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We studied magnetism in bilayer and multilayer zigzag graphene nanoribbons (ZGNRs) through

first-principles density functional theory calculations. We found that the magnetic ground state of

bilayer ZGNRs is the C-type antiferromagnetic (AFM) state, which is the AFM order between

intraplane-edge carbon atoms and ferromagnetic (FM) order between interplane edge carbon

atoms. In the cases of infinitely stacked multilayer ZGNRs, i.e., zigzag graphite nanoribbons, the

C-type AFM state is also the most stable. By carrier doping, we found that the magnetic ground

state changed from the C-AFM state to the FM state and, thus, realized two-dimensional FM

surface (edge) states of graphite with a metallic conductivity. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4870766]

Nano spintronics applications are considered to be

among many useful applications of graphenes. Spin transport

has been experimentally observed using single graphene

layers,1,2 and a half-metallic property has been theoretically

predicted for nano-graphenes.3–5 Zigzag graphene nanorib-

bons (ZGNRs) have attracted scientific interest owing to

their magnetic properties originating from edge states. Fujita

et al. clarified that ZGNRs have flat-electron bands and sug-

gested that their ground states have an antiferromagnetic

(AFM) state.6,7 Carrier doping leads to the noncollinear mag-

netic state and the parallel interedge spin state accompanied

by the parallel configuration of the two ferromagnetic (FM)

chains located at both edges.8 Moreover, band gaps can be

changed by tuning edge spin directions in noncollinear mag-

netic ZGNR.9

Some magnetic device applications require ZGNR to

have a large magnetization and an FM ground state. We pre-

dict that the FM ground state is achieved by carrier doping.

The construction of multilayer ZGNRs by stacking ZGNR

layers is one effective approach to increase the magnetiza-

tion. Lee et al. reported on first-principles studies of the edge

magnetism in stacked ZGNR layers and predicted that the

FM coupling between neighboring ZGNR layers is energeti-

cally favorable.10,11 However, they only considered ZGNR

with FM configuration between intraplane edges. It is

expected that bilayer or multilayer ZGNRs will have a vari-

ety of magnetic configurations that monolayer ZGNRs do

not. Therefore, it is imperative that we investigate the mag-

netic structures of multilayer ZGNRs to understand the ener-

getics in stacked ZGNRs.

In this study, we performed first-principles total-energy

calculations on bilayer and multilayer ZGNRs and clarify

that stacked ZGNRs show a variety of magnetic structures.

We found that the magnetic ground state is an AFM structure

having AFM coupling between intraplane edges and FM

coupling between interplane edges [Fig. 2(c)]. The FM

ground state was realized by carrier doping in bilayer as well

as monolayer ZGNRs.

Using OPENMX code,12 we performed first-principles

electronic-structure calculations based on the density-

functional theory (DFT). An exchange correlation potential

was evaluated via a generalized gradient approximation.13 A

norm-conserving pseudopotential method14 was used, and

the wave functions were expanded by a linear combination

of multiple pseudo-atomic orbitals (LCPAO).15,16 Two

valence orbitals (s- and p-orbitals) without a polarization or-

bital (d-orbital) for C atoms and a single valence orbital

(s-orbital) with a polarization orbital (p-orbital) for H atoms

were used as the basis set. We used a repeated slab model

(Fig. 1) in which the length of a vacuum region along the

non-periodic direction (y-, z-directions) was larger than

10 Å, and the lattice constant along the periodic direction

FIG. 1. Atomic structure of bilayer ZGNR. The large and small spheres

denote C and H atoms, respectively. The red and green colors indicate the

top and bottom ZGNR layers, respectively. The rectangle with solid lines

indicates a unit cell. N is the width of the ZGNR. This figure shows the

ZGNR with N¼ 10. (a) and (b) show the xy- and yz-planes, respectively.a)Electronic mail: fishii@mail.kanazawa-u.ac.jp
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(x-direction) (2.46 Å) was deduced from the experimental

value observed for graphite. We sampled 60 k points in the

periodic direction (x-direction). The magnetic moment for

each atom was estimated by a fuzzy cell partitioning

method.17 The AB-stacking structure for the bilayer ZGNR

was used, and the interlayer distance d between the ZGNR

and graphene was 3.35 Å, which was taken to be the same as

the experimental interlayer distance of graphite.

