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Using ab initio calculations, we examine the electronic and magnetic properties of partially open
�unzipped� zigzag carbon nanotube �CNT� superlattices. It is found that depending on their opening
degree, these superlattices can exhibit multiple localized states around the Fermi energy. More
importantly, some electronic states confined in some parts of the structure even have special
magnetic orderings. We demonstrate that, as a proof of principle, some partially open zigzag CNT
superlattices are by themselves giant �100%� magnetoresistive devices. Furthermore, the localized
�and spin-polarized� states as well as the band gaps of the superlattices could be further modulated
by external electric fields perpendicular to the tube axis. We believe that these results will open the
way to the production of novel nanoscale electronic and spintronic devices. © 2010 American
Institute of Physics. �doi:10.1063/1.3481484�

I. INTRODUCTION

Low dimensional sp2-bonded carbon materials have at-
tracted tremendous attention because of their unique elec-
tronic properties and potential applications in nanoscale
devices.1–4 For example, depending on their diameters and
chiralities, carbon nanotubes �CNTs� can be either metallic
or semiconducting, and the latter ones �e.g., semiconducting
zigzag CNTs� are suitable for making nanoscale electronic
devices.3–6 Graphene nanoribbons �GNRs�, which could be
regarded as unrolled CNTs, also exhibit unique electronic
structures strongly dependent on the orientation of their
edges and width.7–10 On the other hand, superlattices as well
as various quantum structures based on CNTs or GNRs have
been the subject of active research in the past decades, and
one-dimensional quantum wells and zero-dimensional quan-
tum dots have been shown to form by either CNT-based11–16

or GNR-based17–25 structures.
So far, most studies of CNTs and GNRs have been con-

ducted independently. The experimental realization of GNRs
generally relies on standard e-beam �or microscope�
lithography,26–28 chemical method,29 or synthetic method.30

Quite recently, however, several promising methods were de-
veloped by using CNTs to fabricate GNRs or CNT-GNR
junctions via longitudinal cutting31–38 such as chemical at-
tack or plasma etching to unzip CNTs.31–33,36,37 Besides, the
side wall of CNTs can be opened longitudinally by interca-
lation of lithium atoms or transition metal clusters and then
ammonia followed by exfoliation.34,35 More interestingly, the
degree of stepwise opening in CNTs can be controlled by the

experimental conditions, such as the amount of oxidizing
agents, lithium atoms, or transition metal clusters, and par-
tially open �unzipped� CNTs �or CNT-GNR junctions� have
been observed in transmission electron microscopy
images.31,32,34–37 These experimental progresses imply that
CNTs and GNRs can be combined together with perfect-
atomic-interfaces and new superlattices with CNT-GNR
junctions can be realized.31,32,34–37 In such nanostructures,
the openings of CNTs �i.e., curved GNR parts� would offer
various edges which are suitable for doping, adsorption, and
chemical functionalization. In particular, zigzag edges have
been found to exhibit localized edge states and unique
magnetic ordering in GNRs and graphene
nanostructures.10,18–22,39,40 Being composed of both a CNT
and a curved GNR �with plenty edge structures�, a partially
open CNT is therefore expected to have more diverse elec-
tronic and magnetic properties than a pristine CNT or GNR,
and these properties may be sensitively dependent on the
opening degree.

Previous theoretical works only focused on partially
open �unzipped� armchair CNTs and demonstrated that they
are by themselves magnetoresistive41 and spin-filter
devices.42,43 In contrast, as far as we know, the physical
properties of partially open zigzag CNTs have been poorly
investigated until now. In this work, electronic and magnetic
properties of superlattices made of partially open zigzag
CNTs are investigated using spin-polarized density func-
tional theory calculations. Depending on the opening degree,
the superlattices are found to show semiconducting or spin-
polarized semiconducting/metallic behaviors. Besides, some
localized states appear around the Fermi level and some of
them could serve as quantum well states which cannot be
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achieved in partially open armchair CNTs. Especially, mag-
netic �spin� ordering can be realized in these superlattice
structures and mainly depends on the opening width rather
than length unlike partially open armchair CNTs. Our calcu-
lations further suggest some special partially open zigzag
CNTs superlattices can also act as giant magnetoresistive de-
vices under magnetic fields. Furthermore, the band gap as
well as the localized states could be modulated by external
transverse electric fields.

