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We investigated the width (N) dependence on the magnetization of N-ZSiC NR with electron and hole doping
on the basis of systematic DFT calculations. The critical values of the upper and down critical concentration to
give the maximum and zero magnetic moment at edge Si/C atoms by electron/hole doping (xup,e, xdown,e, xup,h,
and xdown,h) depend on the width of N-ZSiC NR. Moreover, due to xup,e ≠ xup,h and xdown,e ≠ xdown,h, the electron
and hole doping effect are asymmetry, i.e, the critical electron doping value (xdown,e) is smaller than the critical
hole doping value (xdown,h) and is almost independent of the width of NZSiC NR though the other critical values
of the electron and hole doping that influence the magnetization of N-ZSiC NR depend on the width. It was also
found that at xdown,e or xdown,h doping, the N-ZSiC NR turns into unusual non-magnetic metallic state. The
magnetic behavior was discussed based on the band structures and projected density of states (PDOS) under
the effect of electron/hole doping.
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Introduction
Spintronic devices are believed to be smaller, faster, and
far more versatile than the conventional electronic devices,
which have the following functioning scheme: (1) information is stored (written) into spins as a particular spin
orientation (up or down), i.e., the magnetization, (2) the
spins, being attached to mobile electrons, carry the
information along a wire, i.e., the spin-polarized electron
transport, and (3) the information is read at a terminal. The
key feature is the control and manipulation of the ‘spin’ of
the electron, instead of its charge that is the focus of the
electronics.1 It is noted that the graphene nanoribbons (NRs)
offer a possibility of achieving these purposes.2-7 Hence,
the graphene NRs have attracted a lot of interest.8-45 The
graphene NRs are made by cutting the graphene sheets,
where the edge carbon atoms are passivated by hydrogen. It
was found that the graphene NRs can be either metallic or
semiconducting depending on the width and structure of
the edges.8-18 Notably, the zigzag graphene NRs (graphene
nanoribbons with zigzag edges) are a magnetic semiconductor with a small band gap, and have ferromagnetic
ordering at each edges and their spins at two opposite edges
are antiparallel.16,19-28 When a very strong transverse electric
field is applied, the ZG NRs transform to half metal,19-22
†
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where only one of the spin channels conducts and the other
remains insulating, which suggests possibility for the control
and manipulation of the spin-polarized electron transport by
applying electric field.
However, an easy way to control the spin polarized electrons in downscaling devices has proved to be quite a
challenge. It has proven elusive to manipulate the magnetization by applying electric field.46,47 We recently reported
that the zigzag silicon carbon nanoribbons (ZSiC NRs) can
be utilized for manipulating the magnetization by applying
an electric field48 and carrier (hole and electron) doping.49 It
was found that the ZSiC NRs showed the magnetization by a
transverse electric field as well as the conversion of spin
polarization.48 It was also found that holes and electrons
injected by removing or adding electrons from the ZSiC
NRs resulted in the magnetization and change of the
magnetization direction of the ZSiC NRs.49 Here, we present
new findings on the N-ZSiC NR by hole and electron
doping. We investigated the width (N) dependence on the
magnetization of N-ZSiC NR with electron and hole doping.
In particular, electron and hole doping resulted in asymmetric effect. The most important finding is that, at the
critical electron doping or the critical hole doping, the NZSiC NR starts to turn into a strange non-magnetic metalic
state. In case when the electron doping leads to the N-ZSiC
NR’s non-magnetic metalic state, the edge Si forms conduction, while the edge C forms insulation. On the contrary,
when the hole doping leads to the N-ZSiC NR’s non-
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Figure 1. (color online) Geometric structure of the N-ZSiC NR.
ZSiC NR is periodic along the x direction. The 1D unit cell
distance and the ribbon width are denoted by d and N, respectively.
The large, middle, and small spheres denote Si, C, and H atoms,
respectively.

magnetic metalic state, the edge C forms conduction, while
the edge Si forms insulation.
