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Abstract
The electronic structure, magnetic and half-metallic properties of transitional metal
(TM)-alloyed zinc-blende ZnO and GaAs (TM = Cr, Mn, Fe, Co, Ni) thin films with biaxial
strains on the (0 0 1) plane are studied by density functional theory and beyond. Here, we
focus on two simple layer-by-layer delta doping structures with the TM substituting along the
(1 0 0) planes (type-I) and (0 0 1) planes (type-II). We find that the Fe-, Co- and Ni-alloyed
GaAs, Mn- and Fe-alloyed ZnO, and Co-alloyed ZnO(II) show antiferromagnetic (AFM)
states, while Ni-alloyed ZnO(I) and Cr-alloyed GaAs show ferromagnetic (FM) coupling
independent of the biaxial strain within 25% along the (0 0 1) plane. For the systems of
Cr-alloyed ZnO, Co-alloyed ZnO(I), Ni-alloyed ZnO(II) and Mn-alloyed GaAs(I, II), the
strain from the substrate will induce a phase transition from AFM to FM states. The
Co-alloyed ZnO(I), Ni-alloyed ZnO(I, II) and Cr-alloyed GaAs(I, II) systems are demonstrated
to be half-metallic from the generalized gradient approximation (GGA) calculations. The
Cr-alloyed ZnO and Mn-alloyed GaAs systems also show robust half-metallicity with a large
spin-flip gap by a GGA + U description, although their half-metallicity disappears with the
standard GGA description.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The ongoing demand of spintronic materials allowing the
manipulation of both charge and spin freedoms in a single
material has driven extensive theoretical and experimental
studies in transition metal (TM) doping and interface
physics in semiconductors. Most research groups focus
on two aspects of spintronic material study [1]. One
is the diluted magnetic semiconductors (DMSs) which are
non-magnetic semiconductors doped with TM elements to
possess the intermediate properties between non-magnetic
semiconductors and magnetic metals [2, 3]. TM-doped II–VI
or III–V semiconductors are the most frequently studied
systems, particularly Co- or Mn-doped ZnO, in which
room-temperature ferromagnetism (RTFM) was predicted
theoretically by Dietl and Sato [4, 5]. The other one is half-
metallic ferromagnets (HMFs) which may be fabricated by

an advanced interface technique for an efficient injection of
spin-polarized carriers into semiconductors [6–11]. Some
experimental studies on HMF have been conducted in recent
years [12, 13]. For example, Mansell and his group have
presented a series of measurements on a molecular beam
epitaxy (MBE)-grown half-metallic Fe3O4 : Al0.1Ga0.9As
device with spin-selective injection across the interface
[13]. Meanwhile, many theoretical studies showed that
most of the early TM pnictides and chalcogenides in the
metastable zinc-blende (ZB) structure are half-metallic when
they maintain a relatively large lattice constant, or are grown
on a semiconductor substrate with sufficiently large lattice
constants. A recent theoretical study has even found that the
ZB CrTe (0 0 1) surface shows a robust half-metallicity [14].

Up to now, some theoretical studies and experimental
reports have shown that RTFM could be realized by doping
a traditional semiconductor (such as GaN or ZnO with a large
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band gap) with magnetic elements [15–19]. The origin of FM
ordering in these systems and even their feasibility, however,
are still a matter of debate [20, 21]. At the same time, the HMFs
also hold a great promise for spintronic applications. This is
based on the fact that the spin splitting and, therefore, the
spin-flip (SF) gap of these compounds change drastically with
volume expansion and compression [22]. Whereas, in nature,
these materials are stable in structures other than ZB. Recently,
Zhao and Zunger [23] investigated the relative stability of NiAs
and ZB structures under pseudomorphic epitaxial conditions.
They argued that under epitaxial growth conditions, for most
of the Cr and Mn pnictides and chalcogenides, the NiAs
structure is always lower in energy than ZB. So far, further
theoretical studies on numerous binary alloys (such as Cr-,
Mn-, V-pnictides and chalcogenides) have been conducted by
some research groups [24–29]. These previous studies have
shown that it is also difficult to achieve ZB thin films by
epitaxy on available semiconductor substrates with NiAs or ZB
structure. In experimental studies, Zhao et al have prepared
CrAs, CrSb and MnAs super thin films in ZB structure [30–32].
Although these films favour the FM state, they do not maintain
half-metallictiy due to the boundary or interface effect, which
will reduce the efficiency of injecting spin-polarized carriers
into the semiconductor [24].

