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ABSTRACT: The novel electronic and magnetic properties of
BeO nanoribbons (BeO NRs) as well as their stability are in-
vestigated through extensive density functional theory calcula-
tions. Different from semiconducting graphene nanoribbons
and insulating BN ribbons, all zigzag edged BeO NRs are
revealed to display ferromagnetic and metallic natures indepen-
dent of the ribbon width and edge passivation. The polarized
electron spins in H-passivated zigzag BeO NRs are from the un-
paired electrons around the weakly formed Be—H bonds, while
those of bare zigzag BeO NRs are due to the 2p states of edge O

atoms. In sharp contrast, all armchair BeO NRs are nonmagnetic insulators regardless of the edge passivation. In particular, all bare
armchair BeO NRs have a nearly constant band gap due to a peculiar edge localization effect. Interestingly, the band gaps of all
armchair BeO NRs can be markedly reduced by an applied transverse electric field and even completely closed at a critical field. The
critical electric field required for gap closing decreases with increasing ribbon width, thus the results have practical importance.
Further stability analysis shows that bare BeO NRs are more stable than H-passivated BeO NRs of similar ribbon widths and bare
armchair BeO NRs are energetically the most favorable among all the nanoribbons.
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1. INTRODUCTION

Since the discovery of carbon nanotubes (CNTs)," low-di-
mensional nanostructures such as nanotubes, nanowires, nano-
ribbons, and nanosheets have been intensively studied in an effort
to understand their novel structural and electronic properties and
to explore their potential applications for a wide range of novel
devices. In particular, graphene, a two-dimensional (2D) honey-
comb structure of carbon, has been the new star of condensed
matter physics.” Because of its unique symmetry and single-atom
thickness, electron and hole bands of graphene show linear cross-
ing at the Fermi level,® resulting in a massless Dirac fermionlike
behavior of charge carriers. With this band feature, versatile prop-
erties such as the Klein paradox,*® the anomalous quantum Hall
effect,” and high mobility even at room temperature appear in
graphene, which open exciting prospect of finding applications in
high-performance electronic devices. Besides 2D graphene, its
quasi-one-dimensional (1D) graphene nanoribbons (GNRs) have
also undergone a flurry of research interest since they possess
more ample electronic and magnetic properties.® > Most notably,
GNRs with zigzag edges are predicted to be antiferromagnetic
(AFM) semiconductors,” where the polarized electron spins are
ferromagnetically aligned along the ribbon edges and antiferro-
magnetically coupled between the two opposite edges. Such an
amazing spin ordering can give rise to many unusual properties
such as half metallicity,10 giant magnetoresistance effect,’’ and
magnetoelectric effect'” with promising applications. These stud-
ies on graphene-based materials have sparked considerable re-
searches into other hexagonal materials of monatomic layer in
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thickness, such as BN,'*"* SiC,>° Zn0,*! GaN,** MoS,,** and
their corresponding nanoribbons and nanosheets. These mono-
layer compound materials are even more interesting in their exotic
electronic characters and widely variable electronic properties ac-
cording to the atomic stoichiometry at their edges. However, a
great research interest is still going on predicting new monatomic-
layer crystals and their derivatives.

As an exceptional member of the series of alkaline-earth
oxides, beryllium oxide (BeO) is the only material crystallizing
in the wurtzite lattice rather than in the cubic sodium chloride
structure. This can be attributed to a significant covalent com-
ponent in the primarily ionic Be—O bond, as revealed by
Compton  scattering measurements.”* This distinct bonding
feature in BeO gives rise to fascinating mechanical and physical
properties, such as high hardness, melting point and thermal con-
ductivity as well as large elastic constants. Because of its large ex-
perimental band gap up to 10.7 eV, BeO has been widely used in
current industrial instruments, including refractory material in
metallurgy and protective coatings, heat-removing insulators and
areflector for neutrons and neutron filters. Moreover, BeO is also
often used in laser engineering, ionizing radiation dosimetry, micro-
wave radio-engineering devices, and a variety of nanodevices.*> >’
Considering these powerful applications, a number of studies have
been devoted to exploring new possible structural phases for BeO.
It is found that high-pressure and high-temperature conditions can
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Figure 1. (a) Atomic and (b) band structures of a monolayer h-BeO sheet. (c) Charge density contours of the VBM and CBM states of the BeO sheet.
The rhombus represents a unit cell of BeO sheet. The lime balls denote oxygen atoms, and the navy blue balls represent beryllium atoms.