II. COMPUTATIONAL METHODS AND MODELS

We carried out electronic structure calculations using the
projector augmented wave potentials44 and the generalized
gradient approximation with the Perdew–Burk–Ernzerhof
functional45 implemented in the Vienna Ab Initio Simulation
Package.46 The energy cutoff for a plane wave basis set is
400 eV. Our models are optimized until energies are con-
verged to 10−5 eV and atomic forces are smaller than 0.02
eV/Å. The supercell is sufficiently large to ensure that the
vacuum space between the adjacent CNTs is at least 10 Å to
avoid the interaction. Three Monkhost–Pack k-point meshes
are employed, yielding an �1 meV per atom convergence
of the total energy. The optimized geometrical structures are
used to calculate the electronic and magnetic structures under
uniform external electric field �Eext�, implemented using a
dipole layer in the vacuum as in the work of Neugebauer and
Scheffler.47

Before the discussion of our models and results, we first
introduce the definition of partially open CNT superlattices
following the convention of previous work.42 As shown in
Fig. 1, a partially open CNT consists of two parts: a perfect
CNT part �yellow color� and an opening �green color�. We
represent the system as NT�n ,m ,Lt�-ONT�W ,Lo�, where n
and m correspond to the chiral vector of the CNT, Lt �Lo� is
the length in the tube axis direction of the perfect �open�
CNT in the units of columns of carbon atoms. W is the miss-
ing width in units of carbon rows for the opening. For ex-
ample, we denote the structure �in Fig. 1� as NT�15,0,6�-
ONT�4,6�. Such a supercell is repeated periodically in the
tube axis direction to form a superlattice.

III. RESULTS AND DISCUSSION

A zigzag CNT could be either semiconducting or almost
metallic at room temperature.3 Thus, it is expected that par-

tially open CNTs obtained from distinct zigzag CNTs may
show different features depending on their chiralities. The
�13,0� CNT �with a band gap of �0.72 eV in our calcula-
tions� and the �15,0� CNT �with a band gap of �0.04 eV�
are considered to construct superlattices. We find that the
electronic properties, especially the magnetic properties, of
both kinds of partially open zigzag CNT superlattices depend
more sensitively on the cutting width than the cutting length;
this is evidently different from the partially open armchair
CNTs.41–43 Furthermore, for both �13,0� and �15,0� CNTs,
the spin-polarization takes place at the discontinuous zigzag
edges of the opening when the cutting width W�5. The
existence of spin-polarization in NT�n ,m ,Lt�-ONT�W ,Lo� is
expected to depend on the number of consecutive zigzag
edge atoms at the opening �corresponding to the cutting
width W� and the width of the “curved” zigzag GNR seg-
ment �Lt�, analogous to the cases of zigzag GNRs.39 The
longer Lt is, the narrower W is needed. Our further calcula-
tions of �10,0� and �12,0� CNT superlattices show that the
critical width for spin-polarization is not sensitive to the di-
ameter of zigzag CNTs. In this paper, two different cutting
widths �W=4 and W=6� are chosen to represent nonmag-
netic �NM� and spin-polarized system, respectively. In the
following, we keep the total length of the superlattices as
2.56 nm �Lt+Lo=12� and then change the cutting length Lo.
The results are listed in Table I.

For W=4, the overall geometric structures change
slightly when the cutting length is short. As the cutting
length becomes longer, the middle part of the opening is
widened to release the compressive stress and lower the total
energy, which is similar to partially open armchair
CNTs41–43,48 and agrees with experimental
observations.31,32,34–37 The partially open �13,0� and �15,0�
CNT superlattices are still semiconductors without any
magnetic ordering. However, their band gaps change much
compared with perfect �15,0� and �13,0� CNTs, as listed in
Table I.

As an example, Fig. 2 shows the electronic properties of
NT�13,0,6�-ONT�4,6� and NT�15,0,6�-ONT�4,6� superlat-
tices. The band structures of perfect �13,0� and �15,0� CNTs,
which are calculated in the supercell six times than the
primitive unit cell, are also displayed in the left panels of
Figs. 2�b� and 2�e� for comparison. The bands around the

FIG. 1. Structures of partially open �n ,m� CNTs, NT�n ,m ,Lt�-ONT�W ,Lo�.
Yellow and green balls represent carbon atoms on the perfect CNT and the
open CNT parts, respectively. The openings are terminated with hydrogen
atoms, represented by small white balls. The rectangle marks one supercell
of partially open CNTs. This figure shows the structure of NT�15, 0, 6�-
ONT�4, 6� representing a partially open �15,0� CNT which has 6 �6� C–C
dimer lines in the perfect CNT part �open part� along the tube axis, and the
missing rows in the opening is 4.

