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Spin-polarized ground states and ferromagnetic order induced by low-coordinated surface
atoms and defects in nanoscale magnesium oxide
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We investigate the effect of surface defects and the related low-coordinated surface atoms on the defect-induced
magnetism in MgO nanocrystallites using hybrid density functional theory calculations. It has been demonstrated
that when Mg vacancies are introduced at the surface or near surface of cubelike MgO clusters, a magnetic state
(S � 1) becomes lower in total energy than the nonmagnetic singlet state (S = 0) by several electron volts,
resulting in the robust spin-polarized ground state. The total spin S of the clusters in their ground state is equal
to the number of the surface Mg vacancies introduced. The resulting spin density is not only located at the
surrounding O atoms neighbor to the Mg vacancy site but is also extended to the low-coordinated surface O
atoms along the 〈110〉 direction, forming ferromagneticlike domains. This directional spin delocalization allows
a remote (∼1 nm or longer) vacancy-vacancy interaction, eventually leading to a long-range ferromagnetic
interaction.
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I. INTRODUCTION

Recent progress in materials synthesis has led to a variety
of nanostructures whose optical, electrical, and magnetic
properties are very different from those of bulk structures.
This also reveals anomalous aspects of well-understood phe-
nomena of condensed matter physics. One of the interesting
examples of the anomalies found in nanoscale oxides is
the so-called d0 ferromagnetism,1 which is referred to as
small but nonnegligible ferromagnetic moments observed
in closed shell oxide systems, e.g., HfO2 (Ref. 2), TiO2

(Refs. 3 and 4), CeO2 (Ref. 5), ZnO (Ref. 5), Al2O3 (Ref. 5),
and MgO (Refs. 5–8), containing virtually no atoms with
partially filled d or f shells. This intriguing ferromagnetism
occurs even at temperatures well above room temperature and
seems to exist outside the conventional m-J paradigm,1,9,10

where m and J represent the magnetic moment and the
exchange coupling of electron spins, respectively. Thus far,
the d0 ferromagnetism has been observed almost universally
in nanoscale oxides and is believed to result from magnetic
moments related to a certain defective state.7–13 However, a
simple defect-based model cannot account for the observed
ferromagnetic behavior because of a rather localized nature
of the relevant defect orbitals, which will be insufficient to
induce long-range ferromagnetic order, as has been shown by
recent density functional theory (DFT) calculations, including
electronic correlation effects beyond standard (semilocal) DFT
functionals.14–16

As for the mechanism of d0 ferromagnetism, we17 have
recently shown from the DFT calculations on a series of
MgO clusters that some crystallographically perfect nanocrys-
tallites paradoxically result in nonstoichiometric composi-
tions owing the finite number of constituting atoms, re-
sulting in a spin-triplet ground state. On the basis of the
calculations, we proposed an idea that ferromagnetism in
nanoscale oxides can arise from the combined effect of
crystal symmetry and inherent nonstoichiometry. We believe

that this idea is appealing in some ways, but this cannot
give an answer as to how the localized defect states are
linked and coupled, showing a collective ferromagnetic
ordering.

When we say “defects” in oxides, we usually mean
“atomic defects,” e.g., vacant atom sites, interstitial atoms,
or substitution of a foreign atom for a normal one, in
the bulk. Thus, previous theoretical calculations on defect-
related ferromagnetism have been performed mainly on the
atomic defects in the bulk using supercell methods.7,14,15,18

However, all the atoms at the surface can also be regarded
as structural defects or imperfections because of the reduced
number of coordination bonds. As for nanoscale oxides, the
possible effect of these surface atoms may not be completely
neglected. Furthermore, it has been demonstrated that the low-
coordinated surface sites, such as terraces, edges, and corners,
are more stable locations for atomic defects than the bulk sites
because the formation energy of atomic defects will decrease
with the decreasing number of surrounding atoms.19,20 This
allows one to expect that these low-coordinated surface states
could potentially contribute to the generation of defect-related
ferromagnetism in nanoscale oxide, as suggested by recent
observations.6,8,21 However, the possible surface effects on
the defect-related magnetism have not been well investigated
theoretically.18

We hence carry out a series of quantum chemical DFT
calculations on isolated MgO clusters with surface atomic
defects, including O and Mg vacancies. Such isolated cluster
models are not appropriate to investigate the electronic struc-
ture of the bulk system and the extended surface of crystals.
When materials are reduced to the nanoscale, however,
their structure and properties can deviate from the bulk or
extended surface case. Accordingly, real space cluster models,
rather than reciprocal space description, will become more
effective in addressing, especially, surface-related phenomena
in nanocrystals.

