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We study spin-polarized cation vacancies in wurtzite structure semiconductors (BeO, ZnO, ZnS, CdS, BN,

AlN, GaN and GaP) by using first-principles calculations based on the density functional theory. We find

that C3v geometries are the most stable and are spin-polarized. Two majority spin electrons occupying the

defect E level lead to the magnetic moment of 2 µB in the case of II-VI semiconductors. On the contrary, in

the case of III-V semiconductors, three majority spin electrons occupying the defect E and A1 levels induce

the magnetic moment of 3 µB. The spin polarization of cation vacancies in oxides and nitrides are found to

be stable compared with other cation vacancies in II-VI and III-V semiconductors, respectively. We clarify

that the effect of the symmetry lowering from C3v to Cs is small and thus confirm that the spin polarized C3v

geometries are the most stable.

1. Introduction

Diluted magnetic semiconductors have attracted scientifical interests because of spintronics

applications.1–3) The magnetism is induced by various reasons, i.e., the secondary phase, in-

tentional doping, and lattice defects.4) Recently, the spin polarization in intrinsic defects in

wide-gap semiconductors was found to raise high-temperature ferromagnetism. In particu-

lar, it is observed in the cases of oxides (HfO2,5) TiO2,6) SnO2,7) ZnO,8, 9) MgO10)) and ni-

trides (AlN,11) BN,12) and GaN13)). Low-temperature ferromagnetism was found for ZnS,14)

CdS13, 15) and GaP.16) In those systems, it is suggested that cation vacancies cause magnetic

moments. Formation of cation vacancies is detected by using electron microscopy, X-ray ab-

sorption spectroscopy and positron annihilation spectroscopy.17–20) The robust spin polariza-

tion of vacancies is clarified by theoretical studies based on the density functional theory.21–26)

These vacancies form sp-hybridized electronic states and therefore the magnetism is induced
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in d0 systems without localized (d and f ) atomic orbitals. Hence, it is important to study the

mechanism of vacancy-induces spin-polarization.

In this paper, we systematically study the spin polarization of cation vacancies in the

wurtzite structure semiconductors (BeO, ZnO, ZnS, CdS, BN, AlN, GaN, and GaP). We find

that the spin density is localized at four near anions and first-row anions (oxygen and nitrogen

anions) induce large spin polarization energies. The magnetic moment of 2 µB is found in II-

VI semiconductors. This is due to the fact that the defect E level is occupied and unoccupied

by majority spin and minority spin electrons, respectively. On the other hand, the magnetic

moment of 3 µB is induced in III-V semiconductors due to the fact that the E and A1 levels

are occupied and unoccupied by majority spin and minority spin electrons, respectively. We

check the possibility of the occurrence of symmetry lowering from C3v which reduces the

spin multiplicity. We find that the energy gain induced by the symmetry lowering is small,

therefore we conclude that the above mentioned spin-polarized C3v state is the most stable.

2. Method of Calculations

We carry out first-principles calculations based on the generalized gradient approximation27)

within the density functional theory. We use the PHASE/0 code,28) where ultrasoft pseudopo-

tentials and plane waves are used. Optimized lattice constants for pristine wurtzite structures

of BeO, ZnO, ZnS, CdS, BN, AlN, GaN, and GaP are shown in Table I. We introduce a

single cation vacancy in the 128-site wurtzite supercell (Fig. 1). The cutoff energies of the

wavefunctions and charge density are 25 Rydberg and 225 Rydberg, respectively. We opti-

mize the geometries under the condition that the atomic forces are less than 0.005 eV/Å. The

3 × 3 × 3 mesh of k-points is used for supercell calculations. When we increase the k-points

up to 7 × 7 × 7 mesh, the optimized bond length varies within 0.001 Å and the bond angle

varies within 0.01◦.

