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By the Green’s function method, we investigate spin transport properties of a zigzag graphene nanoribbon super-

lattice (ZGNS) under a ferromagnetic insulator and edge effect. The exchange splitting induced by the ferromagnetic

insulator eliminates the spin degeneracy, which leads to spin-polarized transport in structure. Spin-dependent minibands

and minigaps are exhibited in the conductance profile near the Fermi energy. The location and width of the miniband

are associated with the geometry of the ZGNS. In the optimal structure, the spin-up and spin-down minibands can be

separated completely near the Fermi energy. Therefore, a wide, perfect spin polarization with clear stepwise pattern

is observed, i.e., the perfect spin-polarized transport can be tuned from spin up to spin down by varying the electron

energy.
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1. Introduction

Graphene nanoribbons (GNRs) are regarded
as promising candidates for spintronic devices due
1—4]

to their high carrier mobility,| low spin—orbit

[5=71 and long spin-relaxation time.!8! Be-

interaction,
tween the two typical edged GNRs, i.e., zigzag GNRs
(ZGNRs) and armchair GNRs (AGNRs), ZGNRs have
attracted more attention in the field of spintronic
applications such as spin filters, because of their
unique spin-polarized edge states.! 1] However, per-
fect ZGNRs cannot generate spin polarization due
to the spin degeneracy of the edge states. In order
to obtain spin-polarized current, the spin degener-
acy should be broken. A number of approaches are
used to create spin-polarized current in the ZGNR

by tuning the edge states, such as edge defect,['2—14

n,15:16] mechanical strain,[!”l substrate,8!

adsorptio
and electric field.['9=21] However the spin polariza-
tions produced by these approaches are achieved only
near the Dirac point and the spin-polarized current is
relatively small, which may restrict the possible appli-

cations of graphene-based devices in spintronics. Con-
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sequently, it is desirable to find a new approach to
achieving large spin polarization and also large spin
current in the ZGNRs.

Recently, utilizing graphene-based magnetic
superlattices22=24] to enhance spin polarization be-
came very attractive in spintronic applications. Niu
et al.??l in their pioneering work have studied spin
transport in a magnetic graphene superlattice, which
can be realized by putting a series of ferromagnetic
insulator(?®=28] bars on the top of a graphene sheet.
It is found that the spin polarization greatly increases
with the periodic number of the superlattice increas-
ing. However, the spin conductance still cannot be
absolutely separated and the maximum of spin polar-
ization is just about 80%. To further achieve a per-
fect spin polarization, our group!?®! has studied spin
transport properties of Fe atomic chain adsorbed on
the ZGNRs. This quasi-magnetic graphene superlat-
tice provides a wide range of complete spin polariza-
tion. These studies indicate that the graphene-based
magnetic superlattices can produce remarkable spin
polarization properties.

In the present paper, we propose a zigzag
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graphene nanoribbon superlattice (ZGNS) as shown
in Fig. 1. A ferromagnetic insulator is deposited
on the top of the whole superlattice and the edge
effect(2939] is considered in the sidearm of the ZGNS.
Compared with a graphene-based magnetic superlat-
tice, this kind of graphene nanoribbon superlattice can

31-33] The spin

be obtained more easily in experiment. |
transport properties of the ZGNS are studied by using
the Green’s function method. Firstly, we calculate the
spin conductance of the ZGNS with the increase of pe-
riodic number in the absence of exchange splitting. It
is found that the two spin-dependent conductance pro-
files coincide with each other, and the minibands and
minigaps are formed near the Fermi energy. As the
exchange splitting is applied to the ZGNS, the spin de-
generacy is broken and the spin-polarized transport is
produced. The two spin-dependent conductance pro-
files shift toward the opposite directions, while some
parts of the two minibands of different spin directions
still overlap each other. Then the effects of geome-
try of the ZGNS on the spin-dependent miniband and
minigap are discussed. It is shown that by choosing
the optimized geometry parameters, the miniband of
spin-up and that of spin-down can be separated com-
pletely near the Fermi energy. Therefore, a wide high
tunable spin current with perfect spin polarization is
realized. The results indicate that the ZGNS can serve
as a spin filter.

left lead

central region right lead

Fig. 1. Schematic view of the ZGNS with three stubs,
where a finite central region is connected to two (left and
right) semi-infinite leads with width Nz. The basic cell
consists of a constriction with length L; and width Nz,
connected to a stub of length Lo and width (Nz + W).
n represents the periodic number of the superlattice. The
left (right) inset represents the definition of width (length)
of the system. The dashed frame denotes the sidearm of
the ZGNS. A ferromagnetic insulator is deposited on the
top of the whole superlattice.