144414-11098-0121/2013/87(14)/144414(10) ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.87.144414


TAKASHI UCHINO AND TOSHINOBU YOKO PHYSICAL REVIEW B 87, 144414 (2013)

Mg (corner) O (corner)

4×4×4

Mg (in-plane)

Mg (subsurface)

O (in-plane)

O (subsurface)

Mg

O

FIG. 1. (Color online) (a) Schematic view of a (4 × 4 × 4)-atom
block of the MgO cluster. An Mg (or O) atom, indicated by an arrow,
is removed to create an Mg- (or O-) deficient cluster.

II. MODELS AND CALCULATION PROCEDURES

As for MgO clusters with more than ∼50 atoms, it has been
demonstrated that the cubic rock-salt structure thermodynam-
ically dominates the energy landscape.22 We hence employed
several top-down clusters based on cuts from the cubic
rock-salt structure as representative models of nanometer-
sized MgO crystals. We first consider a (4 × 4 × 4)-
atom block of stoichiometric Mg32O32 cluster consisting of
64 atoms, as shown in Fig. 1. To evaluate the possible effect
of location of the Mg (or O) vacancy site on the stable spin
state we intentionally removed one Mg (or O) atom from a
three-coordinated (corner), a five-coordinated (in-plane), or a
six-coordinated (subsurface) site of the 4 × 4 × 4 cluster. We

then performed full geometry optimization for the respective
Mg-deficient (Mg31O32) and O-deficient (Mg32O31) clusters,
starting from ideal cubic configurations at the singlet (S =
0) and triplet (S = 1) spin states without imposing any
structural constraints. As for the spin-singlet calculations,
we used both the spin-restricted DFT (RDFT) and broken-
symmetry spin-unrestricted DFT (UDFT) formalisms. All the
DFT calculations in this work were carried out using the
gradient-corrected Becke’s three parameters hybrid exchange
functional23 in combination with the correlation functional
of Lee, Yang, and Parr24 (B3LYP) with the GAUSSIAN-09
code.25 It has previously been shown that such a hybrid DFT
functional is useful to correct the self-interaction problem,26

which often leads to misleading conclusions with regards to
hole localization and the resulting magnetic characteristics of
the system.16,27 Mulliken’s population analysis was conducted
to calculate the spin densities of the clusters at B3LYP/6-
31G(d) level. The stability of the resulting optimized clusters
was evaluated in terms of the total energy along with the
atomization energy (AE), which is defined as the energy
necessary to dissociate the MgmOn cluster into neutral atoms
(mMg + nO), namely, AE = mE(Mg) + nE(O) −
E(MgmOn), where E(X) represents the total energy of the
system X. The AE is useful to evaluate the stability of the
clusters with the same dimension but different compositions
and spin states.

Furthermore, we employed a series of Mg-deficient clusters
consisting of (4 × 4 × 4)-, (6 × 4 × 3)-, (7 × 4 × 3)-, and
(8 × 4 × 3)-atom blocks to investigate whether the defect-
induced spin polarization can couple ferromagnetically with
each other. For that purpose we removed two corner Mg
atoms located in the same (100) plane of the respective
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FIG. 2. (Color online) Schematic views of (a) (4 × 4 × 4)-, (b) (6 × 4 × 3)-, (c) (7 × 4 × 3)-, and (d) (8 × 4 × 3)-atom blocks of the MgO
clusters. Two corner Mg atoms indicated by arrows are removed from each cluster to create the corresponding Mg deficient cluster with two
Mg vacancies.
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TABLE I. Electronic properties of the (4 × 4 × 4)-based MgO cluster with one Mg or one O vacancy at different sites. Geometry optimization
was performed at the B3LYP/6-31G(d) level in the respective spin states.