We analyze the wavefunctions at the Γ point in the Brillouin zone of the supercell and clar-

ify the irreducible representations of the defect levels. We use a projection operator method to

identify the irreducible representations of the defect levels, which was described in previous

papers.29, 30)

3. Results and Discussion

3.1 II-VI Semiconductors

We first study cation vacancies in oxide semiconductors (ZnO and BeO). The most stable

geometries are found to have the C3v symmetry and are spin polarized. As the density of states
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(DOS) in Fig. 2(a) of BeO shows, the A1 defect level of the minority spin is located just below

the Fermi level and is thus occupied. The defect E level of the minority spin is located above

the Fermi level and is unoccupied (The irreducible representations of the above mentioned

levels are identified by analyzing the wavefunctions at the Γ point in the supercell). Since the

E level is occupied by only majority spin electrons, the calculated magnetic moment is 2 µB.

It is noted that the DOS of the defect level is somewhat broad, which is caused by the fact

that we use the finite size of the supercell, so the band dispersion of the defect level arises

artificially. When we use a larger supercell, we find that the dispersion becomes small.

In the case of ZnO, the calculated magnetic moment is 1.71 µB. This non-integer value

originates from the finite dispersions of the defect A1 and E levels as the DOS in Fig 2(b)

shows. When we use a sufficiently large unit cell, it is expected that the DOS of the defect

level becomes narrower and the magnetic moment becomes the integer (2 µB). Non-integer

values of the magnetic moments were also obtained in past theoretical calculations.32, 33)

The oxygen-oxygen atomic distances, ra (rb) in Fig. 1, is 10.3% (10.1%) larger than the

ideal value (the value in the pristine crystal) in the case of ZnO. The increases of the atomic

distances are due to the outward relaxations of the four oxygen atoms. In the case of BeO, ra

and rb are 11.2% and 10.1% larger than the ideal distance, respectively (Table II). As a result,

the bond angles of the near four oxygen atoms become larger than the sp3 hybridization angle

(109.5◦) as Table II shows; The bond angles θ (θ) are 115.2◦ (116.6◦) and 116.0◦ (116.7◦) for

BeO and ZnO, respectively, where θ is the bond angle of the fourth anion and θ is the average

value of the three bond angles of the first anion (The locations of the first and fourth anions

are indicated in Fig. 1).

The spin densities in ZnO and BeO are found to be localized at the near four oxygen

atoms (Fig. 3(a) and 3(b)). The spin density mainly consists of the oxygen p-orbitals and the

s-component is small as Fig. 3(a) and 3(b) shows. The small s-component originates from

the fact that the defect E level occupied by only majority spin electrons contains small s-

component. This small s-component can be confirmed by analyzing the partial density of

states (PDOS); we find that the defect E levels of the minority spin have small s-component

(Fig. 2(a) and 2(b)). This small s-component is due to the fact that the bond angles of the near

oxygen atoms is substantially larger than the sp3 bond angle.

In the case of cation vacancies in sulfide semiconductors (ZnS and CdS), the stable struc-

tures have C3v symmetries and are spin polarized as in the case of oxides. The calculated

magnetic moments are 1.66 µB and 1.95 µB for ZnS and CdS, respectively. These non-integer

values are due to the finite dispersion of the defect A1 and E levels as in the case of ZnO.

3/16



Jpn. J. Appl. Phys. REGULAR PAPER

These results of non-integer values are consistent with those in the past calculations.34–36)

In sharp contrast with the oxides, the bond angles of the near four sulfur atoms in sulfides

are close to the sp3 bond angle (Table II). The bond angles θ (θ) are 109.5◦ (110.5◦) and

112.4◦ (113.1◦) for ZnS and CdS, respectively. These bond angles are due to the fact that the

outward relaxations of the sulfur atoms are small. The sulfur-sulfur atomic distance, ra (rb),

in ZnS is 1.1% (1.0%) larger than the ideal distance. In the case of CdS, the atomic distance,

ra (rb), is 5.3% (2.3%) larger than the value of the ideal value (Table II).