transform BeO into insulating rocksalt* and tetragonal B-beryllia®"
structures, respectively. In particular, Continenza et al.*> predicted
theoretically the existence of the hexagonal BeO compound (h-BeO
or BeO sheet) in which the beryllium and oxygen atoms are bonded
together by sp” hybridized bonds, as do the other members of the
isoelectronic series of the first-row elements (e.g, graphite and
hexagonal BN). Tjchanot et al.** studied the relative stability of the
dense wurtzite and hexagonal phases of BeO along the transforma-
tion pathway from the wurtzite to the hexagonal phase, showing that
h-BeO is less stable with respect to the wurtzite phase. Sorokin
et al.”” made a systematic study on the binding energies of the BeO
structures with different morphologies, including BeO molecules,
wurtzite-type structures, monolayer hexagonal sheets, and nano-
tubes. They show that the layered phase of BeO is energetically likely
to exist in free space. Following these studies, the structures of
pristine BeO nanotubes (BeO NTs) were recently predicted, with
their structural, elastic, and electronic properties being comprehen-
sively studied.”*® The results show that the BeO NTs are wide-
band-gap compounds and their band gaps are insensitive to helicity,
which are somewhat different from SiC and BN NTs.%’ In addition,
it is also revealed that the structural and elastic properties of BeO
NTs are largely independent of NT helicity” and their Young’s
modulus are comparable to that of the CNTs.*® Because of these
excellent mechanical properties, Gorbunova et al.>* have attempted
to explore the electronic properties and magnetism in BeO NTs
induced by nonmagnetic sp impurities (i.e, boron, carbon, and
nitrogen) as well as by vacancy defects. This study shows a possibility
for doped and defective BeO NTs to be used in spintronic devices.
Even so, the monolayer BeO sheet has received little research
attention. Especially, motivated by the novel physical phenomena
from the edge of graphene, a question arises naturally as to what

would happen at the edges of monolayer h-BeO. In view of the
large difference between the electron negativities of Be and O,
the edge states of the BeO sheet should be significantly different
from those of graphene and other compound monolayer. In this
regard, BeO nanoribbons (BeO NRs) with different edge
shapes and passivations are worthy of particular investigations,
which is of high relevance to practical applications since
fabricating nanoribbons from the seamless nanotubes and 2D
sheets is well within the reach of current exgerimental techni-
ques, as it has been done for yielding GNRs.”® However, to the
best of our knowledge, the structural, electronic, and magnetic
properties of BeO NRs remain unexplored, despite so much
attention paid to BeO NTs.>*3*

In this study, we perform a systematical first-principles in-
vestigation on the structural stability, electronic, and magnetic
properties of the 2D BeO sheet and 1D BeO NRs. It is found that
the BeO NRs exhibit many unique electronic and magnetic
properties remarkably different from those of GNRs and BN
NRs. All the zigzag BeO nanoribbons (Z-BeO NRs) exhibit
ferromagnetic and metallic behaviors, which are robust to the
edge passivation. Quite differently, all the bare and H-passivated
armchair BeO nanoribbons (A-BeO NRs) are always nonmag-
netic insulator, showing different width dependence of band gap
for nanoribbons with and without edge passivation. A remarkable
feature for all the insulating A-BeO NRs is that their band gaps
can be markedly reduced by a transverse electric field and even
completely closed when the electric field is over a critical value.
All these NRs are thermodynamically stable, and the bare A-BeO
NRs are distinctly more stable over other types of BeO NRs. Our
results suggest that BeO NRs can be new candidates for future
nanoelectronics and spintronics applications.
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Figure 2. (a) Atomic structure with primitive unit cell delineated and (b) band structure of H-passivated 12-A-BeO NR. The longitudinal direction is the
infinitely extended direction. The Fermi level is set to zero. (c) Variation in band gaps of H-passivated N,-A-BeO NRs (black line) and bare N,-A-BeO NRs
(red curve) as a function of width. (d) Charge densities of selected specific states of H-passivated 12-A-BeO NR. The positive direction of E., is denoted
by a big arrow in Figure 2a for subsequent discussions. The navy blue, lime, and red balls denote beryllium, oxygen and hydrogen atoms, respectively.

