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ABSTRACT We show by first-principles calculations that the magnetic moments of zigzag Zn0 nanoribbons

can be efficiently modulated by transverse electric fields. Depending on the field direction, the total magnetic

moment in a zigzag Zn0 nanoribbon can be remarkably enhanced or reduced and even completely quenched with

increasing field over a threshold strength. However, in weak electric fields below the threshold, the magnetic

moment in the zigzag Zn0 nanoribbons nearly remains unchanged, which can be explained in terms of intrinsic

transverse electric polarization and quantum confinement effects. The threshold electric field required to modulate

the magnetic moment decreases significantly with increasing ribbon width, showing practical importance.
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ontrol of magnetization is central

to magnetic storage technology as

well as spin-polarized transport.
Currently, the magnetism in various types
of memory elements is manipulated
through magnetic field, which, however,
has great handicaps of low storage density
and high writing energy." In contrast, elec-
trical control of magnetization allows lower
energy consumption and promises a device
conception fully compatible with existing
microelectronic technology.” > Present
electrical manipulation of magnetism is
usually reported in multiferroic metal ox-
ides and films;®~® however, the compli-
cated interface heterostructures necessary
for the coupling of the order parameters
make such kinds of materials uncommon
and still limited to basic demonstration de-
vices. Therefore, achieving electrical control
of magnetization in simple and commonly
used materials represents a promising field
for practical applications. As a typical wide
band gap and piezoelectric semiconductor,
ZnO and its related nanostructures have at-
tracted considerable attention in both sci-
entific research and technological
applications.’~ " In particular, although
magnetism in ZnO nanoribbons (ZNNRs)
has not been clearly observed in experi-
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ment, to the best of our knowledge, planar
zigzag ZnO nanoribbons (Z-ZNNRs) have
been predicted to possess substantial mag-
netism along the O-terminated edge and
hold great promise for implementation in
spintronic devices.'*'®> Moreover, ZNNRs
have been synthesized'* and successfully
used as building blocks in many nano-
devices, such as field effect transistors,® ul-
trasensitive nanosize gas sensors,'> nano-
resonators,'' nanocantilevers,'® and so on,
owing to their excellent optical, piezoelec-
tric, and biocompatible properties inherited
from the bulk material."”"'® Therefore, there
is strong motivation to examine whether
the electrical control of magnetization can
be realized in such emerging structures. In
this work, we report a first-principles study
on magnetism modulation in ferromagnetic
zigzag ZnO nanoribbons by transversely ap-
plied electric fields. We show that the elec-
tric field can significantly enhance or reduce
the edge magnetism of Z-ZNNRs by adjust-
ing its magnitude and direction. Especially,
the required electric field strength to
change the magnetic moment decreases re-
markably with increasing width of the
Z-ZNNRs. Similar modulation of magnetism
is also found in stacked trilayer Z-ZNNRs.
The predicted electrically controllable mag-
netism has potential applications in mag-
netic switch and data storage.

RESULTS AND DISCUSSION

The ground state of a monolayer Zs-
ZNNR (refer to Methods) with a width of
1.14 nm is calculated to be ferromagnetic
metal with a magnetic moment of 0.986 g/
supercell, which is consistent with the pre-
vious calculated results.'>'® This ferromag-
netism is stable even at room temperature
since predicted total energy of the ferro-
magnetic state is 0.155 eV lower than that
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Figure 1. Schematic diagram of a Z-ZNNR under a trans-
versely applied electric field. The positive electric field is il-
lustrated by the broad arrow pointing from the
O-terminated edge to the Zn-terminated edge. The Z-ZNNR
is infinitely long along the vertical direction. Two armchair
chains along the width direction are chosen for supercells
calculated in this work.

of the antiferromagnetic state. Interestingly, the mag-
netism can be modulated when a transverse electric
field is applied across the width direction, as indicated
in Figure 1. As shown in Figure 2, the asymmetrical na-
ture of the Z-ZNNRs results in a field-induced nonlin-
ear modulation on the magnetic moment. Particularly,
a platform occurs in the region of low field strength for
each studied nanoribbon. Here, we define the positive
direction of an external field as pointing from the
O-terminated edge to the Zn-terminated edge. For the
Zs-ZNNR under a positive field below 5 V/nm, the mag-
netic moment of the system is almost unchanged. A
similar phenomenon is also observed in the case of
negative electric field when the field strength is below
1 V/nm. In the following, we will call these critical values
the positive and negative threshold electric fields,
respectively.

