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Abstract

Magnetic ZnO, as one of the most important diluted magnetic semiconductors (DMS),

has attracted great scientific interest because of its possible technological applications in opto-

magnetic devices. Magnetism in this material is usually delicately tuned by the doping level,

dislocations, and local structures. The rational control of magnetism in ZnO is a highly at-

tractive approach for practical applications. Here, the tuning effect of biaxial strain on the d0

magnetism of native imperfect ZnO is demonstrated through first-principles calculations. Our

calculation results show that strain conditions have little effect on the defect formation energy

of Zn and O vacancies in ZnO, but they do affect the magnetism significantly. For a cation va-

cancy, increasing the compressive strain will obviously decrease its magnetic moment, while

tensile strain can not change the moment, which remains constant at 2µB. For a singly charged

anion vacancy, however, the dependence of the magnetic moment on strain is opposite to that
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of the Zn vacancy. Furthermore, the ferromagnetic state is always present, irrespective of strain

type, for ZnO with two zinc vacancies, 2VZns. A large tensile strain is favorable for improving

the Curie temperature and realizing room temperature ferromagnetism for ZnO-based native

semiconductors. For ZnO with two singly charged oxygen vacancies, 2V+
Os, no ferromagnetic

ordering can be observed. Our work points the way to rational design of materials beyond ZnO

with novel non-intrinsic functionality by simply tuning the strain in a thin film form.

Introduction

In recent years, advances in the thin film technology, especially the ability to control layer-by-layer

growth and the individual atomic positions have made thin film technology a powerful tool in the

design of novel functional materials with properties that are not native to their bulk forms.1 Such

novel functionalities are mainly created at the hetero-interfaces of different materials due to spin,

orbit, and charge reconstruction at the interface as a result of epitaxial growth and the substrate-

clamping effect. Therefore strain in the interface of a film as a result of the substrate-clamping

effect and film-substrate lattice mismatch is the decisive driving force for the appearance of in-

duced functionality at the interface. It has been found that strain effects can lead to a substantial

increase in mobility in transistors and in the superconducting, ferromagnetic (FM), and ferroelec-

tric transition temperatures of many materials.2 Strain can also affect the saturation magnetization

and Curie temperature,3 and it even drives transitions from the antiferromagnetic to the ferromag-

netic phase. Ma et al.’s results show that both the magnetic moment and the strength of magnetic

coupling increase rapidly with increasing isotropic strain from −5% to 5% for VX2 monolayers

(X = S, Se).4 It was predicted for graphene monolayer that tensile strain along the zigzag direc-

tion could significantly enhance magnetic moments and the stability of FM coupling of graphene

with a topological line defect.5 For half-fluorinated BN and GaN layers, applying strain could tune

antiferromagnetism (AFM) to ferromagnetism.6 These studies show that strain has appeared as a

powerful tool to tune magnetism in functional materials, both experimentally and theoretically.

ZnO-based dilute magnetic semiconductors have been extensively studied due to the pred-
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ication of ferromagnetism above room temperature.7–11 Subsequently, ZnO d0 ferromagnetism

has been found to exist in undoped ZnO12–17 or in ZnO doped with non-magnetic ions, such as

H,18–20 Li,21,22 C,23–25 and N.26,27 Based on both theoretical and experimental considerations,

many groups have proposed that the ferromagnetism in nominally undoped ZnO arises from in-

trinsic defects. These defects include oxygen vacancy,13,15,28,29 zinc interstitial,13,15,28,30 zinc va-

cancy,12,14,21,31,32 and the defect complex of zinc vacancy and H interstitial,20 as well as oxygen

interstitial.32

Experimentally, it has been shown that the substrates and annealing treatment have a substan-

tial effect on d0 magnetism in ZnO thin films. ZnO thin films with zinc vacancy grown on a, c, and

r-plane sapphire, Si, quartz, and glass substrates show various saturated magnetization moments

