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ABSTRACT

First-principles calculations are performed to study the electronic structures and magnetic properties of
nonmagnetic B-doped ZnO. We investigate the following three cases: (i) single B atom substituted at Zn site, (ii)
single B atom subgtituted at O site, and (iii) two B atoms substituted at O sites. Both generalized gradient
approximation (GGA) and GGA+U calculations show that a substitutional B atom at Zn sites is hon-magnetic.
While a substitutional B atom at O site introduces magnetic moment of about 3.0 1B, respectively. The magnetic
moment mainly comes from the partially occupied 2p orbitals of substitutional B, its nearest neighboring Zn and
second neighboring O atoms, and the biggest atomic moment is of B. The U correction for the 3d Zn and for the 2p
O and B states obviously changes the magnetic moment of the B atom. Total energy calculations show that the
antiferromagnetic (AFM) state is predicted to be the ground state for all configuration systems.
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INTRODUCTION

Diluted magnetic semiconductors (DMSs) have athdicl great deal of attention because of the pdissibf

incorporating magnetic degrees of freedom in trawidtl semiconductors [1, 2]. DMSs are semicondsctehich
contain some magnetic atoms as impurities. Theg e possibility to create functional materialngsthe carrier
control techniques in semiconductors. They are lyideed in high- and low-tech applications suchsasar cells,
heaters, defrosters, and optical coatings [3]. dreagnetism in diluted magnetic semiconductors is ofithe
interesting problems of this century in condenseadt@n physics [4 - 6].

Room temperature ferromagnetism has been repoytedalny researchers, such as TM doped ZnO [7 -20]
[11, 12], InOs [13, 14]. Interestingly, non-magnetic ion dopedXZthin films also reveal robust ferromagnetism,
e.g. nitrogen doped ZnO thin films [15 - 18], Carbimplanted ZnO [19] and Phosphorus doped ZnO [Z@g
mechanism behind the enhancement of ferromagndlystne doped nitrogen, carbon or phosphorus isustdlear.
Some researchers believe that the magnetic mechasfision-magnetic ion doped thin films of trangitimetal
oxide comes from the localized states of oxygereasf[21, 22], which is different from the boundgnatic
polaron (BMP) mechanism proposed by Coey [23] fagnetic ion doped transition metal oxides.

In addition to the technological appeal of roompenature ferromagnetism in ZnO-based DMSs, ZnOreficher
desirable features as a semiconductor host. imgtpiezoelectricity [24] is exploited in a variedy transducer
applications [25] and has possible applicationatapzation field effect transistors [26]. The naishiometric un-
doped ZnO thin films usually show an n-type matendh low resistivity due to the oxygen vacancersd zinc
interstitials [27, 28]. Also long spin coherencmdis, with potential spintronic applications, haeeently been
reported at room temperature in n-type ZnO [29].
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The structural, electrical and optical propertidsBedoped ZnO films (ZnO:B), are widely studied [3032].
Furthermore, Low-resistivity and high-stability Znidms were grown by photo-atomic layer depositigrnoto-
ALD) technique using boron as an n-type dopant.[33]

To our knowledge, there is no experimental studyhenmagnetic properties of nonmagnetic anion BedopnO.
In order to explore possible magnetic propertieBafoped ZnO, we investigate the effects of nonmatigrB
dopants on the electronic structures and magnsijoepties of B-doped ZnO by first principles caétidns.

COMPUTATIONAL METHOD

The calculations have been performed using Vierdmmidio simulation package (VASP) [34, 35]. ThedBped
ZnO system was modeled with a supercell built 0f3>8@ wurtzite unit cells, which is sufficient to @d the
interaction of the B atom with its images in neightibg supercells. (see Fig. 1). The exchange-caticgl potential
is treated with the generalized gradient approxonafGGA) [36] and the strong correlation effecte atroduced
by means of GGAW scheme [37, 38]. The projector augmented wave pateffPAW) were used for electron-ion
interaction [39]. An energy cutoff of 400 eV wasddor the plane wave expansion of the electromigexfunction.
Specialk points were generated with a 3x3x2 grid basecherMonkhorst-Pack scheme [4@]is known that local
density approximation (LDA) or GGA suffers from wrdstimation of the band gap and an improper degmni of
strongly localized electrons occupying the Zn 3atest for ZnO. Incorporating of on-site Coulomb iattion
between the Zn 3d electrons into the LDA (LBW) or GGA (GGA+U) can give improved results [41, 42]. In the
GGA+U calculations, the effective interaction paraméterZn 3d states is set td-J=7.0 eV, which is almost the
same as the value used in Refs. [41, 43]. Whilafoon-2p states is taken lds5.6 eV and}=1.2 eV for O 2p and
B 2p, respectively, which is almost the same asviiige used in Refs. [44] and [45] and is clos¢hto estimated
values from spectroscopic measurements in oxid&sA4].

