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Tuning Low-Spin to High-Spin Mn Pairs in
2-D ZnO by Injecting Holes

R. H. Miwa, T. M. Schmidt, and A. Fazzio

Abstract—We have performed an ab initio theoretical investiga-
tion of substitutional Mnz, atoms in planar structures of ZnO,
viz., monolayer [(ZnO);] and bilayer [(ZnO),] systems. Due to
the 2-D quantum confinement effects, in those Mn -doped (ZnO),
and (ZnO); structures, the antiferromagnetic (AFM) coupling be-
tween (nearest neighbor) Mnz, impurities have been strengthened
when compared with the one in ZnO bulk systems. On the other
hand, we find that the magnetic state of these systems can be tuned
from AFM to FM by adding holes, which can be supplied by a
p-type doping or even photoionization processes. Whereas, upon
addition of electrons (n-type doping), the system keeps its AFM
configuration.

Index Terms—Nanotechnology, ZnQ, spintronics.

1. INTRODUCTION

NO EXHIBITS different structural phases, which can be
Z tailored in a suitable way aiming different applications,
viz., nanogenerators made of ZnO nanowires [1], and (most
recently) organic—inorganic junctions composed by thin layers
of polycrystalline ZnO [2]. Bulk ZnO presents the hexagonal
wurtzite structure, ABAB staking, with the Zn and O atoms
lying at different planes along the [0001] direction. The verti-
cal distance between these Zn and O layers is 0.63 A. Mean-
while, recent experimental investigations verified the formation
of graphitic thin films of ZnO, where (similar to h-BN) the
Zn atoms lie approximately at the same plane of O atoms [3].
The formation of flat ZnO layers was observed through scan-
ning tunneling microscopy images. They find flat surfaces for
~?2 monolayers (MLs) of ZnO. It is worth mentioning that the
formation of graphitic ZnO phase (for few layers of ZnO) was
proposed one year before by Freeman et al. [4], based upon ab
initio total energy calculations.
In parallel to the possibility of design of new nanostructures,
ZnO has been considered a promising material to build up mag-

Manuscript received April 22, 2010; revised September 15, 2010;
accepted April 18, 2011. Date of publication May 5, 2011; date of current
version January 11, 2012. This work was supported by the Brazilian agen-
cies Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq),
Fundagdo de Amparo a Pesquisa do Estado de Minas-Gerais (FAPEMIG), and
Fundacdo de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP), and
by Centro Nacional de Processamento de Alto Desempenho de Sdao Paulo
(CENAPAD/SP). The review of this paper was arranged by Associate
Editor J.-P. Leburton.

R. H. Miwa and T. M. Schmidt are with the Instituto de Fisica, Universi-
dade Federal de Uberlandia, Uberlandia, Uberlandia, Minas Gerais 38400-902,
Brazil (e-mail: hiroki @infis.ufu.br).

A. Fazzio is with the Instituto de Fisica, Universidade de Siao Paulo, Sdo
Paulo 38400-970, Brazil.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TNANO.2011.2150760

netic semiconductor devices based on diluted magnetic semi-
conductors (DMS). For instance, ferromagnetism above room
temperature in Mn-doped thin films of ZnO (2-3 pm thick and
Mn concentration below 4 %) [5], and (very recently) intrin-
sic ferromagnetism in ZnO nanoparticles doped with Fe and
Co [6]. Recent experimental studies indicate that defects like
vacancies, and others related to the formation of grain bound-
aries, are important to the ferromagnetic (FM) coupling between
the Mn—Mn impurity atoms [7], [8]. The role played by intrin-
sic defects and codopants on the ferromagnetism in Mn-doped
ZnO has been the subject of numerous theoretical investiga-
tions, for instance, Zn and O vacancies [9], and codopants like
N [10], Cu, and Li [11]. On the other hand, with no defects or
codopants, Mn impurities in ZnO present an anti-FM (AFM)
coupling [12], [13]. Theoretical studies, performed within the
ab initio density functional theory (DFT), propose that the anti-
ferromagnetism of Mny,, is ruled by a superexchange interac-
tion between the Mn 3d orbitals, being mediated by the adjacent
O 2p orbitals [12], [14]. Nowadays, there is a great effort in
tailoring the magnetic and electronic properties of DMS, for
instance,focusing on getting higher Curie temperatures through
the inclusion of codopants and/or modifying the atomic struc-
ture of the host like in nanowires, nanoparticles, and thin films
of ZnO.

