CdTe [11]. Since Dietl
et al. [12] predicted that ZnO and GaN-based DMSs could exhibit
ferromagnetism above room temperature when doped with suffi-
cient carriers and magnetic atoms, the wide band gap semiconduc-
tors ZnO and GaN have attracted considerable attention in searching
for high T¢ ferromagnetic DMS materials. Dietl’'s work motivated
intensive studies on the structural and physical properties of ZnO
and GaN. Studies on electronic structure and magnetism of wurtzite
ZnO-doped by transition metals (TM) have also been widely
performed [13-17]. We know that ZnO has three different crystal
structures: the normal low-pressure phase hexagonal wurtzite (B4)
structure, the rocksalt (NaCl or B1) structure and the cubic zinc-
blende (ZB or B3) structure [18-20]. Generally, most researches of
TM-doped ZnO have been concentrated on the wurtzite structure;
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even so, in fact many studies have found only low temperature
ferromagnetism or paramagnetism. Until now, as far as we know,
the electronic structures and magnetism of the TM-doped zinc-
blende ZnO have not been widely reached.

Although the two structures, wurtzite (C,,P63mc) and zinc-
blende (T2,F43m), of ZnO have different space groups, they have
the same local tetrahedral environment and become different
only in their third-nearest-neighbor atomic arrangement. There-
fore, the structures of the wurtzite and zinc-blende ZnO are very
similar. Dalpian et al. [21] proposed a new method to stabilize the
cubic zinc blende phase by impurity doping for compounds that
are usually more stable in the hexagonal phase. They showed
that this can be achieved by injecting holes into GaN using
3d-containing acceptors. According to Dalpian and Wei's idea,
we have investigated the electronic structures and magnetism of
Cu-doped zinc blende ZnO by means of the first principles method
based on density functional theory (DFT).

2. Method

In this paper, we use the WIEN2K [22] package, which is based
on the FP-LAPW +local orbital (lo) method, one among the most
accurate schemes for band structure calculations. We investigate
magnetic coupling via the density of states (DOS) and the electro-
nic band structure. These results will help us to further understand
the origin of magnetism in Zn; _,Cu,O. In our calculations, the radii
of atom spheres are 2.1, 2.3 and 1.5 a.u. for Zn, Cu and O atoms,
respectively. The cutoff parameter RytKyax is taken as 7.0, where
Ryt is the smallest radius of atoms and Kyax is the maximum value
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Fig. 1. The crystal structure of 1 x 2 x 2 supercell of zinc-blende ZnO. Gray and red
balls indicate Zn and O, respectively. The positions of Zn substituted by Cu are
denoted by i and a-d. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

of the reciprocal lattice vectors used in the plane wave expansion.
Generalized gradient approximation (GGA) [23,24] is used to treat
the exchange correlation potential, and relativistic effects are taken
into account. For the Brillouin zone integration, we used 200
k-points in the first Brillouin, and the k-point meshes are 9 x 4 x 4
for the 32 atoms in the reciprocal space. The self-consistent
calculations are considered to be converged only when the inte-
grated charge difference per formula unit, [|p,— p,_1|dr, between
input charge density [p,_1] and output [p,] is less than 0.0001e.

According to Ref. [18], the zinc-blende ZnO has a cubic crystal
system (space group F43m, a=b=c=4.60 A and o= =7=90°). The
doping configurations of Zn;_,Cu,O are based on the 1x2x?2
supercell containing 16 ZnO. Two doping levels are investigated:
for x=0.0625, one Zn atom is substituted by Cu; for x=0.125, two
Zn atoms are substituted by Cu atoms. For the latter, we consider
the four different configurations (from nearest-neighboring to
fourth neighboring, d(i, j) with j=a-d) of the two Zn atoms replaced
by two Cu atoms (Fig. 1). First, based on the different configurations,
we carry out both geometric optimization and atomic relaxation to
find the equilibrium configuration. To examine the energetics
between the ferromagnetism (FM) and antiferromagnetism (AFM)
spin-polarized electronic configurations of the Cu ions, we have
performed the energy calculations for zinc-blende Zn,_,CuO
(x=0.125). In FM and AFM states with GGA, we considered two
parallel and antiparallel Cu atoms, respectively.