Fig. 1. (Color online) The 3x3x2 supercell of ZnO wrtzite consisting of 36 Zn and 36 O atoms. The ggeatoms are Zn and the red atoms
are O. The positions of B substituted by Zn and Ora denoted by 0, and 1 - 5, respectively

The structure of B-doped ZnO was fully relaxed um calculations and good convergence was obtaintdemnergy
and force at 10 eV and 107 eV/A, respectively. We have also optimized théoraf the lattice constants/) at
each volume by performing calculations for sevealiflerent values ofc/a. The calculated total energies as a
function of volume were fitted to the Birch—Murnaghequation of state (EOS) [48 - 51] to obtain Hopiiim

lattice constana, the bulk modulus0 and its pressure derivativesy) .

RESULTS AND DISSCUSSION

Table 1, shows the calculated lattice constaatar(d c), the c/a ratio, the bulk modulu®, and its pressure
derivatives B('), for undoped ZnO compared with experimental arelipus calculation values [10, 41, 52 — 56].

From table 1, we find that the experimental vali@ bes in between the GGA and GGHB+values, and the value
of c/ais close to the GGA value. For all calculations kept the lattice parameteasandc fixed at our calculated
values for undoped ZnO as (3.29 and 5.28 A) for GBA (3.21 and 5.104 A) for GGA#espectively.
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Table 1.Calculated structural parameters of wurtzite-ZnO compared with both experimental and theoretical data [10, 41,%5- 56]. The
table lists the calculated values for the lattice grametersa and ¢ (in A) at Zero-Pressure, thec/a ratio, the bulk modulus By, (in GPa) and

its pressure derivative B(') . for GGA and GGA+U respectively (GGA+U are in parenthesis)

Method a(A) c(A) cla BO (GPa) B(') References

Theor.  3.29 528 1.605 1446 4.6  This work
(3.21) (5.104) (1.59) (137.9) (4.05)

Theor. 329 5284 1.606 10
(3.19) (5.149) (1.614)

Theor. 3.283 5289 1.611 149 40
(3.196) (5.133) (1.606)  (136)

Theor. 329 5241 1593 51

Theor. 3.262 5226  1.602 52

Theor. 3.199 5163 16138 162.3  4.05 53

Expt.  3.2496 52042 16018 183 4 54

Expt.  3.2498 52066 1.6021 143 36 55

The cases of isolated B substitution on the Zn @nsltes in ZpOss 3x3x2 supercell is first investigated (Fig. 1.
Site 0 and 1), respectively. The correspondingentration of B dopant is 2.8 at.%. The calculaishow that the
single B atom substituted at Zn site is non-magnetid the total energies of the supercell for GGGA+U,, and
GGA+UgtUgare listed in table 2. For the B atom substitute@ aite, due to the larger atomic radius of B gttira

Zn and O atoms around B dopant move outward andlifacement is not isotropic. The total energyspin
polarized state calculated by the GGA, GG&Atand GGA+ts+Ug is lower than that of non-spin-polarized state by
55.73, 98.09 and 80.92 meV, respectively, whiclciaes that the ground state of B atom substitate@ site in
ZnO is magnetic. The GGA, GGAl, and GGA+Jy+Ug calculations show that the value of the magneticnent

of the supercell is about 3uB for all approximations, and the most of it isdted on the B atom, its four nearest
neighboring Zn atoms and 12 second neighboringo@sit

Table 2. The total energies of the supercelE] for single B atom at Zn site calculated by GGA, GA+Uz, and GGA+Uo+Ug, respectively

E (eV)
GGA -332.2766
GGA+Uz, -328.3938

GGA+Up+Ug  -213.2535

Table 3 lists the magnetic moment distribution gldted by the GGA, GGAd;, and GGAtJo+Ug. It is noted that
the magnetic moment in B-doped ZnO is mainly cbuotied by the B atom, its nearest neighboring Zmatand its
second neighboring O atoms and the biggest atorainant is of B, which is similar to the result ofdéped ZnO
[18], C-doped ZnO [19] and P-doped ZnO [20]. Theorrection for Zn 3d states makes the magnetic embrof B
atom bigger.

