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Considering exotic spintronic properties, we propose by first-principles calculations that the

domain walls (DWs) can form in zigzag graphene nanoribbon (ZGNR). The calculations based on

the density functional theory and the non-equilibrium Green’s function show that both abrupt and

spiral DWs can exist in ZGNR depending on the initial magnetization conditions which can be

implemented by the external magnetic field in experiments. Moreover, as the width of DW is small,

a spiral DW is preferred. More importantly, the transmission at the Fermi level remains almost

unchanged even when the relative angle (h) between magnetization direction of two leads is up to

135�. Such a characteristic indicates that the slight change in the direction of magnetization of

ZGNR-based spintronic devices will not alter the conductance. On the other hand, as the width of

DW is large, the magnetization distribution of DW is of spiral nature at small h, but it will change

from the spiral-like to abrupt-like when h increases. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4982892]

I. INTRODUCTION

Graphene nanoribbons have attracted intense attention

due to the fundamental scientific interest such as the quan-

tized Hall effect and the potential applications in nanoelec-

tronic and nano-photoelectric devices.1 Due to the specific

electronic structure and edge geometry, zigzag graphene

nanoribbons (ZGNRs) have become a promising material for

spintronic applications.2–5 At an experimental side, the non-

local spin transport of graphene nanoribbon has been

observed, where the spin coherence can persist over the

micrometer-scale distance.6 Moreover, some intriguing spin

transport phenomena have been demonstrated in various

experiments.7,8 At a theoretical side, distinct physical mech-

anisms and device designs are proposed for ZGNR.9–11 For

instance, Li et al. studied the relationship between current

and bias voltages and found that electronic conductance

depends on the structural symmetry of ZGNR.12 Ozaki et al.
investigated the spin-dependent transport of a ZGNR-based

device with lead magnetizations aligned antiparallel and

found that ZGNR can be a dual spin filter where electron

transmission is determined by both spin and bias voltages.13

As a matter of fact, ZGNR with two oppositely magne-

tized leads can be regarded as a 180� domain wall (DW). In

general, the ferromagnet DWs made by 3d transition metals

present fascinating magnetization distribution and electronic

transport behavior, especially for nanoscale DWs.14 In a geo-

metrically constrained DW, a large magnetoresistance has

been observed in the transport measurement of Ni, Co, and

Fe nanocontacts.15–17 Based on theoretical calculations, it

has been demonstrated that, as the magnetization of two

leads is antiparallel, a DW is formed in the constrained

region of nanocontacts, and noncollinear magnetization dis-

tribution is obtained.18,19 Comparing to the ferromagnet

DWs, the graphene-based DWs have an advantage over the

ferromagnetic DWs due to the two-dimensional structure

and Dirac-like band dispersion near the Fermi level.

Especially, when both ZGNR physics and DW magnetic

order are involved, novel physics and advanced device appli-

cations may be expected. Analogous situations have been

found in ZGNR-based optoelectronics such as photovoltaic

cells and photodetectors.20 Therefore, it is important to fully

understand the magnetic order and noncollinear spin trans-

port of ZGNR-based DWs in order to provide theoretical

insights into the potential spintronic applications.

In this paper, we investigate the magnetic order and spin

transport of ZGNR-based DWs by first-principles calcula-

tions. Two types of magnetization configurations, i.e., collin-

ear and spiral-like, are revealed depending on the width of

DW and the initial magnetization profile. More interesting,

the transmission at the Fermi level remains almost

unchanged for spiral-like DW even when the twist angle is

large. The analysis based on the noncollinear wave function

and spin polarization is given.

II. COMPUTATIONAL METHODS AND MODELS

The electronic structure and electronic transport calcula-

tions of ZGNR-based DWs are performed in the local density

approximation (LDA) of the density functional theory (DFT)

with norm-conserving pseudopotentials as implemented

within the OpenMX package.21,22 In order to expand the wave

function, the pseudoatomic orbitals (PAOs) are used. The

PAOs for carbon and hydrogen atoms are C5.0-s2p1 and

H5.0-s2p1, where 5.0 and s2p1 represent the cutoff radius (in

Bohr unit) of atomic orbital and the number of primitive

atomic orbitals used. The energy cutoff for real space
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integration and the solution of Poisson equation is 160 Ry.