3. Results and discussion

As a defective system, the formation energy of Cu-doped zinc-
blende ZnO can be obtained by a process in which a certain
number of atoms are exchanged between host materials and
defect reservoirs. The corresponding formation energy [25-28]
can be calculated as follows:

Ef =E4—Ey + nopu, (1)

where E4 and Ej, are the total energy of a system with and without
defects, respectively; n,, is the number of atoms removed (+) or

added (—) to the hosts and p, is the chemical potential, which
depends on the growth conditions of a material. In order to
calculate the corresponding quantities, we adopt the relation
Uzn+ Ho= Uzno. In addition, the chemical potentials must satisfy
the boundary conditions ug < (1 /2)lo, and pzn < Uzn (buik)- Con-
sidering the Zn,5Cu0,¢ supercell with the corresponding concen-
tration of 0.0625, the formation energy of a Cu substitution for Zn
is calculated by the expression Ef=E[Zn;5CuO;g]—E[Zn16015]—
Ucu+ Uzn, Where E[Zn;5CuO;¢] and E[Zn;501¢] are the total ener-
gies of the supercell including a Cu dopant and the pure host,
respectively; ucy and pz, are the chemical potential of bulk Cu
and Zn, respectively (optimized zinc-blende structure). The
obtained formation energy of Zng g375Cug 06250 is 2.59 eV, which
may suggest that Cu-doped zinc blende ZnO can be fabricated in
experiments.

In order to determine the ground state of Zn, _,Cu,O, we adopt
four different configurations with the same doping concentration
of 12.5 at% (Fig. 1). The total energy and energy differences of
ferromagnetic (FM) and antiferromagnetic (AFM) phases in above
configurations are calculated. We present the optimized Cu-Cu
bonds in d(i, j) (j=a-d), total energies and relative energy
difference between FM and AFM states (AE=Earv—Erv) in
Zn;_,Cu,O (x=0.125) in Table 1. According to the calculated
results, it is found that the above four doped configurations all
favor the ferromagnetic ground state, which means that the long
range ferromagnetic interactions exist between the well-sepa-
rated Cu atoms. In addition, it is obvious that the energy
differences between FM and AFM phases decrease along with
the increase of the length of the nearest Cu-Cu bonds. The largest
energy difference between FM and AFM phases of the four
different configurations is 0.2379 eV; such large energy differ-
ences imply that the above room temperature ferromagnetism for
Cu-doped ZnO can be expected.

Considering the effect of the different doping concentrations,
we have calculated the electronic structures of Cu-doped zinc-
blende ZnO for x=0.0625 and x=0.125. For x=0.0625, in order to
satisfy the doping limit, we adopt the fourth-neighboring distance
of Cu-Cu atoms in the d (i, d) configuration. In Fig. 2(a) and (b), we
present the spin-polarized energy band structures of FM Cu-
doped zinc-blende Zn;5Cu0,s (x=0.0625). For the spin-up com-
ponent, in the vicinity of the Fermi level, it is found that the top of
the valence band (VB) and the bottom of the conduction band
(CB) of spin-up electrons are both located at G (0, 0, 0), and the
spin-up component is a semiconductor with a direct-band-gap of
about 0.5 eV; however, the spin-down component is metallic with
two bands crossing the Fermi level. For x=0.0625, the result
shows that the total magnetic moment per Cu is 1.0 pg, and this
doping system also shows half-metallic character [29]. Cu-doped
wurtzite ZnO based on DFT has been studied by Ye et al. [8]; their
results showed that this system has a FM ground state with half-
metallicity. Their calculated results are as follows: the half-metal
band gap Cu-doped wurtzite ZnO is 0.3 eV; total magnetic
moments are 1.0 pg per Cu and the Cu atom is polarized with a

Table 1

The calculated total energies and optimized length of the Cu-Cu bonds d(i, j) for
the four different configurations of the Zn;4Cu,0;s supercell. AE is the FM
stabilization energy between the FM and AFM states (AE=Eapv—Epm) for each
configuration.

Configurations dcy-cu Eem (eV) Eapm (V) AE (eV) Coupling
(A)

(i, a) 3.055 —33624.6978 —33624.4599 0.2379 FM

Il (i, b) 4665 —33624.6958 —33624.6590 0.0368 FM

(i, ) 5.738 —33624.2516 —33624.2478 0.0038 FM

IV (i, d) 6.537 —33624.6323 —33624.6198 0.0125 FM
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