Since the bond angles are close to the sp3 one, the spin density localized at four near

anions contain more s-components than that in the case of the oxides, as shown in Fig. 3(c)

and 3(d). This is due to the defect E level occupied by majority spin electrons contain large

s-component. Indeed, the PDOS of sulfides for the minority spin (Fig. 2(c) and 2(d)) shows

that the defect E levels have a large s-component than those in the case of oxides. The large

s-component originates from the fact that the bond angles of the near sulfur atoms are close

to the sp3 bond angle.

We next evaluate the spin polarization energy (∆Ep) which is the energy of the non-

magnetic state measured from the energy of the spin-polarized state (Table II). The energies

are found to be large in the case of oxides; The energies are 0.35 eV and 0.04 eV for BeO

and ZnO, respectively. On the other hand, the spin polarization energies of the sulfides are

found to be small; The energies are very small for ZnS and CdS, respectively (Table II). Since

we have found that the spin density is localized at the near four cation atoms, we expect that

the large spin polarization energies in the oxides are due to the fact that the atomic radii of

oxygen is much smaller than that of sulfur as previous studies indicated.34, 35) Therefore, we

conclude that oxides are good candidates for vacancy-induces spin-polarization materials.

3.2 III-V Semiconductors

Next we study cation vacancies in nitride semiconductors (BN, AlN, and GaN). In the opti-

mized geometries, the symmetries are C3v. The magnetic moments are found to be 3 µB: The

defect E and A1 levels are occupied by three majority spin electrons and are unoccupied by

minority spin electrons as the DOS in Fig. 2(e), 2(f) and 2(g) show (The E level splits into

two peaks in the DOS. This is due to the artificial band dispersion of the supercell model;

i.e., the E level is doubly degenerated at the Γ point but splits into two at general k-points.).

These results are in sharp contrast with the results for II-VI semiconductors; The A1 level is

occupied by minority and majority spin electrons and the magnetic moment is 2 µB.

The outward relaxations are found to occur at the near four nitrogen atoms. As a result,
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ra and rb of BN (AlN) is 9.4% and 9.2% (11.6% and 11.1%) larger than the ideal distance. In

the case of GaN, ra and rb are 9.2% and 9.4% larger than the ideal value, respectively (Table

II). As a result, the bond angles of near four nitrogen atoms are close to the sp2 hybridization

bond angle as is seen in Table II: The bond angles θ (θ) are 114.1◦ (114.1◦), 116.1◦ (117.4◦)

and 115.0◦ (115.0◦) for BN, AlN, and GaN, respectively.

The spin densities are found to be localized at the nitrogen atoms (Fig. 3(e), 3(f) and

3(g)) and mainly consist of the p-orbitals of the nitrogen atoms and the contributions of the s-

orbitals are small. This is due to the fact that the defect E and A1 levels occupied by majority

spin contains p-orbitals and the s-component is small. Indeed, the PDOS in Fig. 2(e), 2(f) and

2(g) show that the defect E and A1 levels have small s-components. These small s-components

are due to the fact that the bond angles of the four near anions are substantially larger than

the sp3 bond angle.

We here compare phosphide and nitride; we clarify the energetical stability of cation

vacancies in the two cases. GaP forms the zinc blende structure16) and the wurtzite structure

is achieved in the case of nanowires.37) However, since our purpose is to study the chemical

trend for the anions in III-V semiconductors, we study the wurtzite structure of the GaP

bulk. The stable symmetry, spin-polarized state, and the magnetic moment in the case of GaP

are the same as those in nitride semiconductors. The defect E and A1 levels are occupied

(unoccupied) by three majority (minority) spin electrons, as the Fig. 2(h) indicates. The bond

angle θ (θ) is 107.6◦ (107.4◦) for GaP and is thus close to the sp3 bond angle (109.5◦) due to

the fact small relaxation of the near four phosphorus atoms (Table II). This is due to the fact

that the outward relaxation is small and thus the atomic distance, ra (rb), is only 1.7% (5.5%)

larger than the ideal value.

