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Abstract

We report on the results of the structural, electronic and magnetic properties of ZnO (1x1x1),
(1x2x2) in the zincblende (ZB) and rocksalt (RS) phases produced by doping Mn in ZnO structures,
considering, for the magnetic interaction between the Mn atoms, both the near and far positions. These
are evaluated using density functional theory (DFT). The band gaps of the ZnO semiconductor are
calculated by the full potential linearized augmented plane wave (FP-LAPW) method with the local spin
density approximation (LSDA) and the modified Becke - Johson (mBJ) potential. The results of the
theoretical calculations are compared to the experimental values. The gaps of RS-ZnO are 0.735"°* eV
and 2.688-°**™J e\/ They are comparable to 2.45 eV; in the zincblende phase, the gaps are 0.694 "4 ev
and 2.946 “PA*™B) e\/  compared to the 3.27 eV experimental value. Both the band gap and the total
magnetic moment of Mn doped ZnO increased in the supercell 1x2x2 for the RS and ZB phases. Our
analysis revealed that the mBJ potential is very efficient for the determination of the band gaps of ZnO

semiconductors; it is clear that the mBJ potential gives good results for the treatment of the d-orbitals.
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1. INTRODUCTION

The way to control the electronic semiconductor properties is to introduce a metallic impurity to
determine the band gap. The 11-VI and I11-V group semiconductors, doped with transition metals, may be
used in several applications, due to their interesting magnetic properties. These semiconductors are
usually called dilute magnetic semiconductors (DMSs) and are supposed to be potential building blocks

for spintronic devices [1].

DMSs have attracted attention due to the capability of two compounds of spin and charge to be
used as magneto-optical, magneto-electrical and magneto-transport devices [2-5]. In diluted magnetic
semiconductors the cations are replaced by the magnetic impurity. The replacement causes strong
magnetic outcomes on the host materials without deteriorating their electronic and optical properties [2].
ZnO doped by a magnetic impurity presents photoelectric and piezoelectric properties in spintronic device
applications [6-8].

Recently , great advancements have been achieved in the one-dimensional ZnO based DMSs.
Density functional theory (DFT) showed that ZnO is a very good semiconductor for high-T,
ferromagnetic materials (T, is the Curie temperature). Dietl et al. [3] made a Mn-doped ZnO that has high
T.. In experimental work, Fukumura et al. [09] investigated the doping of Mn in ZnO, and concluded that
a small amount of Mn showed an anti-ferromagnetic exchange coupling. Sharma et al. [10] found a
ferromagnetic state above room temperature in Mn-doped ZnO and also observed a paramagnetic phase at
room temperature. Ueda et al. [11] found that ZnO films doped with Co can show ferromagnetic
characteristics and high Curie temperature T.. Sato et al. [12] showed, by using ab initio methods, that
the anti-ferromagnetic state is observed in Mn doped ZnO and the ferromagnetic state was more stable
than with the other transition metals; they suggested that the Cr-doped ZnO is a good candidate for a high

Curie temperature ferromagnetic in diluted magnetic semiconductors.

In this paper, we study the effects of Mn on the structural, electronic and magnetic properties of
ZnO. It is necessary to use the first-principles methods based on DFT in order to predict the effect of
doping before carrying out experimental work. We study both the ferromagnetic (FM) and anti-
ferromagnetic (AFM) coupling of spins to show the effect on the structural, electronic and magnetic
properties. We believe that our results can supply a theoretical knowledge for the doping approach in
order to have control over the structures and the properties of ZnO. The objective of the present study is
to provide a guideline for the synthesis of new magnetic materials; this is done by using full potential

linearized augmented plane wave (FP-LAPW) calculations.



2. COMPUTATIONAL METHOD AND DETAILS

In this work, we performed a series of calculations to determine the structural, electronic and
magnetic properties of Mn:ZB-ZnO and Mn:RS-ZnO using the FP-LAPW method. In this approach, the
simulated unit cell is shared by two regions (muffin-tin and interstitial). Calculations have been done in
the WIEN2k code [13] which is a practical code for the FP-LAPW. In the calculations performed for the
interstitial region, the energy cut-off was KmnaxRmt = 7, the radius of the muffin tin (RMT) was chosen for
Zn and O as 1.5 a.u and for Mn as 1.2 a.u. For energy convergence we used 125 k-points in the special
irreducible Brillouin zone (BZ) to obtain very good results. The first-principles calculations are based on
the density functional theory (DFT). The total energies were calculated using the full potential linearized

augmented plane wave (FP-LAPW) method using the WIEN2k package [13].
3. RESULTS AND DISCUSSION