and types of magnetic behavior.14 Ong et al. reported that the saturation magnetization of the ZnO

films decreased from about 4 to 0.6 emu/cm3 when they were grown on substrates in the following

order: X-cut quartz, Y-cut quartz, and glass. No magnetic ordering was observed when ZnO films

were grown on Z-cut quartz and silicon (001).33 ZnO granular films deposited silicon substrates,

however, after annealing in air at 500 and 800 ◦C, show significantly different saturated magne-

tizations, which is attributed to the relaxation of the intrinsic residual stress during the annealing

process.34 They found that Zn vacancies located at the interface have lower defect formation en-

ergy. Similarly, Zhan et al. showed that the reactions between epitaxial ZnO films and their silicon

substrates give rise to the enhancement of ZnO ferromagnetism after annealing at 600 ◦C.29 They

proposed that the singly charged oxygen vacancy is the origin of ZnO d0 ferromagnetism due to

silicon atoms acting as traps for oxygen from ZnO films.

It is obvious that ZnO films doped with non-magnetic ions that were grown on different sub-

strates and subjected to different heat-treatment conditions show a wide variety in their magnetism

and saturation magnetizations. There is no doubt that the strain induced by the lattice mismatch

between the substrate and the epitaxial film is the key factor in determining the magnetism of a

material, so that a systematic quantitative study to show the role of strain in determining the d0

magnetism in ZnO is highly desirable. In this work, we explore the effects of biaxial strain on
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the origins of magnetism and magnetic intensity in native ZnO. Our investigations indicate that

strain could effectively manipulate and control the magnetic moments of singly charged O vacan-

cies and Zn vacancies. In addition, magnetic orders and coupling interactions could be tuned by

various types of strain in native ZnO with defects. Thus, we prove that strain plays a crucial role in

magnetic ordering and saturated magnetization for ZnO grown on different substrates (or crystal

planes), and the variation in the magnetic ordering and saturated magnetization after annealing has

a close relationship with strain relief. Furthermore, our results demonstrate that strain can then

be used as a powerful tool in quantitative adjustment of the d0 magnetism of ZnO material and

beyond, making it possible to realize rational design of materials for desired functionalities.

Methods

The present first-principles calculations are based on spin-polarized density functional theory

(DFT) using the generalized gradient approximation (GGA) for the exchange-correlation potential

given by the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.35 All calculations

were performed by using the Vienna ab initio simulation package (VASP),36,37 with the projector

augmented-wave (PAW) potential.38 The ZnO epitaxial film is modeled with a 3×3×2 periodic

supercell which contains 72 atoms. The zinc (oxygen) vacancy was constructed by removing one

zinc (oxygen) atom from the supercell, with the resultant vacancy labeled as VZn(VO). The plane-

wave energy cut-off was set at 450 eV, and a 3× 3× 3 k-point mesh was adopted for integration

in the first Brillouin zone. In all the calculations, self-consistency was achieved with a tolerance

in the total energy of at least 1.0× 10−6eV. The Hellman-Feynman force components on each

ion were made to converge to less than 0.01 eV/Å. In our calculations, considering the substrate-

clamping effect in real film growth, we fixed the lattice constants of the a and b axes (a = b)

for each strain, while relaxing the c-axis length and all internal coordinates. From the relaxation

of c values and the total energy E, the optimal c value was fitted. We defined the biaxial strain

as ε = (a0 − a)/a0 × 100%, where a0 and a are the lattice constants of the perfect ZnO bulk in
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its equilibrium and strained states, respectively. For the investigation of magnetic coupling, we

constructed a 6×3×2 periodic supercell containing 2VZns (2V+
Os).

The standard approximations to the exchange-correlation energy, i.e., the local-density approx-

imation LDA as well as GGA, often fail to describe systems with strongly localized d or f elec-

trons.39 Therefore, the hybrid functionals, such as PBE0 and HSE06, obtained by admixing a fixed

amount of the Fock exchange, presents a significant improvement over the GGA(LDA) description

materials properties. Unfortunately, hybrid functionals method often spend largely computational

resources and more time.

