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Based on density functional theory and non-equilibrium Green’s function method, we studied noncollinear magnetism
and spin transport in a 180° domain wall made of zigzag graphene nanoribbon (ZGNR) with different noncollinear magnetic
profiles on the top and bottom edges. Our results show that a helical domain wall on the top (bottom) edge and an abrupt
domain wall on the bottom (top) edge can survive in the ZGNR. This indicates that such characteristic magnetization
distribution can be obtained by some means, e.g., the introduction of impurity on one edge. Compared to a wide ZGNR,
a narrow ZGNR presents obvious coupling between the two edges which changes the magnetization and transmission
greatly. As for the above-mentioned distinct magnetic profile, the spin transport is blocked in the abrupt domain wall due
to strong spin flip scattering while remains unaffected in the helical domain wall due to the spin mixing effect. We deduce
a formula of the transmission for various magnetic profiles of the ZGNRs. A new result based on this formula is that the
transmission at the Fermi level can be zero, one, and two by tuning the edge magnetization. Our results provide insights
into the noncollinear spin transport of the ZGNR-based devices.

Keywords: graphene nanoribbon, spintronic transport, density functional theory, nonequilibrium Green’s

function
PACS: 72.10.—d, 85.65.4+h, 73.63.—b

1. Introduction

Graphene nanoribbon has attracted much attention due
to its fantastic electronic, optical, and mechanical proper-
ties which may render potential application in carbon-based

nanodevices. (=12

I By cutting graphene along different direc-
tion, one can obtain nanoribbon of the armchair or zigzag
type.

been extensively studied in that it shows spin-polarized elec-

Of them, zigzag graphene nanoribbon (ZGNR) has

tronic states.!!3-23] Therefore, the ZGNR is a potential can-
didate for spintronic applications. In experiment, the long-
distance propagation of spin has been observed.>*! In theory,
the ZGNR shows a variety of spin-dependent electronic prop-
erties. For instance, the electronic states could be either sym-
metric or asymmetric depending on the width of the ribbon. 3]
The transmission is determined by the symmetry and could be
blocked by such symmetry and magnetization alignment of the
left and right leads.?®!

In many experimental and theoretical studies, the mag-
netism of the ZGNR is usually assumed to be collinear, i.e.,
the magnetic moments of all atoms are aligned along the same
line.[>*26 In general, noncollinear magnetism is energetically
unfavorable due to the absence of competition of magnetic ex-
change interaction?’-?°! and spin—orbit interaction.*”) How-
ever, in some special situations, noncollinear magnetism can
occur. Czerner et al. have studied the nanojunction made of

DOI: 10.1088/1674-1056/abcOe4

transition metal nanowire.3!) The helical domain wall is ob-
tained by restricting two leads magnetization along the oppo-
site directions. Here, noncollinear magnetism is energetically
more favorable than the collinear one since it has the smaller
magnetic exchange interaction in the domain wall. Based on

this principle, zhang et al.3%!

studied the two-probe model of
the ZGNR by setting two lead magnetizations in different di-
rections described by the twist angle 6. The twist angle is de-
fined as the relative angle between magnetizations of the left
and right leads. For a long nanoribbon, noncollinear domain
wall is obtained for small twist angle but collinear domain wall
is favorable for large twist angle. Moreover, at the Fermi level,
the transmission coefficient remains almost constant with the
twist angle varied. This interesting feature implies that small
perturbation in magnetization orientation does not change the
transmission greatly.

We notice that, in previous calculations, noncollinear
magnetization distributions are assumed to be the same on the
top and bottom edges of the ZGNR.[3?] That is to say, the do-
main wall on the top edge is the same as that on the bottom
edge. In this case, the top and bottom edges give equal con-
tributions to electronic transmission. Based on this, it is nat-
ural to ask: What are the magnetization profile and transport
properties when the top and bottom edge magnetizations are
different? To answer this question, we extend the calculation
in Ref. [32] to the case where magnetizations on two edges of
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the ZGNR are not the same. Several new results and physics
are discussed and revealed.

The remainder of the paper is organized as follows. In
Section 2, we show the computational method and structural
model of the ZGNR with different magnetizations on two
edges. The construction of collinear and helical magnetiza-
tions is discussed. In Section 3, the results of magnetization
distribution and transmission coefficient are given. The phys-
ical mechanisms are discussed. The findings are summarized
in Section 4.