2. COMPUTATIONAL METHOD

The calculations are performed within the framework of density-
functional theory as implemented in the Vienna ab initio simulation
package (VASP).*® Core and valence electrons are described using the
ultrasoft pseudopotentials.”” Electron exchange and correlation is
treated using the local (spin) density approximation (LSDA). Test cal-
culations using the generalized gradient approximation (GGA) give
almost the same results. A kinetic-energy cutoff of 494.6 eV is used in the
plane-wave expansion. The conjugate gradient method is used to opti-
mize the geometry and all the atoms in the unit cell are fully relaxed until
the force on each atom is less than 0.01 eV/A. Electronic minimization was
performed with a tolerance of 107 eV. For all BeO NRs, the Brillouin-zone
integration is sampled by up to 20 Monkhorst-Pack special k points for
atomic structure relaxation and a total of 50 k points for electronic-
structure calculation. A 12X 12X 1 Monkhorst-Pack k-points grid is used
for the BeO sheet. A one-dimensional periodic boundary condition is ap-
plied along the ribbon edge. Both of the distances between edges and
between planes of two adjacent ribbons are at least 10 A, which is large
enough to eliminate the effect of direct ribbon—ribbon interaction. The
external electric field is introduced by the planar dipole layer method as
implemented in VASP.*®

3. RESULTS AND DISCUSSION

3.1. Electronic Properties of 2D Hexagonal BeO sheet. We
first examine the structure of 2D h-BeO sheet, as shown in

Figure 1. The optimized Be—O bond length is 1.525 A, which is
in agreement with previous calculations.” The computed bind-
ing energy of the BeO sheet is 6.846 eV/atom, lower than the
7.07 eV/atom of wurtzite BeO. The electronic band structure of
BeO sheet is shown in Figure 1b. We can find that the h-BeO
sheet is a large-gap semiconductor with an indirect band gap of
5.45 eV, which is well consistent with the gap value of previous
DFT results.””**** Here, we should state that the common
DFT calculation underestimates the energy gap. An accurate
first-principles calculation of band gaps requires a quasiparticle
approach (GW); however, the basic physics discovered here
should not be changed. It is found that the conduction band
minimum (CBM) of h-BeO sheet is located at I point, while the
valence band maximum (VBM) lies at vertice K. To understand
the energy gap, the electron densities corresponding to the CBM
and VBM states are plotted in Figures 1c and 1d, respectively.
The VBM state displays a character of O 2p, orbital and the
charge density is highly localized on the O atoms, shaped as a 7
state; whereas the CBM state has the O s character and actually
shows a dispersion feature of the nearly free-electron (NFE) state,
which exists in many layered structures, such as hexagonal BN
sheet.'® We also identify the 7* states located on the B atoms,
which are higher in energy over the CBM. This band feature is
distinct to those of the graphene and BN sheets, where the CBM
is contributed by the 77* states which are lower in energy than the
NFE states. The remarkably dropped NFE states with respect to
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Figure 3. Effects of positive electric field on the electronic structures of H-passivated A-BeO NRs. In all figures, the Fermi level is set to zero and the NFE
band is guided to eyes by a red line. (a) Band structure of H-passivated 18-A-BeO NRaat E,, =0, 1,2, 3,4, and S V/nm. (b) Charge densities of the lowest
conduction band (the left panel) and the highest valence band (the right panel) at E.,, = 0, 3, and 5 V/nm.