TABLE I. The relation between the energy band gap Eg �eV� and the cutting
length Lo of partially open �13,0� and �15,0� CNT superlattices for two
different cutting widths �W��Lt+Lo=12�. As in the W=6 case, the energy
differences �E �eV/cell� between AFM ground states and NM states are also
shown.

Eg Lo=4 Lo=6 Lo=8

NT�13,0 ,Lt�-ONT�W ,Lo�
W=4 �NM� 0.330 0.295 0.224
W=6 �AFM� 0.458 0.462 0.475

�E �0.164 �0.135 �0.064

NT�15,0 ,Lt�-ONT�W ,Lo�
W=4 �NM� 0.321 0.365 0.384
W=6 �AFM� 0.193 0.189 0.174

�E �0.057 �0.043 �0.020
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Fermi level of perfect �13,0� and �15,0� CNTs are doubly
degenerate, but the degeneracy disappears due to cylindrical
symmetry breaking. This is evident from the increased num-
bers of visible bands in the right panels of Figs. 2�b� and
2�e�. Two bands with small dispersions arise around the
Fermi level in the NT�13,0,6�-ONT�4,6� superlattice, and
consequently, the band gap of NT�13,0,6�-ONT�4,6� is
�50% smaller than that of the perfect one. Charge density
analysis �Fig. 2�c�� shows that most of charge densities of the
two bands are located at the top of the perfect CNT part
�especially located at the zigzag edges� and contributed
mainly by the pz orbitals of carbon atoms. The physical ori-
gin of these localized states is similar to that of zigzag
graphene nanoribbons �ZGNRs�. Previous works show that
the zigzag edges of graphene �or ZGNRs� induce localized
edge states around the Fermi level.7–9,39,49 As the cutting
length Lo increases from 4 to 8, the energy differences be-
tween the two localized states �i.e., band gap between the top
valence and bottom conduction bands� decrease from 0.330
to 0.224 eV �Table I�, and the two bands become a little more
dispersive due to the hybridization with � and �� bands �the
second highest valence band and second lowest conduction
band� near the � point. Similar to NT�13,0,6�-ONT�4,6� su-
perlattice, there are also two new flat bands located close to
the top valence band and the bottom conduction band for
NT�15,0,6�-ONT�4,6� superlattice. The two flat bands are
also mainly located at the zigzag edges of the top perfect
CNT part, as shown in Fig. 2�f�. The origin of these localized
states is the same as in NT�13,0,6�-ONT�4,6� superlattice.
When the cutting length Lo increases from 4 to 8, the band
gap of partially open �15,0� CNT superlattices increases
slightly from 0.32 to 0.38 eV, whereas the energy difference
between the two localized states increases from 0.40 to 0.63

eV. Such opposite dependence of the band gap change on the
cutting length Lo �Table I� can be explained as follows. The
band gaps of partially open �13,0� CNT superlattices are de-
termined by the energy difference between the two localized
states around the Fermi level and decrease as Lo increases
because of the increasing hybridization between the localized
states and � /�� bands. However, the opposite occurs in par-
tially open �15,0� CNT superlattices, because the band gaps
are determined by the energy difference between � and ��

states rather than the localized states, and the change of the
energy difference between � and �� states is influenced by
the opening �defect� degree.

The situation is much more interesting for W=6. The
ground state of these superlattices converts from NM to spin-
polarized. There are two stable spin-polarized states, called
the antiferromagnetic �AFM� �ground� and ferromagnetic
�FM� states, similar to the case of ZGNRs.7,10,39,50 The AFM
�FM� configuration exhibits antiferromagnetic �ferromag-
netic� coupling between two zigzag edges in one opening
and the ferromagnetic coupling at each zigzag edge, as
shown in the inset of Fig. 3�b� or Fig. 4�b�. For W=6, the
band gap changes little with different cutting length, as listed
in Table I; this is evidently different from the case of W=4.
It means that the energy gap opening mechanism of the spin-
polarized case is different from that of the NM case, as ex-
plained in the following. The energy difference between the
AFM ground states and NM states, however, decreases much
as cutting length Lo increases.