2. Model and method

The geometry of a ZGNS is shown in Fig. 1. The
system can be divided into three regions: left lead,
central region, and right lead. The semi-infinite left

and right leads each have a perfect periodicity along
The finite
central region is composed of constrictions with size
Nz x L; and stubs with size (Nz + W) x La. Let
n represent the periodic number of the superlattice.

the ribbon axis with uniform width Nz.

Figure 1 shows the case with n =3, Nz =5, L; =5,
W =17 and Ly = 1.

A ferromagnetic insulator is deposited on the
top of the whole superlattice and induces an ex-
change splitting.[226] To describe the spin transport
properties of the ZGNS, one uses the tight-binding

Hamiltonian, [30-34:35]

H(M) = (e: — oM) cl e
_ tij Z (CISCJ'S =+ H.C.), (1)
(i5).s
T

where c;, and ¢;5 are the creation and annihilation op-
erators for an electron with spin s (s =1,]) on site 4,
respectively; €;(= 0) is the on-site energy; M is the
exchange splitting induced by the ferromagnetic insu-
lator; o = =£1 describe the up/down spin states; t;;
is the nearest-neighbour hopping energy. It is known
that the edge effect has drastic influence on the elec-
tronic structure of AGNR, while the edge effect on
ZGNR electronic structure is relatively weak. There-
fore, the edge effect is considered only in the sidearm
of the ZGNS (see the dashed frame in Fig. 1). In order
to describe the edge effect of the ZGNS, for simplic-
ity, we use t1 to present the hopping energy between
inner atoms while ¢5 and ¢3 to present the hopping
energy between atoms on the armchair edge in the
sidearm, where ¢t; =t = 2.7 eV, t; = 2.75 eV, and
t3 = 3.2 eV.[29:30]

The lattice Green’s function method is used to
calculate spin transport properties(®? of the ZGNS.
According to the Green’s function scheme, the Green’s

function of the ZGNS can be expressed as3!

¥ (B, M) = [EI - Ho(M) — X} (E, M)
- EIS{,(E’M)]ia (2)

where Hc(M) is the Hamiltonian of the central region

and EISJ(&;;(E, M) is the self-energy of the left (right)
lead that can be calculated by the recursive Green’s

d.3637] Once the total Green’s func-

function metho
tion ¢** (E, M) is obtained, the spin conductance from
the left lead with spin s to the right lead with spin s’
and the local density of states (LDOS) of the system
can be calculated by the following equations:36:37]

2
Gys(E, M) = %Tr I8 (B, M) (B, M)IE (E, M)
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< [ @] @
LDOS = —Im [g,fS’(E, M)] /x, (4)
where
) (B, M)

. s(s’ s(s’ t
— {EL((R§ (E, M) — [EL((R;(E, M)] }
is the coupling function of the left (right) lead. With
the spin conductances G4+ and G, the spin polariza-
tion P can be achieved by

P = (G — G)/(Gry + Guy). (5)

In the following, we consider the effect of ex-
change splitting on the spin conductance profile of
the ZGNS. The Green’s function of Hamiltonian
Hc(M) is <% (E,M). When the exchange split-
ting increases to M’ = M + My, the Green’s func-
tion is transformed into gfs/(E7 M + My) with Hamil-
tonian Hc(M + Mjp). Due to the basic definition
of Green’s function ¢(E,M’') = [EI — H(M')]™! =

S(E + oM, M), the self-energy EE((“;; (E,M + M) =
SO (E + oM, My).
(ﬁs/ (E, M + Mj) can be rewritten as

Thus the Green’s function

&' (B, M + My)
= [(E + oM)I — Ho(My)
— i (E + oM, My) — S (E + oM, M) ™"

Therefore the Green’s function and the coupling func-
tion of the ZGNS satisfy the following relations