Meanwhile, assisted by the state-of-the-art MBE
technology, it is possible to grow a variety of semiconductor
heterostructures controlled atom by atom, and by abrupt
doping profiles such as delta doping [33–35]. It has
been reported that Mn could be delta doped in ZB GaAs
substitutionally within 2–3 monolayers [34]. Furthermore,
there are some experimental studies showing that the
TM doping ratio could also be high in much thicker
films. For example, the Santa Barbara group has reported
that reproducible 100 nm thick Ga1−xMnxAs films with
doping concentration up to x = 0.22 were grown using
a combinatorial technique to achieve stoichiometry [36].
Considering the difficulty of acquiring HMF of binary ZB
alloys, delta doping of TM by MBE technology in a variety
of semiconductors on suitable ZB substrates is an alternative
way for efficient spin injection. With appropriate choices
of substrate lattice, it is expected that the stability of delta-
doped ZB structures of interesting semiconductors, such as
GaAs : TM and ZnO : TM could be more robust. Therefore,
it is important to understand how the biaxial strain affects
the electronic structure and half-metallicity. Here, we have
studied the half-metallicity, electronic and magnetic properties
of possible ternary alloy films of (Zn, TM)O and (Ga,
TM)As (TM = Cr, Mn, Fe, Co, and Ni) under a biaxial
strain, assuming that the samples are grown on various
semiconductor substrates of conventional ZB structure. We
intend to focus on two issues. (i) How the biaxial strain
affects the ferromagnetism of the ternary alloy films based on
ZnO and GaAs (such as Ga–Mn–As, Ga–Cr–As, Ga–Co–As,
Zn–Mn–O, Zn–Cr–O and Zn–Co–O) in ZB structure? (ii) Will
the half-metallic property exist in these ternary alloy films?
GGA + U calculations are also conducted in addition to
the standard density functional theory (DFT) calculations to
involve the strong correlation effect on the systems.

2. Computational details

Our theoretical studies are carried out within the framework of
DFT combined with GGA. All the calculations are performed
with the pseudopotential plane wave method [37] with the
PW91 formulae [38], and the projector-augmented wave
(PAW) potentials, as implemented in the VASP code [39, 40].
An energy cut-off of 500.0 eV and �-centred 6×6×6 k meshes
for Zn–TM–O and Ga–TM–As, following the Monkhorst–
Pack k-space integration method are employed [41]. In
structure search, all cell-internal structural parameters are fully
relaxed. The calculation is stopped when forces of all the
relaxed atoms are less than 0.001 eV Å−1. In particular, for
the Zn–Cr–O and Ga–Mn–As systems, we have also applied
Hubbard-U corrections [42–44] to GGA in order to validate
our results on half-metallicity by improving the description
of their TM-d states [45–48]. It is not easy to choose
proper U values for the TM in a given environment. To
avoid artificial HM property raised by inappropriate high U

values, we employed the U values of 2.5 eV, 3.0 eV, 3.5 eV
and 4.0 eV, 4.5 eV, 4.5 eV for Mn and Cr, respectively. These
values are chosen to be close to the corresponding values in
a near free electron gas environment, 3.0 eV and 3.9 eV for
Mn and Cr, correspondingly (as reported in [44]), which are
expected to be smaller than the realistic values in our studied
systems.