3.1. Structural Properties

ZnO has the wurtzite, rocksalt (RS) and zincblende (ZB) structures. The rocksalt phase of ZnO has
a NaCl cubic structure with lattice parameter 4.271 A [18], the lattice parameter of the zincblende
structure of ZnO is 4.62 A [17]. We have used the experimental lattice parameters to determine the
parameters of the Murnagan equation (EOS); these parameters are summarized in Table 1. The table
contains results of this work, previous theoretical calculations and experimental data for comparison. The
present results show coherence with the previous experimental and theoretical values. Better results are

obtained with the LSDA approximation. Our optimized calculations with the LSDA are shown in Table 1.

In our calculations, the lattice parameter for the rocksalt structure is found to be a = 4.331 A |
which shows a great consistency with the experimental value of 4.271 A [18] ; for zincblende, the
predicted lattice parameter a = 4.331 A is also in good agreement with the experiment value of 4.62 A

[17]. The same observation is valid for BO and B' as well.

In these calculations, the convergence parameter Rytkmax Was set to 7.0, and to obtain self-
consistency 125 k-points (ndiv = 8x4x4) were used in the irreducible wedge of the irreducible Brillouin
(IBZ) for the rocksalt and zincblende phases. All these values have been chosen to ensure that the total
energy converged to better than 0.001 Ry. The cut-off energy, which defines the separation between the

core and valence states, was set to -9.496 Ry.

For structural properties, the exchange potential was calculated using both the local-density
approximation (LSDA) and the modified Becke - Johson (mBJ) potential [14]. The Zn-3d and O-2p bands

are well separated experimentally, while they partly overlap in the LSDA.



3.2. Electronic properties

The total density of state is calculated using the two approximations LSDA and LSDA+ mBJ, for
the two phases of ZnO . The band structure and the total density of states are presented in Figs. 1 and 2.

For the electronic properties of this compound, we studied the total density of states (TDOS) and
the band structure. By calculating the band gap, we can find whether the compound is a metal, a
semiconductor or an insulator. The band structure is usually calculated in the 1% Brillouin zone of the
reciprocal space along special paths connecting high symmetry points. The lowest-energy state above the
band gap has the same I point as the highest-energy sate below the band gap; this is what we found in
Fig. 3, so we can say that ZnO in the ZB phase has a direct gap of 0.694 eV by the LSDA and 2.646 eV
by the mBJ. The closest states above and below the band gap do not have the same I' values. Also we can
say that in the RS phase there is an indirect gap of 0.735 eV and 2.688 eV. In Fig. 3, the partial densities
of the valence band are attributed to the O-2s and O-2p orbitals, the Zn-d states are dominant in the
valence band at the energy range between -6.3 eV to -2.64 eV with the contribution of O-p orbitals. In
the top of valence band, between -2 eV to the Fermi level, the O-p states are dominant. The calculated
band gaps are summarized in Table 2. The best results are found with the LSDA+mBJ approximation, i.e.

the calculated values are closer to the experimental ones (see Table 2.).
3.3. Magnetic properties

The calculations for Mn doped ZnO were performed by using the WIENZ2k code [13]. In the
interstitial space of the unit cell, the RMT values were chosen as 1.5 a.u for zinc (Zn), 1.2 a.u for
manganese (Mn) and 1.5 a.u for oxygen (O). We investigate the change in the structural, electronic and
magnetic properties of Mn:ZnO for the unit cell of ZnO containing two atoms of Mn with a configuration
of (1x2x2). In Figs. 4 and 5, we represent the short and long spin interactions for both the RS and ZB
phases (the distance d mn-mn IS indicated in Table 4). The structure contains 32 atoms of Zn and O doped

with 6.25% of Mn atoms. As a result two of Zn atoms were replaced by two atoms of Mn.

The value of our calculated lattice constant for Mn:ZnO is closer to the experimentally measured
value of undoped ZnO, a small difference occurs due to the small mismatching in the ionic radii of Zinc
and Manganese. To control the modifications of the electronic properties of ZnO, we use the supercell
approach. We observe that the values of the gap increased in the RS-ZnO and ZB-ZnO doped with Mn,
this type of doping results in a change in the type of structures present. ZnO-doped Mn has a larger gap.
The calculated spin polarized density of states of Mn-doped RS- and ZB-ZnO in the short and long

distance for the magnetic interaction are shown in Figs. 6 and 7.



