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Controllable spin transport in ferromagnetic graphene junctions
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We study spin transport in normal/ferromagnetic/normal graphene junctions where a gate electrode is at-
tached to the ferromagnetic graphene. We find that, due to the exchange field of the ferromagnetic graphene,
spin current through the junctions has an oscillatory behavior with respect to the chemical potential in the
ferromagnetic graphene, which can be tuned by the gate voltage. In particular, we obtain a spin current reversal
controllable by the gate voltage. Our prediction of high controllability of spin transport in ferromagnetic
graphene junctions may contribute to the development of spintronics.
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There is rapidly growing attention to graphene because it
has a rich potential from both fundamental and applied phys-
ics points of view.!”3 Graphene has a two-dimensional hon-
eycomb network of carbon atoms and, as a result, electrons
in graphene are governed by the Dirac equation, which pro-
vides a bridge between condensed matter physics and quan-
tum electrodynamics, thus fascinating theoreticians working
toward the ultimate goal of a “unified” theory.*> The
progress of practical fabrication techniques for single
graphene sheets has allowed experimental study of this sys-
tem, which has attracted tremendous interest from the scien-
tific community.>® There have been intensive studies on
graphene to this date, for instance, half-integer and uncon-
ventional quantum Hall effect,”!? observation of minimum
conductivity® and a bipolar supercurrent.!!

Graphene has many important properties for applications:
it exhibits gate-voltage-controlled carrier conduction, high
field-effect mobilities, and a small spin-orbit interaction.'>!3
Thus, it is extremely promising for future technologies, es-
pecially spintronics. Motivated by this, some studies on
graphene have been implemented. Spin injection into a
graphene thin film has been successfully demonstrated by
using nonlocal magnetoresistance measurements.'*~1¢ The
possibility of inducing ferromagnetic correlations in
graphene due to the proximity effect by magnetic gates in
close proximity to graphene has also been discussed.!” In
these works, induced ferromagnetism in graphene is “extrin-
sic.”

On the other hand, there is the attempt to induce ferro-
magnetism “intrinsically” in graphene. It has recently been
predicted that zigzag-edge graphene nanoribbons become
half metallic on exposure to an external transverse electric
field due to the different chemical potential shift at the
edges,'2% which indicates the high controllability of ferro-
magnetism in graphene and hence opens the possibility of
spintronics applications for graphene. In view of this, the
study of spin transport in ferromagnetic graphene is very
timely and desirable for the development of spintronics.

Stimulated by this, in this paper, we study spin transport
in normal/ferromagnetic/normal graphene junctions where a
gate electrode is attached to the ferromagnetic graphene. We
find that, due to the exchange field in the ferromagnetic
graphene, spin current through these systems has an oscilla-
tory behavior with respect to the chemical potential in the
ferromagnetic graphene, which can be tuned by the gate
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electrode.” In particular, we find a spin current reversal
controllable by the gate voltage. Since the exchange field of
graphene is also tunable by an in-plane external electric field
and half metallicity can even be induced,'®-%° our prediction
of high controllability of spin transport in ferromagnetic
graphene junctions may facilitate the development of spin-
tronics. Note that the model itself in this paper is the same as
that in Ref. 17 and here we mainly focus on the case with the
exchange field comparable to the Fermi energy in the model
of Ref. 17.

Now let us explain the formulation. The fermions around
the Fermi level in graphene obey a massless relativistic Dirac
equation. The Hamiltonian is given by

H.=vp(ok, = ak,) (1)

with Pauli matrices o, and o,, and the velocity vg
~10° m/s in graphene. This is roughly 100 times larger than
in a normal metal, and thus it is safe to neglect the Coulomb
interaction compared to the kinetic energy in graphene.?!?2
The Pauli matrices operate on the two-triangular-sublattice
space of the honeycomb structure, corresponding to the A
and B atoms. The = sign refers to the two so-called valleys
of the K and K’ points in the Brillouin zone. Also, there is a
valley degeneracy, which allows one to consider one of the
H. set.?® The linear dispersion relation is a reasonable ap-
proximation even for Fermi levels as high as 1 eV,?* so that
the fermions in graphene behave like massless Dirac fermi-
ons in the low-energy regime.

We consider a two-dimensional normal/ferromagnetic/
normal graphene junction where a gate electrode is attached
to the ferromagnetic graphene. This junction may be realized
by applying an external transverse electric field to a part of a
graphene nanoribbon to make it partially ferromagnetic.
See Fig. 1 for a schematic of the model with corresponding
dispersion relations. The interfaces are parallel to the
y axis and located at x=0 and x=L. Since there is a valley
degeneracy, we focus on the Hamiltionian H, with
H,=vp(0ok+0yk,)-V(x); V(x)=Ep in normal graphenes
and V(x)=Ep+U=H in the ferromagnetic graphene. Here,
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FIG. 1. (Color online) Schematic of the model of a normal/
ferromagnetic/normal graphene junction with corresponding Dirac
cones. In the ferromagnetic graphene, different Dirac cones corre-
spond to the different chemical potentials of majority and minority
spins.
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Ep=vpkp is the Fermi energy, U is the chemical potential
shift tunable by the gate voltage, and H is the exchange field.
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The = signs correspond to majority and minority spins. The
wave functions are given by

1 ip cos Ox+ip,y 1 —ip cos Ox+ip,y
= oif e l Y tax — it e ) ¥, (2)
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with angles of incidence 6 and ', p=(E+Eg)/vy, and

pL=(E+Ep+U=xH)/vp. Here, ¢; and ¢; are wave functions

in the left and right normal graphenes, respectively, while ¢,
is a wave function in the ferromagnetic graphene. Because of
the translational symmetry in the y direction, the momentum
parallel to the y axis is conserved: p,=p sin §=p’ sin ¢'.