The spin density is localized at the four phosphide atoms near vacancies as is seen in Fig.

3(h). Since the bond angle is close to the sp3 bond angle, the spin density contains a large

s-component compared with the case of nitrides (Fig. 3(g) and 3(h)). This feature is due to

the fact that the defect E and A1 levels contain more s-components than those of nitrides,

which is confirmed by the fact that the defect E and A1 levels of the minority spin contain

large s-components as the PDOS (Fig. 2(h)) shows. The large s-component is due to the fact

that the bond angles of the near four phosphorus atoms are close to sp3 bond angle.

Next we evaluate the spin polarization energies of cation vacancies in nitrides. The ener-

gies are 0.19 eV, 0.83 eV and 0.48 eV for BN, AlN, and GaN, respectively. On the other hand,

the spin polarization energy of GaP is very small. Since the spin density is localized at the

near four anions, the difference in the spin polarization energies between nitrides and phos-
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phide is expected to be due to the fact that the nitrogen atom has a smaller atomic radii than

the phosphorus atom as is discussed in a previous study.24) Therefore, we conclude that the

spin polarized state of the cation vacancy is stable in nitrides. In a previous section, we also

concluded that the cation vacancy is stable in oxides. These conclusions are consistent with

experimental results that high-temperature ferromagnetisms are found in cation vacancies of

oxides and nitrides.8, 9, 13, 20, 21)

3.3 Symmetry lowering Effect

So far, we have assumed that the symmetry of the vacancies is C3v and clarified that the spin-

polarized states are stable, in particular, for cation vacancies of oxides and nitrides. When the

symmetry of C3v is lowered, the E level splits, then the magnetic moments are expected to

decrease. Thus, we here study the possibility of the occurrence of the symmetry lowering.

First, we study ZnO. As was discussed, in the C3v geometry, two majority spin electrons

occupy the E defect level and thus the spin state is triplet (S=1). The Jahn-Teller (JT) effect is

expected to lower the symmetry from C3v to Cs and the E level splits into A’ and A” (Fig. 4).

Due to the splitting of the E level, the system becomes the spin singlet (S=0) since the two

electrons occupy the lower level (see Fig. 4). There are two types of the symmetry lowering

distortions, i.e., pairing and depairing distortions as is illustrated in Fig. 5. In the case of the

pairing distortion, ra′ is smaller than rb′ and vice versa in the case of the deparing distortion.

We tabulate the atomic distances in the low symmetry geometry in Table III. We find that the

pairing relaxation occurs in the case of ZnO.

Here, we consider the wavefunctions based on a simplified model which includes dan-

gling bond orbitals, χi, of the four near anions (i=1-4) forming the tetrahedron; the fourth

anion dangling bond orbital is located at the top of the tetrahedron and the other three (i=1-

3) are located on the basal plane (Fig. 1). Two wavefunctions, ψ1 =
1√
6
(2χ2 − χ1 − χ3) and

ψ2 =
1√
2
(χ1 − χ3), belong to the E representation in the C3v symmetry. When the symmetry is

lowered to Cs, ψ1 and ψ2 belong to A’ and A”, respectively (Since χ4 belongs to A’, it can be

mixed with ψ1 but the mixing is found to be very small as Fig. 4 shows). When the pairing

distortion occurs, the A’ level is lower than the A” level since the distance between the first

and third atoms become small (Fig. 5). We confirm this energetical order by analyzing the

wavefunctions obtained from the density functional calculation (Fig. 4). We find that the JT

distortions are very small; the difference between ra′ and rb′ is only 0.007 Å (Table III). As

a result, the JT energy which is the energy of the low spin (spin singlet) C3v symmetry mea-

sured from the energy of the low spin (spin singlet) Cs symmetry is small (∆E1 = 0.01 eV),
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as Table III shows. Therefore, the spin triplet state of the C3v symmetry has 0.03 eV lower

energy than the spin singlet Cs symmetry (As Table III shows, ∆E2 = ∆Ep −∆E1 = 0.03 eV).