The O-s, O-p and Zn-d states are hybridized in a valence band located around -6 eV and -2.5 eV.
In ZnO doped Mn, the Mn-d state is hybridized with the Zn-d and O-p states. Between the energy range
of -2.5 eV to 0.05 eV only the majority spin (spin up) contribution is present. In the conduction band in
the range between 3 eV to 6 eV relative to the Fermi level, this band is built by the O-p states and the spin

minority Mn-d states.

The 3d states of Mn are located mainly in the gap and weakly hybridize with the conduction of the Zn
4s, 4p type, leading to a semi-metallic character; the shift of the occupied 3d levels from the Mn to the
valence band gives an isolating solution, the partial state density of 3d-Mn is slightly enlarged, and the

3d spin states of the Mn are strongly offset from the top of the valence band [26].

In Table 3, we display the magnetic configuration, the total energy of Mn-doped ZnO in the short
and far magnetic spins configurations. The magnetic ground state and the strength of exchange coupling
are found for both FM and AFM couplings. The magnetic fundamental state can be determined by the
total energy difference of the supercells between the AFM and FM configurations. If the difference of the
total energy AE is negative, the AFM configuration is observed; in contrast, when AE is positive, we have

the FM configuration.

As shown in Table 3, the AE of the Mn-doped ZnO in the (1x2x2) structure are all negative, which
indicates that the AFM states are more stable than the FM states. The AFM coupling gets weaker, when
the Mn-Mn bond length increases for a long distance of the exchange interaction (dwn.mn= 6.3408 A); the

magnetic exchange interaction is independent of the Mn-Mn distance [27].

In Table 4, all magnetic moments of the Mn atoms are in the ( 3.0u-3.2us ) range; they mainly
originate from the 3d electrons of Mn atoms. Oxygen atoms also show a weaker positive value of the
spin polarization with the nearest-neighbor Mn atoms, which produces a weak magnetic moment around
0.04- 0.07 ps.

For more details on the magnetic coupling of Mn-doped ZnO, we show, in Fig. 7, the total spin
polarized density of states for the AFM states. The density of electron spins is asymmetrically distributed;

we can see more spin down than spin up electrons.

Lastly, we found the AFM coupling easily in Mn-doped ZnO according to the theoretical
analysis, this is in agreement with the experimental work where the AFM coupling in the ZnO-Mn
structure is observed [9,11].

4. CONCLUSION

In conclusion, the density functional theory with the FP-LAPW method has been used to evaluate
the effects of Mn doping on the physical properties of ZnO in the rocksalt and zincblende phases. The



results show that the presence of Mn, as impurity atoms in ZB-ZnO and RS-ZnO, leads to an increase in
the magnetic moment. Moreover, Mn impurity atoms do not significantly change the ZnO lattice
parameters, but do cause a large variation in the band gap. Mn:ZnO systems favors anti-ferromagnetism
as the fundamental stable state. The observed highly spin polarized conduction carriers indicate that
Mn:ZnO in zincblende phase materials have a potential for polarized spin current applications and other

spintronic devices.
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Figures and Tables captions

Fig. 1: Total density of state (TDOS) and band structures of the RS-ZnO(a;b) and ZB-ZnO(c;d) (1x1x1)
monocrystals with different exchange correlation potentials.

Fig. 2: Total density of state (TDOS) and band structures of the RS-ZnO(a;b) and ZB-ZnO(c;d) (1x2x2)
supercells with different exchange correlation potentials.

Fig. 3: Partial density of state (PDOS) of the RS-ZnO (a;b) (1x1x1) supercell and ZB-ZnO (c;d) (1x2x2)
supercell with the mBJ approximation.

Fig. 4: Schematic overview of the structures of the ZnO supercell (1x2x2) doped Mn in the rocksalt phase
for the near (a) and far (b) atoms of the Mn interaction. The colors of the Zn, Mn, O atoms are rose,
gray and red, respectively.

Fig. 5: Schematic overview of the structures of the ZnO supercell (1x2x2) doped Mn in the zincblend
phase for the near (a) and far (b) atoms of the Mn interaction. The colors of the Zn, Mn, O atoms are
rose, gray and red, respectively.

Fig. 6: The calculated spin polarized density of states of Mn:ZnO in the rocksalt phase in the 1x2x2
supercell structure. The DOS along the positive (negative) Y-axis indicates the spin up (spin down) of the
DOS.

