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Piezomagnetic behavior of Co-doped ZnO nanoribbons
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Using ab initio total energy calculations, we show that bilayer systems of ZnO nanoribbons, (ZnO),NR, doped
with Co atoms exhibit a piezomagnetic behavior. We find the formation of energetically stable zigzag chains of Co
atoms along the edge sites of (ZnO),NR’S, Cozuchain)-(Zn0O),NR. At the ground state, the antiferromagnetic and
the ferromagnetic states are very close in energy, whereas upon longitudinal stretch, parallel to the nanoribbon
growth direction, it becomes ferromagnetic. Further electronic structure calculations indicate that not only the
magnetic state but also the electronic structure of Cozy(chain)-(ZnO),NR can be tuned by the mechanical stretch.
In this case, we find that stretched NR’s exhibit dispersive unpaired electronic states within the (ZnO),NR band

gap.
DOI: 10.1103/PhysRevB.84.155309

I. INTRODUCTION

Among the currently investigated semiconductor materials,
zinc oxide (ZnO) can be considered to be one of the most
studied. It is a quite malleable material, in the sense that
different types of nanostructures can be synthesized by using
Zn0,' viz., ZnO nanowires,> nanobelts,>* planar sheets of
ZnO,> and “exotic ZnO nanoribbons.”®’ Such a degree of
freedom is important, since we can tailor the electronic and
the magnetic properties of ZnO nanostructures by controlling
their geometrical characteristics in a suitable way. For instance,
(1) the piezoelectric properties of ZnO nanowires allow us to
convert mechanical energy to electric energy,® and (ii) there
are experimental evidences of ferromagnetism in Mn-doped
ZnO nanoparticles and thin films °.

Room-temperature ferromagnetism in ZnO bulk doped
with transition metals has been verified by several experi-
mental groups,'®!" however different explanations have been
proposed.'?~!# For instance, in Ref. 14, the authors claim that
the ferromagnetism in Co-doped ZnO is ruled by the presence
of intrinsic defects (oxygen vacancies). On the other hand,
there is experimental evidence of ferromagnetism in Co-doped
ZnO nanostructures such as nanoparticles'> and nanowires. !¢
In those cases, the experimental results suggest that there is no
need for the presence of intrinsic defects (like vacancies) in the
Co-doped ZnO nanostructures. We may infer that the topology
of the nanostructure plays an important role in the magnetic
behavior of the Co-doped ZnO systems.!” Indeed, recent
theoretical investigations indicate that Co-doped single-layer
ZnO sheets present a ferromagnetic coupling, while increasing
the number of ZnO sheets (e.g., bilayered systems) causes such
ferromagnetic coupling to be suppressed.'®

As in graphene nanoribbons (NR’s), the experimental
realization of ZnO planar sheets’ somewhat motivated a
number of theoretical studies addressing the energetic sta-
bility and electronic properties,'>?° as well as experimental
investigations based on scanning tunneling microscopy images
and electronic characterizations’?! of ZnO NR’s. It is worth
noting that planar structures for a few layers of ZnO were
already predicted by Freeman et al.,”*> based upon ab initio
total energy calculations. Nanoribbons can be considered to be
a quasi-one-dimensional system, since the electronic states are
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confined perpendicularly to the ribbon growth direction (where
the electronic confinement can be controlled by the width of
the ribbon). Similar to surface states in bulk systems, we have
to take into account their counterpart edge states in ribbon
systems. For instance, magnetic properties have been predicted
along the zigzag edges of graphene NR’s,?* and through the
doping process (at the edge sites) we may have spin-polarized
electron current along the NR’s.>* Magnetic behavior has also
been proposed for zigzag ZnO NR’s composed of a monolayer
or a trilayer of ZnO. In contrast, such magnetic properties have
been suppressed in bilayered ZnO NR’s.?” In addition, recent
theoretical studies in single-layer zigzag ZnO NR’s indicate
that (i) edge passivated nanoribbons exhibit a half-metallic
behavior,”® and (ii) the magnetism along the edge sites can
be tuned by application of an external electric field.”® Those
findings are important to the development of new nanodevices
based on ZnO.