We next study the GaN case. The defect A1 and E levels are occupied (unoccupied) by

majority (minority) spin electrons as was mentioned in the previous section and thus the spin

state is quartet (S=3/2). The A1 level has 0.01 eV lower energy than the E level (Fig. 4). In

our four-anion dangling-bond model, the wavefunction of the A1 level is ψ3 =
1√

3+α2
(χ1 +

χ2 + χ3 − αχ4), where α is a constant. Due to the symmetry lowering from C3v to Cs, the E

level splits into A’ (ψ1) and A” (ψ2) as in the case of ZnO and A1 (ψ3) becomes A’. In this

system, we conclude that the depairing distortion occurs based on the results of the density

functional calculation. As a result, the A” level is lower than the A’ level (Fig. 4). The A’

level originating from the A1 level in the C3v symmetry has lower energy than the above two

levels. Therefore, when we restrict our calculation within the spin doublet (S=1/2), the A’

level is occupied by two electrons and the A” level is occupied by a single electron. We find

that the the difference between ra′ and rb′ is small (0.006 Å) as in the case of ZnO but the

difference between rc′ and rd′ is 0.008 Å, which is larger than that (0.002 Å) in the case of

ZnO (The definitions of rc′ and rd′ are given in Fig. 5). We find that the symmetry lowering

energy which is the energy of the low spin (spin doublet) C3v symmetry measured from the

energy of the low spin (spin doublet) Cs symmetry (∆E1) is 0.23 eV, which is larger than that

in ZnO (0.01 eV). However, we find that the spin quartet C3v state has 0.25 eV lower energy

than the spin doublet Cs state. This stability of the spin quartet C3v is due to the fact that the

spin polarized energy (∆Ep) is large (0.48 eV) in GaN as is seen in Table II. In both cases of

ZnO and GaN, the energies (∆E1) induced by the symmetry lowering are found to be smaller

than those of the spin polarized energies (∆Ep) and thus the spin polarized C3v state is the

most stable.

Small symmetry lowering distortion of the depairing type is also found in AlN and BeO

(Table III). As a result, the C3v geometry of the spin quartet state has much lower energy

than the doublet Cs geometry of the spin doublet state (Table III). Based on the results of the

present DFT calculations, we find that the symmetry lowered structure of BN, GaP, ZnS and

CdS are unstable.

We have clarified that the symmetry lowering effect is very small in cation vacancies in

II-VI and III-V semiconductors. Therefore, we conclude that the spin singlet (doublet) Cs ge-

ometries are metastable or unstable and thus the triplet (quartet) C3v symmetries are the most

stable in the case of II-VI (III-V) semiconductors. These results are in sharp contrast with the

case of silicon neutral monovacancy.38–40) The four nearest Si atoms are relaxed inwardly and
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thus, the interactions between Si atoms become large. As a result, the JT distortion leads to

the bonding of the dangling bonds and thus, the spin singlet state becomes the most stable.

4. Conclusion

We have studied cation vacancies in II-VI (oxides and sulfides) and III-V (nitrides and phos-

phides) wurtzite structure semiconductors by using spin-polarized DFT calculations. We find

that the most stable structures have C3v symmetries and are spin-polarized. The magnetic

moments are 2 µB and 3 µB for II-VI and III-V semiconductors, respectively. The defect E

level is occupied by two majority spin electrons and unoccupied by minority spin electrons

in the II-IV semiconductors. In the case of III-V semiconductors, the defect E and A1 levels

are occupied (unoccupied) by three majority (minority) spin electrons. The spin polarization

energies are large in the semiconductors consisting of first-row anions, i.e., oxides and ni-

trides. Finally, we study the possibility of the symmetry lowering distortion and find that the

energy induced by the symmetrt lowering (∆E1) is smaller than the spin polarized energy

(∆Ep). Therefore, the spin polarized C3v symmetry is the most stable.
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Table I. Lattice constants of wurtzite structures.