Cluster Spin State �Ea(eV) AEb(eV) 〈S2〉c �EH−L
d(eV)

Mg32O31

corner O vacancy singlet (R)e − 270.588 0 1.68
singlet (U)f 0 270.588 0 1.68(α)/1.68(β)

triplet +1.005 269.583 2.002(2.000) 0.40(α)/3.38(β)
in-plane O vacancy singlet (R) − 269.258 0 1.68

singlet(U) 0 269.258 0 1.68(α)/1.68(β)
triplet +0.691 268.567 2.003(2.000) 0.44(α)/3.58(β)

subsurface O vacancy singlet (R) − 268.684 0 1.59
singlet (U) 0 268.684 0 1.59(α)/1.59(β)

tripletg − − − −
Mg31O32

corner Mg vacancy singlet (R) − 269.409 0 0.47
singlet (U) −1.261 270.670 1.014(0.112) 0.98(α)/1.35(β)

triplet −1.303 270.712 2.020(2.000) 3.97(α)/1.00 (β)
in-plane Mg vacancy singlet (R) − 268.654 0 0.40

singlet (U) −1.134 269.788 1.008(0.118) 1.41(α)/1.40(β)
triplet −1.133 269.787 2.015(2.000) 3.63 (α)/1.25(β)

subsurface Mg vacancy singlet (R) − 268.495 0 0.49
singlet (U) −0.984 269.479 1.017(0.136) 1.54(α)/0.54(β)

triplet −0.985 269.480 2.017(2.000) 3.89(α)/0.44(β)

a�E represents the total energy difference from the spin-restricted singlet state. Plus and minus signs indicate that the total energy is higher
and lower, respectively, than that of the spin-restricted singlet state.
bAE (Atomization Energy) = mE(Mg) + nE(O) − E(MgmOn), where E(X) represents the total energy of the system X.
cThe values in parentheses are those after annihilation of the first spin contaminant.
d�EH−L is the energy difference between the HOMO and the LUMO levels. α and β indicate the major and minor spin states, respectively.
eSpin-restricted singlet state.
fBroken-symmetry spin-unrestricted singlet state.
gThe Self-consisent field (SCF) did not converge for this cluster in the triplet state.

clusters, resulting in the Mg30O32, Mg34O36, Mg40O42, and
Mg46O48 clusters (see Fig. 2). Full geometry optimizations
were performed as well for this series of Mg-deficient clusters
at the B3LYP/6-31G(d) level by assuming that S = 0, 1, and 2.

III. RESULTS

A. The (4 × 4 × 4) cluster with one Mg or O vacancy

First we show the results of the (4 × 4 × 4)-atom block of
the clusters containing one Mg or one O vacancy. Although
a slight outward displacement of the atoms surrounding each
vacancy site was seen, the starting cubic configuration was
basically retained after full geometry optimization for all the
clusters employed irrespective of the assumed spin state. It
should be noted, however, that the stability of the spin state
varies depending on the type and location of the defect included
in the cluster (see Table I).

As for the O-deficient (Mg32O31) clusters in the singlet
(S = 0) state, the spin-restricted and spin-unrestricted singlet
calculations gave identical ground state energies and molecular
orbital structures. As shown in Fig. 3(a), the cluster with a
corner O vacancy in the (spin-restricted) singlet state results in
the lowest energy state among the present series of Mg32O31

clusters. This shows that the introduction of a surface O
vacancy will not induce a spin-polarized ground state, which is
in agreement with the results deduced from previous supercell
calculations.18,28