In this paper, we perform a detailed theoretical DFT inves-
tigation of Mn-doped 2-D structures, i.e. monolayers [(ZnO); |
and bilayers [(ZnO)s] systems of ZnO. Initially, we examine
the electronic and structural properties of pristine (ZnO); and
(ZnO);y. Then, we next include substitutional Mn (impurity)
atoms. For both systems, (ZnO); and (ZnO),, we find that
there is an energetic preference for Mn atoms lying on the
nearest neighbor (NN) Zn sites, Mnz,,. The energetic prefer-
ence for the AFM or FM state can be measured by comparing
the total energies of the AFM (Fapy) and FM (Epyp) sys-
tems, AEary—rMm = Earym — Epyv. We find hlgher values of
AEAFMfFM’ —0.21 and —0.13 eV for (ZHO)I and (ZHO)Q, Ie-
spectively, in comparison with the one obtained in the ZnO bulk
phase, thus, indicating that the AFM state has been strength-
ened in these 2-D systems of Mn-doped ZnO. Based upon our
electronic band structure calculations, we inferred that the AFM
state can be tuned to an FM state in the presence of holes. In-
deed, we find FM couplings with AFEapy_py = +0.16 and
+0.31 eV by adding a hole to the highest occupied al’ level of
the Mny,,-doped (ZnO); and (ZnO), systems, respectively.

II. COMPUTATIONAL DETAILS

Our calculations were performed within the DFT, as imple-
mented in the Spanish Initiative for Electronic Simulations with
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Fig. 1.  Electronic band structure of pristine ZnO sheets, monolayer [(ZnO); |
(a) and bilayer [(ZnO)2 ] (b) systems.

Thousands of Atoms (SIESTA) code [15]. Local spin density
approximation (LSDA) [16] approach has been used do cal-
culate the exchange—correlation energy. The Kohn—Sham (KS)
orbitals were described by linear combinations of numerical
pseudoatomic orbitals using a split-valence double-zeta basis
set including polarization functions [17]. The electron—ion in-
teractions were calculated by using norm-conserving pseudopo-
tentials [18]. All the atomic positions were relaxed by using the
conjugated gradient scheme, within a force convergence crite-
rion of 20 meV/A. The ZnO sheets were describe within the
supercell approach, using a 6 x 6 surface unit cell with 72 and
144 atoms for the (ZnO); and (ZnO), structures, respectively.

III. RESULTS AND COMMENTS

Pristine ZnO monolayer and bilayer systems present semicon-
ducting character, as depicted in the electronic band structures
shown in Fig. 1(a) and (b), respectively. We find that the elec-
tronic band structure of (ZnO); and (ZnO), are very similar, with
energy bandgaps of 1.89 and 1.60 eV, respectively. Within the
same LSDA, for the ZnO bulk system, we obtained a bandgap
of 0.90 eV. For both systems, the highest occupied and lowest
unoccupied states mostly come from O 2p and Zn 4s orbitals,
respectively. At the equilibrium geometry, the (ZnO); exhibits
a planar structure, where the Zn and O atoms are at the same
plane with Zn—-O bond length (dz,_o) of 1.87 A. In contrast,
for (ZnO)s,, there is a slight vertical buckling of 0.07 A between
Zn and O atoms. The Zn—O bond length is stretched by 0.06
A (dz,_o =1.93 A) compared with the monolayer structure,
and the vertical distance between the ZnO monolayer is 2.22 A.
These equilibrium geometry results are in good agreement with
the recent experimental X-ray diffraction measurements [3].