the 77* states can pose an important influence on the electronic
properties and transport in the BeO sheet and will bring up different
electric field effects in BeO NRs, which will be addressed below.
3.2. Electronic Properties of Armchair BeO Nanoribbons.
We now address the structure and electronic properties of BeO
NRs. Similar to GNRs, we consider two typically shaped edges
for the BeO NRs, i.e. armchair and zigzag, respectively, with
which the corresponding nanoribbons are denoted as A-BeO
NRs and Z-BeO NRs. Both kinds of nanoribbons can be cut from
the single-layer h-BeO sheet along respective crystallographic
orientations. Following the convention, we use the notation N,-
A-BeO NRs to describe an A-BeO NRs having N, Be—O dimer
lines across the ribbon width and use N,-Z-BeO NRs to describe
a Z-BeO NRs having N, zigzag Be—O chains, as shown in
Figures 2a and 6a, respectively. We first terminate all the edge Be
and O atoms with H atoms to remove the effect of dangling bonds.
In what follows, we explore the structural and electronic
properties of H-passivated A-BeO NRs. The optimized atomic
structure of the H-passivated 12-A-BeO NR is shown in Figure 2a.
As mentioned above, the edge atoms are terminated with H
atoms, so the bond characters and the on-site energies of Be and
O atoms at the edges are different from those in the interior of the
A-BeO NRs. This changes the Be—O bonding length around the
ribbon edges. In order to determine the ground state of the
A-BeO NRs, we perform total energy calculations for the spin-
unpolarized and spin-polarized states, respectively, and do not
find any energy difference between them, indicative of a non-
magnetic system. The band structure of the H-passivated 12-A-
BeO NR s plotted in Figure 2b, together with the isosurface plots
of partial charge densities for several denoted bands in Figure 2d.
A direct band gap of 4.72 eV (LDA value) is formed between the
VBM and CBM at Brillouin-zone center I" point. The highest
valence band is double-degenerate and mainly contributed by the
H atoms connecting with O atoms, which is highly localized;
while the lowest conduction band is non-degenerate and con-
tributed by the aforementioned NFE states that are weakly bound

to the ribbon plane. Further charge density analyses show that the
state associated with the second lowest conduction band is also a
NEFE state and distributes mainly around the two ribbon edges,
whereas the second highest valence band is almost uniformly
distributed on O atoms throughout the ribbon width except for
the edge O atoms. The near-gap conduction states in the A-BeO
NRs will show sensitive changes to external potential perturbation
because they are weakly bound to atomic framework of the
ribbons.

Through extensive computation of the band structures for a
series of H-passivated A-BeO NRs, we obtain the variation in the
band gap E, for the H-passivated A-BeO NRs as a function of
ribbon width (namely, N,), as shown in Figure 2c. The band gap
of H-passivated A-BeO NRs decreases monotonically with in-
creasing ribbon width. This is in contrast to the case of armchair
GNRs'* and BN NRs,"” where three distinct families of behaviors
are distinctly present. Nevertheless, this behavior is akin to the
case of armchair ZnO NRs,* suggesting different behavior of
confinement effect in layered-oxide nanoribbons. This is due to
the presence of a highly localized band below the Fermi level that
is unvaried with ribbon width. Such a band is produced mainly by
the edge effect and hence less sensitive to the quantum confine-
ment. We also note that the energy gap does not converge to that
of BeO sheet as the width increases, just due to such highly local-
ized highest valence band.

The above results have established that the H-passivated
A-BeO NR is an insulator regardless of its width because of
the large energy gap and its finite variations versus ribbon width.
However, for applications, it is more desirable to realize a widely
tunable band gap in the BeO NRs as it would allow great flex-
ibility in design and optimization of nanodevices, in particular if it
could be tuned by applying a well-controlled external electric
field. We thus turn to investigating the energy gap modulation of
the H-passivated A-BeO NRs using an external transverse electric
field (E.y). Here we define the positive direction of the applied
electric field by a big arrow, as illustrated in Figure 2a. Figure 3a
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Figure 4. Dependence of the gap modulation of (a) H-passivated and (b) bare A-BeO NRs on the size of width under the transverse electric field.