Motivated by the aforementioned findings, in this paper we
investigate bilayer systems of zigzag NRs, (ZnO),NR’s, doped
with Co atoms. We find that zigzag (ZnO),NR represents an
energetically stable configuration, when compared with single-
layer ZnO nanostructures (sheet or ribbons). The formation
of Co chains along the edge sites of the (ZnO),NR has
been examined, where we find a piezomagnetic behavior.
The magnetic state of such Co-doped (ZnO),NR can be
tuned by applying a mechanical stretch along the NR growth
direction. Further electronic structure investigations reveal
the formation of unpaired electronic states, within the NR
band gap, localized along the edge Co atoms of the stretched
COZn(Chain)'(ZnO)ZNR’S-

II. COMPUTATIONAL DETAILS

Our calculations were performed within the density func-
tional theory (DFT) as implemented in the SIESTA code.?’ The
local spin density approximation (LSDA)?® approach has been
used to calculate 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.?” The electron-
ion interactions were calculated by using norm-conserving
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pseudopotentials.®® All the atomic positions were relaxed
by using the conjugated gradient scheme, within a force
convergence criterion of 10 meV/A. The double-layer zigzag
ZnO nanoribbon systems, (ZnO),NR’s, have been simu-
lated within the supercell approach. We have considered a
140 atom/supercell, where the nanoribbon structure is periodic
along the growth direction ([0100] or z direction). Here, it is
worth noting that the zigzag edges of the (ZnO),NR’s corre-
spond to the energetically stable (1010) nonpolar surface of
wurtzite ZnO nanowire growth along the [0001] direction.?'~3
As depicted in Fig. 1(a), we piled up five ZnO periodic units
[shaded region in Fig. 1(a)] along the growth direction. In
order to avoid interactions between the (ZnO),NR system and
its image, due to the periodic boundary conditions, vacuum
regions of ~15 A (x direction) and ~10 A (y direction) have
been included, and the interaction between the opposite edges

FIG. 1. (Color online) Structural model of (ZnO),NR: (a) top
view and (b) side view. (c) Side view for a single Coz, atom occupying
an edge (E) site, and (d) substitutional Coz, atoms forming an E-
SE chain structure. (e) Cogz, chain structure stretched along the NR
growth direction, z. Filled red and gray circles represent the Co and
Zn atoms, respectively, and empty (small) circles represent the O
atoms.
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of the (ZnO),NR’s has been minimized by considering a NR
width of 18 A (x direction).

To check the validity of our results, with respect to the
strong Coulombic repulsive interactions between the localized
3d orbitals (of Zn and Co atoms), we have performed addi-
tional DFT 4 U calculations as implemented in the Vienna Ab
initio Simulation Package (VASP).3® We choose Us; = 5 and
2 eV for the Zn and Co 34 states, as proposed in Ref. 12 and
applied for Co-doped ZnO. Here the electron-ion interactions
were described through a fully relativistic pseudopotential
within the projector augmented wave method (PAW),*” and
the KS orbitals were described by using a plane-wave basis set
with an energy cutoff of 400 Ry.

We examine the relative energetic stability of (ZnO),NR,
with respect to the other structural phases of ZnO, by
comparing their formation energies (£2). The formation energy
difference (A€2) can be written as

AQ = Q[(Zn0),NR] — Q[ZnOX],

where Q[(ZnO),NR] and 2[ZnOX] represent the formation
energies of the (ZnO);NR and a given structural phase X
of ZnO, respectively. While the formation energy of neutral
Cogz,-doped (ZnO),;NR is defined as

Q[Coz,] = E[Cozy — (ZnO);NR] — E[(ZnO),;NR]
—NznMzn + NcollCos

E[Coz, — (ZnO),NR] and E[(ZnO),NR] represent the calcu-
lated total energies of Coz,-doped and pristine (ZnO),NR’s,
respectively. nz, (nc,) indicates the number of Zn (Co) atoms
removed (added) from (to) (ZnO),NR, and wuz, (uco) is its
chemical potential.