3. Results and discussion

During the epitaxial growth process, the in-plane lattice
constants of a film will decrease or increase along with changes
in the substrate lattice. According to experiments, the ZB
ternary compound prefers to grow along the [0 0 1] direction
on (0 0 1) planes of substrates of ZB structure [49]. Typically,
the films prepared in experiments are tens of nanometres in
thickness and were often simulated by bulk models with biaxial
strains [22, 23, 28]. In our calculations, we fix the lattice
constants of the systems along a- and b-axes for corresponding
substrates and then relax along the c-axis. The subsequent
changes in half-metallicity under the biaxial strain, usually
depends on the isotropic strain significantly. Generally, under
the epitaxial growth conditions, the stability of a ZB film
fabricated in epitaxial growth is not determined by the energy
deference �bulk between the isotropic deformed ZB materials
and the ground state structure but rather by the energetics of the
biaxial deformed film relative to the ground state, �epi [50].
As for the 50% TM-alloyed GaAs studied here, its ground state
structure is not clear, but expected to be similar to that of GaAs
or MnAs, i.e. ZB or NiAs type. Here, we studied the NiAs-type
and ZB structures of ferromagnetic GaMnAs2, and found that
the total energies of these two structures are −42.07 eV and
−42.81 eV for a cell of 8 atoms, respectively. This indicates
that the ZB structure could be more stable than the NiAs-type
structure of GaMnAs2. Meanwhile, there are some occasional
experimental reports on ZB GaAs samples grown on substrates
with a large lattice mismatch [51]. Therefore, we argue that
there are chances to grow TM-alloyed GaAs and ZnO films
with ZB on appropriate substrates.
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Figure 1. The structure of two types of ZB TM-doped ZnO and
GaAs. The Zn (Ga), TM(Cr, Mn, Fe, Co, Ni) and O atoms are
represented by grey, pink and red balls, respectively.

There are two typical types of structures for the
TM-alloyed ZnO or GaAs film with a concentration of 50% in
ZB under the biaxial strain (c/a �= 1) (shown in figure 1): (a)
one is that the cation atoms are substituted by TM (Mn, Fe,
Co, Cr, Ni) on the alternative [1 0 0] planes of the film, named
type I here; (b) the other is that the cation atoms are substituted
by TM on the alternative [0 0 1] planes, named type II here.

3.1. Magnetism described by the GGA approach

We investigated the strain effect on the magnetic properties
and half-metallicity of TM-alloyed ZnO and GaAs films.
Figure 2 shows the variation of the c/a ratio, total energy,
magnetization and �E(�E = EAFM − EFM) (the total
energy difference between AFM and FM states) as a
function of strain which is in the range from −15% to
30% of its equilibrium lattice constant a0. When the
total energy difference �E > 0, it indicates that the film
prefers the FM state, and it prefers the AFM state for
�E < 0. According to our GGA results, the TM-alloyed
ZnO and GaAs films are classified into three groups listed in
table 1.

The first group corresponds to the systems with
their magnetic states changing from the AFM to the
FM state when the substrate lattice constant increases,
i.e. Zn0.5Cr0.5O(I,II), Zn0.5Co0.5O(I), Zn0.5Ni0.5O(II) and
Ga0.5Mn0.5As(I,II). Only some of the systems show HM
property, including Zn0.5Co0.5O(I) and Zn0.5Ni0.5O(II). As
shown in figure 2(c), there is a linear decrease in the ratio
of c/a with increasing lattice constants of the substrate and the
volume of the systems will be nearly conserved when they are
relaxed completely to an equilibrium state under the biaxial
strain. Meanwhile, our calculations showed that the AFM
state of Zn0.5Co0.5O(I) could disappear at substrate lattice
constants from 5.0 to 5.2 Å, and the system prefers the FM
state in the range 5.2 Å–6.0 Å. The total magnetic moment of
the system is 6.0µB/cell (cf figure 2(b)). Furthermore, from
figure 2(e), the total density of states (TDOS) for majority
spin and minority spin indicates that Zn0.5Co0.5O(I) (a =
b = 5.6 Å and c/a = 0.68) clearly shows HM property
with a SF gap of 0.6 eV. The SF gap reflects the position of
the minority spin-conduction band minimum relative to the
Fermi level of the majority spin. In other systems, such as

Zn0.5Cr0.5O(I,II) and Ga0.5Mn0.5As(I,II), they do not show
HM property although the FM state is preferred in a certain
range of substrate lattice constants. In figure 2(g), we can see
that the calculated total magnetic moment of Zn0.5Cr0.5O(I,II)
is close to 7.8µB/cell. The non-integer magnetic moment
indicates that the systems of Zn0.5Cr0.5O(I,II) do not have
HM property. Furthermore, the TDOS for majority spin and
minority spin indicates that Zn0.5Cr0.5O(I,II) shows metallic
property and not HM (cf figure 2(j )). The same magnetic and
HM properties can be found in the system of Zn0.5Ni0.5O(II)
(cf figures 3(h) and (l)).