(B, M + M) = <*¥' (E + oM, M), (6)
TP (B, M + M) = I3 (E + oM, My). (7)

These equations imply that
GURG’L(E7M+MO) = GJRJL(E+UM7 Mo), (8)

ie., GTT(E> M + Mo) = GTT(E + M, Mo) and
Gl (E, M+ My) = G (E— M,M).
My = 0, the above two equations can be simplified

As we set

as

G1(E,M) =G (E+ M,0), 9)
Gy (B, M) = G (B~ M,0).  (10)
From Egs. (9) and (10), we can conclude that the two

spin-dependent conductance profiles just shift toward
each other with their primary quality under the effect

of exchange splitting M and the total translational
distance of the two spin-dependent conductance pro-
files is 2M.

In our calculation, energy F and exchange split-
ting M are measured in the units of the hopping en-

ergy t.

3. Results and discussion

In Fig. 2 we show the spin conductances of the
ZGNS with different values of periodic number n at
M = 0. Due to the absence of exchange splitting,
the spin-up (solid line) and spin-down (dashed line)
Asn =1
(the structure consists of one stub and two constric-

conductance coincide with each other.

tions), it can be seen from Fig. 2(a) that there are
two conductance antiresonant dips (EF = £0.159 t)
appearing symmetrically on the two sides of the Fermi
energy (E = 0). These dips are caused by the quasi-
bound states whose LDOS is displayed in the inset of
Fig. 2(a).
confined in the stub. With the increase of periodic

The electrons in the states are intensively

number n, the antiresonant dips develop into minigaps
(see Figs. 2(b) and 2(c)). Meanwhile, it can be found
that the conductance around E = 0 gradually drops
and subsequently turns into an energy bandgap. As
a result, the minibands and minigaps are formed near
the Fermi energy. The minibands (minigaps) closest
to the Fermi energy are called the first minibands

(minigaps). The electrons in the minibands can pass

1.0

0.5¢

G/(e*/h)

G/(e*/h)

0.5¢ n =20

minigap [minipan
(0) |—=)}—

G/(e*/h)

0
-0.3 —-0.2 -0.1 0 0.1 0.2 0.3

E(t)

Fig. 2. Spin conductances of the ZGNS versus electron
energy E for different values of periodic number n without
exchange splitting: n =1 (a), 3 (b), and 20 (c). Inset of
panel (a) shows the spatial-resolved LDOS of quasi-bound
state corresponding to the two conductance antiresonant
dips at £ = £0.159 t. The other parameters are chosen
as follows: Nz =5,L1 =5 W =9, Lo =5, and M = 0.
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through the superlattice with big probabilities while
those in the minigaps undergo filtration (prohibited).

As exchange splitting M is applied to the ZGNS,
the spin conductance versus electron energy FE is
shown in Fig. 3(a). Comparing with Fig. 2(c), one can
find that the degeneracy of the two spin-dependent
conductance is eliminated by the exchange splitting.
The two conductance profiles shift toward the opposite
directions, and the total translational distance should
be 2M according to Egs. (9) and (10). Meanwhile, one
can also find that some parts of the two minibands of
different spin directions still overlap each other. The
nonoverlapping regions display perfect spin polariza-
tions while the spin polarizations in the overlapping
regions are very small as shown in Fig. 3(b). There-
fore, in order to achieve perfect spin polarizations for
all electrons in the minibands, the minibands of dif-
ferent spin directions should be separated completely.
Here we consider only the minibands near the Fermi
When the bandgap Ag > 0 and the over-
lapping region A; = 0, the first miniband of spin up

energy.

and that of spin down will just be separated com-
pletely. In this case, the spin-up or spin-down minigap
&o should be greater than &; of the first miniband, i.e.,
& > &1, and also the first spin-up or spin-down mini-
band should satisfy & > &;. Obviously, in Fig. 3(a),
the first minibands of different spin directions cannot
be separated completely no matter how strong the ex-
change splitting is, owing to the fact that &y is smaller
and & is larger than &. To obtain these conditions,
one should adjust the geometry of the ZGNS.