Different from the conventional DFT method, the density

matrix in transport calculation is calculated by the non-

equilibrium Green’s function (NEGF).23–26 In noncollinear

DFT, the dimensions of the Hamiltonian matrix, density

matrix, and Greens’s function matrix are twice larger than

those of collinear DFT. The transmission coefficient is calcu-

lated by the converged Green’s function and the Landauer for-

mula. The electronic temperature is 300 K in all calculations.

The spin-orbit interaction is not considered in our work due to

its small effect on the electronic structure and electronic trans-

port. Therefore, we can safely choose the global spin quanti-

zation axis as the x axis.

The structures of ZGNR-based DWs are modeled by a

two-probe device, i.e., the left lead, the central region, and

the right lead. The central region is shown in Fig. 1(a). The z
direction is the transport direction while the x direction

describes the width of ZGNR. The ZGNR under consider-

ation is mirror symmetric with respect to the midplane

between two edges. The sublattice along the x direction con-

tains eight carbon atoms. The collinear spin transport of

ZGNR with such width has been studied by Ozaki et al.

recently,13 and the results therein will be a good starting

point for our studies. Moreover, our auxiliary calculations

show that the main conclusion remains almost unchanged

when the width increases to contain ten carbon atoms. Along

the transport direction (z), the length of DW (without buffer

regions) equals Lz¼ (Nedge – 1)a with a ¼
ffiffiffi

3
p

ac�c, where

ac–c is the distance between two neighbouring carbon atoms,

and Nedge is the number of carbon atom in one of two edges.

In this work, we consider two DWs with Nedge¼ 5 and

Nedge¼ 9. In order to obtain convergence, certain carbon

layers, acting as a buffer region, are added into the left and

the right sides of the DW region.

In order to describe DW, the magnetization of the left

lead points along the global spin quantization axis, while the

magnetization of the right lead is made an angle with respect

to that of the left lead. We call the angle between magnetiza-

tions of two leads the twist angle h. In the process of conver-

gence, the magnetizations of left and right leads are fixed.

For each twist angle h, the size and direction of magnetic

moments on atoms of the central region are fully relaxed.

In the noncollinear calculations, the up-spin and down-

spin are mixed together so that the number of local minima

FIG. 1. (a) Structural models of ZGNR-

based DW under consideration. It con-

sists of the left lead, the central region,

and the right lead. In the central region,

two buffer regions are used in our calcu-

lations. The magnetization of the left

lead (left thick arrow) makes an angle h
with the magnetization of the right lead

(right thick arrow). The dangling bonds

on the edge atoms are saturated by

hydrogen atoms. The region inside the

dashed rectangle is for a DW region

where the magnetization can vary. (b)

and (c) Magnetization distribution of

a 180� domain wall with Nedge¼ 5

relaxed from the collinear and spiral ini-

tial conditions. An abrupt DW is shown

in (b) while a spiral DW in (c). (d) and

(e) show the magnetization distribution

of 60� and 150� domain wall, respec-

tively. The thin arrows show the mag-

netic moments of each atom.

174303-2 Zhang et al. J. Appl. Phys. 121, 174303 (2017)



in an energy landscape of the system is much larger than that

of the collinear case. Therefore, the converged electronic

state depends strongly on the initial conditions with the pre-

determined magnetization direction in DW. In our work, we

consider two initial conditions for each twist angle h. The

first initial condition is a collinear magnetization profile, i.e.,

all magnetic moments pointing along the global spin quanti-

zation axis. In the second initial condition, a spiral magneti-

zation distribution is selected. The local magnetic moment of

carbon atom on the edge along the ZGNR rotates between

two lead magnetizations in a constant step of 180
�

Nedge�1
. Such a

spiral-like profile is reminiscent of a Neel DW, but only the

relative angle between two magnetic moments matters due

to the nonrelativistic treatment. In the above two initial con-

ditions, only the magnetic moments of edge carbon atoms

are set since the magnetism of ZGNR is mostly arisen from

the edge carbon atoms. After the initial condition is deter-

mined, the size and direction of magnetic moments of both

edge atoms and inner atoms will be fully relaxed in self-

consistent calculations.