Models and Methods
In our model, N-ZSiC NRs is flat in x-y plan, with Nzigzag chains along x direction. The edges of ZSiC NRs are
saturated by hydrogen atoms. Periodic boundary condition
(PBC) is used to consider ZSiC NRs with infinite length,
which is shown in Figure 1. Our calculations were carried
out with the OPENMX computer code.50 The DFT within
the GGA51 for the exchangecorrelation energy was adopted.
Norm-conserving Kleinman-Bylander pseudopotentials52
were employed, and the wave functions were expanded by a
linear combination of multiple pseudo atomic orbitals
(LCPAO)53,54 with a kinetic energy cutoff of 250 Ry. The
basis functions used were: C6.0-s2p2d1, Si6.0-s2p2d1, and
H4.5-s1p1. The first symbol designates the chemical name,
followed by the cutoff radius (in Bohr radius) in the
confinement scheme and the last set of symbols defines the
primitive orbitals applied. We adopted a supercell geometry
(Figure 1) where the length of a vacuum region along the
non-periodic direction (y-, z-directions) was 20 Å, and the
lattice constant along the periodic direction (x-direction) was
3.11 Å. Previously, it was suggested that the enough number
of k-point sampling in the Brillouin zone integration should
be performed for reliable results.55,56 Thus, we used 120 × 1
× 1 k-point sampling points in the Brillouin zone integration.
The geometries were optimized until the Hellmann-Feynman
forces were less than 10−4 Hartree/bohr. The convergence in
energy was 10−8 Hartree. We have also increased the size of
the supercell to make sure that it does not produce any
discernible difference on the results. Holes and electrons
doping were performed by a shift in the Fermi level and a
uniform background charge is introduced to balance the
charge neutrality of the system, which is called as the
Fermilevel shift (FLS) method.
Results and Discussion
Figure 2 shows the magnetic moments of the total unit cell
and at the edge Si and C of N-ZSiC NRs in the ground state
as a function of the doping concentration x per unit cell. In

Figure 2. (color online) Magnetic moments of the total unit cell
and at the edge Si and C of N-ZSiC NRs for (a) N = 4, (b) N = 6,
and (c) N = 8 in the ground state as a function of the doping
concentration x per unit cell (x = 0 for un-doping, x < 0 for electron
doping, and x > 0 for hole doping).

our previous study, it was known that when the hole is
doped, the local magnetic moment at the edge C atoms is
enhanced, while the local magnetic moment at the edge Si
atoms is weakened, hence the ZSiC NR has been magnetized
by hole doping. It is noted that the magnetization direction is
spin-down, and the total magnetic moment conforms to the
local magnetic moment at the edge C atoms. The opposite
trend appears by electron doping. It should be noted that the
critical values of xup,e, xdown,e, xup,h, and xdown,h depend on the
width of N-ZSiC NR. Here xup,e/xup,h and xdown,e/xdown,h denote
the upper and down critical concentration of electron/hole
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Figure 3. (color online) Band structures of N-ZSiC NRs for (a) N = 4, (b) N = 6, and (c) N = 8 in ground state as a function of the doping
concentration x per unit cell. The red solid and blue dash-dotted lines denote the spin-up and spin down bands, respectively. The Fermi level
is set to zero.

doping to give the maximum and zero magnetic moment at
edge Si/C atoms, respectively. Moreover, due to xup,e xup,h
and xdown,e xdown,h, the electron and hole doping effect are
asymmetry.