) —— spin up
1 (a) M ---.spin down
= 'l'.ﬁE’L. "‘l"",,"
~~ Fi P "
3 W { 1 a'
) v y M
~ i : l !
S | ol [
11 (®) =& ——-¢—F §o’|
& o0
-1
-0.3 —-0.2 —-0.1 0 0.1 0.2 0.3

E(t)

Fig. 3. (a) Spin conductance and (b) spin polarization of
the ZGNS versus electron energy E. The symbols Ag and
A1 in panel (a) denote, respectively, the bandgap and the
overlapping region, while the symbols £ and &2 represent
the different spin-dependent minigaps , and &; denotes the
spin-dependent miniband. The parameters are chosen as
follows: n = 20, Nz =5, L1 =5, W =9, Lo = 5, and
M =0.02t.

In Fig. 4, the effects of geometry of the ZGNS

on the spin-dependent miniband £; and minigaps &

and & are discussed. Figure 4(a) shows the effect
of constriction length L, while figure 4(b) shows the
effect of stub width W. One can find that the spin-
dependent minigaps &y and &; both increase as length
L1 decreases, while miniband &; slightly decreases
with length L; increasing (see Fig. 4(a)). As L; < 4,
two conditions &y > &; and & > & are achieved. On
the other hand, one can find from Fig. 4(b) that &
decreases with the increase of width W, while &, and
&, are insensitive to the variation of width W. The
decrease of &; originates from the fact that the en-
ergies of the quasi-bound states at £ = £0.159 ¢ in
Fig. 2(a) shift toward the Fermi energy as the width
W increases.*®! Figure 4(b) indicates that the width
W of the stub should be large enough so as to satisfy

& > &1 and & > &

I ' ' I /I"A
~ 0101 & Sl
% A g —.—__’sﬁ:t-—--o:,‘:‘

005f e--"" .- - ]

(a)’,, ew-

0 - - W7 L : ;
14 12 10 8 6 4 2
Ly
0.24 L T T
__ 016} Te ]
= ‘___—*-—==-‘=::-A----Ar---,‘
0087 ®---m_ o "T®--_ g ]
-—~l————.__::'
o) T
2 4 6 8 10 12 14
W

Fig. 4. (a) Variations of &g, &1, and & each as a func-
tion of length Lj, where the other parameters are cho-
sen as follows: n = 20, Nz = 5 W =9, Ly = 5, and
M = 0.02 t. (b) Variations of &, &1, and &2 each as a
function of width W, where the other parameters are cho-
sen as follows: m = 20, Nz =5, L1 = 5, Lo = 5, and
M =0.02¢.

In light of the above discussion, we calculate the
spin conductance and spin polarization of the ZGNS
with length L; = 3 and width W = 11, and the re-
sults are shown in Fig. 5. It can be seen from Fig. 5(a)
that the minibands of different spin directions are sep-
arated completely near the Fermi energy. Correspond-
ingly, the spin polarization exhibits clear stepwise vari-
ation from 100% to —100% in a broad energy window
(see Fig. 5(b)).

polarized in most of the energy range and the spin-

In this case the spin is completely

polarization orientation can be controlled effectively

by tuning electron energy E.
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(a) —spin up --spin down
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Fig. 5. (a) Spin conductance and (b) spin polarization
of the ZGNS versus electron energy E. The parameters
are chosen as follows: n =20, Nz =5, L; =3, W = 11,
Lo =5, and M =0.035 ¢t.

4. Conclusions

In this paper, using the Green’s function method,
we study the spin-polarized transport properties of a
ZGNS with a ferromagnetic insulator deposited on the
top. And the edge effect is considered in the sidearm
of the ZGNS. The exchange splitting M induced by
the ferromagnetic insulator eliminates the spin degen-
eracy and leads to spin-polarized transport in the su-
perlattice. The two spin-dependent conductance pro-
files shift toward the opposite directions, and the to-
tal translational distance is 2M. Meanwhile, mini-
bands and minigaps of different spin directions are
formed in the conductance profile near the Fermi en-
ergy. The location and width of the miniband are
associated with the geometry of the ZGNS. When the
constriction length is small enough and the stub width
is large enough, the miniband of spin-up and that of
spin-down can be separated completely near the Fermi
energy. In this case, the spin polarization of the ZGNS
can be tuned from 100% to —100%, i.e., the perfect
spin-polarized transport can be changed from spin up
to spin down by changing the electron energy. The
results indicate that the ZGNS can be used as a spin
filter.
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