III. RESULTS AND DISCUSSIONS

A. Short DW with Nedge 5 5

We first show the results of a ZGNR-based DW with

short length Nedge¼ 5. As the twist angle h¼ 0�, upon relaxa-

tion, the first (collinear) and the second (spiral) initial condi-

tions reproduce the same magnetization distribution, i.e.,

magnetic moments of all atoms in the central region are paral-

lel with lead magnetizations. This can be easily understood by

the fact that under the constraint of parallel magnetizations of

leads, the noncollinear magnetizations are not preferable in

the central region. On the contrary, at h¼ 180�, the relaxed

magnetization distribution depends on the initial condition. As

shown in Figs. 1(b) and 1(c), in the collinear initial condition,

the relaxed magnetic profile shows an abrupt DW. However, a

spiral-like DW is obtained under the spiral initial condition.

Analogous behavior has been observed in transition metal

DWs.18,19

As two lead magnetizations are noncollinear (h 6¼ 0�,
180�), the two initial conditions reproduce the same magneti-

zation distributions after relaxation. Even when the initial con-

dition is collinear, the relaxed result is a spiral-like DW, as

shown in Figs. 1(d) and 1(e) for two typical examples. Fig. 2

shows the direction and size of the local magnetic moments

along the ZGNR. The direction of magnetic moment is distrib-

uted uniformly along the ZGNR. However, the size of mag-

netic moment presents different features when the twist angle

h increases. At the small angle (h< 90�), the size of magnetic

moments is constant along the ZGNR. However, at large

angles shown in the lower row of Fig. 2, two characteristics

can be clearly seen. First, the size of magnetic moments for the

central carbon atoms is decreased with the increase in the twist

angle. The reason is the well-known softening effect of mag-

netic moment, which has been studied in the Ni-chain-based

DW.14 Such magnetic moment softening is arisen from the

spin mixing effect,14 which results in the hybridization of spin

states and the reduction in exchange splitting and thus the

reduction (softening) of magnetic moments. Such effect can be

seen in Fig. 3(a), where the increase in h results in the decrease

in the difference between up-spin and down-spin charges,

especially at large angles. Here, it should be emphasized that

FIG. 2. The polar plot of the direction

and size of local magnetic moments

along the transport direction of ZGNR

with Nedge¼ 5. Only magnetic moments

of carbon atoms on the upper edge are

shown. The magnetic moments of car-

bon atoms in the leads are also shown.

Each red sphere corresponds to a car-

bon atom on the upper 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 lB. The direction of magnetic

moment is represented by the azimuth

from the vertical line to the sphere in

the polar plot.
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the up-spin and down-spin are defined with respect to the local

quantization axis, instead of the global quantization axis. The

local quantization axis varies for each atom. Also shown in

Fig. 3(b) is the reduction in magnetic moments of Nedge¼ 5

DW. Comparing to Nedge¼ 5 DW, the Nedge¼ 9 DW shows a

slow variation of magnetic moments, which is due to the

smaller angles between two neighbouring moments and the

weaker spin mixing effect in longer DW. Second, the magnetic

moments of carbon atoms near the leads are aligned close to

the lead magnetizations. But magnetic moments of the inner

atoms are separated from those of surface atoms.