Besides hybrid functionals to correct the drawbacks of LDA(GGA) method, +U is often another

choice. Since the 3d electrons on the transition metal atoms are presumably strongly correlated,

the onsite Coulomb energy U was taken into account with the so-called LDA(GGA)+U scheme.

The experimental report on the location of Zn 3d states varies from 7.5 to 8.8 eV below the valence

band maxima.40 Hence, we set the effective U value 7.5 eV for Zn 3d electrons. The corresponding

parameters U and J used for our calculations is U-J = 7.5 eV.

We use the PBE0 hybrid-functional and GGA+U to evaluate the magnetic results obtained

with a GGA method. The magnetic moment of Zn vacancy varies from 2µB to 1.59 (1.45)µB

corresponding to 0 and 5% strain with a PBE0 and GGA+U method, respectively. The magnetic

moment decreases with the increase of compressive strain. However, the variation range obviously

decreases. DFT approaches underestimate the binding energy of the semicore d states and con-

sequently overestimate their hybridization with the anion p-derived valence states, enhancing the

effects of the p-d coupling. When an on-site Coulomb correction has been applied on the Zn 3d

orbitals, the hybridization of Zn 3d with the O 2p electrons weakens. The Zn d-orbitals which hy-

bridized with those of O p-orbitals resulting in delocalization in GGA has been recovered to more

localized state. O 2p electrons around Zn vacancy vary weakly without the hybridization of Zn

3d electrons under different strain. The decrease trend of magnetic moment for Zn vacancy keeps

with increasing compressive strain. Therefore, strain still has a tuning effect on magnetic moment

irrespective of PBE0 or GGA+U method. All results and discussion in the following sections are
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obtained with GGA method.

Results and Discussion

Effects of strain on the defect formation energy and magnetic moments of

defects in ZnO

The formation energy of a point defect in ZnO depends on the relative abundance of Zn and O

atoms, i.e., the chemical potentials µZn and µO. The formation energy of defect α with a charge q

is:41 E f (q,α) = Etot(q,α)−Etot(ZnO)+ nα µα + q(EF +EV +∆V ), where Etot(q,α) is the total

energy of the supercell containing the defect α in charge state q, Etot(ZnO) is the total energy of

a ZnO perfect crystal in the same supercell, µα is the chemical potential of the α element. nα is

the number of atoms removed during the defect formation from the host crystal, with a sign that

can be positive and vice versa. EF is the Fermi energy, and EV is the valence-band maximum of

the host crystal. ∆V aligns the reference potential in a one-defect supercell with that in the bulk.

For a neutral Zn vacancy defect, its formation energy could be written as: E f (VZn) = Etot(VZn)−

Etot(ZnO) + µZn. A similar expression could be written for a neutral O vacancy. For a singly

charged oxygen vacancy, its formation energy expression is as follows: E f (V+
O ) = Etot(V+

O )−

Etot(ZnO) + µO + EF + EV + ∆V . Limited by the thermodynamic stability condition for ZnO,

Zn and O are variables correlated as µZn + µO = ∆H(ZnO), where ∆H(ZnO) is the enthalpy of

formation of bulk ZnO. The calculated formation enthalpy of ZnO is -2.90 eV, which is close

to -2.93 eV42 and is smaller than the experimental value of -3.61 eV.43 Under the O rich limit

condition, µO = 1/2EO2 , µZn = ∆H(ZnO)−1/2EO2; similarly, under the Zn rich limit condition,

µZn = EZn, µO = ∆H(ZnO)−EZn.