However, the origins of the two threshold electric
fields are distinctly different. Due to the positive and
negative ionic charges at the Zn- and O-terminated
edges, a spontaneous polarization exists across the
Z-ZNNRs in the direction opposite to the positive
field.?° Thus, the magnetic moment of Z-ZNNRs can
only be increased by a positive field large enough to
overcome the intrinsic electric polarization. As the
width increases, the positive threshold field will de-
crease drastically, as shown in Figure 2, for the Zs- and
Z10-ZNNR. The reason is that the intrinsic polarization
field E, which is proportional to the effective polariza-
tion line charge density, is reversely proportional to the
ribbon width.?! This is further corroborated by our cal-
culations that the electrostatic potential difference AU
between the two polarized edges slightly increases with
increasing width (refer to Figure S1 in Supporting Infor-
mation). So the equivalent intrinsic electric field, Eeq =
AU/ew, decreases with increasing ribbon width w. On
the other hand, the negative threshold field to a great
extent originates from the quantum confinement ef-
fects existing in such low-dimensional structures, where
it is difficult for electrons to be driven by a low field
strength,'® leading to almost unchanged magnetic mo-
ments with electric fields. This confinement effect is
not as profound as that of the internal polarization ef-
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Figure 2. Magnetic moments per supercell of different
Z-ZNNRs as a function of applied electric fields.

fect, thus the negative threshold field is relatively lower.
It can be predicted that the quantum confinement ef-
fect of the nanoribbons becomes weaker in wider
Z-ZNNRs, thus the negative threshold field will eventu-
ally disappear. As the actual ribbon widths usually reach
up to tens or even hundreds of nanometers, the thresh-
old field will be negligible therein, and the ribbon'’s
magnetic moment will become sensitive to the ap-
plied electric fields. The insensitivity of magnetism
against weak electric fields in narrow Z-ZNNRs may pro-
vide an opportunity to obtain robust ferromagnetism
against perturbation from possible external fields.
Further increase in field strength beyond the thresh-
old values will result in a remarkable modulation in the
magnetic moment of the ribbon system. For the Zs;-ZNNR
under a positive field above 5 V/nm, the external electric
field leads to electron transfer from the Zn-terminated
edge to the O-terminated edge (not shown here). Thus,
more unpaired electrons accumulate at the O-terminated
edge, resulting in the enhancement of magnetic mo-
ment, as illustrated by the maps of spatial magnetization
density distributions (defined as the spin-up density mi-
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Figure 3. Spatial magnetization density distributions
(up—down) in a Zs-ZNNR under electric fields of (a) —6, (b)
0, and (c) 6 V/nm. The isosurface is uniformly set to be 0.01
e/R3,
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Figure 4. Spin-polarized total density of states (black solid lines) and
partial density of states of the O 2p states (PDOS) at the O-terminated
edge (red dashed lines) under electric fields of (a) —6, (b) 0, and (c)
6 V/nm. The blue dotted lines denote the Fermi level. Correspond-
ing magnetic moment is listed for each case. Inset in (a) presents the
field-induced spin density transfer [Ac = o(E) — o(0)] for spin-up
and spin-down electrons under the field strength of —6 V/nm. The
scale bar is 107" [e]A~2

nus the spin-down density) in Figure 3c. In contrast, with
the reversed electric field beyond the negative threshold
value applied, electrons transfer from the O-terminated
edge to the Zn-terminated edge and the magnetic mo-
ment of the system decreases (see Figure 3a). With further
increasing negative field to 7 V/nm, all of the electrons lo-
calized on the O-terminated edge are paired due to com-
plete spin compensation (see detailed analysis below),
giving rise to the system a nonmagnetic ground state. In
particular, one can observe from Figure 2 that, for the
wider Z;,-ZNNR, it requires a stronger negative electric
field to quench the magnetism because more unpaired
electrons are localized on the O-terminated edge. Besides
the effect of electron transfers, the ionic effect on the
magnetism modulation is investigated by fixing the posi-
tions of all atoms, which shows that the variation in mag-
netic moment of the system via electric field is nearly un-
changed. Therefore, the ionic effect can be negligible in
the magnetism modulation. The field-induced magne-
tism quench behavior has potential application in spin-
tronic devices, such as a magnetic switch.