Figures 3 and 4 show the electronic and magnetic prop-
erties of NT�13,0,6�-ONT�6,6� and NT�15,0,6�-ONT�6,6� su-
perlattices, respectively. NT�13,0,6�-ONT�6,6� superlattice
has four flat bands around the Fermi level for both spin-
polarized �AFM and FM� states and NM state, as shown in
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FIG. 2. �a� The optimized structure of NT�13,0,6�-
ONT�4,6� superlattice �side view�. �b� From left to
right, the band structures of the perfect �13,0� CNT with
six times primitive unit cell and NT�13,0,6�-ONT�4,6�
superlattice. �c� Side view of the charge density on the
top valence band �upper figure� and the bottom conduc-
tion band �lower figure� at the X-point of the band
structure in �b� �marked with circles�. �d� The optimized
structure of NT�15,0,6�-ONT�4,6� superlattice �side
view�. �e� From left to right, the band structures of per-
fect �15,0� CNT with six times primitive unit cell and
NT�15,0,6�-ONT�4,6� superlattice. �f� Side view of the
charge density on the second top valence band �upper
figure� and the second bottom conduction band �lower
figure� at the �-point of the band structure in �e�
�marked with circles�. The Fermi level is set to zero.
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Fig. 3�a�. Moreover, the top valence and bottom conduction
bands of the AFM configurations are mostly confined at the
zigzag edges of the opening and behave as spin-polarized
edge states, as shown in the partial density of states �PDOS�
and the charge density in Figs. 3�b�–3�d�. Comparison with
the case of W=4 indicates that long enough topological zig-
zag edges induce spin instability toward spin-band splitting,
which agrees with previous finding on ZGNRs and
CNTs.10,39,41–43,50 Another two flat states of each spin �the
second highest valence band and the second lowest conduc-
tion band� are mainly located at the bottom of the tube,
which behave as quantum well states �data not shown�. As
shown in Figs. 3�c� and 3�d�, the oppositely oriented spin
states are mostly located at the opposite �left and right� sides
of open zigzag edges. Therefore, if an additional electron
�hole� is introduced in this system, it will be confined at one
zigzag edge of the opening with a certain spin direction. The
flat bands around the Fermi level in the FM state

��0.025 eV /cell higher than the AFM state� have similar
properties to the corresponding flat bands of the AFM state.
It is also interesting that as the cutting length increases from
4 to 8, the dispersions and energies of the two flat bands
associated with localized states change little but the energies
of the other two flat bands associated with quantum well
states change much �data not shown�. Therefore, the exis-
tence of spin-polarized localized states and the band gaps of
AFM ground state are insensitive to the cutting length but
sensitive to the cutting width.