Figure 1 shows the defect formation energy and magnetic moments of a Zn vacancy and a

singly charged oxygen vacancy V+
O under different strain conditions. For neutral VZn and VO

under no biaxial strain condition, their formation energy is 5.3(2.4) eV and 0.81(3.71) eV under

rich Zn(O) conditions, respectively. Our calculations are in good agreement with the reported
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data.20,27,44 For neutral VZn and VO, the variation in their formation energy is in the range of

0.3 eV under compressive and tensile strain conditions, in contrast to that under no biaxial strain.

For a singly charged oxygen vacancy V+
O , the formation energy is a function of the shift of the

Fermi energy level. Here, we suppose that ZnO is in a p-type condition and the shift of the Fermi

energy level is set to zero. The variation in the range of its formation energy is 0.6 eV with respect

to the original structure. According to n = Nsitesexp(E f /kBT ), where E f is the defect formation

energy, we can roughly estimate the variations in defect concentration, n, with strain for different

defects. Compared with no strain, the defect concentration increases by no more than 1 order

of magnitude for VZn and VO at the temperature of 1500 K under strain conditions. The V+
O

defect concentration only increases by 2 orders of magnitude at 1500 K due to its lower defect

formation energy. Therefore, biaxial strain in ZnO epitaxial thin films has little influence on the

defect formation, and this is quite different form the case of ZnO subjected to hydrostatic stress, in

which the defect concentration could increase by 9 orders of magnitude.44

The magnetic moments are good agreement with the 0, 1, and 2 µB, corresponding to 0, 1,

and 2 unpaired electrons for a neutral VO, V+
O , and VZn, respectively. The magnetic moment for

VZn remains almost at 2 µB in the range of tensile strain, and it dramatically decreases under the

compressive strain condition, in contrast to V+
O .

ZnO containing a Zn vacancy (VZn) without and with strain

Fig. 2 shows the (0001̄) face spin charge density for ZnO containing a VZn with no biaxial strain,

which is magnified 2 times along the a and b axes on the base of the original supercell structure.

The spin charges mainly surround the four nearest-neighbor oxygen atoms around the zinc va-

cancy, and they are larger for the three O atoms in the ab-plane than for the O along the c direction.

The corresponding magnetic moments are 0.184 and 0.129 µB. The shapes of the spin charges for

the three O atoms in the ab-plane resemble dumbbells and are the same, while the spin charge dis-

tribution is perpendicular to the ab-plane for the O along the c axis. The shapes of the spin charges

indicate that the 2px and 2py orbitals have hybridized and have made the greatest contribution to
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the magnetic moments for the three oxygen atoms in the ab-plane. For the oxygen atom along

the c-axis, however, the 2pz orbitals provides the greatest contribution to its magnetic moment.

The three second nearest-neighbor oxygen atoms in the ab-plane have magnetic moments of 0.011

µB, while the three third nearest-neighbor oxygen atoms in the ab-plane have magnetic moments

of 0.064 µB. The difference between the magnetic moments for second nearest-neighbors and

third nearest-neighbors is in agreement with the spin charge distribution. One of the third nearest-

neighbors is between two nearest-neighbors in Fig. 2, and these oxygen atoms are magnetized.

It is noteworthy that the shapes of the spin charges for the magnetized oxygen atoms depend on

their adjacent atoms. The magnetization is transmitted and the magnetization intensity is sharply

damped.

Fig. 3 (a-e) shows the (0001̄) face spin charge density for ZnO containing a VZn with various

strain, i.e., ε = −5% (a), ε = 0% (b), ε = 1%(c), ε = 3% (d), and ε = 5%(e). In Fig. 1(a), the

magnetic moment for the supercell with a tensile strain has increased a little in contrast to the

supercell with no external strain. Compared with Fig. 3(b), the spin charge density around the

Zn atoms is clearly strengthened in Fig. 3(a). With increasing compressive strain, the isosurfaces

around the nearest-neighbor O atoms and 3rd-nearest-neighbor O atoms become vestigial, and

especially in the case of the O10 atom, its isosurface is quickly reduced and finally disappears.