To understand the origin of this magnetism modula-
tion behavior, the partial density of state (PDOS) of the
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edge oxygen atoms and the total DOS of Zs-ZNNR are
shown in Figure 4. From the DOS, one can observe that
the states at the Fermi level (Ez) mostly come from the
2p orbitals of the edge O atoms, which exhibit asym-
metrical spin state densities, as shown in Figure 4b. This
is consistent with the fact that the unpaired electrons
are mainly localized on the O-terminated edge of
Z-ZNNRs'? and, meanwhile, proves that it has different
electron density distributions for spin-up and spin-
down states on the edge. When a positive (negative) ex-
ternal electric field is applied, the electrostatic poten-
tial is lowered (raised) on the O-terminated edge.
Correspondingly, the energies of edge O 2p states are
shifted downward (upward). However, due to the differ-
ent spin electron distributions on the O edge (Figure
5), the field-induced energy shifts of the spin-up and
spin-down states are much different.?> Under a nega-
tive field, the spin-up states at the O-terminated edge
shift upward significantly while the upward shift of
spin-down states is relatively smaller, leading to a de-
crease of spin polarization at E; (Figure 6). This process
reduces the magnetic moment at the O-terminated
edge. The spin-dependent electron screening effect is
also evidenced in the field-induced spin electron trans-
fer, as illustrated in the inset of Figure 4a, where a more
remarkable accumulation of spin-up electrons is ob-
served at the O-terminated edge than that of spin-
down electrons. With further increasing negative field
strength, the DOS for spin-up and spin-down states
eventually become equal at E¢ due to the complete spin
compensation, consequently leading to a nonmag-
netic ribbon. A contrary behavior is observed under a
positive electric field (Figure 4c), which results in a rapid
downshift of the spin-up states and an increase in the
spin polarization at E, thus significantly enhances the
magnetic moment of the system.
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Figure 5. Charge distributions for the spin-down state (a)
and spin-up state (b) of the Z;-ZNNR under zero field. The
isosurface is 0.4 e/A%. Note that the charge density of differ-
ent spin states is obviously different on the O-terminated
edge, especially on the edge O atoms, as indicated by the
red dashed rectangle, and can also be reflected by the mag-
netization density distribution localized on the edge, as
shown in Figure 3b.
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When a second layer is stacked on top of the mono-
layer, the system becomes a nonmagnetic semiconduc-
tor'” and hence is beyond the scope of our discus-
sions. However, the metallic magnetic ground state is
recovered when a third layer is additionally stacked on
the system, with a slightly reduced magnetic moment
compared to that in monolayer ribbon due to interlayer
interaction. The corresponding magnetism modulation
for the trilayer Zs-ZNNR is also shown in Figure 2. In this
case, the field-induced magnetism modulation exhibits
some differences from the case of the monolayer rib-
bon with the same width. The positive threshold elec-
tric field is remarkably reduced owing to the reduction
of the interior ionic potential difference induced by the
interaction of edge atoms at different layers. Instead,
the interaction makes electrons more strongly confined
to their original edges and thus more difficult to be
moved. Therefore, a stronger negative threshold elec-
tric field is required to reduce the magnetic moment of
the trilayer system in comparison with the monolayer
system with the same width.

The presence of substrate may significantly affect
the magnetism of Z-ZNNRs, which in turn changes the
magnetism modulation. So it is necessary to clarify the
effect of substrate on the magnetism and its modula-
tion for practical applications. In fact, for the ZNNRs on
some inactive substrates, such as SiO,, there should be
only a physical interaction and the magnetism modula-
tion can be survived;*® whereas for active surfaces,
such as Si(001) surface, the first single-layer ZNNR on
the substrate will act as a buffer layer due to the chemi-
cal bonding between them, and the magnetism modu-
lation will reappear in the second ribbon layer on the
system.?*?> This discussion indicates the possibility of
designing magnetic devices settled on essential sub-
strates. Of course, the stability of the magnetic edge
state on the substrate at finite temperature is an impor-
tant issue for further research.

CONCLUSION

In conclusion, our first-principles calculations show
that the magnetic properties of Z-ZNNRs can be modu-
lated by transversely applied external electric fields
over a threshold value. When the field strength is be-
low the threshold value, the magnetic moment of a
Z-ZNNR is nearly unchanged. Above the threshold field,
the magnetic moment of the system is significantly

METHODS

Our calculations are performed using the SIESTA package®®
with the local spin density approximation (LSDA)?’ for the ex-
change correlation function. The double-{ polarized numerical
atomic orbital basis sets for Zn and O are used. All atoms are al-
lowed to relax under applied external electric field until the force
on each atom is less than 0.02 eV/A. The Brillouin integration is
sampled with 2 X 2 X 6 Monkhorst meshes. An equivalent plane
wave cutoff of 250 hartree is chosen in the simulations. Vacuum
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Figure 6. (a) Spin-polarized band structure of the Zs-ZNNR under
zero field (down, black; up, red). The denoted spin-down state («)

and spin-up state (B) are split from the same spin-unpolarized band;

the energy interval between them at I" point is denoted as AE (the
exchange splitting). The spin charge distributions of « (b) and B (c)
at I' point are shown when no electric field is applied [0.005 e/A%]. (d)
Energy shifts of the spin band « (black line) and B (red line) at I"
point as a function of applied electric field, together with the varia-
tion of the exchange splitting (blue line).

enhanced by a positive field while rapidly reduced
and even eventually quenched under a negative
field. Further analysis shows that the positive and
negative threshold fields are mainly derived from in-
trinsic transverse electric polarization and quantum
confinement effects, respectively. As the threshold
field strength decreases with increasing ribbon
width, such electric field modulated spin polariza-
tion has practical importance for novel spintronics
applications. The present theoretical results may en-
courage experimentalists to search for the external
field sensitivity of magnetic properties in ZNNRs and
similar nanostructures in the near future.

layers of at least 10 A are chosen in width and thickness direc-
tions. All of these parameters have been successfully used in our
previous works on ZnO nanostructures,”®?° thus ensuring their
validity. The external electric field is modeled by transversely
adding a sawtoothlike potential to the nanoribbons.>°

The Z-ZNNRs in our studies are originally constructed by cut-
ting a planar monolayer along zigzag lines, as shown in Figure
1. For the structure with a few ZnO layers, it has been recently
demonstrated that each layer prefers a planar configuration in
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which both cations and anions are coplanar after relaxation.?'2

The multilayer ribbons are constructed by placing the planar lay-
ers on top of each other with AB stacking. For convenience, the
Z-ZNNRs are classified by the number of zigzag chains (n) across
the ribbon width and denoted as Z,-ZNNR.
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