III. RESULTS AND COMMENTS

Double-layer ZnO nanoribbon is a quite stable phase when
compared with their counterpart monolayer systems, viz.,
ribbons and sheets. Indeed, we find that the (ZnO),NR is
energetically more stable than single-layer ZnO nanoribbons
by 1.623 eV per nanoribbon length, AQ = 1.623 eV/A. In
this case, the energetic preference of (ZnO),NR’s comes from
the suppression of the dangling bonds present along the edge
sites of a single-layer ZnO NR. In (ZnO),NR’s, the edge Zn
and O atoms are threefold coordinated due to the presence of
underneath O and Zn (edge) atoms; see Figs. 1(a) and 1(b).
At the equilibrium geometry, the inner sites of (ZnO),NR
exhibit a quasiplanar (nonpolar) structure, where the Zn and O
atoms present a height difference (1) smaller than 0.07 A, in
agreement with the experimental results, u = 0.12 £ 0.10 A,
for depolarized planar bilayer sheets of ZnO.’ In contrast, near
the edge sites of the NR, we find u between 0.30 and 0.76 A,
which is due to the formation of (edge) Zn-O bonds. On the
other hand, different from the (single-layer) ribbon systems,
there are no dangling bonds in two-dimensional monolayer
sheets of ZnO, however we find AQ = 0.544 eV/A. That
is, (ZnO),NR’s are energetically more stable than single-
layer ZnO sheets. In spite of its energetic stability, unfortu-
nately, (ZnO),NR does not present the magnetic properties
predicted for monolayer and trilayer systems of zigzag
ZnO NRs.2025:26
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(ZnO),NR exhibits a semiconducting character. We ob-
tained an energy band gap of 1.7 eV, being slightly larger
than the one obtained for two-dimensional ZnO bilayer sheets.
This is due to the electronic confinement perpendicular to the
ribbon growth direction. By including the on-site Coulombic
interaction (Us, for Zn), we obtained an energy band gap of
2.02 eV for the (ZnO),;NR system.*® The magnetic properties
in ZnO structures can be tailored through suitable doping pro-
cesses. Indeed, previous theoretical investigations indicate that
substitutional Coz, atoms present a ferromagnetic coupling in
monolayer ZnO sheets, while it becomes antiferromagnetic in
double-layered ZnO sheets.'® We next examine the energetic
and magnetic properties of Coz, atoms in (ZnO);NR’s.

Initially, we perform a total energy search for the most likely
configuration for a substitutional Coz, atom in (ZnO),NR.
We have considered Co atoms occupying the Zn sites as
depicted in Figs. 1(a)-1(c). We find that Coz, at the edge site
(E), Cozn) configuration, is energetically more favorable by
0.587 and 0.063 eV when compared with Coz, occupying the
central (C) and subedge (SE) sites, respectively. The latter total
energy difference indicates that Cozn(sg) is also a quite likely
configuration. The semiconducting character of (ZnO),NR’s
has been maintained, with an energy gap of 1.7 eV. Indeed,
the valence-band maximum (VBM) and the conduction-band
minimum (CBM) are weakly perturbed due to the presence of
Coyz, impurities. Figure 2 presents the total density of states
(DOS) of CozyE)-doped (ZnO),NR, and the projected density
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FIG. 2. (Color online) Total density of states (solid lines),
projected density of states (dashed lines), and the respective energy
levels of Co 3d for the Cozg)-doped (ZnO),NR. We have considered
a Gaussian (broadening) width of 0.2 eV for the DOS and PDOS
diagrams.
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of states (PDOS) of Cozyg) 3d orbitals. The occupied majority
(spin-up) Co 3d orbitals are localized within an energy interval
of 1-2 eV below the Fermi level (Ef), where the two highest
occupied spin-up states lie at the band gap of (ZnO),NR, while
the occupied minority (spin-down) Co 3d states are localized
within £ — 1 eV. We find a net magnetic moment of 3.0u 3,
mostly ruled by the Co 3d orbitals, for a single Coz, at the
edge site of (ZnO),NR. The highest occupied and the lowest
unoccupied minority (spin-down) states of Co 3d are also
localized within the (ZnO),NR band gap. As we verified above,
by including the repulsive interaction between the Zn 3d
electrons (DFT + U calculations), the band gap of (ZnO),NR
increases to 2.02 eV. Similarly, by including Us; =2 eV
(5 eV) for the Co (Zn) 3d orbitals, we find that the lowest
unoccupied (spin-down) state moves upward with respect to
the Fermi level, becoming resonant within the conduction band
of the (ZnO),NR host, around CBM + 0.5 eV. In contrast, the
energy positions, with respect to the Fermi level, of the highest
occupied spin-down Co 3d orbitals are almost the same when
compared with the LSDA results. Here we find a net magneti-
zation of 2.9 p, and thus further support for our LSDA results
for the Cogz,-doped (ZnO),NR. It is worth pointing out that,
due to the electronic confinement in NR systems, the highest
occupied Co 3d (impurity) orbital does not lie within the
conduction band of (ZnO),NR, thus we do not face the “false
occupation” problem verified in DFT-GGA/LDA calculations
for 3d impurities embedded in ZnO bulk systems.!'?'43
Additional calculations indicate that Cozn(sg) exhibits a similar
electronic structure when compared with Cozyg) in (ZnO),NR.
For instance, the energy positions of the Co 3d orbitals are
practically the same for Cozyr) and Cozysg)-