Systems a (Å) c (Å)

BeO 2.718 4.389

ZnO 3.305 5.285

ZnS 3.909 6.349

CdS 4.332 6.745

BN 2.559 4.239

AlN 3.145 5.029

GaN 3.144 5.119

GaP 3.842 6.335

Table II. Optimized geometries. The bond angles, θ, and atomic distances, ra and rb are defined in Figure 1.

θ is the average value of the three bond angles of the first anion in Fig. 1. The spin polarization energy ∆Ep

(eV) and the total magnetic moment m (µB) are also presented.

Systems θ θ ra (Å) rb (Å) ∆Ep (eV) m (µB)

VBe in BeO 115.2 116.6 3.022 2.971 0.35 2.00

VZn in ZnO 116.0 116.7 3.647 3.588 0.04 1.71

VZn in ZnS 109.5 110.5 3.944 3.890 < 0.01 1.66

VCd in CdS 112.4 113.1 4.560 4.293 < 0.01 1.95

VB in BN 114.1 114.1 2.798 2.822 0.19 3.00

VAl in AlN 116.1 117.4 3.509 3.444 0.83 3.00

VGa in GaN 115.0 115.0 3.434 3.431 0.48 3.00

VGa in GaP 107.6 107.4 3.595 3.653 < 0.01 3.00
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Table III. Calculated parameters of symmetry lowered atomic geometries. The atomic distances ra′ , rb′ , rc′

and rd′ are defined in Figure 5. ∆E1 is the energy of the spin singlet (doublet) C3v symmetry measured from the

energy of the spin singlet (doublet) Cs symmetry in the case of II-VI (III-V) semiconductors.

∆E2 = ∆Ep −∆E1 is the energy of the spin singlet (doublet) Cs symmetry measured from the energy of the spin

triplet (quartet) C3v symmetry in the case of II-VI (III-V) semiconductors.

Systems type ra′ (Å) rb′ (Å) rc′ (Å) rd′ (Å) ∆E1 (eV) ∆E2 (eV)

VZn in ZnO pairing 3.635 3.642 3.603 3.605 0.01 0.03

VGa in GaN depairing 3.459 3.453 3.465 3.457 0.23 0.25

VAl in AlN depairing 3.550 3.549 3.482 3.481 < 0.01 0.83

VBe in BeO depairing 3.031 3.030 2.988 2.987 < 0.01 0.35

1 2
3

4

1 3

4

θ

v

v

a

b

Ga

N

2

r

r

Fig. 1. Atomic structure of single cation vacancy of the C3v symmetry (left-hand side). The atomic

distances (ra and rb) and bond angles (θ) are defined (right-hand side) and these values are tabulated in Table I.
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(a) VBe in BeO
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(b) VZn in ZnO
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(c) VZn in ZnS
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(d) VCd in CdS
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(e) VB in BN
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(f) VAl in AlN
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(g) VGa in GaN
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(h) VGa in GaP
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Fig. 2. DOS and PDOS of the 1st and 4th near anions which are defined in Figure 1. The vertical grey line

represents the Fermi level. The results for (a)VBe in BeO, (b)VZn in ZnO, (c)VZn in ZnS, (d)VCd in CdS, (e)VB

in BN, (f)VAl in AlN, (g)VGa in GaN, and (h)VGa in GaP are shown.
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Fig. 3. Spin densities: (a)VBe in BeO, (b)VZn in ZnO, (c)VZn in ZnS, (d)VCd in CdS, (e)VB in BN, (f)VAl in

AlN, (g)VGa in GaN, and (h)VGa in GaP (The isovalues are set to be 0.001 electron /Å3).
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Fig. 4. Energy diagrams of the C3v and Cs in the cases of ZnO and GaN. The red (blue) colors indicates

positive (negative) amplitudes of the wavefunctions.
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Fig. 5. Two types of symmetry lowering: (a) pairing and (b) depairing distortions.
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