In order to further analyze the above results, in Figure 3
we show the band structures of N-ZSiC NRs (N = 4, 6, and
8) for x = xup,e, xdown,e, xup,h, and xdown,h critical doping values
as well as x = −0.10, 0.00, and 0.10. In general, as shown in
Figure 3, without doping (x=0), the ZSiC NR is ferrimagnetic semiconductor with two different direct band gaps for
the spin-up and the spin-down channels at near the X point.55
For the electron doping (x < 0), due to the extra electron
from the doping, the fermi level of the system is shifted
upward and crosses the conduction band in the spin up
channel, which indicates that the ZSiC NR turns into
ferrimagnetic metal state. The spin-up and the spin-down
channels of the valence band approach closer each other,
which leads to the weakened local magnetic moment at the
edge C, while the spin-up and the spin-down channels of the
conduction band are more separated, which leads to the
enhanced local magnetic moment at the edge Si. It is noted
that when x = xup,e, the spin-up and the spin-down channels
of the valence band coincide each other, which leads to the
zero local magnetic moment at the edge C, while the
separation of the spin-up and the spin-down channels of the
conduction band reaches the maximum, which leads to the
maximum local magnetic moment at the edge Si as shown in
Figure 3. The values of xup,e were calculated to be for −0.30,
−0.30, and −0.30 for N = 4, 6, and 8, respectively. By further
electron doping, when x = xdown,e, the spin-up and the spindown channels of the conduction band are also coincide

Figure 4. (color online) Band structures of 6-ZSiC NR for (a) the
spin-up and (b) spin down bands, (c) spatial distribution of the spin
differences, (d) total electronic density of states (DOS), and the
projected DOS (PDOS) for (e) edge Si and (f) edge C atoms. The
red solid and blue dash-dotted lines denote the spin-up and spindown bands, respectively. The Fermi level is set to zero. The red
and blue arrows denote the direction of the spin-up and spin-down
at the edge atoms.
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Figure 5. (color online) PDOS for the edge C and Si atoms of 6-ZSiC NR as a function of the doping concentration x per unit cell (x =0 for
un-doping, x < 0 for electron doping, and x > 0 for hole doping). The Fermi level is set to zero. The other marks are same as in Figure 4.

each other, which leads to the zero local magnetic moment at
the edge Si, and the ZSiC NR turns into a non-magnetic
metal state. The values of xdown,e were calculated to be −0.35,
−0.40, and −0.42 for N = 4, 6, and 8, respectively. The
opposite trend was obtained by hole doping as reported
previously.49 The values of xup,h/xdown,h were calculated to be
0.45/0.60, 0.48/0.70, and 0.50/0.82 for N = 4, 6, and 8,
respectively.
Why the increased/decreased separation of the spin-up and
the spin-down channels of the valence band leads to the

enhanced/reduced local magnetic moment at the edge C,
while the increased/decreased separation of the spin-up and
the spin-down channels of the conduction band leads to the
enhanced/reduced local magnetic moment at the edge Si? To
answer these questions, we looked into the band structures,
spatial distribution of the spin differences, total electronic
density of states, and the projected local density of states
(PDOS) of the edge Si and C for 6-ZSiC NR without doping.
As seen in Figure 4(a) and (b), the valence and conduction
bands for the spin-up and spin-down channels are close to
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the Fermi level. For these bands, the electron spins are
distributed over the edge Si and C atoms (Figure 4(c)), and
thus PDOS of the edge Si and C may include all the
information of the four bands including the local magnetic
moment at the edge Si and C. Thus, we focused on PDOS
for the edge Si and C atoms in different electron and hole
doping condition.
Figure 5 shows PDOS for the edge C and Si atoms in 6ZSiC NR for doping concentrations x = −0.42, −0.35, −0.30,
−0.10, 0.00, 0.10, 0.35, 0.48, 0.60, and 0.70. Without doping
(x = 0), PDOS shows that the spin-up and the spin-down
channels of the edge C as well as the edge Si are well
separated from the Fermi level indicating that the edge C
and Si are spin-polarized. For the edge Si atoms, the spin-up
channel shows the PDOS below the Fermi level, while the
spin-down channel above the Fermi level. As a result, the
edge Si atoms have spin-up local magnetic moment. Oppositely for the edge C atoms, the PDOS in the spin-down
channel is below the Fermi level, while the spin-up channel
above the Fermi level, resulting in the local magnetic
moment of spin-down in the edge C atoms.