We next discuss the effect of noncollinear magnetization

distribution on electronic transport. In the parallel alignment

of lead magnetizations (h¼ 0), as shown in Fig. 4, the trans-

mission is simply determined by the number of electronic

states in band structures (Figs. 5(a) and 5(d)). In the antiparal-

lel alignment, for an abrupt DW, the up-spin (down-spin) state

in the left lead will become the down-spin (up-spin) state in

the right lead and vice versa shown in Figs. 5(b) and 5(e). In

addition, the dominating p and p* states near the Fermi level

have different symmetries and cannot be transmitted directly.

Consequently, electronic transmission shows a gap near the

Fermi level, which can be explained by both spin polarity and

symmetry of p and p* states. In another case of antiparallel

alignment (spiral DW), the transmission, which is zero for

abrupt DW, is improved greatly for spiral-like DW. This is

the consequence of the spin mixing effect. In the collinear sys-

tem, the up-spin and down-spin states are independent, and

two spin channels are not hybridized. The up-spin and down-

spin transmission and current can be clearly recognized. In a

noncollinear system, this is not the case, and the up-spin and

down-spin states are hybridized. Figs. 5(c) and 5(f) shows

band structures of the left lead and the right lead with noncol-

linear magnetization alignment. In the left lead, the up-spin

(black) and down-spin bands (red) are separated since the

magnetization is aligned along the global spin quantization

axis. In the right lead with noncollinear magnetization, each

band is a mixture of the up-spin and down-spin bands. In elec-

tronic transmission from left to right leads, the spin mixing

will bring the spin-flip scattering. This will make possible

some transmission channels which are forbidden in the collin-

ear case, and thus enhance the transmission.

As the twist angle h decreases from 180� to 0�, due to

spin-flip scattering, the transmission increases gradually as

shown in Fig. 4. It has been proposed by Slonczewski27 and

others based on a simplified model and DFT calculations28

that the transmission of the magnetic tunnel junction satisfies

the formula T / cosh. Fig. 6 shows the h dependence of

transmission at two energies. At energy E¼�0.2 eV, the

transmission of ZGNR follows the formula well. But, at the

Fermi energy (E¼ 0.0 eV), a big difference between numeri-

cal data and the formula exists in both trend and the size of

FIG. 3. (a) Up- and down-spin charges of the edge carbon atom at the center of Nedge¼ 5 DW as function of h. Here, the up-spin and down-spin are defined

based on the local quantization axis which will vary for each atom, instead of the global quantization axis. (b) Magnetic moments of edge carbon atoms as

function of distance from the DW center for Nedge¼ 5 and Nedge¼ 9 at h¼ 175�. Planar average of the (c) Hartree potential Vhartree and the (d) exchange-

correlation potential Vxc. The horizontal axis shows the central region of the device.

174303-4 Zhang et al. J. Appl. Phys. 121, 174303 (2017)



data. One can see that the transmission at E¼ 0 is two at

h¼ 0 due to two available electronic states (one up-spin and

one down-spin). Surprisingly, as h varies, the transmission

remains unchanged even when the twist angle h is increased

up to 135�. This is in contrast with the results at E¼�0.2,

where a small degree of canting between two magnetic

moments causes strong spin scattering and thus reduce the

transmission.

To better understand such behavior, we consider the

tunneling theory proposed by Tersoff and Hamann29 and

extended by Chantis et al.30 to noncollinear spin trans-

port. According to the theory, the transmission T can be

written by

T ¼ D"ðEÞT"ðEÞcos2ðh=2Þ þ D#ðEÞT"ðEÞsin2ðh=2Þ
þD"ðEÞT#ðEÞsin2ðh=2Þ þ D#ðEÞT#ðEÞcos2ðh=2Þ
¼ ðT"ðEÞ þ T#ðEÞÞ þ ðT"ðEÞ � T#ðEÞÞPðEÞ cosðhÞ; (1)

where the density of states D"#(E) is related to the spin polar-

ization P(E) by D"#ðEÞ ¼ 16PðEÞ; T"#ðEÞ is the up- and

down-spin component of collinear transmission. Here, "#
is along the global quantization axis. In the derivation of

Eq. (1), the relation which relates the noncollinear wave

function to the up- and down-spin wave functions, i.e.,

j"hi ¼ cosðh=2Þj "i � i sinðh=2Þj #i;
j#hi ¼ �i sinðh=2Þj "i þ cosðh=2Þj #i; (2)

is used.