The Coz,-doped (ZnO),NR, with the Coyz, at the E or
SE sites, belongs to the C; point group. In this case, the
Co 3d orbital splits in nondegenerated a’ and a” states, as
depicted in Fig. 2. Based upon the phenomenological band-
structure model proposed by Dalpian et al.,*’ we examine the
energy gain for the ferromagnetic (FM) and antiferromagnetic
(AFM) configurations in Coz,-doped (ZnO),NR’s. Within this
approach, we considered only the electronic coupling between
Co 3d orbitals. For the FM system, there is no energy gain due
to the electronic interaction between the occupied majority
states. In contrast, the electronic interactions between the
occupied and unoccupied minority states give rise to a net
energy gain. Meanwhile, for the AFM system the energy gain
is ruled by electronic interactions between the majority and
minority 3d states. Both systems (FM and AFM) present a
net energy gain, however the energy gain of the FM system
is expected to be larger when compared with that of the AFM
system. As indicated in Fig. 2, the energy gain of the AFM
system comes from electronic interactions between majority
(occupied) and minority (unoccupied) states distant in energy
by more than 1 eV, whereas for the FM system, the energy gain
comes from electronic interactions between minority occupied
and unoccupied states distant in energy by less than 0.2 eV.

Indeed, placing two Cogz, in (ZnO);NR, we find an
energetic preference for the FM configuration. Based upon
total energy results, we examine two plausible geometries for
the substitutional Coy, atoms. We find that one Coy, at the
E site and another at the nearest-neighbor SE site, Cozn()-
Cozn(sg), represents the most likely configurations, followed by
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the Cozn(k)-Cozn) configuration (two Coz, atoms occupying
nearest-neighbor E sites). We verify that the FM state is
more stable than the AFM state by 0.370 and 0.071 eV for
Cozne)-Cozns) and Cozyg)-Coznr) structures, respectively.
At the equilibrium geometry, the Co-Co bond distance, for
COZn(E)'COZn(SE) in (ZHO)zNR, is 2.37 and 2.39 A for the FM
and AFM states, respectively.

By increasing the presence of substitutional Co atoms,
we find the formation of energetically stable zigzag chain
of Cogz, atoms lying on the E and SE sites of (ZnO),NR,
Cozn(chain)-(ZnO),NR, depicted in Fig. 1(d). Comparing the
formation energies of Coz, (2[Coz,] in Sec. II) forming a
Cozn)-Cozn() isolated pair, and Coz, forming a Cozn(chain)
structure along the edge sites of (ZnO),NR, we find that the
latter is energetically more favorable by 0.29 eV /Co atom.
However, the energetic preference for the FM state is some-
what suppressed in Cozn(chain)-(Zn0O);NR. In fact, we find an
energetic preference for the AFM configuration by 0.052 eV,
AExpm—rm = —0.052 eV. On the other hand, due to the high
concentration of Coz, atoms along edge sites of the ribbon,
the (periodic) length of Coyzn(chain)-(ZnO),NR (/) increases
by 2.5% in comparison with that of pristine (ZnO),NR (/).
That is, at the ground state, //ly = 1.025 for the Cozn(chain)-
(ZnO),NR system. In this case, the (slight) energetic prefer-
ence for the AFM state has been maintained, A EaApv—pm =
—0.013 eV; see Figs. 3(a) and 3(b). In contrast, for//ly = 1.05,
the FM configuration becomes energetically more favorable,
AEarv—rm = 0.026 eV. The energetic preference for the
FM configuration is strengthened upon further stretch of the
Cozn(chain)-(ZnO);NR structure. For //ly = 1.10 and 1.125,
we obtained AEapv—pm = 0.064 and 0.119 eV, and a net
magnetization of 6.0 5. Thus, we can infer that the magnetic
state of (ZnO),NR, decorated with a Coy, chain attached
along the E and SE sites, can be tuned through a mechanical
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FIG. 3. (Color online) (a) Total energies difference between the
AFM and FM states, AExpv—rv = Earm — Erum, as a function of
the longitudinal stretch (I/ly) along the z direction. Total energy as a
function of [/l (b) DFT, and (c) DFT + U calculations.
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strain along the NR growth direction. Cozg(chain)-(ZnO),NR
structures exhibit a piezomagnetic behavior. We next check
the validity of the proposed piezomagnetic behavior through
additional calculations of AEarm—rM, as a function of the
longitudinal stretch, within the DFT + U approach described
in Sec. II. In this case, (i) the ground-state configuration
occurs for [/ly = 1.025, with AEapm—pm = 0, Fig. 3(c).
(i) The AFM state becomes energetically more favorable
for compressed systems, namely, for [/l = 0.975 and 0.95,
we find AEaspm-pm = —0.007 and —0.037 eV, respectively.
(iii) Stretching the Cozn(chain)-(Zn0O),NR, we find that
the FM state becomes energetically more favorable, with
AEapv—rm = 0.05 and 0.12 eV for [ /Iy = 1.05 and 1.10, re-
spectively, with a net magnetization of 5.8 4  for both systems,
in agreement with the LSDA calculation. Those results indicate
that the piezomagnetic behavior of Cozp(chain)-(ZnO),NR’s has
been maintained upon the inclusion of Coulombic repulsive
interactions between 3d electrons of Zn and Co atoms.