By a little electron doping, such as x = −0.10, due to the
extra electron from the doping, the Fermi level of the system
is shifted upward. Thus, for the edge Si atoms, the number of
electrons in the spin-up channel in the valence band (below
the Fermi level) increases, while the PDOS in the spin-down
channel is still above the Fermi level. As a result, the net
number of electrons with up spin increases and the local
magnetic moment at the edge Si is enhanced. As for the edge
C atoms, due to the upward shifted Fermi level, the area of
PDOS in the spin-up channel below the Fermi level
increases, i.e., the number of electrons in the spin-up channel
increases. On the other hand, the PDOS in spin-down
channel is still below the Fermi level. As a result, the local
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magnetic moment at the edge C is reduced. As electron
doping increases, the Fermi level of the system is further
shifted upward, thus, for the edge Si atoms, the local magnetic moment at the edge Si increases further. However, for
the edge C atoms, as electron doping increases, the net
number of electrons below the Fermi level in the spin-down
decreases, which leads to the further reduction in the local
magnetic moment at the edge C. When x = −0.30, the area of
PDOS below the Fermi level in the spin-up channel of the
edge Si atoms is the maximum, as a result, the local magnetic moment at the edge Si reaches the maximum. At same
time, the areas of PDOSs below the Fermi level in the spinup and spin-down channels of the edge C atoms are coincidently the same, which indicates that the local magnetic
moment at the edge C disappears. After that, as electron
doping increases further (x = −0.35), for the edge Si atoms,
the area of PDOS below the Fermi level in the spin-up
channel turns to decrease because the PDOS in the spin-up
channel turns to move up, while the PDOS in the spin-down
channel move down further and crosses with the Fermi level.
As a result, the local magnetic moment at the edge Si turns
to decrease. When x = −0.40, the areas of PDOSs below the
Fermi level in the spin-up and spin-down channels of the
edge Si atoms are coincidently the same, which leads to the
local magnetic moment at the edge Si of zero, then, 6-ZSiC
NR turns to be no more spin-polarized. On the other hand,
since the PDOSs in the spin-up and spin-down channels of
the edge Si atoms cross the Fermi level, 6-ZSiC NR turns
into the unusual non-magnetic metallic state. Because the
PDOSs in the spin-up and spin-down channels of the edge C
atoms are below the Fermi level and do not cross the Fermi
level, the edge C is insulator state.
In contrast, by a little hole doping, such as x = 0.10, due to
the missing electron, the Fermi level of the system is shifted

Figure 6. (color online) Band structure and PDOS of the right and left edge C atoms of 4-ZCNR for the (a) electron doping x = −0.60 and (b)
hole doping x = 0.70. The Fermi level is set to zero, and the notation is the same as in Figure 4.
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downward. Thus, for the edge C atoms, the area of PDOS
below the Fermi level in the spin-up channel decreases.
While the PDOS below the Fermi level in the spin-down
channel is still below the Fermi level. As a result, the net
number of electrons with down spin increases and the local
magnetic moment at the edge C is enhanced. As for the edge
Si atoms, due to the downward shifted Fermi level, the area
of PDOS in the spin-up channel below the Fermi level
decreases, i.e., the number of electrons in the spin-up channel
decreases. On the other hand, the PDOS in spin-down
channel is still above the Fermi level. As a result, the net
number of electrons with spin-up decreases, hence the local
magnetic moment at the edge Si is reduced. As hole doping
increases, the Fermi level of the system is further shifted
downward, thus, the local magnetic moment at the edge Si
decreases further. However, for the edge C atoms, as hole
doping increases, the net number of electrons below the
Fermi level in the spin-down increases, which leads to the
further enhancement in the local magnetic moment at the
edge C. When x = 0.35, the areas of PDOS below the Fermi
level in the spin-up and spin-down channels of the edge Si
atoms are coincidently the same, as a result, the local
magnetic moment at the edge Si disappears. As for the edge
C atoms, due to the increase in net number of electrons
below the Fermi level with spin-down, the local magnetic
moment at the edge C increases further. When x = 0.48, the
net number of electrons below the Fermi level in the spindown channel of the edge C atoms is the maximum, as a
result, the local magnetic moment at the edge C reaches the
maximum. After that, as hole doping increases, for the edge
C atoms, the area of PDOS below the Fermi level in the
spin-up channel turns to increase because the PDOS in the
spin-up channel shifted down, while the PDOS in the spindown channel shifted up further and crosses the Fermi level.