The second group corresponds to the systems that always
show FM coupling under the biaxial strain, i.e. Zn0.5Ni0.5O(I)
and Ga0.5Cr0.5As(I,II), but not all of them possess HM. For
example, we can see clearly that Ga0.5Cr0.5As(I,II) always
prefer the FM state when the substrate lattice constant changes
from 5.0 to 6.8 Å (cf figure 3(a)). The calculated total magnetic
moments of the system under the biaxial strain are always
6.0µB/cell except when the substrate constant is larger than
a = b = 6.8 Å (cf figure 3(b)). Figures 3(e) and (f ) are
the TDOS of Ga0.5Cr0.5As(II) corresponding to the substrate
constants of 6.0 Å and 5.0 Å, respectively. Interestingly, the
one at a = b = 6.0 Å indicates HMF with a SF gap of 0.18 eV
while the one at 5.0 Å does not possess HM property, although
both systems prefer the FM state with a magnetization of
6.0µB/cell. As shown in figure 3(f ), Ga0.5Cr0.5As(II) at 5.0 Å
failed to exhibit the HM property because both the majority
spin and minority spin show metallic property, in which the
integer magnetic moment is a coincidence. Zn0.5Ni0.5O(I)
always prefers the FM state with the energy difference �E > 0
independent of the substrate constants, and it provides a
magnetic moment of 4.0µB/cell (cf figure 3(h)) with the HM
property (cf figure 3(k)).

The third group corresponds to the systems that always
show AFM states as the substrate changes including
Zn0.5Mn0.5O(I,II), Zn0.5Fe0.5O(I,II), Zn0.5Co0.5O(II),
Ga0.5Fe0.5As(I,II), Ga0.5Co0.5As(I,II) and Ga0.5Ni0.5As(I,II)
(cf table 1). Their energy difference �E is always negative,
which reveals that the AFM state is more favoured than the FM
one. All the GGA and GGA+U calculated magnetic properties
are listed in table 2.

3.2. Magnetism described by the GGA + U approach

At present, numerous theoretical studies have emerged on
3d impurities in oxides, using mostly the local-density
approximations (LDA) or GGA in the frame of DFT. However,
certain oxides such as ZnO or In2O3 have a large electron
affinity (low conduction band minimum energy) that is further
exaggerated in LDA/GGA calculations where the notorious
band-gap underestimation (e.g. in ZnO, Eg = 0.67 eV in GGA
compared with 3.4 eV in experiment) is mainly due to a very
low energy of the conduction band minimum (CBM) [50].
The band-gap underestimation by GGA might affect the HM
property in some systems, for example, Zn0.5Cr0.5O(I,II) and
Ga0.5Mn0.5As(I,II).

We adopt here a self-consistent band-gap correction
by the GGA + U calculations. We find that the Zn-3d
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Figure 2. Plots of c/a (a), magnetic moments (b) and �E (c) versus the substrate lattice constants for Zn0.5Co0.5O(I), and the selected
TDOS of Zn0.5Co0.5O(I) at a = b = 5.2 Å (d) and 5.6 Å (e). The plots of �E (f ), magnetic moments (g), total energy (f ) and c/a (i)
versus the substrate lattice constants for Zn0.5Cr0.5O(I,II), and the selected TDOS of Zn0.5Cr0.5O(I) at a = b = 6.0 Å (j ). Here the Fermi
energy of TDOS is set to zero.

Table 1. Classification of the calculated systems: (I) systems
undergo a transition between AFM and FM; (II) systems always
show FM state; (III) systems always show AFM state.