By matching the wave functions at the interfaces
(=1 at x=0 and =45 at x=L), we obtain the coeffi-
cients in the wave functions. Note that these conditions are
equivalent to 0,4, =04, at x=0 and 0,4, =015 at x=L, with
velocity operator 0,=0H,/dk,=vpo,, and hence the current
is conserved at the interfaces. The transmission coefficient
has the form

g cos @ cos @' ¢7iPLcos ¥ )
- cos(p’.L cos @' )cos O cos 6 —isin(p,Lcos §')(1 —sin fsin §')
|
Then the dimensionless spin-resolved conductances G, | cos? 6
are given by T (0) > ——5——5—. )

1 /2
GT,l = EJ décos HTH(G) (6)

—7/2

with 7, (6)=|d.(6)|*. Finally, the spin conductance G, is
defined as G,;=G;-G,. Below, we focus on the zero-voltage
conductances, namely, we set E=0.

Now, let us explain the underlying mechanism of spin
manipulation by the gate voltage. In the limit of
|U=+ H|> Ef, we have 6’ — 0 and hence the transmission co-
efficient of the form

cos ee—ipL cos 0
d.— . (7)
COS X+ COS @ —isin y+

with x~-=x=* xg x=UL/vp, and xyy=HL/vp. The resulting
transmission probability is represented as>

1 —sin® 6 cos? y=

From this expression, we see the 7 periodicity with respect
to x+ or x.""» We also find that G; | has a maximum
(minimum) value of 1 (2/3) at y.=0 (7/2). The phase dif-
ference between G; and G| is given by x,—x_=2xy
=2HL/vp. If this is equal to the half period /2 (that is,
H/Ep=mkpL/4), we expect a large spin current which oscil-
lates with y, namely, the gate voltage, because when one of
Gy and G ! has a maximum at a certain y, the other has a
minimum at the same Y. In this case, the value of G, oscil-
lates between —1/3 and 1/3. Note that the electrical conduc-
tance G;+G| in the junctions is always positive and there-
fore spin current reversal in our model is not accompanied
by current reversal.

The results in this limiting case are shown in Fig. 2. Fig-
ure 2(a) shows spin-resolved conductances as a function of
X, which is tunable by the gate voltage. Here, the phases of
G, and G| are shifted by a half period, x,—x_=m/2. Thus
we have a finite spin current as shown in Fig. 2(b). Remark-
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FIG. 2. (Color online) Conductance as a function of y tunable
by the gate voltage, in the limit of U— . (a) Spin-resolved con-
ductances where the phases of G; (solid line) and G| (dotted line)
are shifted by a half period, y;—x,=m/2. (b) Spin conductance G,

which oscillates with the period 7 with respect to y but is never
damped.

ably, it oscillates with the period 7r with respect to y but is
never damped. As is seen, we can reverse the spin current by
changing the gate voltage. Here, we focus on the limit of
|U = H|> Ep. Next, we consider more general cases without
taking this limit.

Figure 3(a) exhibits the spin conductance G, as a function
of y for several values of krL. For a ferromagnetic graphene
with kpL=0.1, 7 periodicity is seen. With increasing kpL,
however, the 7r periodicity is broken as seen in Fig. 3(a).
This is because U> Ey is no longer satisfied for large kpL
since y=kpLU/Eg. Thus, by choosing large x for large kL,

0.4 F—kpI=0.1 == kl=1-- - kI=5 |

FIG. 3. (Color online) Spin conductance G, as a function of y
for several values of kpL with y,—x_=m/2.
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FIG. 4. (Color online) G, as a function of yy, which is propor-
tional to the exchange field, for several values of kpL. Here, we
choose y=m/4.

we again get m periodicity of G, with respect to y as shown
in Fig. 3(b). From this figure, we find that U/Ep>1 is re-
quired to obtain controllable spin current reversal.

Figure 4 displays G, as a function of yy, which is propor-
tional to the exchange field, for several values of kzL. Here,
we fix y=m/4 to obtain a finite spin current. For a short
ferromagnetic graphene with kxL=0.1, 7 periodicity is satis-
fied. With increasing kL, the 7 periodicity requires a larger
magnitude of yy as shown in this figure, similar to Fig. 3.

Our prediction is applicable as long as the continuum
Dirac equation is valid, which requires a wide graphene na-
noribbon. For the realization of our prediction of controllable
spin current by the gate voltage, U/Ep>1 is required.
If we choose ferromagnetic graphene with kpL=1 and
Er=1 meV as an example, we need a length around 1 um.
Also, x~U/Eg, xy~H/Ep, and hence U, H~1-10 meV is
required. These values can be achieved by the present experi-
mental technique.’”~%18-19

In summary, we studied spin transport in normal/
ferromagnetic/normal graphene junctions where a gate elec-
trode is attached to the ferromagnetic graphene. We found
that, because of the exchange field in the ferromagnetic
graphene, the spin current through the junctions has an os-
cillatory behavior with respect to the chemical potential in
the ferromagnetic graphene, which can be tuned by the gate
electrode.”” In particular, spin current reversal by the gate
voltage, which is not accompanied by current reversal, is
obtained. The exchange field of graphene is also known to be
tunable by the in-plane external electric field.'®!® Therefore,
our prediction of high controllability of spin transport in fer-
romagnetic graphene junctions will contribute to the devel-
opment of spintronics.
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