We considered a bilayer ZGNR with ribbon width

N¼ 10. The bilayer ZGNR has several possible collinear mag-

netic structures, whereas the monolayer ZGNR shows only

two collinear magnetic structures, with the FM and AFM spin

order between both edges. We used the notation of magnetic

structures following to the perovskite manganite. Perovskite

manganite, La1�xSrxMnO3, has several magnetic ground state

by carrier-doping:18–20 FM, A-type (interplane AFM and

intraplane FM orders), C-type (interplane FM and intraplane

AFM orders), and G-type (interplane AFM and intraplane

AFM orders) AFM states. By emulating La1�xSrxMnO3,

we considered the FM, A-AFM, C-AFM, G-AFM, and

Ferrimagnetic (Ferri) states in the bilayer ZGNR, as shown in

Fig. 2. Table I shows the total energy difference per ZGNR

layer from the ground state. We found the ground state to be

the C-AFM state and the averaged magnetic moment at the

four edges of the C-AFM state to be 0.24lB/atom, which is

close to that of the monolayer ZGNR in the ground state

(0.25 lB/atom). When ribbon widths, N are 4–9, 11, and 12,

the C-AFM state was found to be the most stable. Figure 3

shows the band structures for magnetic states of the bilayer

ZGNR. The FM and Ferri states are metallic, whereas the

A-AFM, C-AFM, and G-AFM states are insulating. The

C-AFM state has the largest band gap among these insulator

structures. Figure 4 shows the spin density of the C-AFM

state. The magnetic moments are localized at edges, as is the

case for monolayer ZGNR. The magnetic stability is consist-

ent with the size of the indirect band gap, as shown in Table I.

Next, we studied the carrier doped bilayer ZGNR. The

calculation was performed by the Fermi-level shift (FLS)

method, in which we introduced a uniform background

charge so that the system was neutral. The number of doped

carriers per ZGNR layer is expressed as x (e/layer), where

positive and negative e values correspond to hole and elec-

tron doping, respectively. We calculated the total energy

measured from the ground state for a given x. Figure 5 shows

the total energy difference from the ground state per ZGNR

layer as a function of x. The C-AFM state is the ground state

in the regions of �0:03 e=layer < x < 0:03 e=layer. The FM

state is the ground state in the regions of x < �0:035 e=layer

and 0:035 < x e=layer. As jxj increases, the exchange inter-

action changes from AFM to FM at intraplane-edge atoms,

whereas the FM coupling is maintained between the

interplane-edge atoms. A recent theoretical study using a

tight-binding model in magnetic bilayer ZGNRs support our

results for the stability of interplane FM interaction in the

carrier-doped bilayer ZGNR.21 This suggests that the inter-

plane FM ordering is unchanged with respect to the carrier

doping induced by impurities or lattice defects in the bilayer

ZGNR. Moreover, it is expected that the spin-canted state

would appear at the doping region where the magnetic

FIG. 2. Magnetic structures of bilayer ZGNR. The red and green rectangles

denote the top and bottom ZGNR layers, respectively. The arrows represent

the spin directions at edges. (a) denotes the ferromagnetic configuration.

(b)–(d) denote the antiferromagnetic configuration. (e) denotes the ferrimag-

netic configuration.

TABLE I. The calculated total energy difference from the ground state and

indirect band gap of several magnetic states in bilayer ZGNR.

Magnetic states DE (meV/layer) Band gap (eV)

NM 83.5 0.0

FM 5.1 0.0

A-AFM 6.6 0.15

C-AFM 0.0 0.38

G-AFM 5.2 0.13

Ferri 4.9 0.0

FIG. 3. Band structures of bilayer

ZGNR. The Fermi level is located at

EF¼ 0. The solid and dashed lines

indicate the up and down spin states,

respectively. (a), (b), (c), (d), and (e)

denote the FM, A-AFM, C-AFM,

G-AFM, and Ferri states, respectively.

FIG. 4. Spin density of bilayer ZGNR for the C-AFM state. The red and

blue isosurfaces denote the up and down spin states, respectively. The iso-

values are 0.008 e/Bohr3.
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ground state nearly degenerates (�0.03 e/layer) as well as in

the case of the monolayer ZGNR.8

Finally, we discuss the stability of the interplane FM

coupling. When we varied the interlayer distance in the

range of 3:2 Å � d � 4:3 Å under the condition that the

atomic position of the x- and y-planes were fixed, We found

that the C-AFM state is always the ground state. We studied

the magnetic stability for the trilayer ZGNR and two-

dimensional ZGNRs stacked periodically along the z-direction

and found that the C-AFM state is the ground state in both

cases. It is expected that the FM coupling between the inter-

layer edge atoms is very robust under the various conditions.

Therefore, it is suggested that the carrier-induced multilayer

ZGNR becomes FM with large magnetization.

In summary, we have performed first-principles DFT cal-

culations to clarify the magnetic stability of bilayer ZGNRs.

We found that the magnetic ground state is the C-AFM state,

which is the AFM order between intraplane-edge C atoms and

the FM order between interplane-edge C atoms. The averaged

magnetic moment of the edges was close to that of monolayer

ZGNRs. For trilayer and multilayer ZGNRs, the C-AFM state

was also the most stable. We found that the magnetic ground

state changes from the C-AFM state to the FM state by carrier

doping. We expect the carrier-doped infinitely stacked multi-

layer ZGNR become two-dimensional ferromagnetic surface

(edge) states of graphite with a metallic conductivity.
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