shows the band structures of H-passivated 18-A-BeO NR under
different positive E.y. It is clearly shown that the band gap is
markedly reduced with increasing E. and is eventually closed
when E,y reaches a critical value of S V/nm. To investigate the
underlying physical mechanism, we plot the charge densities for
the lowest conduction band and the highest valence band in the
18-A-BeO NR at E.; = 0, 3, and 5 V/nm, as shown in Figure 3b.
At zero field, the charge density for the lowest conduction band
is localized at O atoms throughout the ribbon, as has been
illustrated above; whereas the charge density for the highest
valence band is found to be mainly localized at H atoms
connecting with O atoms. When E,,, = 3 V/nm, the lowest con-
duction band downshifts remarkably since it is from the weakly
bound NFE states and is easily redistributed in response to the
electric field, while the highest valence band also slightly upshifts
in energy toward the Fermi level. This is unique in BeO NRs
because the NFE states in other systems are usually located higher
in energy than the tightly bound 77* state. As a result, the band gap
of the nanoribbon is reduced much more rapidly, especially in the
region of low field strength, which is of high relevance to techno-
logical application. As the electric field increases, the charge den-
sities of the lowest conduction band and the highest valence band
localize at the opposite edges, where the external electrostatic
potential felt by an electron is increased and decreased, respec-
tively, thereby further narrowing the band gap. Consequently, the
energy gap of the H-passivated 18-A-BeO NR is closed at merely
Ee =S V/nm. No distinct difference is found when the electric
field direction is reversed, owing to the symmetrical structure in
A-BeO NRs. Importantly, the gap modulation of the H-passivated
A-BeO NRs induced by the transverse electric field is also width-
dependent, like that in BN NRs.* As shown in Figure 44, the field-
induced gap modulation is more pronounced in wider ribbon and
the critical field strength will decrease dramatically with further
increasing ribbon width. The width dependence can be explained
by the field-induced electrostatic potential difference between
the two ribbon edges, which is proportional to the size of the
H-passivated A-BeO NR. Due to the limits of computational
ability, the range of the ribbon width included in the present
investigations is limited to 2.44 nm for the H-passivated 18-A-BeO
NR, and the critical electric field needed to close its band gap is
high and seems to be difficult to achieve in laboratory. Never-
theless, the trend shown in Figure 4a renders it possible to realize
the gap closure at the commonly achievable field strengths when the
ribbon width is sufficiently wide. In fact, the ribbon width obtained
in experiments usually reaches up to tens or even hundreds of nano-
meters, which would make the band gap sensitively modulated by
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an electric field available in practice. The sensitive field-induced
band gap modulation makes the H-passivated A-BeO NR suitable
for diverse applications in nanodevices.

To distinguish the effect of edge passivations, we also studied
the structure and electronic properties of bare A-BeO NRs.
Unlike the three-fold coordination in the h-BeO sheet, each Be or
O atom at the edges of bare A-BeO NRs is only two-fold co-
ordinated. The optimized atomic structure of bare 18-A-BeO NR
is shown in Figure Sa, where the atoms at the edges of the bare
A-BeO NRs undergo a significant buckling with the edge Be and
O atoms displaced inward and outward with respect to the ribbon
edge, respectively. It is found that all the bare A-BeO NRs
involved in our calculations exhibit a semiconducting nature with
direct band gaps. Interestingly, the band gap is essentially un-
changed with varying ribbon width and remains nearly constant
around 4.90 €V (see Figure 2¢).

The energy gap modulation of the bare A-BeO NRs by a
transverse electric field is also examined. Figure 4b shows the
evolution of the band gaps of bare A-BeO NRs with different
widths under external electric fields. The band gaps of bare A-BeO
NRs show remarkable width-dependent modulation by the el-
ectric field, similar to the H-passivated A-BeO NRs. To under-
stand this behavior, we examined the field-induced influence on
the nearly-gap electronic states of bare A-BeO NRs as well.
Figure Sc exhibits the plots of charge densities for the lowest
conduction band and the highest valence band in the bare 18-A-
BeO NRat E = 0, 3, and 5 V/nm, respectively. It is found that
the charge distributions of the lowest conduction band and the
highest valence band are different from those of the correspond-
ing H-passivated systems. At zero field, the charge density analyses
demonstrate that the highest valence band is an edge state with
wave function localized at the edge O atoms, whereas the lowest
conduction band is a localized state, with its wave function being
more loosely distributed around the edge Be atoms. This charge
distribution determines that the band gap will not change remark-
ably with ribbon width because all the near-gap states are entirely
from an edge effect and not from the well-known quantum con-
finement effect. When an external electric field of 3 V/nm is
applied (Figure Sc), the charge distributions of the lowest
conduction band and the highest valence band are driven to red-
istribute at opposite edges owing to the change in electrostatic
potential, as analyzed above. This charge redistribution reduces
band gaps in bare A-BeO NR, with nearly the same slope as that
shown in Figure 4a for the H-passivated ribbons. The widely
tunable band gap modulations in both H-passivated and bare
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Figure 5. (a) Atomic and (b) band structures of bare 18-A-BeO NR at E,, = 0, 3,and S V/nm. (c) Charge densities of the lowest conduction band (the
left panel) and the highest valence band (the right panel) at E.,; = 0, 3, and 5 V/nm.
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Figure 6. (a) Atomic structure of H-passivated 10-Z-BeO NR with
primitive double cell delineated. (b) The variation of relative energies
of ferromagnetic (FM), and nonmagnetic (NM) states of H-passivated
N,-Z-BeO NRs as a function of width.