The number of spin-up electrons on 2nd-nearest-neighbor O atoms gradually decreases, and their

orientation reverse, which weakens the magnetic moment for the supercell. In addition, the spin

charge distribution around the Zn atoms gradually disappears.

The magnetic moments mainly come from the nearest-neighbor oxygen atoms around the Zn

vacancy for ZnO with a VZn. According to Fig. 2(a), the electrons surrounding O atoms are

spin-up, and these unpaired electrons of oxygen atoms determine their magnetic moments. The

interactions among the nearest-neighbor oxygen atoms play a crucial role in tuning the unpaired

electrons. When this system is under compressive strain conditions, the hybridizations of the

nearest-neighbor oxygen atoms are strengthened, and therefore, a part of the spin-up electrons

reverse their orientation and become spin-down in order to lower the system energy. It is clearly
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observed that the electron spins are turning down in the spin charge density distributions from Fig.

3(b) to (e). The number of spin-up electrons of the 2nd-nearest-neighbor oxygen atoms around VZn

decreases, and the electrons obviously reverse their spin, which results in the reduced magnetic

moment for the compressive ZnO system. Under tensile conditions, the reduction of electron

overlapping of the nearest-neighbor oxygen atoms leads to constant unpaired electrons in contrast

to zero strain, so that the magnetic moments almost remain unchanged under tensile conditions.

The spin-slip of spin-up electrons can be further confirmed in Fig. 4, which shows the density

of states(DOS) for ZnO containing a VZn with ε = 5%, ε = 0%, and ε = −5% strain. The Fermi

energy level only crosses the spin-down valence band under the ε = −5% strain condition, while

it crosses both the spin-up and spin-down valence bands under the ε = 5% strain condition. Total

electrons, including spin-up and spin-down electrons, in the supercell under various strain are the

same and occupy the levels below the Fermi level. The levels are empty above the Fermi level. The

spin-up and spin-down channels could accumulate the same number of electrons below EF+0.5 eV.

Thus, the total unfilled states, including spin-up and spin-down, should be equal for the cases of

different strain cases in the region of between EF and EF+0.5 eV. Compared to Fig. 4(b), the spin-

down empty states decrease, and the spin-up empty states increase in Fig. 4(a). This means that

the number of spin-down electrons increases and the number of spin-up electrons decreases. Thus,

the spin-flip of the spin-up electrons occurs under compressive strain. The DOS of the spin-up

and spin-down electrons almost remains unchanged under tensile strain in contrast to zero strain,

which is in agreement with the variation in magnetic moments.

ZnO containing a V+
O without and with strain

Fig. 5 shows the spin charge density of ZnO with a V+
O under ε = 0% and ε = −1% strain. The

electrons are mainly localized at the V+
O site, while they are distributed at the nearest oxygen atoms

around the Zn vacancy in the ZnO systems with a VZn. The difference in the charge distribution

is primarily due to the large electronegativity for O in contrast to Zn. The number of spin-up elec-

trons in the ZnO system with one V+
O under ε = −1% strain decreases significantly in contrast to
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ε = 0%. Moreover, more spin-down electrons are localized around the nearest-neighbor Zn atoms.

This means that there has a remarkable increase the number of spin-down electrons. The electrons

around V+
O come from the surrounding Zn atoms, and the electrons are localized due to the repul-

sion by surrounding O atoms. The repulsion by the surrounding O atoms is significantly weakened

under tensile strain, thus, the spin-up localized electrons escape into the surrounding crystal space.

These localized electrons at V+
O substantially delocalize, which induces a few spin-down electrons

to be present due to the Pauli Exclusion Principle. There is a charge transfer from the spin-up to

spin-down channels. Under compressive strain, localized electrons at V+
O are still localized due

to the larger repulsion by surrounding O atoms. The unpaired spin-up electrons almost remain

constant under compressive strain, and therefore, the corresponding magnetic moments for ZnO

with a V+
O hardly change.