As shown in Fig. 4, NT�15,0,6�-ONT�6,6� superlattice
exhibits an AFM ground state with 0.189 eV band gap, simi-
lar to NT�13,0,6�-ONT�6,6�. The top valence band and the
bottom conduction band of the AFM state have a small dis-
persion with a flattened tail near the X-point �Fig. 4�a�� and
the charge density of the two bands at the X-point are located
at the opposite �left or right� zigzag edge of the opening
�Figs. 4�c� and 4�d��. At the same time, the zigzag edge states
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FIG. 3. �a� From left to right, the band structures of
NT�13,0,6�-ONT�6,6� superlattice for AFM, FM, and
NM states, respectively. �b� The total density of states
�DOS� of NT�13,0,6�-ONT�6,6� superlattice in the
AFM ground state. The PDOS of two zigzag edges at
the opening is also plotted as green �for right� and or-
ange �for left� filled area under DOS curve. The spatial
spin density distribution of AFM ground state is shown
as inset. The Fermi level is set to zero. �c� The spin-up
and -down charge densities �side views� of the top va-
lence band at the �-point in the AFM state �the lower
circle in �a��. �d� The spin-up and -down charge densi-
ties �side views� of the bottom conduction band at the
�-point in the AFM state �the upper circle in �a��. In
these figures, blue and red colors represent the spin-up
and spin-down states, respectively.
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FIG. 4. �a� From left to right are the band structures of
NT�15,0,6�-ONT�6,6� superlattice for AFM, FM, and
NM states, respectively. �b� The total DOS of
NT�15,0,6�-ONT�6,6� superlattice in the AFM ground
state. The PDOS of two zigzag edges at opening is also
plotted as green �for right� and orange �for left� filled
area under DOS curve. The spatial spin density distri-
bution of the AFM ground state is shown as inset. The
Fermi level is set to zero. �c� The spin-up and -down
charge densities �side views� of the top valence band at
the X-point in the AFM state �the lower circle in �a��.
�d� The spin-up and -down charge densities �side views�
of the bottom conduction band at the X-point in the
AFM state �the upper circle in �a��. In these figures,
blue and red colors represent the spin-up and spin-down
states, respectively.
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are hybridized with dispersive � and �� bands near the �
point, as shown in Figs. 4�a� and 4�b�, which is obviously
different from the above NT�13,0,6�-ONT�6,6� case. Unex-
pectedly, the FM state ��0.030 eV /cell higher than the
AFM state� is metallic with �1.0�B moment. As the cutting
length increases from 4 to 8, the band gap of the AFM state
decreases by 0.02 eV �Table I� and the FM is always metallic
with �1.0�B moment, independent on the cutting length.
Similar results are obtained in our calculations for
NT�12,0,6�-ONT�6,6� superlattice, indicating that the FM
states of partially open CNT superlattices made of metallic
zigzag CNTs are metallic when the cutting width is large
enough �W�5�.

In addition, we keep the opening degree �Lo=6, W=6�
of the CNT superlattices unchanged and then increase the
total length �Lt increases as well� to study the dependence of
electronic properties �especially the energy of the localized
states� on Lt. The results are summarized in Table II. For
NT�13,0 ,Lt�-ONT�6,6� and NT�15,0 ,Lt�-ONT�6,6� super-
lattices, clearly, the electronic properties �band gaps� are in-
sensitive to the length Lt and the overall band structure
around the Fermi level retains the same for different Lt �not
shown�. The energy differences between the AFM state and
NM states increase slightly, indicating the AFM ground state
becomes a little more stable for longer Lt.

Magnetic field B can be applied to change the magnetic
�spin� ordering of ZGNRs and partially unzipped armchair
CNTs from the AFM configuration to FM
configuration.41,51,52 It has been estimated that the switching
B can be as low as 0.03 T at the liquid helium temperature
�4 K� for ZGNRs.52 Similarly, it is expected that a magnetic
field can also be used to turn the spin ordering of partially
open zigzag CNT superlattices from AFM �ground state�
configuration to FM configuration. Based on the unique elec-
tronic properties of partially open �15,0� CNT superlattices,
we propose a magnetoresistance �MR� device �a finite par-
tially open �15,0� CNT superlattice connected to two semi-
infinite intact metallic �15,0� CNTs�, with a very large value
of MR. The AFM ground state of partially open �15,0� CNT
superlattices �with W=6� is semiconducting with a band gap
of �0.20 eV �Fig. 4�a��, so the conductance of the AFM
state around the Fermi level is zero �for an infinite superlat-
tice� or near zero �for finite superlattice due to the coupling
of the superlattice to electrodes�. A sufficiently strong mag-
netic field B will make the superlattice ferromagnetic and

hence metallic �Fig. 4�a��, which leads to new bands �trans-
port channels� at low energies and a finite conductance near
the Fermi level. Therefore, magnetic field B can produce a
dramatic change in the conductance of the system, which is
quantified by the MR, defined as the relative change of the
resistance when a magnetic field is applied. Based on a con-
ventional definition of MR

�MR �
RAF − RFM

RAF + RFM
=

GFM − GAF

GFM + GAF
� 100	 ,

we expect a MR �100% can be reached in the �0.20 eV
energy range near the Fermi level at low magnetic field B
around the liquid helium temperature.