I (AFM, FM) II (FM) III (AFM)

Zn0.5Cr0.5O(I, II) Zn0.5Ni0.5O(I) Zn0.5Mn0.5O(I,II)
Zn0.5Co0.5O(I) Ga0.5Cr0.5As(I,II) Zn0.5Fe0.5O(I,II)
Zn0.5Ni0.5O(II) Zn0.5Co0.5O(II)
Ga0.5Mn0.5As(I,II) Ga0.5Fe0.5As(I,II)

Ga0.5Co0.5As(I,II)
Ga0.5Ni0.5As(I,II)

has no contribution to the density of states near the Fermi
level and the conducting bands for the systems favouring
FM states. Similarly, in the systems of Zn0.5Ni0.5O(I, II)
and Zn0.5Co0.5O(I) with HMF states, the Ni-3d and Co-3d
density of states has no contribution for the TDOS near the
Fermi energy level and the conducting band. Furthermore,
we can find that the two systems (Zn0.5Cr0.5O(I,II) and
Ga0.5Mn0.5As(I,II)) prefer FM without HM property from the

GGA calculated results. Thus, we employ the corrections
on these two systems with GGA + U . We use U =
3.5 eV, 4.0 eV and 4.5 eV for Cr in Zn0.5Cr0.5O(I,II) and
U = 2.5 eV, 3.0 eV and 3.5 eV for Mn in Ga0.5Mn0.5As(I,II),
respectively, to investigate the effect of U correction on the
HM property of these systems, where U is an efficient value
(Ueff = U − J ).

Figures 4(a)–(l) show the TDOS as a function of U

for Zn0.5Cr0.5O(I,II) and Ga0.5Mn0.5As(I,II). As the U value
increases, the peak of TDOS is pushed deeper into the
valence band in these four systems. This is due to the
fact that the energy separating the Cr (Mn) d levels and
the dangling bond levels increases with U . As a result,
the effective coupling between Cr(Mn) and the host-like
states decreases. The calculated total magnetic moment is
8.0µB/cell for Zn0.5Cr0.5O(I,II) and Ga0.5Mn0.5As(I,II) using
GGA + U (cf table 2). As shown in figures 4(a)–(c) and
(d)–(f ), it is clear that the majority spin bands are metallic,
but there is a wide gap around the Fermi level for the minority
spin. As shown in figures 4(a)–(c), we can see that the SF
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Figure 3. Plots of �E (a), (g), magnetization (b), (h), total energy (c), (i) and c/a (d), (j ) versus the substrate lattice constants for
Ga0.5Cr0.5As(I,II) and Zn0.5Ni0.5O(I,II), the TDOS of Ga0.5Cr0.5As(II) at a = b = 6.0 Å (e) and 5.0 Å (f ); as well as the TDOS of
Zn0.5Ni0.5O(I) (k) at a = b = 5.0 Å and Zn0.5Ni0.5O(II) (l) at a = b = 4.4 Å.

Table 2. The GGA and GGA + U calculated magnetic properties with respect to the substrate lattice constants for the ternary alloy
TM–ZnO and TM–GaAs (TM = Cr, Mn, Fe, Co, Ni).

a = b (Å) a = b (Å) M(GGA) HM M(GGA + U ) HM
Compound (FM) (AFM) (µB/cell) (GGA) (µB/cell) (GGA + U )