As for the Mg-deficient (Mg31O32) cluster, however, the
total energy of the spin-unrestricted singlet state is lower
than that of the spin-restricted singlet state by ∼1 eV (see
Table I). The apparent high energy of the spin-restricted state
is attributed to an overestimate of on-site Coulomb repulsion,
which is corrected in the unrestricted spin calculations. Note
also that the total energy of the spin-unrestricted singlet
state is almost comparable to that of the spin triplet state
[see also Fig. 3(b)]. However, the spin-unrestricted singlet
calculations yield the spin-squared expectation values 〈S2〉
of ∼0.1 even after annihilation of the first spin contaminant
(see also Table I), suggesting that the present UDFT singlet
calculations are affected by the spin contamination problem,29

as will be discussed in Sec. IV A.
Figure 4 illustrates the spin-magnetization density, which

is defined as the local density difference between the spin-up
and spin-down states, of the Mg31O32 cluster with a corner
Mg vacancy in the spin-unrestricted singlet state and the spin
triplet state. In both the spin states shown in Fig. 4, the spin
is not only distributed over the three oxygen atoms next to the
Mg vacancy site but also spreads further out of the nearest-
neighbor oxygen atoms along the 〈110〉 direction on the
{100} surface, showing a highly delocalized nature of the spin
distribution. Of particular interest is the spin distribution of the
spin-unrestricted singlet state. The spin distribution is not that
of the usual antiferromagnetic state where the two adjacent
electrons are in a spin-paired or antiparallel configuration;
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FIG. 3. (Color online) Comparison of the relative total energies of the (4 × 4 × 4)-based clusters with (a) one O vacancy and (b) one Mg
vacancy located at different sites. For the O-deficient clusters, the energy is referenced to that of the cluster with a corner O vacancy in the
spin-restricted singlet state. For the Mg-deficient clusters, the energy is referenced to that of the cluster with a corner Mg vacancy in the triplet
state.

rather, this is reminiscent of the magnetic domains with
opposing magnetizations [see Fig. 4(a)]. Strictly speaking, the
resulting spin distribution is not ferromagnetic because the
net magnetization is zero. However, the domainlike structure
realized in the spin-unrestricted singlet state implies that
the introduction of a surface Mg vacancy yields a kind of
magnetic order.

It should be worth mentioning that this surface spin
delocalization can also be seen when an Mg vacancy is
introduced at the in-plane site [see Fig. 5(b)] or at the
subsurface [see Fig. 5(c)]. This directional spin localization
on the surface O atoms contrasts sharply with the results of
supercell calculations on an Mg vacancy in the bulk, where

strong localization of the spin density on one of the six O
atoms around the Mg vacancy occurs as a result of a polaronic
distortions and the resulting symmetry breaking around the
vacancy site.15 In the present clusters, the symmetry around
the vacancy site is inherently broken, which might allow us
to expect the strong localization of spin solely on the specific
oxygen atoms surrounding the Mg vacancy. The apparently
unexpected delocalization of the spin density presented here
suggests that the energy levels of some of the surface low-
coordinated O atoms are comparable to or even higher than
those of the O atoms surrounding the vacancy. Consequently,
these low-coordinated surface atoms will behave as “good hole
acceptors,” as will also be discussed in Sec. IV B.

(a) Mg

O

Mg vacancy

(b)

Mg vacancy

Mg

O

FIG. 4. (Color online) Spin-density isosurface (0.001 e/Bohr3) projected from the [111] direction of the (4 × 4 × 4)-based cluster with one
corner Mg vacancy calculated for (a) the spin-unrestricted singlet state and (b) the spin triplet state. Large and small circles represent Mg and
O atoms, respectively. The corner Mg vacancy is located at the forward most position along the [111] direction. The blue (dark) and red (light)
isosurfaces represent spin up and down values, respectively.
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TABLE II. Electronic properties of various MgO-type clusters with two corner Mg vacancies optimized at the B3LYP/6-31G(d) level in
the respective spin states.

Cluster Spin State �Ea(eV) AEb(eV) 〈S2〉c �EH−L
d(eV)

Mg30O32 singlet (R)e − 261.701 0 0.46
(4 × 4 × 4) singlet (U)f −1.219 262.919 1.013 (0.101) 1.12 (α)/1.38(β)

triplet −1.354 263.055 3.026 (2.055) 1.65 (α)/1.20(β)
quintet −1.362 263.063 6.028 (6.000) 4.20 (α)/1.18(β)

Mg34O36 singlet (R) − 295.904 0 0.59
(6 × 4 × 3) singlet (U) −2.639 298.542 2.023 (4.245) 1.75 (α)/1.24(β)

triplet −2.643 298.547 3.020 (2.045) 1.34 (α)/1.31(β)
quintet −2.646 298.550 6.023 (6.000) 4.36 (α)/1.22(β)