A-BeO NRs confirm the robustness of the band engineering by
electric fields.

3.3. Electronic and Magnetic Properties of Zigzag BeO
Nanoribbons. We now explore the electronic and magnetic
properties of H-passivated Z-BeO NRs. We first take the H-
passivated 10-Z-BeO as a prototype model for discussion. Figure 6a
displays the optimized atomic structure of the H-passivated
10-Z-BeO NR with a width of 21.42 A. During the structure optimiza-
tion, we have performed both spin-unpolarized and spin-polar-
ized computations to determine the ground state of Z-BeO NRs.
To realize the antiferromagnetic (AFM) order at the edges, we
also consider a double periodicity unit cell so that two Be atoms
and two O atoms are included at the opposite edges, respectively.
This allows us to study six possible spin configurations for Z-BeO
NRs according to the spin directions (spin-up or spin-down) on
the Be and O edges. They are denoted as Be(++)/O(++), Be(++)/
O(+—), Be(++)/0(—=—), Be(+—)/O(++), Be(+—)/0(+—),

Density of States (a.u.)

Figure 7. (a) Band structure, (b) total density of spin-up and spin-
down states (DOS), (c) spatial spin density distribution (p1-p;), and
(d) electron localization function (ELF) plots with an isosurface value
of 0.8 of the H-passivated 10-Z-BeO.

and Be(+—)/O(—+). Here, Be and O indicate the edge Be
and O atoms, and the + and — in the parentheses represent the
spin-up and spin-down, respectively. We perform total energy cal-
culations for the 10-Z-BeO NR with the six above-mentioned
spin configurations. Interestingly, all the spin configurations con-
verge to two magnetic solutions: The first four spin configurations
converge to the same ferromagnetic (FM) solution and the mag-
netization density is concentrated at the Be-edge of the ribbon;
whereas the last two spin configurations converge to the non-
magnetic (NM) solution. We find that the ferromagnetic state co-
rresponds to the ground state of the H-passivated 10-Z-BeO NR
with its total energy lower than the nonmagnetic states by
34.5 meV per/supercell.

The spin-polarized band structures for the H-passivated
10-Z-BeO NR are shown in Figure 7. The states of opposite spin ori-
entation are not degenerate around the Fermi level and both spin
channels show a metallic feature. Moreover, the metallic character
is independent of the ribbon width. To obtain further insight,
we plot the atom-resolved total density of states of H-passivated
10-Z-BeO NR, as shown in Figure 7b. The states near the Fermi

4792 dx.doi.org/10.1021/am201271j |ACS Appl. Mater. Interfaces 2011, 3, 4787-4795



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

levels in both spin channels are mostly from the 2p state of the
edge Be atoms and 1s state of the H atoms, which is consistent with
the results of spatial spin density distribution shown in Figure 7,
where we find that the major contribution to the states at the Fermi
level is due to the Be-terminated edge. The magnetism of
H-passivated Z-BeO NRs is similar to theoretical predictions
reported in zigzag ZnO NRs,** but is markedly different from the
zigzag GNRs whose two edges are antiferromagnetically coupled
and also from the zigza§ MoS, NRs whose two edges are ferro-
magnetically coupled.® To further clarify the origin of the
polarized spins, we plot the electron localization function (ELF)
for H-passivated 10-Z-BeO NR with an isosurface value of 0.80
in Figure 7d, where the strong localization is observed around H
atoms at the Be edge. Such a localized state is due to the weak
Be—H bond strength, so electrons of the Be and H atoms do not
tend to participate in forming strong covalent bonds but act as
unpaired electrons to favor the spin polarization. Indeed, we find
the magnetism in the 10-Z-BeO NRis quenched upon terminating
the Be edge with F atom that has higher electronegativity.