To further illustrate the effects of tensile strain on the magnetic properties of ZnO with a V+
O ,

the density of states for ZnO containing a V+
O for ε = 0% and ε =−1% strain is shown in Fig. 6(a)

and (b), respectively. The DOS for spin-up and spin-down electrons near the Fermi level changes

from up-down asymmetric to up-down symmetric as the tensile strain increases. In addition, the

spin-up electrons near the Fermi level absolutely prevail in ZnO containing a V+
O without strain,

while they significantly decrease and change their spin orientation when 1% tensile strain is applied

to the ZnO system. This is consistent with the change in the spin charge distribution in Fig. 5.

Magnetic coupling tuned by strain in ZnO containing two VZns (V+
Os)

Considering the practical applications, materials with a long-range ferromagnetic ordering are

highly desirable. Hence, we investigated the more stable states among the ferromagnetic (FM)

state, antiferromagnetic (AFM) state, and paramagnetic (PM) state. The corresponding energy

difference ∆E(∆E = EFM −EAFM ) for ZnO with two VZns as a function of strain is illustrated in

Table 1. We considered a short-range 6.58 Å and a long-range 9.83 Å defect distance between two

Zn vacancies, respectively. For two cases, the energy difference, ∆E, effectively decreases with

higher compression, and the ferromagnetic state is always more stable than the AFM state for ZnO
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with two VZns. Correspondingly, the ferromagnetic coupling could be quenched with compressive

stress. According to the mean-field theory and the Heisenberg model, we can roughly estimate

the Curie temperature TC using kBTC = (2/3)∆E.45–47 When the defect distance is a long-range

9.83 Å , the calculated TC under 5% and −5% strain is 116 K and 294 K, respectively. Strong

magnetic coupling interaction under tensile strain results in a high Curie temperature. It is obvi-

ous that large tensile strain is favorable for improving the Curie temperature and realizing room

temperature ferromagnetism for ZnO-based native semiconductors.

It is clear that the coupling interaction between two Zn vacancies strongly depends on the

defect distance. With the distance between two Zn vacancies elongated under a fixed strain, the

ferromagnetic coupling between two Zn vacancies decreases. As is shown in the spin charge den-

sity in Fig.2, the spin charges are delocalized around the Zn vacancy. When the distance between

two Zn vacancies is elongated, the overlap of spin charge reduces, the ferromagnetic coupling in-

teraction weakens. On the other hand, when the compression is applied on ZnO with a Zn vacancy,

the distance between two Zn vacancies is shortened. But the shortening of defect distance under

5% compressive strain is so little, the preponderant effect on ferromagnetic coupling is the defor-

mation under the compressive strain. With the increasing of compressive strain at a fixed defect

distance, the magnetic moment of oxygen atoms around Zn vacancy is reduced. Therefore, the

weakened ferromagnetic coupling is observed.

The exchange mechanism could be understood through the spin charge distribution in Fig. 2.

The spin charge distribution is delocalized around the Zn vacancy, and the ferromagnetic coupling

is present through the delocalized electrons. This long distance ferromagnetic coupling maybe

occur on the base of local moments around Zn vacancy through conduction electrons prolonging

like RKKY theory.

For ZnO with 2V+
Os, we compare the energies for the FM, AFM, and PM states. The calculated

findings show that the AFM state is more stable than the FM state without strain and under com-

pressive strain. The FM state behaves as a metastable state, and its energy is 21 meV higher than

that of the AFM state without strain. With increasing compressive strain, ∆E is reduced. While
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tensile strain is applied, the ground state for ZnO with 2V+
Os prefers to be a PM state. As men-

tioned above, the ferromagnetic state is not a stable state, regardless of the presence or absence of

strain, for ZnO with 2V+
Os. Therefore, the V+

O defect is not a possible origin of the native ZnO d0

ferromagnetism.