Mg40O42 singlet (R) − 350.281 0 0.64
(7 × 4 × 3) singlet (U) −2.668 352.949 2.024 (4.261) 1.85 (α)/1.40(β)

triplet −2.669 352.950 3.024 (2.045) 1.41 (α)/1.40(β)
quintet −2.673 352.954 6.024 (6.000) 4.36 (α)/1.39(β)

Mg46O48 singlet (R) − 404.873 0 0.64
(8 × 4 × 3) singlet (U) −2.685 407.558 2.024 (4.259) 1.45 (α)/1.45(β)

triplet −2.687 407.560 3.024 (2.049) 1.80 (α)/1.43(β)
quintet −2.690 407.563 6.024 (6.000) 4.35 (α)/1.43(β)

a�E represents the total energy difference from the spin-restricted singlet state. Minus signs indicate that the total energy is lower than that of
the spin-restricted singlet state.
bAE (Atomization Energy) = mE(Mg) + nE(O) − E(MgmOn), where E(X) represents the total energy of the system X.
cThe values in parentheses are those after annihilation of the first spin contaminant.
dEH−L is the energy difference between the HOMO and the LUMO levels. α and β indicate the major and minor spin states, respectively.
eSpin-restricted singlet state.
fBroken-symmetry spin-unrestricted singlet state.

B. Clusters with two Mg vacancies

We next investigate the structure and spin sates of (4 × 4 ×
4)-, (6 × 4 × 3)-, (7 × 4 × 3)-, and (8 × 4 × 3) clusters with
two Mg vacancies at two end corners of the respective clusters.
Similar to the case of the (4 × 4 × 4) cluster with one Mg
vacancy, we found that the original cubiclike configuration is
retained as well after geometry optimization. The intervacancy
distances for the optimized (4 × 4 × 4)-, (6 × 4 × 3)-, (7 ×
4 × 3)-, and (8 × 4 × 3) clusters are estimated to be ∼8.5,
∼12.0, ∼12.5, and ∼15.5 Å, respectively, and the relative
total energies of the spin-unrestricted states with respect to
the spin-restricted singlet (S = 0) state are summarized in
Table II.

One sees from Table II that all these Mg-deficient clusters
are characterized by the same the energetic ordering of
different spin states, namely, EQ < ET < EUS < ERS ,
where EQ, ET , ESU , and ESR represent the total energy of
the spin-quintet, triplet, spin-unrestricted singlet, and spin-
restricted singlet states, respectively. The spin-quintet and
spin-restricted singlet states are separated by an energy of
more than 1 eV, implying the existence of a stable spin-
polarized state. Table II also shows that the spin-unrestricted
singlet and spin triplet states are only slightly higher in
energy (several milli-electron volts) than the spin-quintet
state. However, the spin-unrestricted singlet and triplet states
are found to be contaminated by higher spin states; that
is, the 〈S2〉 values are different from 0 (pure singlet) or 2
(pure triplet). On the other hand, the 〈S2〉 value for the spin
quintet (S = 2) states is 6.000 (after annihilation of the first
spin contaminant), which corresponds to the ideal value S(S
+ 1) = 6.

Figure 6 compares the spin-magnetization density of the
clusters with two corner Mg vacancies in the spin-quintet
state. The directional spin delocalization is also seen in this
series of clusters, in basic agreement with the results obtained
for the clusters with one Mg vacancy, mentioned previously.
It should also be worth mentioning that in the (4 × 4 × 4)
cluster, as shown in Fig. 6(a), the magnetic interaction
between the two Mg vacancies can be explicitly recognized,
showing a highly delocalized and extended nature of the spin
polarization of the surface O atoms aligned along the 〈110〉
direction. The degree of intervacancy interaction appears to
decrease with increasing the distance between a pair of Mg
vacancies, but the directional spin delocalization over the
surface O atoms still survives even in the (8 × 4 × 3)-based
Mg46O48 cluster [see Fig. 6(d)]. This demonstrates that the
surface O atoms indirectly but inherently contribute to the
ferromagnetic interaction between rather remote-surface Mg
vacancies, leading to the ferromagnetic percolation in MgO
nanocrystals. Note also that the delocalized and domainlike
spin distribution can also be seen in the spin-unrestricted
singlet states for the clusters with two Mg vacancies (see,
for example, Fig. 7). Thus, we consider that the ferromagnetic
interaction between two surface Mg vacancies is not an artifact
derived from the calculations for magnetic states with S � 1.