2. Computational methods and models

The calculation is performed in three steps using the

(331 In the first step, the structural optimiza-

OpenMX package.
tion is done in order to find the energetically stable position of
each atom. In the second step, a two-probe geometry contain-
ing left lead, right lead, and the central region is considered.
The magnetizations of the left and right leads are fixed and
the electronic states in the central region are self-consistently
iterated. In the construction of the Hamiltonian, the pseu-
doatomic orbitals (PAOs) and norm-conserving pseudopoten-
tials are employed in the local density approximation (LDA)
of density functional theory (DFT). The PAOs for carbon and
hydrogen atoms are C5.0-s2p1 and H5.0-s2p1 where 5.0 and
s2pl represent the cutoff radius (in Bohr unit) of atomic or-
bital and the primitive atomic orbitals used. The energy cutoff
for real space integration and the solution of Poisson equa-
tion is 300 Ry. Due to the use of open boundary condition,
the key physical quantity is the density matrix. We use the
Hamiltonian matrix, overlap matrix, and self-energy of leads
to calculate the Green’s function of the central region and the
density matrix based on the non-equilibrium Green’s function
method. 34381 With the density matrix and atomic orbitals, the
charge density is obtained and iterated until the convergence is
reached. In our calculations, we set the electronic temperature
at 300 K. In the third step, we use the converged quantities, i.e.,
the Green’s function and self-energy, to calculate the transmis-
sion coefficient based on the Landauer formula.

The ZGNR under study is mirror symmetric with respect
to the midplane between the two edges as shown in Fig. 1 with
different widths, i.e., N = 10, 8, and 4. Here, N defines the
number of carbon atoms in the vertical direction. The length
is defined in the transport direction, i.e., Ly = (Nedge — 1)a with
a = /3ac_c, where ac_c is the distance between two neigh-
bouring carbon atoms. Negge is the number of carbon atoms in
the edges. In this work, we consider Negge = 17. All carbon
atoms on the edge are saturated with hydrogen atoms. Some
buffer layers are added to the left and the right sides of the
central region in order to achieve convergence.

The noncollinear magnetism is realized by setting the
magnetizations of the left and right leads antiparallel, i.e.,

6 = 180°. Two spin quantization axes,***" i.e., global and
local axes, are used. The global axis is always along the z
axis. The local axis is along the direction of each atom’s mag-
netization, which varies from atom to atom. When the left and
right lead magnetizations are fixed, the magnetization profile
in the central region can be helical or collinear, i.e., a helical
or abrupt domain wall. The abrupt domain wall can be al-
most regarded as a collinear magnetization distribution. But
in the helical domain wall,!*!! the local magnetic moment of
carbon atom on the edge along the ZGNR rotates between two
lead magnetizations in constant step of 180°/(Negge —1). In
the process of self-consistent iteration, the amplitude and di-
rection of the magnetic moments of all atoms in the central
region are fully relaxed.
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Fig. 1. Magnetization distributions of (a) N = 10, (b) N =8, and (c)
N =47ZGNRs at 0 = 0°. 6 is the angle between magnetizations of the
left and right leads.

3. Results and discussion

For the sake of comparison, we first present the magneti-
zation distribution of 8 = 0° shown in Fig. 1. One can clearly
see a ferromagnetic order on both top and bottom edges of the
nanoribbon. As the two lead magnetizations are parallel, any
deviation from lead magnetization in the central region will
increase the Heisenberg exchange energy. Moreover, we can
notice two phenomena: (i) the magnetization of the central re-
gion is mainly arisen from the two leads; (ii) the magnetization
is mainly on the edge atoms, instead of the interior atoms. The
first can be attributed to the fact that a fixed boundary con-
dition is used in our transport calculations. As the two lead
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magnetizations are fixed, the magnetization in the central re-
gion can only be relaxed under such boundary condition. As
the two lead magnetizations are parallel, the magnetization of
the central region is forced to align in a ferromagnetic way.
As for the latter behavior, the magnetization of the ZGNR is
arisen from the zigzag edge for which only one of A and B
sublattices appears on each edge.!'*! Since the numbers of A
and B sublattice atoms are equal for the interior atoms, no
magnetism occurs. In Fig. 1, one can see that the magneti-
zation distribution remains almost unchanged when shrinking
the width of the ZGNR. But, this is not true for the electronic
band structure and transmission coefficient.

0.5

(a) (b)

—-0.5

Energy/eV

LY

Transmission Wave vector

Fig. 2. (a) Transmission curve and (b) band structure of N = 10 ZGNR
at 8 = 0°. (¢) and (d) Those for N = 8 ZGNR, (e) and (f) N = 4 ZGNR.