For all the H-passivated Z-BeO NRs studied in this work, the
FM state lies in the ground state since the spin-polarized total
energies are always lower than the spin-unpolarized ones, as
evidenced in Figure 6b. The calculated energy difference (AE)
between the FM state and NM states increases with the increas-
ing ribbon width, indicating enhanced stability of the FM state in
wider Z-BeO NRs. Nevertheless, the total magnetic moment per
double cell remains approximately constant at the value of
0.13ug, regardless of the ribbon width. Because the magnetic
moment is mostly distributed around the Be-terminated edge, we
hope that the magnetism of Z-BeO NRs is still appreciable in the
ribbons of common experimental size.

‘\‘(b) 4

2

Energy (eV)

Density of States (a.u.)

Figure 8. (a) Atomic, (b) band structure, (c) total densities of spin-up
and spin-down states, and (d) spatial spin density distribution (p1—pj)

We also investigate the structure and electronic properties of
bare Z-BeO NRs to evaluate the effect of edge termination. Still,
we use the bare 10-Z-BeO NR as a model system to demonstrate
our results. Figure 8a displays the optimized atomic structure of
the bare 10-Z-BeO NR. It is shown that the bare 10-Z-BeO NR
retains the planar configuration and edge distortion is not
observed. Both spin-unpolarized and spin-polarized computa-
tions have been carried out during the structural optimization.
It is found that the bare 10-Z-BeO NR also has a ferromagnetic
ground state, which is 151 meV lower in total energy than that
obtained from spin-unpolarized calculations. The total magnetic
moment of the bare 10-Z-BeO NR can now be up to 0.78uy per
double cell, which is larger than the moment of 0.13uy in the
H-passivated 10-Z-BeO NR. Figure 8b shows spin-polarized
band structure of bare 10-Z-BeO NR. It is found that the spin-
splitting mainly happens in the valence band, in particular in
those close to the Fermi level, while all the conduction bands are
spin degenerate. Note that both spin channels show a metallic
feature, rendering the bare 10-Z-BeO NR a FM metallic wire.
There are three bands of the spin-down channel crossing the
Fermi level but only one band in spin-down channel cuts the
Fermi level, giving rise to a large spin-polarization at the Fermi
level. The atomic-resolved DOS reveals that the spin-polarized
states are mostly from the edge O atoms. This is further cor-
roborated by the magnetization density distribution as illustrated
in Figures 8d, where the polarized spins are mainly from the edge
O atoms and show a rapid decay in magnitude into the ribbon
interiors. This is because the edge O atoms in the bare NR have
one unpaired electron, which is easily spin-polarized due to the
large spin exchange interaction of O as well as the large density of
states (DOS) near the VBM that are typical for all oxide com-
pounds,41 which is in contrast to the magnetic origin in H-passi-
vated Z-BeO NRs.

We also discuss briefly the influence of the width on the
electronic and magnetic properties of bare Z-BeO NRs. It is
shown that bare N,-Z-BeO NRs have similar electronic and
magnetic properties (N, = 6—16). By varying the ribbon width,
the bare N,-Z-BeO NRs can always keep metallic property, and
they also have a ferromagnetic ground state with unpaired spins
at the edges dominated by O atoms. In addition, we can see that
total magnetic moment per double cell for a series of bare Z-BeO
NRs increases gradually with increasing ribbon width. For
example, the total magnetic moment of bare 6-Z-BeO NR is
0.461p, which is increased to 0.81up for the bare 12-Z-BeO NR
and to 0.84uy for the bare 16-Z-BeO NR. This is crucial to the
practical application of bare Z-BeO NRs in spintronics.