IV. DISCUSSION

A. Effect of the spin contamination and the number of Mg
vacancies on the magnetic states of the Mg-deficient clusters

For all the Mg-deficient clusters investigated in this work, it
has been demonstrated that spin-unrestricted states are lower
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FIG. 5. (Color online) Spin-density map on one of the {100} planes for the Mg31O32 cluster in the spin-triplet state. The Mg vacancy is
located (a) at the corner and (b) in the plane. In (c), the Mg vacancy resides at the subsurface or one layer below the oxygen atom indicated by
the white arrow. Large and small circles represent Mg and O atoms, respectively. The values indicated are Mulliken atomic spin densities; the
values below 0.001 are omitted.

in total energy by several electron volts than the spin-restricted
singlet (S = 0) state. As far as the total energies are concerned,
the spin-unrestricted singlet state is comparable to the spin-
polarized S � 1 states. It should be noted, however, that the
UDFT singlet states are always characterized by nonnegligible
values of S2 for all the Mg-deficient clusters employed in this
work (see Tables I and II), hence showing spin contamination.
This derives from the fact that UDFT determinant is not an
eigenfunction of the total spin operator S2 and inherently has
the spin-impurity problem.29 Thus, the total energy of the
UDFT singlet state is affected by the spin-contamination effect
and may not be used to evaluate the stability of the relevant
spin states.

On the other hand, the spin-contamination problem can
hardly be seen in the spin triplet (S = 1) and quintet

(S = 2) states for the cluster with one and two Mg vacancies,
respectively. It is hence most likely that the spin-polarized state
with no spin contamination corresponds to the realistic spin
state or the ground spin states for the respective Mg-deficient
clusters. This allows us to expect that the total spin S of an
MgO nanocrystal in the ground state scales with the number
of Mg vacancies at the surface. It is therefore interesting
to investigate whether the MgO clusters with three or more
surface Mg vacancies yield a higher (S � 3) spin-ground
state. To investigate the effect of the number of Mg vacancies
on the ground state-spin configuration, we further employed
a (4 × 4 × 4)-based cluster with four Mg vacancies at the
four corners. We then performed full geometry optimization at
the B3LYP/6-31G(d) level by assuming spin-restricted singlet,
spin-unrestricted singlet, triplet, and nonet states.30
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FIG. 6. (Color online) Spin-density map on the (100) plane containing two corner Mg vacancies calculated for the (a) (4 × 4 × 4)-, (b)
(6 × 4 × 3)-, (c) (7 × 4 × 3)-, and (d) (8 × 4 × 3)-based clusters in the spin-quintet (S = 2) state. Large and small circles represent Mg and O
atoms, respectively. The values indicated are Mulliken atomic spin densities; the values below 0.001 are omitted.

Table III compares the geometry-optimized total energies
of the respective spin states. The 〈S2〉 values calculated for
the spin nonoet (S = 4) state is 20.001 after annihilation of

the first spin contaminant, showing an almost pure nonet state.
Furthermore, the spin-nonet state was found to have the lowest
total energy, although the total energies of the spin-unrestricted
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FIG. 7. (Color online) Spin-density map on the (100) plane containing two corner Mg vacancies calculated for the (a) (4 × 4 × 4)- and (b)
(6 × 4 × 3)-based clusters in the spin-unrestricted singlet state. Large and small circles represent Mg and O atoms, respectively. The values
indicated are Mulliken atomic spin densities; the values below ± 0.1 are omitted.
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TABLE III. Electronic properties of the (4 × 4 × 4)-based MgO cluster with four corner Mg vacancies optimized at the B3LYP/6-31G(d)
level in the respective spin states.