It should be noticed that we focus on these partially open
zigzag CNT superlattices with ideal edge structures, which
are not easy to achieve in current experimental technology.
Our further test calculations demonstrate that these multiple
localized states and specific magnetic orderings still exist in
these superlattices even if there are defects at the armchair
edges of the opening. However, the stability of spin states
and the magnetic moments in these superlattices may de-
crease with increasing concentration of the edge defects or
edge impurities at the zigzag edges of the opening, as found
in zigzag GNRs.39 Thus, the low edge defect concentration at
the zigzag edges of the opening is necessary to realize the
spintronics in partially open CNT superlattices in practice.
Moreover, edge saturations are necessary to avoid the edge
reconstruction which may destroy the magnetic states in par-
tially open zigzag CNT superlattices, analogous to the cases
of zigzag edges in graphene.53

The response of CNTs to an external transverse electric
field �Eext� is also of interest for its future applications.42,54–57

Our previous works show that the partially open armchair
CNT behaves as an electric switching or a spin-filter under
an Eext.

42,43 So it is interesting to investigate the properties of
partially open zigzag CNTs under Eext. As an example, we
have considered NT�15,0,6�-ONT�4,6� and NT�15,0,6�-
ONT�6,6� superlattices. For convenience, all the openings in
the superlattices are put in the +y direction, shown as the
insets of Figs. 5�a� and 5�b�. The Eext has been applied in
three directions �x ,+y ,−y� perpendicular to the tube axis �z�.
Figure 5 briefly shows the results of the two different super-
lattices under Eext.

For the NT�15,0,6�-ONT�4,6� superlattice, if Eext is in
the x direction, the band gap changes little �	0.06 eV� even
under 0.5 V/Å �Fig. 5�a��. However the situation is opposite
if the Eext is in the +y �or −y� direction: the band gap de-
creases by �86% �or �72%�. Such changes in the band gap
are the response of localized states to external electric fields.
From the band structures of NT�15,0,6�-ONT�4,6� under
Eext=0.3 V /Å in the +y and −y directions �Fig. 5�b��, we
can clearly see that the gap change arises from the upward/
downward shift of the two flat bands �associated with the
localized states� relative to the unperturbed bands �Fig. 2�e��
when Eext is applied in the −y /+y direction. Since the two
localized states are mainly composed of the pz orbital of
carbon atoms on the top part of perfect CNT, their distribu-
tions are not uniform in the y direction. Thus, Eext in the y
direction can effectively change the electrostatic potential of

TABLE II. The band gap Eg �eV� and the energy differences ��E �eV/cell�,
between AFM ground states and NM states� of NT�13,0 ,Lt�-ONT�6,6� and
NT�15,0 ,Lt�-ONT�6,6� superlattices with different Lt.

Lt

6 8 10

NT�13,0 ,Lt�-ONT�6,6�
Eg �AFM� 0.462 0.462 0.462
�E �0.135 �0.175 �0.180

NT�15,0 ,Lt�-ONT�6,6�
Eg �AFM� 0.189 0.175 0.160
�E �0.043 �0.055 �0.057
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the localized states, and hence their energies. In contrast,
there is no obvious difference in the x direction for these
localized states �Fig. 2�f��, so Eext will not result in a net
energy change of each localized state, and consequently the
energy gap does not change dramatically. Our finding indi-
cates that the energy of localized pz orbital states could be
strongly influenced by the direction of charge polarization
�dipole direction� induced by Eext.

42,58,59 Similar changes of
energy gaps are also observed in the spin-polarized
NT�15,0,6�-ONT�6,6� superlattice �data shown in Figs. 5�c�
and 5�d�� and NT�13,0,6�-ONT�6,6� superlattice �data not
shown here�. The above discussion demonstrates that the ap-
plication of Eext is an effective way to control the band gap
of the superlattices. Especially, the energy of the localized
states can be modulated by this way for various practice
purposes.

IV. SUMMARY

In conclusion, our results obtained from ab initio calcu-
lations demonstrate that the superlattices based on partially
open zigzag carbon nanotubes have interesting electronic and
magnetic properties. The localized states can be formed
around the top of perfect CNT parts in such superlattices and
the energy gap can be modified by the size of the opening.
The width of the opening determines whether the ground
state of the system is spin-polarized or not. Interestingly, for
the spin-polarized case, the spin states with antiferromag-
netic or ferromagnetic ordering can be confined in a certain
part of these structures. We also find that some partially open
zigzag CNT superlattices are by themselves giant magnetore-
sistive devices. Moreover, the band gap as well as the energy
of localized states of the superlattices could be tuned by ex-
ternal transverse electric fields. These properties may be use-
ful for future device application in nanoelectronics.
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