Based on Eq. (1), one can see that the noncollinear trans-

mission depends on the collinear transmission T"#, spin polari-

zation P, and the angle h. In the case of finite P, the above-

mentioned formula T / cosh can be reached. However, when

P¼ 0, the transmission will remain unchanged and equals to

T"ðEÞ þ T#ðEÞ. Such an argument can be used to explain the

observed h dependence of transmission. First, at E¼�0.3 eV

shown in Fig. 4, one can see that the transmission is constant

with h. By checking band structure shown in Fig. 5(a), we

found that there are one up-spin state and one down-spin state

at E¼�0.3 eV. Therefore, the spin polarization P¼ 0, which

results in the constant transmission. Second, as the energy is

increased to E¼�0.2 eV, the electronic states are dominated

by one up-spin state and three down-spin states. Especially,

two degenerated down-spin edge states constitute the origin

of magnetism of ZGNR. The nonvanishing P reproduces the T
/ cosh behavior quite well as shown in Fig. 6(a). Third, at the

fermi energy, the spin polarization is zero due to one up-spin

state and one down-spin states, and thus, the transmission is the

same as the case at E¼�0.3 eV. Also, it is noticed that, as h is

larger than 135�, the transmission deviates from two. This is

because the size of magnetic moment starts to decrease greatly,

as shown in Fig. 2, which introduces additional scattering into

transmission. As will be given in Sec. III B, the size of mag-

netic moment does not change very much for a longer DW,

thereby the transmission still takes the value of two.

FIG. 4. Transmission of short DW with Nedge¼ 5 as function of the twist

angle h.

FIG. 5. (a)–(c) The band structure of

ZGNR corresponding to the left lead

with magnetization pointing along the

global spin quantization axis. Band

structure corresponding to the right

lead with magnetization (d) aligned

parallel, (e) aligned antiparallel, and

(f) made an angle with left lead mag-

netization. Red and black lines repre-

sent up-spin and down-spin bands.

Magenta and blue lines represent the

mixture of up-spin and down-spin

bands.
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By further inspecting the potential profile as shown in

Figs. 3(c) and 3(d), we found that the electrostatic Hartree

potential remains almost the same for all angles while a small

variation is present in the exchange-correlation potential near

the region of the right lead. Such phenomena can be understood

by the fact that in the absence of spin-orbit interactions, the

noncollinear contribution to the Kohn-Sham potential is arisen

from the exchange-correlation energy only. The insensitivity of

potential profile is in good agreement with the transmission

results at E¼ 0.0 eV. Such characteristic feature implies that,

as a ZGNR is used in spintronic devices, the slight changes in

the magnetization direction of electrodes will not change the

transmission greatly, which will make the device more stable

and easy-to-use. This is an important result of this paper, and it

can be validated by future experimental measurements.

B. Long DW with Nedge 5 9

Before discussing transport results, we attempt to dem-

onstrate the energetics of Nedge¼ 9 ZGNR with different

magnetic orders. The total energy calculation is done by the

conventional DFT method, instead of the DFT-NEGF

method. In order to apply the periodic boundary condition,

the device geometry is repeated once, and the resulting unit

cell is of L-C-R-R-C-L feature with L(C, R) representing the

left lead (the central region and the right lead). Two magneti-

zation configurations, i.e., collinear and spiral-like, are used.