Cluster Spin State �Ea(eV) AEb(eV) 〈S2〉c �EH−L
d(eV)

Mg28O32 singlet (R)e − 242.511 0 0.50
(4 × 4 × 4) singlet (U)f −4.982 247.493 4.053 (12.307) 1.56 (α)/1.55(β)

triplet −4.933 247.444 5.053 (9.176) 1.73 (α)/1.49(β)
nonet −4.993 247.504 20.068 (20.001) 5.18 (α)/1.14(β)

a�E represents the total energy difference from the spin-restricted singlet state. Minus signs indicate that the total energy is lower than that of
the spin-restricted singlet state.
bAE (Atomization Energy) = mE(Mg) + nE(O) − E(MgmOn), where E(X) represents the total energy of the system X.
cThe values in parentheses are those after annihilation of the first spin contaminant.
dEH−L is the energy difference between the HOMO and the LUMO levels. α and β indicate the major and minor spin states, respectively.
eSpin-restricted singlet state.
fBroken-symmetry spin-unrestricted singlet state.

singlet and triplet states are only slightly higher than that of
the spin-nonet state, similar to the case of the clusters with
two Mg vacancies (see Table II). However, unrealistic 〈S2〉
values, i.e., ∼12 and ∼9, were obtained for the UDFT singlet
and triplet solutions, respectively, even after annihilation of
the first spin contaminant. Thus, these spin sates are severely
affected by mixing with a higher spin (nonet) state and cannot
be regarded as a realistic spin state. The present results indicate
that the effect of spin contamination becomes more serious
and unavoidable with increasing the number of surface Mg
vacancies.

Figure 8 shows the spin distribution of the nonet state of the
cluster with four Mg vacancies at the corners. In this cluster,
each {100} plane has basically the same spin distribution,
showing a highly delocalized nature over surface O atoms
along the 〈110〉 direction, in harmony with the results obtained
for the cluster with two corner Mg vacancies [see Fig. 6(a)]. It
follows that all the surfaces of the cluster with four corner Mg
vacancies are characterized by delocalized spin density with
the same spin orientation. A rather high stability of the spin-
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0.19

0.13

0.06

0.00 Mg

O

Mg vacancy

Mg vacancy

  0.423

0.200

0.625

0.629

0.202

0.416

FIG. 8. (Color online) Spin-density map on one of the {100}
planes for the Mg28O32 cluster in the spin-nonet (S = 4) state. The
values indicated are Mulliken atomic spin densities; the values below
0.001 are omitted.

nonet state against the spin-singlet state most likely results
from such a highly delocalized spin distribution around the
surface of the cubic cluster.

From these calculations, we suggest that the observed mag-
netization of MgO nanocrystals scales with the number of Mg
vacancies at the surface (or near surface). However, real MgO
nanocrystals do not always have such ideal flat surfaces but
are characterized by, depending on the synthetic conditions,
different complex features such as terraces, steps, and kinks,31

which most likely affect the resulting magnetization. This
may induce the lack of reproducibility of d0 ferromagnetic
behavior, as indeed reported for a number of nanoscale
oxides.
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FIG. 9. (Color online) Molecular orbital energy-level diagrams of
occupied molecular orbitals (solid lines) and unoccupied molecular
orbitals (dotted lines) calculated for the (4 × 4 × 4)-based clusters
with one O or one Mg vacancy at the corner. (a) O-deficient Mg32O31

cluster in the spin-singlet state, (b) Mg-deficient Mg31O32 cluster in
the spin-singlet state, and (c) Mg-deficient Mg31O32 cluster in the
spin-triplet state.
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FIG. 10. (Color online) Cross section of the LUMO orbital of the (4 × 4 × 4)-based clusters with (a) one O vacancy and (b) one Mg
vacancy at the corner calculated for the spin-restricted singlet state.

B. Origin of the spin-polarized ground state of the Mg-deficient
clusters

Previously, a large number of cluster-based theoretical
calculations have been performed to understand the surface-
related properties of MgO.32–36 To our knowledge, however,
the spin-polarized ground state has not been predicted for
any of the theoretical models including surface defects.
This is probably because the electronic states of surface
Mg vacancies, such as those treated in this paper, have not
been seriously investigated. Previous studies32–36 have been
concerned mainly with surface sites with no vacancies, such
as terraces, steps, and corners, and/or oxygen vacancies at the
surface in view of their catalytic and luminescence activities.