Zn0.5Cr0.5O(I) 4.4–5.2 and 5.6–6.0 4.0–4.2 and 5.4 7.5–7.8 Nearly 8.0 Yes
Zn0.5Cr0.5O(II) 4.4–6.0 4.0–4.2 7.6–7.8 Nearly 8.0 Yes
Zn0.5Mn0.5O(I,II) — 4.0–6.0 — — — —
Zn0.5Fe0.5O(I,II) — 4.0–6.0 — — — —
Zn0.5Co0.5O(I) 5.2–6.0 4.0–5.0 6.0 Yes — —
Zn0.5Co0.5O(II) — 4.0–6.0 — — — —
Zn0.5Ni0.5O(I) 4.0–6.0 — 4.0 Yes — —
Zn0.5Ni0.5O(II) 4.0–5.0 5.2–6.0 4.0 Yes — —
Ga0.5Cr0.5As(I,II) 5.0–6.8 — 6.0 Yes — —
Ga0.5Mn0.5As(I) 5.4–6.4 5.0–5.2 and 6.6–6.8 7.8–7.9 No 8.0 Yes
Ga0.5Mn0.5As(II) 5.2–6 and 6.4–6.8 5.0, 6.2 7.2–7.9 No 8.0 Yes
Ga0.5Fe0.5As(I,II) — 5.0–6.8 — — — —
Ga0.5Co0.5As(I,II) — 5.0–6.8 — — — —
Ga0.5Ni0.5As(I,II) — 5.0–6.8 — — — —
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Figure 4. Plots of the TDOS of Zn0.5Cr0.5O(I) at a = b = 4.4 Å and of Zn0.5Cr0.5O(II) at a = b = 4.6 Å with U = 3.5 eV, 4.0 eV and
4.5 eV are shown in (a)–(f ), respectively, and the TDOS of Ga0.5Mn0.5As(I) and Ga0.5Mn0.5As(II) at a = b = 6.0 Å with U = 2.5 eV,
3.0 eV and 3.5 eV are shown in (g)–(l).

gaps are 2.0 eV, 2.1 eV and 2.2 eV for U = 3.5, 4.0 and 4.5 eV,
respectively. This indicates that the system is a robust HMF.
Similarly, Zn0.5Cr0.5O(II) is also shown to be a robust HMF
(cf figures 4(d)–(f )).

Figures 4(g)–(l) show the TDOS of Ga0.5Mn0.5As(I)
(a = b = 6.0 Å, c/a = 0.8836) and Ga0.5Mn0.5As(II)
(a = b = 6.0 Å, c/a = 0.8969) with U = 2.5 eV, 3.0 eV
and 3.5 eV, respectively. It is obvious that the majority spin
bands are metallic, while there is a band gap of 1.2 eV, 1.3 eV
and 1.4 eV for Ga0.5Mn0.5As(I) (a = b = 6.0 Å, c/a =
0.8836), and 1.3 eV, 1.5 eV and 1.5 eV for Ga0.5Mn0.5As(II)
(a = b = 6.0 Å, c/a = 0.8969) with U = 2.5 eV, 3.0 eV and
3.5 eV around the Fermi level for minority spin, respectively.
As shown in figures 4(g)–(i), the SF gaps are 0.9 eV, 1.1 eV
and 1.2 eV for Ga0.5Mn0.5As(I) (a = b = 6.0 Å, c/a =
0.8836) with U = 2.5 eV, 3.0 eV and 3.5 eV, respectively.
For Ga0.5Mn0.5As(I) (a = b = 6.0 Å, c/a = 0.8836), the
SF gaps are 0.85 eV, 0.95 eV and 1.05 eV for U = 2.5 eV,
3.0 eV and 3.5 eV, as shown in figures 4(j )–(l). Thus, with the

correction of GGA+U , we find that HMF may be available in
Zn0.5Cr0.5O(I,II) and Ga0.5Mn0.5As(I,II) although they are not
predicted by GGA calculations.

4. Summary

We have investigated the basic electronic structure, magnetic
and half-metallic properties of TM-alloyed ZnO and GaAs
(TM = Cr, Mn, Fe, Co, Ni) thin films with a concentration
of 50% using GGA and GGA + U calculations. The magnetic
state of these systems often strongly depends on the biaxial
strain. Zn0.5Co0.5O(I), Zn0.5Ni0.5O(I,II) and Ga0.5Cr0.5As(I,II)
are found to be HMFs according to the 0 calculations.
Using GGA + U , we further find that Zn0.5Cr0.5O(I,II) and
Ga0.5Mn0.5As(I,II) also show robust HM property. This study
provides a general picture of the magnetic and HM properties
of TM-alloyed ZnO and GaAs thin films, which is helpful
in exploring HMFs. For example, on the substrate of Si
(lattice constant of 5.42 Å), Cr-alloyed GaAs(I), Mn-alloyed
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GaAs(II) or Cr-alloyed ZnO(II) are suggested for potential
HMFs according to our predictions.
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