Figure 2 shows the transmission coefficient and band
structure of three ZGNRs. As for the wide ZGNR with
N = 10, the transmission coefficient is almost two except in
In [-0.22 eV, —0.16 eV] and
[0.16 eV, 0.22 eV], the transmission coefficient increases to

some small energy range.

four. The enhancement in transmission is mainly attributed to
the edge state. As 0 = 0°, the two-probe device is actually
a periodic structure with ferromagnetic order. So, the trans-
mission is determined by the number of electronic states. In
Fig. 2(b), one can find two electronic states in the range other
than [—0.22 eV, —0.16 eV] and [0.16 eV, 0.22 eV] but four
states in the ranges of [—0.22 eV, —0.16 eV] and [0.16 eV,
0.22 eV]. Similar behavior can be found in Figs. 2(c) and 2(d)
for N = 8 ZGNR. As the width of ZGNR becomes small, i.e.,
N = 4 shown in Figs. 2(e) and 2(f), one can obviously see
that the transmission curve shows many spikes in the ranges
of [-0.22 eV, —0.16 eV] and [0.16 eV, 0.22 eV]. These spikes
can be understood based on the band structure of N = 4 where
the edge state is split. The splitting of the edge state is at-
tributed to the coupling between the top and bottom edges.
The wider the ZGNR is, the weaker the coupling between the
two edges is and the smaller the splitting is.

Figure 3 shows the magnetization distribution of N = 10,
N =8, and N = 4 ZGNRs with different magnetic profiles on

the two edges at 8 = 180°. For clarity, we use the symbol A/B
to denote the magnetization distribution with the first symbol
A and the second symbol B for the top and bottom edges. Here,
the A and B could be either C (collinear) or X (helical). So, the
C/C and X /X are for the common magnetization on the two
edges as shown in Fig. 3. For the C/C, an abrupt domain wall,
where magnetic moments change the direction in the center of
the edge, can be seen clearly. As seen from the polar plot in
Fig. 4, the sizes of most magnetic moments remain unchanged
except in the central region. For the X /X, the magnetic mo-
ment changes its direction gradually. Compared to the C/C,
the angle between two neighboring magnetic moments is small
in the X /X, which results in a small Heisenberg exchange en-
ergy. This has been validated by previous calculations based
on the periodic unit cell of the ZGNR.[3?]

(a) (b) (c)

Fig. 3. Magnetization distributions of (a) N = 10, (b) N = 8, and
(¢) N =47ZGNRs at 6 = 180°. The symbol A/B denotes magnetization
A on top edge and magnetization B on bottom edge. C and X denote
collinear and helical magnetization distributions, respectively.

As for the X /C or C/X, the top and bottom edges are of
different magnetization distributions. In self-consistent iter-
ation, it can reach a converged configuration, indicating that
such magnetization distribution represents a local minimum in
energy landscape. This is the main result in this paper. Com-
pared to the C/C and X /X, the X /C or C/X ZGNR has almost
the same helical magnetization which can be appreciated in
Fig. 4. The size and orientation of magnetic moments in heli-
cal magnetization are the same as the C/C and X /X. However,
the abrupt domain wall changes a lot. Especially, the orienta-
tion of magnetic moments of the abrupt domain wall in the
X/C or C/X ZGNR is no longer collinear, but tilted with re-
spect to the z axis. This is mainly arisen from the coupling
between the top and bottom edges, which is obvious for N =4
ZGNR. In N = 4 and X/C ZGNR, the helical domain wall
(top) presents the usual behavior but the abrupt domain wall
(bottom) presents a small domain wall near the central region.
This can be appreciated from its polar plot in Fig. 4 (X /C (bot-
tom)) with magnetic moments gradually rotated. In such nar-
row ribbon, the coupling between the top and bottom edges
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is strong. It reproduces a tendency that both top and bottom
edges approach the helical magnetization distribution. Here, it
should be understood that the symbol C may be inappropriate
since it is not strictly collinear.

(a) (b)

c/c 90° 90°
180° 0° 180° @ 0°

X/X 90° 90°

180° 0° 180° m(r

X/C (top) ~_90°

180° 0° 180°

X/C (bottom) 90°

90°
180° 0° 180° @0“

C/X (top) 90° 90°
180° 0° 180° @0“
C/X (bottom) 90° 90°
020000
180° 0° 180° 0°

0.30.20.1 0 0.10.20.3 0.30.20.1 0 0.10.20.3

Fig. 4. Polar plot of the direction and size of local magnetic moments
along the transport direction at 6 = 180° for (a) N =8 and (b) N =4
ZGNRs. Only the magnetic moments of carbon atoms on the top and
bottom edges are shown. Each point corresponds to an carbon atom on
the edge. The size of magnetic moment is represented by the length
from the sphere to the center of circle. The unit of magnetic moment
is ug. The direction of magnetic moment is represented by the azimuth
from the vertical line to the sphere in the polar plot.