The occurrence of the spin-polarized ground state for the
present Mg-deficient clusters can be interpreted in terms of
the molecular orbital diagrams of the respective clusters.
We should note, however, that there has been substantial
uncertainty as to the degree of physical significance of the
Kohn Sham (KS) orbitals of DFT applied within the KS
framework.37 The above uncertainties notwithstanding, it has
been demonstrated that KS orbitals obtained from hybrid
functionals such as B3LYP generally have moderate accuracy
and yield a systematic and predicted deviation from the
corresponding experimental data, including the ionization
potential and the electron affinity.38 We hence consider that
the comparison of the KS orbitals among the present series of
the clusters is useful to understand the relative stability of their
spin states.

Figure 9 shows the molecular orbital diagrams of the
(4 × 4 × 4)-based clusters with one O or one Mg vacancy
at the corner site in different spin states. As for the O-
deficient cluster in the spin-restricted singlet state, the lowest
unoccupied molecular orbital (LUMO) is higher in energy than
the highest occupied molecular orbital (HOMO) by ∼1.7 eV
[see Fig. 9(a)]. This contrasts with the case of the Mg-deficient
cluster in the spin-restricted singlet state, where the LUMO
is higher in energy than the HOMO only by ∼0.5 eV [see
Fig. 9(b)]. Accordingly, spin-unrestricted sates are naturally
expected in the Mg-deficient cluster because of the small

HOMO-LUMO gap, which costs less energy to flip a spin,
leading to the spin polarized (S = 1) lower-energy state [see
Fig. 9(c)]. Such a small (∼0.5 eV) HOMO-LUMO gap is
observed for all the Mg-deficient clusters in the spin-restricted
singlet state (see Tables I and II).

The following question then naturally arises: Why does the
Mg-deficient cluster have such a small HOMO-LUMO gap in
the spin-restricted singlet state? It is clear from Fig. 9 that the
difference in the HOMO-LUMO gap between the O- and Mg-
deficient clusters in their spin-restricted singlet state results
mainly from the degree of stabilization of the LUMO level.
We hence compare the corresponding unoccupied orbitals for
the Mg- and O-deficient clusters. As shown in Fig. 10, the
LUMO of the O-deficient cluster in the spin-restricted singlet
state is localized mainly on the corner Mg atoms. On the
other hand, the LUMO of the Mg-deficient cluster in the
spin-restricted singlet state spreads over several O atoms in
the 〈110〉 directions at the surface, similar to the case of
the spin distribution in the triplet state (see Fig. 5). It is
hence most likely that the stabilization of the LUMO level
obtained for the Mg-deficient cluster in the spin-restricted
singlet state originates from a highly delocalized nature of the
LUMO. Accordingly, as noted in Sec. III A, these surface O
atoms contributing to the LUMO level can provide a shallow
acceptor level, eventually allowing a spin flip to result in a
spin-polarized ground state.

V. CONCLUSIONS

We have shown from a series of DFT calculations on MgO
nanoclusters that the Mg vacancies at the surface or near
surface can induce a delocalized spin distribution over several
neighboring surface O atoms along the 〈110〉 directions. This
directional spin delocalization enables a pair of distant (∼1 nm
or longer) Mg vacancies to interact ferromagnetically. The total
energy of the resulting magnetic state is lower than that of a
nonmagnetic by several electron volts, leading to the robust
spin-polarized ground state. Among other Mg vacancies, those
at corners have been shown to be most energetically favorable
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ones. We have further demonstrated that the total spin S of
the clusters in their ground state is equal to the number of Mg
vacancies at the surface. These results allow us to suggest
that surface Mg vacancies along with the low-coordinated
surface O atoms are prerequisite for long-range ferromagnetic
interaction, hence providing a delocalized mediating state or a

percolation network for surface defect-related ferromagnetism
in nanoscale magnesium oxides.
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