The magnetic properties of Cozn(chain)-(ZnO),NR are ruled
by Coz, 3d orbitals. In Fig. 4, we present our DFT + U
results for the electronic structure calculations.*! For the
AFM Cozn(chain)-(Zn0O),NR, with [ /[y = 1.025, the electronic
distribution of Co 3d orbitals is practically the same for
both spin-up and -down channels, and the system presents
a semiconducting character, with an energy gap of 1.2 eV;
see Fig. 4(a). For the FM system (I/ly = 1.10), Figs. 4(b) and
4(c), the number of occupied spin-down orbitals is reduced,
mainly within the valence band of the Cozn(chain)-(ZnO),NR
[Fig. 4(b)], where we find a net magnetic moment of 5.8,
localized along the Cogz, chain. In addition, along the Cozn(chain)
structure the electronic interactions among the Coy, atoms
increase, giving rise to dispersive (spin-down) electronic states
within the (ZnO),NR band gap, see Fig. 4(c), while the highest
occupied spin-up states are localized within the valence band of
the Co-doped (ZnO),NR. Similar electronic band structure has
been verified for the [ /[y = 1.125 FM system. In this case, we
can infer a spin-polarized current along the stretched systems
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FIG. 4. (Color online) DFT + U results for (a) electronic band
structure for the AFM Cozu(chain)-(ZnO),NR, with [/ly = 1.025.
(b) Projected electronic density of states of the stretched Cozu(chain)-
(ZnO),NR systems, FM state with [/l = 1.10, shaded regions
indicate the total density of states, and solid (dashed) lines indicate
the spin-up (-down) Co 3d projected density of states. (c) Electronic
band structure along the I' X direction (i.e., parallel to the NR growth
direction) for the FM state with [/, = 1.10.
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mediated by a p-type doping. Thus, not only the magnetization
but also the electronic band structure can be tuned by stretching
the Cozn(chain)-(Zn0O),NR system.

IV. CONCLUSIONS

In conclusion, we show that Cogz,-doped (ZnO),NR’s
exhibit a piezomagnetic behavior. The magnetic state of
C0zn(chain)-(Zn0O);NR can be tuned by applying a mechanical
stretch along the nanoribbon growth direction. Initially, we
find that there is an energetic preference for Coz, occupying
the edge sites of (ZnO),NR’s, giving rise to Coz, dimers.
Those Coz, dimers exhibit a FM ground-state configuration.
However, such an FM state is suppressed upon the increase of
Coyz, concentration. We find the formation of energetically
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stable zigzag chains of Cogz, atoms along the edge sites
of (ZnO),NR’s, Cozn(chain)-(ZnO),NR. In this case, the FM
and AFM states along the Cogzn(chain) Structure are very
close in energy. Further total energy investigations reveal
that the magnetic and the electronic properties of Cozn(chain)-
(ZnO);NR structures can be tuned by applying a mechanical
stretch along the (ZnO),NR growth direction. In this case, the
Cozn(chain)-(ZnO),NR system becomes FM upon a longitudinal
stretch.
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for the FM Co-doped ZnO nanoribbon, however, by inclusion of the
Hubbard U for the Zn and Co 3d orbitals, DFT + U calculations, we
verify that those partially occupied metallic states are suppressed.
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