Consequently, the local magnetic moment at the edge C
turns to decrease (x = 0.60). When x = 0.70, the areas of
PDOS below the Fermi level in the spin-up and spin-down
channels of the edge C atoms are coincidently the same,
which leads to the local magnetic moment at the edge C of
zero, then, 6-ZSiC NR turns to be no more spin-polarized.
On the other hand, since the PDOSs in the spin-up and spindown channels of the edge C atoms cross the Fermi level, 6ZSiC NR turns into the unusual non-magnetic metallic state.
Because the PDOSs in the spin-up and spin-down channels
of the edge Si atoms are below the Fermi level and do not
cross the Fermi level, the edge Si is insulator state.
It should be mentioned that at x = xdown,h hole doping, NZSiC NR starts to turn into the unusual non-magnetic
metallic state, in which the edge C is in conduction, while
the edge Si is in insulation. In contrast, at x = xdown,e electron
doping, N-ZSiC NR also starts to turn into unusual nonmagnetic metallic state, but in which the edge Si is in
conduction, while the edge C is in insulation. For comparison, Figure 6 shows the band structure and PDOS of the
right and left edge C atoms in grapheme nanoribbon (4ZCNR) for the electron doping x = −0.60 and hole doping x
= 0.70. It is noted that when N-ZCNR is doped by a large
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amount of electron or hole, N-ZCNR turns into normal nonmagnetic metallic state in which both C edges are in conduction. These can be understood as the following rationale.
Both edges of N-ZGNR are terminated by the C atoms, and
there is no electron transfer between both edges, hence no
transverse charge polarization. As a result, both edge states
of N-ZGNR are symmetric. However, in N-ZSiC NR, both
edges are terminated by Si and C atoms, respectively. Due to
the different electronegativity of Si and C atom, electron
transfers from Si edge to C edge, hence Si and C atoms
are charged positively and negatively, respectively. As a
result, a transverse internal electric field appears across the
ribbons.48,49 Thus, both edge states of N-ZSiC NR are asymmetric. Note that, for both systems, the magnetic ground
state as well as the characteristics of metallicity is determined by the band structures of the spin-up and spin-down
at Fermi energy which originates from the edge states.
Therefore, for N-ZSiC NR, electron doping carriers may
enter the C edge state due to the transverse internal electric
field, leading to the reduction in the local magnetic moment
at the edge C. While hole doping carriers may enter the Si
edge state, leading to the reduction in the local magnetic
moment at the edge Si. However, for N-ZCNR, both the
electron and hole doping carriers may enter both edge states,
leading to the reduction in the local magnetic moment at
both edge C.57 Thus, when N-ZCNR is doped by a large
amount of electron or hole, the local magnetic moment at
both edge C disappears and N-ZCNR turns into normal nonmagnetic metallic state in which both C edges are in
conduction.
Conclusion
On the basis of systematic DFT calculations, it was found
that the electron and hole doping effect are asymmetry, i.e,
the electron critical doping value (xdown,e) is smaller than the
hole critical doping value (xdown,h) and is almost independent
of the width of NZSiC NR though the other critical values of
the electron and hole doping that influence the magnetization of N-ZSiC NR depend on the width. The most important finding is that at xdown,e or xdown,h doping, the N-ZSiC NR
turns into unusual non-magnetic metallic state. The electron
doping leads to the N-ZSiC NR’s unusual non-magnetic
metallic state, in which the edge Si is in conduction, while
the edge C is in insulation. The hole doping also leads to
unusual non-magnetic metallic state, in which the edge C is
in conduction, while the edge Si is in insulation. To the best
of our knowledge, such a unusual non-magnetic metallic
state is reported for the first time, which shows a promising
potential application in new generation of nano/molecular
electronics and spintronics materials.
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