Table 3. The magnetic moment of the B atonMs), its four nearest neighboring Zn atomsz,) and 12 second neighboring O atoms
(Mo) calculated by GGA, GGA+Uz,and GGA+Uq+Ug, respectively

Mg (uB)  Mzn (UB) Mo (uB)
GGA 0.740 0616 0.533
GGA+Uz, 0.837 0623 0.480
GGA+Uo+Ug 0744  0.652 0.594

o g ],

Fig. 2. (Color online) The spin density distributian in the relaxed 3x3x2 supercell containing a subigitional B atom calculated by
GGA+Uz,. Yellow isosurfaces represent spin densities. Thed, gray and green balls represent O, Zn and B atos, respectively
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Fig. 2 shows the spin density distribution in thared supercell calculated by G&WB,,. The distribution in Fig. 2
reveals that the spin density of B atom is the &é#jgand the four nearest neighboring Zn atoms @ndetond
neighboring O atoms are also slightly polarizedrtfr@rmore, the spin density of the Zn and O atorosirad B
dopant unequally distribute. The spin density distion calculated by GGA and GGAJo+Ug are almost same as
distribution by GGA-Ug,.

Figs. 3(a), (b) and (c) show the total densitytafes (DOS) of B-doped ZnO along with the parti@gl®of 2p states
of B atom, 3d states of a nearest neighboring Bmand 2p states of a second neighboring O atoouletéd by
GGA, GGAt+Uz, and GGA-rUqtUg, respectively. It can be seen that the B subgiiiutreates the spin splitting
impurity states just above the top of the valenaedy so substitutional B dopant can induce the Zm@-type
semiconductor. Fermi level pass through the spimrd@mpurity states, which indicates that the systisnhalf
metallic. The spin-up impurity states are fully oped but the spin-down states are partially fill&@tie impurity
states are mostly formed by p states of B atom thed3d states of nearest neighboring Zn atoms, esser
contribution of p states of second neighboring @ret is minor. Therefore, the magnetic moment madlsnes
from partially filled p orbitals of B atom and itearest neighboring Zn atoms. Comparing Figs. 8&)and (c) one
can see that the addition 0f, lead to downward shift of the Zn 3d states, whiaakens the hybridization of the
Zn 3d and O 2p states, while the additiorJgf- Ug remain the states constant. The impurity states tie Fermi
level remains almost the same. Accordingly, the meig moment and its distribution calculated by GE&A,
GGA+Uz, and GGArUq+Ugare almost the same.
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Fig. 3. (Color online) Total and partial DOS of a Bsubstitution on the O site in the supercell calcated by (a) GGA, (b) GGA+Uz,, and
(c) GGA+Uq+Ug respectively. The Fermi energy is indicated by #ndashed vertical line

(@)

q W
Fig. 4. (Color online) The spin density distributio in the relaxed 3x3x2 supercell containing a subigitional two B atom of B12

configuration calculated by GGA+Uz,. Yellow isosurfaces represent spin densities. Thed, gray and green balls represent O, Zn and B
atoms, respectively

145
Pelagia Research Library



Yousif Shoaib Mohammed Adv. Appl. Sci. Res., 2015, 6(3):142-148

o At

(by AFM

(cly AFM

\,

Energy (eV)

Fig. 5. (Color online) Schematic diagram of the ptates coupling between them in FM (a) and AFM (b)tates. The Fermi energy is
indicated by the dashed vertical line. The upper die shows the DOS for two isolated B defects, and derside is the final state after the
coupling for the whole system. B-2p partial DOS ofM (c) and AFM (d) state for B12 configuration calwlated by GGA

Table 4. The energies differencAE between AFM and FM coupling, the magnetic momentsf two B atoms Mg), and the magnetic
moments of the supercellNlsc) for FM coupling in the case of two B spins with GA, GGA+Uz, and GGA+Uq+Ug, respectively

Configuration  4E Mg FM Mg AFM Msc FM

(1,i) (meV) (1B) (1B) (uB)

(12) 874 0.749/0.749 0.719/0.719 5.9745

oA (1.3) 384 0.748/0.748 0.731/-0.731 5.9889
(1.4) 1316 0743/0.737 0.709/-0.706 5.8564

(15) 863 0.749/0.749 0.719/-0.720 5.9748

(1.2) 53.8 0.842/0.843 0.824/-0.825 6.0067

AL, (13) 4181 0.837/0.837 0.828/-0.828 6.0066
n (1.4) 820 0.843/0.841 0.818/-0.815 6.0018