We next examined the equilibrium geometry of a substi-
tutional Mn atom occupying a Zn site in the (ZnO); sheet,
Mny,,/(ZnO); . Initially, we considered symmetric relaxations
of the (three planar) Mn-O bonds in order to keep the D3,
symmetry. The planar structure has been maintained, and we
find Mn—O bond length (dy, ) of 1.91 A. In accordance with
the imposed D3, symmetry, we find two doubly degenerated
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Fig. 2. (a) Structural model, (b) electronic band structure, and (c) projected
density of states (PDOS) of the Mnyz,,, -doped (ZnO); sheet [Mnz,,/(ZnO); ]. In
(a), the atomic distances are in angstrom, and in (b), solid (black) and dashed
(red) lines represent the spin-up and spin-down electronic bands, respectively.
In (c), solid (dashed) line represents the spin-up (spin-down) PDOS of Mny,
3d orbital, and the shaded region indicates the PDOS of the ZnO host.

levels e’ (composed by 3d,,, and 3d,>_,» orbitals) and e” (3d, .
and 3d,,. orbitals) lying at 0.32 and 1.35 eV below the Fermi
level, respectively. These ¢’ and €” levels are localized within the
(ZnO); bandgap, whereas the single occupied a; level (3dz?)
is resonant within the valence band, 2.23 eV below the Fermi
level. The Mn—O bond length is slightly larger than dz, o,
and thus, the Zn—O bonds are compressed nearby Mny,,. Re-
moving the imposed symmetry constraint, there is an upward
displacement of 0.59 A of the Mny, substitutional atom, and
we obtain dyp, o equilibrium bond lengths of 1.90 and 1.92 A,
as depicted in Fig. 2(a). The calculated total energy reduces
by 60 meV. In this case, the Mnyz,,/(ZnO); structure exhibits a
C symmetry and there is an energy splitting of the occupied
¢’ and €” levels of 0.10 (al’ + al1’) and 0.06 eV (al” + al”),
respectively, as shown in Fig. 2(b). The occupied Mn 3d or-
bitals, lying within an energy interval of 3 eV below the Fermi
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Fig. 3. (a) Structural model and schematic representation of the energy levels
for (b) AFM and (c) FM states of Mn(2)y, n(2) /(ZnO); sheet. Spatial distribution,

in (au)~%/2, of the Mn 3d,2 2. 3d,, and O 2p orbitals (at the I' point).

level [see Fig. 2(c)], give rise to a net magnetization of 4.94 up
for the Mny,,/(ZnO); system. The dispersionless character of
Mny, -induced states, within the (ZnO); band structure, is in
accordance with the very localized character of those Mn 3d
orbitals. Similar flat energy bands have been verified for NN
Mny,, pairs in (ZnO); and (ZnO), sheet systems.

For the second substitutional Mny, atom in the (ZnO);
sheet, which corresponds to a Mn concentration of 2.8%,
we find that there is an energetic preference for two
Mnyz, occupying the NN Zn sites, Mn(2)7,(2)/(ZnO); [see
Fig. 3(a)]. For instance, Mny, in the next NN site (NNN),
Zn"NNin Fig. 3(a), is energetically less favorable by
0.19 eV. Comparing the total energies for the AFM and
FM coupling between the two NN Mnyz, (AErpnm-_FM),
we find that the AFM system represents the ground
state configuration by 0.21 eV (AE pMm-rym = —0.21 eV).
Whereas for Mn(2)z,,(2) in ZnO bulk, the AFM state is more sta-
ble by 0.07 eV, AE pn-_rpym = —0.07 eV. We can infer that the
increase of the superexchange splitting in Mn(2)z,,(2)/(ZnO);
comes from the quantum confinement effects of the 2-D (ZnO);

host. The energetic preference for the AFM configuration is
in accordance with the recently proposed phenomenological
band structure models for magnetic couplings in semiconductors
[12], [14]. Fig. 3(b) indicates that the superexchange interaction
between the spin-up (occupied) majority and (unoccupied) mi-
nority al states of Mn 3d orbitals, mediated by the adjacent O
2p orbitals, rules the AFM coupling in Mn(2)z,,(2)/(Zn0O);. Al-
though the AFM coupling has been strengthened in ZnO sheet
systems, due to the very localized character of the Mn 3d or-
bitals, the exchange interactions become negligible for Mny,,
atoms occupying NNN Zn sites (AFErpy-—py = —0.6 meV).