For spiral configuration, a constrained scheme with the

added penalty functional22 is employed in the self-consistent

calculations. Due to the use of penalty functional, the con-

vergence becomes difficult. Hence, we present the results of

h¼ 180� only, i.e., L(")-C(spiral)-R(#)-R(#)-C(spiral)-L(")
configuration. The results show that the energy difference

between spiral DW and the ferromagnetic ground state is

about 12 meV. For the collinear case, it becomes 195 meV,

FIG. 6. Transmission as function of h at energy (a) E¼�0.2 eV and (b)

E¼ 0.0 eV. The red lines show the results fitted by the formula T / cosh.

FIG. 7. The same as in Fig. 2 but for large DW with Nedge¼ 9 relaxed from the spiral initial condition.
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which is similar to the value of 228 meV obtained by Yazyev

et al.5

The results in Sec. III A show that, as the DW is short, a

nonvanishing angle h will enforce the formation of a spiral-

like DW for both collinear and spiral initial conditions. This

is arisen from the strong exchange interaction occurring in

the central region under the constraint of lead magnetiza-

tions. But the results change for a long DW with Nedge¼ 9.

Still, the above two initial conditions of magnetization are

considered here. Fig. 7 shows the direction and size of mag-

netic moments along the Nedge¼ 9 ZGNR under the spiral

initial condition. Because the initial magnetization distribu-

tion is spiral, the final relaxed one is spiral as well. When the

collinear initial condition is set, as shown in Fig. 8, the

relaxed magnetic profile shows a transition behavior. At

small twist angle (h< 145�), the relaxed magnetization is

spiral. At h¼ 145�, the magnetization distribution is like a

disordered spin system. As h is increased up to 155�, the size

of magnetic moments of atoms near the lead is close to those

of the lead, but the size of magnetic moments of inner atoms

are greatly suppressed. For antiparallel alignment (h¼ 180�),
the magnetic moment of an atom in the bisectrix disappears.

At the same time, an abrupt DW is formed, and a gap will

arise in the transmission.

The transmissions under the spiral and collinear initial

conditions are shown in Figs. 9 and 10, respectively. For the

spiral initial condition, there is no gap in the transmission.

The transmission around the Fermi level does not change for

all twist angles, which is different from the short DW. Such

result can be explained by the weakening of spin scattering

when the relative angle between two neighboring magnetic

moments becomes small. The long DW has more space than

short DW to accommodate the spiral spin alignment in the

FIG. 8. The same as in Fig. 7 but for the collinear initial condition.

FIG. 9. Transmission of large DW with Nedge¼ 9 as function of the twist

angle h for the spiral initial condition.
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central region. This makes the mistracking or the relative

angle between two neighboring magnetic moments smaller

than short DW, thereby reducing the spin-flip scattering.

However for an abrupt DW, it has the largest spin mistrack-

ing and thus has consequently the smallest transmission. On

the contrary, for the collinear initial condition, the gap of

antiparallel alignment of lead magnetization is the same as

that of short DW. As described above, the spin-mixing and

spin-flip effects raise the transmission gradually as h
decreases.

IV. CONCLUSION

Based on the density functional theory and the non-

equilibrium Green’s function theory, we have performed sys-

tematic calculations of magnetic structures and electronic

transport of domain wall in the zigzag graphene nanoribbon.

The calculations show that the ZGNR-based DWs are differ-

ent from the bulk Bloch and Neel walls. When the length of

DW is small, due to the constraint of lead magnetization, the

self-consistent calculations will reproduce a spiral-like DW;

no matter what the initial magnetization conditions are cho-

sen. When the twist angle h between two lead magnetiza-

tions increases, the transmission decreases due to the spin

mixing effect. The transmission at certain energy follows the

well-known formula T / cosh, but around the Fermi level,

the transmission is insensitive to h. Moreover, for long DW,

the magnetization distribution depends on the initial condi-

tions. Especially when the initial condition of collinear mag-

netization is chosen, a transition will take place, i.e., the final

relaxed magnetization is of a spiral-like feature at small h
but tends to form collinear magnetization at large h. These

theoretical results will be expected to be important for

designing the novel ZGNR-based spintronic device with

high stability and good functions.
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