(L5) .53.6  0.842/0.843 0.798/0.799 6.0067

(1.2) 813 0.751/0.751 0.723/-0.725 6.0003

(13) 4127 0.745/0.745 0.737/-0.736 6.0007

GGA*UotUs (1.4) 902 0751/0.750 0.722/-0.721 5.9957
(15) 799 0.751/0.751 0.724/-0.725 6.0008

The case of two O atoms substituted by B in a suglleaire investigated to study the magnetic cogpliatween the
moments induced by B doping. We consider four diifé relative B-B positions in the supercell, whére first
substitutional B atom is fixed at 1 site and secatwin occupies the 2, 3, 4 and 5 sites, respegtiasl shown in
Fig. 1. The relaxed B-B distance for the four B-@sjtions are 4.566, 5.205, 5.628 and 7.247 A, naBf| B13,
B14 and B15 configurations. For each configuratieve perform spin-polarized GGA, GGAJ,, and
GGA+Uq+Ug calculations, considering FM and AFM coupling wiotB spins in the supercell respectively. The
energy differenceAE) between AFM and FM coupling for the four configtions AE = E*™-E™), are listed in
Table 4.AE is negative for all configurations, which indicatat the two B moments of B12, B13, B14 and B15
configurations are antiferromagnetically coupledblE 4, also lists the local magnetic moments eftito B atoms
for FM and AFM couplings, and the total magnetichnemts of the supercell for FM coupling. Figs. 4day (b),
shows the spin density distribution in the relagagercell calculated by GGAJz, of the B12 configuration for FM
and AFM coupling. The magnetic moment induced bghela dopant and corresponding moment distributienadl
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consistent with the moment and distribution in ¢tlase of isolated B substituted at O site in theesgdl (see Fig.
2).

The stabilization of the FM phase observed foréhgstems can be understood using the phenomecalltgind-
coupling model [57] (see Fig. 5). For the isolaBedubstituted at O site, the majority spin is fudlycupied, whereas
the minority spin is only partially occupied. IretfM phase, the 2p states with the same spin capledto each
other, forming bonding and antibonding states. ificeeased occupation of the spin-down bonding stsit&bilizes
the FM phase [Fig. 5(a)]. The AFM phase is stabiliby the superexchange interaction between thepcst
majority spin state on one site and the partiatlgupied minority spin state on the other site. §hm in energy is
larger in the AFM state than in the FM state du¢ht second-order nature of the superexchangeagtten [Fig.
5(b)], so the system is more stable in AFM phasés & because in this case, the large couplingdens the spin-
up and spin-down band widths, causing a chargefgafrom the majority spin state to the minoripjrsstate, thus
reducing the local moment and exchange splitting.[B(a)]. The reduced exchange splitting stabdlitee AFM
phase, and can cause it to be the ground state. ajnees with the experiment [19] that revealeccaeahsing
magnetic moment per carbon as the carbon concentiatreases, because the defect bands broadbe aarbon
concentration increases. This model is confirmedthi®y DOS shown in Figs. 5(c) and (d) for GGA of B12
configuration, where indeed, both overall shapealtulated B-2p partial DOS and the correspondicgupation
for the FM and AFM state agree with those predidtedn the model shown in Figs. 5(a) and (b), retpelky.
Moreover, overall shape of calculated O-2p paBi@IS near Fermi energy and the corresponding ocicupfair the
FM and AFM state also agree with those predictethfthe model.

CONCLUSION

In summary, the present study offers the followéngclusions:

1.A substitution of B atom at Zn site in ZnO is nognetic.

2.A substitution of B atom at O site in ZnO induceagmetic moment of about 3B for GGA, GGA+Uz, and
GGA+Ug+Ug, respectively. And the moment mainly comes fronociized p orbitals of B atom, its nearest
neighboring Zn atoms, and its second neighborirsgdins.

3.The AFM state is the ground state for B-doped ZA@d the GGA is more stable than the G84y, and
GGA+Ug+Ug calculations.

4.Partial DOS of 2p states of B atom and the cornedimgy occupations show that the long-range FM aRt1A
coupling between the magnetic moments induced tgfng can be understood from the band couplingahod
5.The addition ofUz, lead DOS to downward shift of the Zn 3d statesilevthe DOS behavior of GGA and
GGA+Ug+Ugare slightly the same.
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