In this case, the highest occupied al’ state moves down-
ward by ~0.05 eV, while al” (3d,. and 3d,.) and al’ (3d.>)
levels suffer negligible perturbations due to the Mnz,—Mny,
interaction. We will have same picture for the spin-down or-
bitals (not shown). On the other hand, for the FM coupling [see
Fig. 3(c)], we observe that there is no net energy gain upon the
electronic exchange interactions between the occupied Mnyz,, 3d
states [19]. At the equilibrium geometry, as a consequence of the
Pauli exclusion principle, the Mnz,,—Mny,, distance (dyiy,—nn)
is slightly larger for the FM state, namely, we obtained dypy, —nin
of 3.27 and 3.30 A for the AFM and FM states, respectively. In
order to verify the role played by the ZnO host, we calculate the
exchange energy for an isolated Mn dimer, however, keeping the
Mn-Mn bond distances as the ones obtained in the (ZnO); host,
namely, 3.27 (AFM) and 3.30 A (FM). In this case, we obtained
AFErpyv-rm = —0.03 eV, indicating that indeed the presence
of (ZnO), host is quite important for the AFM coupling between
NN Mngz, atoms. Fig. 3(d) presents the spatial distribution of
the electronic wave function of the highest occupied al’ level,
composed by 3d,2_,> and 3d,, orbitals from the NN Mnz,
atoms and the adjacent O 2p orbital, supporting the superex-
change picture for the AFM coupling in the Mn(2)z,,(2)/(ZnO);
system.

Since the AFM and FM systems exhibit different equilibrium
geometries, for instance, the Mnz,—Mnyz,, distances, it is in-
teresting to somewhat separate the exchange contribution from
our total energy results. Keeping the equilibrium geometries
as those obtained for the AFM and FM systems, we perform
nonspin-polarized calculations of the Mn(2)z,(2)/(ZnO); sys-
tem, i. e., the spin coordinate is (artificially) suppressed. We
find that AFM equilibrium atomic geometry is energetically
more stable by 0.04 eV in comparison with the FM equilibrium
geometry, i.e., for Mny,,—Mny,, distance of 3.27 A (AFM geom-
etry), the strain induced in the (ZnO); lattice is lower compared
with the one for Mny,—Mny, distance of 3.30 A (FM geom-
etry). Thus, comparing with our calculated exchange energy
(AExrpv-—rm = —0.21 eV), we can estimate that the rest of
AFErpy -y, —0.17eV, comes from the (net) exchange interac-
tions between the Mn 3d levels once the spin degree of freedom
is turned on.

Fig. 4(a) presents the equilibrium atomic structure of a
single substitutional Mny, atom in the ZnO bilayer system,
Mny,,/(ZnO),. Comparing the calculated formation energies,
we find that 1) the energy cost to the formation of substitutional
Mnyz, in (ZnO), is lower by 0.13 eV when compared to Mny,,
in (ZnO);, and 2) the formation energy of Mny,,/(ZnO) is the
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Fig. 4. (a) Structural model, (b) electronic band structure, and (b) projected

density of states (PDOS) of the Mnyz,, -doped (ZnO)2 sheet [Mngz,,/(ZnO) ].
In (b), solid (black) and dashed (red) lines represent the spin-up and spin-
down electronic bands, respectively. In the PDOS diagram, solid (dashed) line
represents the spin-up (spin-down) PDOS of Mngz,, 3d orbital, and the shaded
region indicates the PDOS of the ZnO host .