of bare 10-Z-BeO NR.
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Figure 9. (a) Snapshots of the 2D h-BeO sheet at the end of a § ps ab initio molecular dynamical simulation at 2000 K. (b) Binding energy per atom of
H-passivated A-BeO (N, = 5—21), H-passivated Z-BeO (N, = 4—18), bare A-BeO (N, = 5—21), and bare Z-BeO (N, = 6—16) as a function of the

ribbon width.
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3.4. Stabilities of BeO Nanoribbons. The evaluation of the
relative stability of BeO NRs is important and determines whether
these nanostructures can be realized experimentally. To this end,
we first examine the stability of the h-BeO sheet using finite
temperature ab initio molecular-dynamics (AIMD) calculations
with time steps of 1 fs. To lift the constraints imposed by a small
unit cell, we consider an 8 x 8 supercell of the h-BeO sheet and
keep the temperature of the system at 2000 K for S ps. The
honeycomb structure is not broken throughout the simulation
although the structure has small out-of-plane rippling, as shown in
Figure 9a. We are aware of that these calculations may not be
conclusive because S ps is not sufficient to capture all the statistic
rules, but this picture is the best that one can see from the
exiguous window limited by the computational cost imposed by
AIMD method.

We then examine the stability of BeO NRs by determining the
binding energy per atom as a function of the ribbon width. Here
the binding energy per atom is defined as E}, = (ng.Eg. + noEo +
nyEn — Engs)/N, where Eg., Eo, and Eyy are the atomic energies
of Be, O, and H atoms, respectively, Exgs is the total energy of
BeO NRs, and ng,, 1o, and nyy are the number of Be, O, and H,
respectively. The stability of different ribbons and clusters can be
evaluated with these binding energies; those with larger binding
energies are more stable. As shown in Figure 9b, the binding
energies increase monotonically with increasing ribbon widths
for all kinds of BeO nanoribbons, indicating that the wider ribbon
will be more stable. For those BeO NRs with the same number of
atoms per unit cell, the binding energies of bare A-BeO NRs are
slightly higher than those of Z-BeO NRs, such as bare 12-A-BeO
NR (6.643 V) vs 12-Z-BeO NR (6.631 eV), whereas the binding
energies of H-passivated Z-BeO NRs are much higher than those
of H-passivated A-BeO NRs, such as H-passivated 12-Z-BeO NR
(6.405 V) vs H-passivated 12-A-BeO NR (6.132 eV). For NRs
with similar widths, the binding energies of bare BeO nano-
ribbons are higher than those of H-passivated BeO nanoribbons.
Remarkably, bare A-BeO NRs have the largest binding energies
over all other types of NRs, indicative of the highest stability. This
is due to the pronounced atomic reconstruction occurred at the
edges of bare A-BeO NRs. Such reconstruction can greatly
enhance the stability of armchair edges. Upon hydrogen passiva-
tion, the relative stabilities of A-BeO and Z-BeO NRs are almost
identical at the same ribbon width. The stability hierarchy of BeO
NRs is summarized as follows: bare A-BeO NRs > bare Z-BeO
NRs > H-passivated A-BeO NRs = H-passivated Z-BeO NRs.
The weak Be—H bonds in the passivated BeO NRs are the origin
of their weaker stability with respect to the bare BeO NRs.

4. CONCLUSION

In summary, we have shown by first-principles calculations
that BeO NRs possess unique electronic and magnetic properties
that are sharply different from those of commonly studied
graphene and BN nanoribbons. It is found that the H-passivated
and bare Z-BeO NRs exhibit ferromagnetic and metallic behavior
independent of ribbon width, whereas the H-passivated and bare
A-BeO NRs exhibit nonmagnetic and insulating behavior with
different width-dependent band gap. The magnetism of H-pas-
sivated Z-BeO NRs is attributed to the unpaired electron from
weak Be—H bonds and is robust to the ribbon width, whereas
bare Z-BeO NR has its polarized spins localized on the edge
oxygen atoms. Significantly, the band gaps of H-passivated and
bare A-BeO NRs can be markedly reduced by a transverse electric

field and even be closed at an electric field over a critical strength,
which decreases with increasing ribbon width. Finally, we reveal
that bare BeO NRs are more stable than those of H-passivated
BeO NRs of similar widths, with the bare A-BeO NRs being
energetically the most favorable. These rich varieties of electronic
and magnetic properties in the BeO NRs make them useful in
future nanoelectronics and spintronics applications.
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