Fig. 7: The calculated spin polarized density of states of Mn:ZnO in the zincblende phase in the (1x2x2)
supercell structure. The DOS along the positive (negative) Y-axis indicates the spin up (spin down) of the
DOS.

Table 1: The lattice constants a(A), bulk modulus By (GPa) and its pressure derivative B’ of ZnO in the
RS and ZB phases in the (1x1x1) structure.

Table 2: Calculated band gap with different approximations in the rocksalt and zincblende structures for
ZnO compared with the experimental and other theoretical results (all values are given in eV).

Table 3: The nature of magnetic coupling with two Mn atoms in the ZnO supercell structure.

Table 4: Magnetic moments calculated for the Mn and O atoms, the Mn-Mn distance, the Mn-O
distance, and the magnetic moment of Mn atoms in the RS- and ZB- ZnO doped Mn supercell structure.
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Fig.1: Total density of state (TDOS) and band structures of the RS-ZnO(a;b) and ZB-ZnO(c;d) (1x1x1) monocrystal
with different exchange correlation potentials.
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Fig. 2: Total density of state (TDOS) and band structures of the RS-ZnO(a;b) and ZB-ZnO(c;d) (1x2x2) supercells
with different exchange correlation potentials.
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Fig. 4: Schematic overview of structures of the ZnO supercell (1x2x2) doped Mn in the rocksalt phase in short (a) and far (b)

atoms of the Mn interaction. The colors of the Zn, Mn, O atoms are rose, gray and red, respectively.



Fig. 5: Schematic overview of structures of the ZnO supercell (1x2x2) doped Mn in the zincblende phase for the neart (a) and
far (b) atoms of the Mn interaction. The colors of the Zn, Mn, O atoms are rose, gray and red, respectively.
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Fig. 6: The calculated spin polarized density of states of Mn:ZnO in the rocksalt phase in the 1x2x2 supercell
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Table 1: The lattice constants a(A), bulk modulus B, (GPa) and its pressure derivative B’ of ZnO in the RS and ZB
phases in the (1x1x1) structure.

ZB structure This work Other theoretical Experiments
calculations

a 4.4836 4.52% 4.6329° 4,62°

B, 167.1607 1687, 139.32°

B 4.8836 4.6°%,3.7586°

RS structure

a 4.331 4.223%, 4.3379° 4.271°

B, 201.98 209.6%, 164.91° 202°

B' 4.2927 4.46°% 45318° 4% | 354°

*Ref.[15] °Ref.[16] °Ref. [17] “Ref.[18] °Ref.[19]

Table 2: Calculated band gap with different approximations in the rocksalt and zincblende structures for ZnO
compared with the experimental and other theoretical results (all values are given in eV).

Rocksalt Zincblende
LSDA 0.735 0.694
LSDA+mBJ 2.688 2.646
Theoretical calculation | 0.75" 1.09® 1.1° 0.65%
0.64" 0.71°
Exp 2.45P 3.27°

ARef.[20] PRef.[21] CRef.[15] PRef. [22] FERef. [23] © Ref. [24] CRef. [25]

Table 3: The nature of magnetic coupling with two Mn atoms in the ZnO supercell structure.

approx Configuration Eem(Ryd) Earm(Ryd) AE(Ryd) Nature of Coupling

LSDA Near -57237.095 -57237.096 -0.001 AFM

1x2x2 Far -57237.095 -57237.097 -0.0002 AFM

RS Near -57230.786 -57231.404 -0.618 AFM
+

LSDA+mBJ Far -57230.786 -57230.788 -0.002 AFM

LSDA Near -57237.381 -57237.382 -0.001 AFM

1x2x2 Far -57237.388 -57237.389 -0.001 AFM

ZB Near -57231.3512 -57231.404 -0.0533 AFM
+

LSDA+mBJ Far -57231.361 -57231.363 -0.001 AFM

Table 4: Magnetic moments calculated for the Mn and O atoms, the Mn-Mn distance, the Mn-O distance, and the
magnetic moment of the Mn atoms in the RS- and ZB- ZnO doped Mn supercell structure.

configuration dmn-o( A) Dun-win( A) Mn;(ps) Mn,(ps) O(us)
1x2x2 Near 2.1595 3.0541 3.12022 -3.12022 0.04587
RS Far 2.1595 6.1081 3.12053 3.12053 0.04516
1x9x2 7B Near 1.9415 3.1704 3.01477 -3.01477 0.00175
Far 1.9415 6.3408 3.00998 3.00998 0.06406