same as that obtained for Mny,, in ZnO bulk. At the equilibrium
geometry, the Mnz,, atom is fourfold coordinated, with Mn—-O
bond lengths of 1.94 and 1.96 A (2.23 A) parallel (perpendicular)
to the (ZnO), surface. The C symmetry has been maintained,
where the al’ and al” levels lie within the energy bandgap
[see Fig. 4(b)]. For two Mny,, impurities, Mn(2)z,,(2)/(ZnO)2
[see Fig. 5(a)], the AFM state represents the ground state con-
figuration, AEypy -y = —0.13 eV. This is mainly ruled by
superexchange interactions between the Mny,, 3d al states [see
Fig. 5(b)]. Whereas, similar to the Mn(2)z,,(2)/(ZnO); system,
there is no energy gain for the FM state, as shown in Fig. 5(c).
The calculated single-particle KS eigenvalues allow us to get
a picture of the electronic interactions between the al levels
for the AFM system. We find that most of the energetic stability
of the AFM state comes from the repulsive interactions between
the occupied and the unoccupied al’ levels composed by Mny,,
3d,, and 3d,>_,» orbitals.

Turning off the spin coordinate, however, keeping the equi-
librium geometries obtained for the AFM and FM struc-
tures, we find that the latter system (Mn—Mn distance of 3.22
A) is energetically more stable by 0.07 eV when compared
with the one with Mn—Mn distance of 3.18 A (AFM geom-
etry). Thus, the superexchange interaction should overcome
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Fig. 5. (a) Structural model and schematic representation of the energy levels
for (b) AFM and (c) FM states of Mn(2)z,, (2)/(ZnO); sheet.

this total energy difference (of 0.07 eV) in order to stabi-
lize the AFM state on Mn(2)z,(2)/(ZnO),. In this case, we
can roughly estimate an electronic contribution of 0.20 eV for
the superexchange splitting that stabilizes the AFM state in
Mn(2)7,,(2)/(Zn0O)s, which is quite comparable with the one
obtained in the Mn(2)7,,(2)/(Zn0O); system, 0.17 V.

The electronic levels depicted in Figs. 3 and 5 suggest that it is
possible to get FM Mn(2)z,,(2)/(Zn0O); and Mn(2)z,,(2)/(Zn0O),
structures through ionization processes. In those systems, the
AFM and FM states are ruled by the energy coupling between
the Mny,, 3d orbitals, which can be measured by the superex-
change (A(li’dQ) and direct-exchange (A<11d) parameters [14], [20].
In particular, for Mn(2)z,(2)/(Zn0); and Mn(2)7,,(2)/(ZnO)s,
A(IMQ represents the repulsive interaction between the majority
and minority spin states, where the occupied (majority) and un-
occupied (minority) states are separated by an exchange splitting
(€4q) of ~3.0 eV (for the 3d,, and 3d,>_,> orbitals) and ~3.4
eV (for the 3d,.., 3d,., and 3d.. orbitals). Acll 4 represents the
energy splitting between the occupied majority spin states and
between the unoccupied minority spin states. Since in A}, we
have no exchange splitting between the coupled states, £4q = 0,
it is expected that AL, > AL7 [14].