We next discuss the transmission in the above-mentioned
ZGNRs at 0 = 180° shown in Fig. 5. As for the C/C and
X /X, the X /X ZGNR shows similar behavior to 8 = 0° shown
in Fig. 2. Although the helical (6 = 180°) and ferromagnetic
(6 = 0°) orders are quite different, the spin scattering mech-
anism is similar. In helical magnetism, the angle between
neighboring magnetic moments is small. The spin scattering
from one moment to its nearest neighboring moment is weak,
i.e., the spin mixing effect. But for the C/C ZGNR, the abrupt
reverse of magnetic moments near the center of the edges in-
duces a strong spin-flip scattering and increases the resistance.
As for the X /C or C/X ZGNR, the transmission near the Fermi
level lies between those of C/C and X/X. This is because

the spin transport is blocked in the abrupt domain wall while
switched on in another helical domain wall. The relationship
of transmission can be concluded with an approximate formula

Teyx = Txjc = (Teje + Txx) /2- (H

(a) — (C/C+X/X)/2
—c/c
— X/X
— Xx/C
—C/X

Transmission
o
[

0 L | | L
—0.4 —0.2 0 0.2 0.4
Energy/eV
4
(b) —(C/C+X/X)/2
—C/C

— X/X
—X/C
—C/X

Transmission
N

0
—0.4 —0.2 0 0.2 0.4
Energy/eV
4
(c) —(C/C+X/X)/2
—C/C

Transmission

Energy/eV

Fig. 5. Transmission versus energy for (a) N = 10, (b) N = 8, and (c)
N =47ZGNRs at 6 = 180°.

When the ZGNR becomes narrow, the transmission de-
velops many details, e.g., spikes shown in Fig. 5(c). The spikes
are closely related to the coupling between the top and bottom
edges. Moreover, equation (1), which holds for N = 10 and
N = 8 ZGNR, is no longer suitable for N = 4 ZGNR. Espe-
cially near the Fermi level, the violation is remarkable. This
implies that a wide ZGNR is better for the situation where the
inter-edge coupling needs to be avoided. Since the transmis-
sion curves of N = 10 and N = 8 ZGNRs behave similarly,
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we believe that above the width of N = 10 the effect of inter-
edge coupling on transmission would be negligible. These re-
sults of spin transport would be of significance in the design
of ZGNR-based spintronic devices. For instance, one can ob-
tain the transmission coefficient of zero, one, and two with the
C/C,C/X, and X /X ZGNRs, respectively.

Finally, we will discuss a potential route to realize dis-
tinct magnetizations on the two edges. First, one believes that
a wide ZGNR is desired. In a wide ZGNR, the inter-edge cou-
pling can be neglected and thus one can tune the magnetiza-
tion of the edges independently. Second, as the helical domain
wall is energetically lower than the abrupt one, it is possible to
first obtain the helical domain wall on the two edges. Our pre-
vious calculations have demonstrated that the helical domain
wall can collapse to an abrupt domain wall in the presence of
adsorbates or atom substitution on the edge.***3
introduce impurities into one of the edges to destroy the helical

1 S0, one can

domain wall on this edge.

Moreover, the fabrication of 180° domain wall under
study can be made possible in a similar way to that used in
Fe/MgO/Fe magnetic tunnel junction. First, a static magnetic
field is applied to the ZGNR to induce uniform magnetization
in the left and right leads. Then, we can attach an antiferro-
magnet to the right lead. Based on the well-known exchange

t,[*4] such an antiferromagnet will pin the magnetiza-

bias effec
tion of the right lead to a direction antiparallel to the left lead,

producing a 180° domain wall.

4. Conclusion

We calculated the magnetization distribution and trans-
mission coefficient of the ZGNR with distinct magnetic pro-
files on two edges based on first-principles calculations. The
systems under consideration are a wide N = 10, 8, and a nar-
row N =4 ZGNRs. As for the wide ZGNR, the helical domain
wall on the top (bottom) edge and the abrupt domain wall on
the bottom (top) edge can survive. But for a narrow ZGNR,
the coupling between the two edges results in the correlation
between the two edge magnetizations. The abrupt domain
wall on one edge is of helical characteristics near the center
of the edge. This changes the band structure and spin trans-
port greatly. The transmission curve of unequal magnetization
distribution lies between those of equal C/C and X /X ZGNRs.
The spin transport behavior of a wide ZGNR can be described
by a formula. The formula indicates that, by tuning the edge
magnetization, the transmission of zero, one, and two can be
realized. Moreover, when the width is small, the coupling be-
tween the two edges induces many details, i.e., spikes in the
transmission curve. The coupling makes the separation of the
top and bottom edge states difficult and thereby invalidate the
above-mentioned formula. The results reported here may find
potential applications for ZGNR-based spintronic devices.
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