Ma et al.4 successfully proposed that the variation in the energy difference between the AFM

and FM states with strain arises from the competition between through-bond interaction and through-

space interaction. The through-bond interaction leads to a ferromagnetic coupling, but the through-

space interaction results in an antiferromagnetic coupling. The increase in the through-space in-

teraction is larger than the increase in the through-bond interaction for ZnO with two VZns under

compressive strain. The competition between the two interactions could effectively explain the

reduction in the energy difference between AFM and FM with increasing compressive strain.

For ZnO with two V+
Os, the ground state is the AFM state without and with compressive strain

due to the possibly predominant through-space coupling interaction. When the material is under

tensile strain, the exchange interactions among atoms decrease and even vanish with the increasing

distance between atoms. Thus, the ground state is a PM state under tensile strain.

Conclusion

Tensile and compressive strain could effectively modulate magnetic properties of ZnO with native

defects. The response of the magnetic properties of ZnO with a VZn or a V+
O to strain could

be attributed to the electron interactions among the remaining atoms around a vacancy. Further

studies show that the ground state for ZnO with two VZns is always a ferromagnetic state. Under

−5% tensile strain the estimated Curie temperature is 294 K, reaching room temperature. Hence,

the Zn vacancy plays an important role in native ZnO room temperature d0 ferromagnetism. The

competition between through-bond and through-space interactions could effectively explain the

reduction in the energy difference between AFM and FM as the compressive strain increasing. On

the other hand, for ZnO with two V+
Os, no ferromagnetic state is observed. Hence V+

O is excluded

as an origin of ferromagnetism in ZnO. The considerably different ferromagnetic intensities for
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ZnO grown on various substrates may arise from the different strain that exist in the films. In

addition, the strain tuning of the magnetism of ZnO with intrinsic defects has a great advantage for

achieving homogeneity in the material and will pave the way to controllable spintronics.
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43. Dean, J. A., Ed. Langeąŕs Handbook of Chemistry.14th Edition.; McGraw-Hill:New York,

1992.

44. Kan, E.; Wu, F.; Zhang, Y.; Xiang, H.; Lu, R.; Xiao, C.; Deng, K.; Su, H. Enhancing magnetic

vacancies in semiconductors by strain. Applied Physics Letters 2012, 100, 072401.

17

Page 17 of 25 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t
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Figure 1: Variation of defect formation energy and magnetic moments with strain for VZn (a) and
V+

O (b) under Zn (O) rich conditions in ZnO.
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Figure 2: The (0001̄) face spin charge density for ZnO containing a VZn without biaxial strain is
shown in (a), and the isosurface is 0.1e/Å3. The slice passes through the center of the O atoms
surrounding the Zn vacancy, which is labeled by a green dotted line in (b). A constructed 3×3×2
ZnO supercell is shown in (b), where the blue atom and gray atoms represent the zinc vacancy and
Zn atoms, respectively.
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Figure 3: The (0001̄) face spin charge density for ZnO containing a VZn with various strain: ε =
−5%(a), ε = 0%(b), ε = 1%(c), ε = 3%(d), and ε = 5%(e).
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Figure 4: Density of states for ZnO containing a VZn under various strain: ε = 5% (a), ε = 0% (b),
and ε =−5% (c). Positive and negative values are spin-up and spin-down electrons, respectively.
The dashed line denotes the Fermi level.
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Figure 5: The (0001) face spin charge density for ZnO containing a V+
O without strain (a) and with

ε =−1% strain (b). The slices are parallel to the (0001) plane and pass through the centers of the
Zn atoms which are the nearest-neighbors of V+

O .
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Figure 6: Density of states for ZnO containing a V+
O under various strain: ε = 0% (a) and ε =−1%

(b). Positive and negative values are spin-up and spin-down electrons, respectively. The dashed
line denotes the Fermi level.
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Table 1: Variation of EFM −EAFM with strain for ZnO with different distance between 2VZns

strain -5% 0 3% 5%

EFM −EAFM
6.58Å -109 -72 -41 -29
9.83Å -38 -35 -31 -15
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