From Figs. 3 and 5, we verify that to create a hole, we
have to remove a single electron from the highest occupied
al’ level. This hole can be supplied by a p-type doping or
even photoionization processes. Within our supercell approach,
by removing a single electron, we will have a hole concen-
tration of around 10'* cm?. In this case, compared with the
neutral systems, the energy gain for the AFM state will be
reduced by A(ll’d?, while we will have a net energy gain of
Al for the FM state. Indeed, our total energy results indicate
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that Mn(2)z,,(2)/(Zn0O); and Mn(2)z,(2)/(ZnO), become FM
by adding a hole. We find AF s py—py = 40.16 and +0.31 eV
for the Mn(2)z,,(2)/(Zn0O); and Mn(2)7,,(2)/(ZnO) systems, re-
spectively. Since for the FM states we are removing an electron
from the antibonding Mny,, 3d orbital, there is a slight reduction
on the Mn—Mn distance compared with the neutral systems, viz.,
3.30—3.29 A and 3.22—3.19 A for FM Mn(2),,(2)/(ZnO);
and Mn(2)z,,(2)/(Zn0O); structures, respectively. In contrast,
the AFM state has been maintained by adding an electron
(n-type doping). In this case, the superexchange splittings are
almost the same as the ones obtained for the neutral systems,
namely, for the negatively charged (neutral) systems, we find
AFEarv-rm =—0.22(—0.21) and —0.16 eV (—0.13 eV). This
is in accordance with the energy position of the KS eigenvalues
obtained within our LSDA calculations. The lowest unoccupied
Mny,, 3d orbitals are resonant within the conduction band, ly-
ingat0.9 [Mn(2)z,(2)/(ZnO); ] and 2.1 eV [Mn(2)z,(2)/(Zn0O): ]
above the conduction band. Thus, most of the additional elec-
tron will be delocalized within the conduction band of the ZnO
host.

It is worth to address here a comment regarding the underes-
timation of the calculated energy band gaps, as compared with
experimental ones, and its consequence on the results presented
in this paper. Its well known that the energy gaps are under-
estimated within the standard DFT-local density approximation
(LDA) approach. However, we recently showed that this reduc-
tion of the calculated energy gaps for Co-doped confined sys-
tems, like ZnO sheets, does not lead to wrong occupancy [23].
Indeed, there are several theoretical studies addressing the im-
portance of an accurate description of the energy gap in FM ver-
sus AFM coupling in Co-doped ZnO bulk [20]-[22], and more
recently, a general analysis has been presented for DMS, show-
ing when the theory fails due to false occupancy [24]. In low-
dimensional ZnO sheets, the energy bandgap increases in com-
parison with the bulk system. In particular, the magnetic prop-
erties of Co-doped ZnO monolayer systems are well described
through standard DFT-LDA approach [23]. Here, the AFM con-
figuration for the neutral, and the FM configuration for the
positively charged Mn(2)7,,(2)/(ZnO); and Mn(2)z,,(2)/(Zn0);
systems will not change upon an accurate description of the en-
ergy bandgap. Whereas for the negatively charged system, we
may face a different picture if the empty Mn 3d states were
placed inside the bandgap, viz., the Mn(2)z,(2)/(ZnO), and
Mn(2)7,,(2)/(Zn0O), systems will also become FM by adding
electrons.

IV. SUMMARY

In summary, we have examined in detail the electronic and
magnetic properties of Mn-doped 2-D structures of ZnO. Simi-
larly to the ZnO bulk, at the ground state, the NN Mny,, impuri-
ties embedded in planar (ZnO); and (ZnO), sheets also present
AFM couplings. However, due to the 2-D quantum confinement
effects, the energetic preference for the AFM state has been
strengthened in those ZnO planar hosts. Based upon our total
energy results, we find AFE gy py of —0.21 and —0.13 eV
for Mn(2)7,(2)/(ZnO); and Mn(2)z,(2)/(ZnO)s  systems,

respectively. Further electronic band structure calculations indi-
cate that the AFM state can be tuned to FM state by adding
holes (through p-type doping or photoionization processes).
Indeed, for the positively charged Mn(2)z,(2)/(Zn0O); and
Mn(2)z,,(2)/(Zn0)y systems, we find AExpy-ry = +0.16
and 431 eV, respectively. These results allow us to infer that the
FM state should be stable even at high temperature, particularly
for Mn(2)7,,(2)/(ZnO)s. In contrast, the AFM state has been kept
for the negatively charged systems. In this case, our calculated
electronic band structure indicates that the additional electron
will spread out in the conduction band of the ZnO host.
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