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a b s t r a c t
We study electronic transport in systems comprising square graphene nanorings with a ferromagnetic
insulator layer on top of them. The rings are connected symmetrically or asymmetrically to contacts.
The proximity exchange interaction of electrons with magnetic ions results in spin-dependent transport
properties. When a nanoring is connected asymmetrically, the occurrence of Fano-like antiresonances in
the transmission coeﬃcient can induce abrupt changes in the spin polarisation under minute variations
of the Fermi energy. We also demonstrate that the spin polarisation can be eﬃciently controlled by a
side-gate voltage. This opens a possibility to use these effects for fabricating tunable sources of polarised
electrons.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The ﬁrst direct observation and systematic study of Aharonov–
Bohm conductance oscillations through a graphene ring [1] paved
the way for exploiting quantum interference effects to design novel
nanodevices. In this context, Wu et al. have demonstrated theoretically that rectangular graphene nanorings pierced by a magnetic
ﬁeld behave like a resonant tunnelling device [2]. Recently, we
proposed a novel quantum interferometer based on a hexagonal
graphene nanoring [3]. Electron transport in such a device can be
controlled by a side gate voltage applied across the nanoring. Its
operation does not require a magnetic ﬁeld and thus it can be
more suitable for applications. We also argued that these systems
could be used as spintronic devices if a layer of ferromagnetic insulator, such as EuO, is deposited on top of the ring [4]. Due to the
proximity exchange interaction between Eu2+ ions and graphene
electrons [5,6] the ring can operate as a spin ﬁlter.
In this work we address the spin ﬁltering properties of hybrid
systems comprising ferromagnets and square graphene nanorings.
In contrast to the previously studied hexagonal nanoring, the type
of edge (armchair or zig-zag) of the square nanoring changes at
each corner and, more importantly, the connection between the
ring and the leads can be symmetric or asymmetric. One of the
aims of the work is to compare the transmission properties of both
conﬁgurations and assess their impact on the performance of the

device. Finally, we study the effect of a side-gate voltage applied
across the ring and show how the transmission polarisation can
be eﬃciently controlled by varying this voltage.
2. Model and formalism
The square graphene ring is connected symmetrically or asymmetrically to two leads by graphene nanoribbons (GNRs), as shown
in Fig. 1. A ferromagnetic layer grown on top of the graphene
ring induces spin sublevels splitting due to the proximity exchange
interaction [5]. Hereafter we assume the ferromagnet to be EuO
because control of spin polarisation was demonstrated experimentally for devices based on this material [6]. The two lateral electrodes allow us to apply a side-gate voltage across the ring.
The width of all GNRs is w and the size of the inner hole is
a × a. For deﬁniteness, in this work we consider the case w = a.
The ring is connected to the leads by two armchair GNRs. When
the number of hexagons across the GNRs is N = 3n − 1 (n being
a positive integer), the GNR band structure has a width-dependent
gap and the dispersion relation near the gap is quadratic. Hereafter
we will consider only such GNRs because they are believed to be
more advantageous for applications [3].
To model the devices we use the following tight-binding Hamiltonian within the nearest-neighbour approximation

H = σ ex


i ∈L
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where |i  is the π -orbital of the i-th carbon atom and the nearest
neighbour coupling is J = 2.8 eV. The ferromagnetic layer affects
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Fig. 1. (a) Schematic view of the graphene nanoring with a ferromagnetic layer on
top of it (green area). A side-gate voltage can be applied across the ring. The connection between the ring and the GNRs can be (b) asymmetric or (c) symmetric.
(d) Schematics of a simple qualitatively equivalent tight-binding lattice model of
the ring. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

the site energies of the set L of carbon atoms which are in contact
with it, shifting the energies by the amount σ ex , where ex is
the exchange splitting energy and σ = +1 (σ = −1) for spin up
(spin down) states. Throughout the paper we take ex = 5 meV,
which is of the order of the values known from the literature for
hybrid systems based on graphene and EuO [5,7,8].
The quantum transmission boundary method [9,10] combined
with the effective transfer matrix approach [11] were used to
calculate wave functions and spin-dependent transmission coefﬁcients T ± for spin up (+) and spin down (−) electrons (see
Refs. [3] and [4] for further details). We deﬁne the degree of transmission polarisation as

P=

T+ − T−
T+ + T−

(2)

and it will be the ﬁgure of merit to assess the spin ﬁltering properties of the device.
3. Non-ferromagnetic rings
First, we compare the transmission properties of symmetric and
asymmetric nanorings with semiconducting graphene contacts in
the absence of proximity exchange interaction (ex = 0) and with
zero side-gate voltage (V G = 0). Throughout the paper we focus on
the energy region with only one propagating mode in the GNRs,
then interference-related effects are not smoothed out due to the
superposition of several modes. We have numerically found that
the transmission patterns can be grouped into two categories, depending on the value of N. If N = 3n − 2 the transmission coeﬃcient presents resonant peaks whose shape is Lorentzian close to
the resonance energy. A typical example is shown in Fig. 2(a) corresponding to w = 10.6 nm (N = 43) for both symmetric (dashed
line) and asymmetric (solid line) nanorings. When N = 3n the
transmission coeﬃcient strongly depends on the symmetry of the
nanoring. As shown in Fig. 2(b) for w = 11.1 nm (N = 45), the
transmission coeﬃcient for symmetrically connected nanorings is
rather smooth and increases uniformly in the one-mode energy
windows (see dashed line). On the contrary, if the ring is connected asymmetrically, the transmission coeﬃcient presents Fanolike antiresonances (see solid line).

Fig. 2. Upper panels show the transmission coeﬃcients in the absence of ferromagnetic layer (ex = 0) for two different values of the GNR width (given in the plot).
The transmission polarisation when ex = 5 meV is shown in the middle panels.
Solid and dashed lines correspond to asymmetric and symmetric nanorings, respectively. Lower panels show the density plots of the square modulus of the envelope
wavefunction corresponding to the four energies marked by circles in the upper
panels.

In order to understand the origin of the transmission features,
in Fig. 2(e) we plot the square modulus of the envelope wave
function for the four energies marked by circles and labelled by
numbers in the upper panels of Fig. 2, all of them corresponding
to asymmetric rings. When w = 10.6 nm (N = 43) the electron
is strongly backscattered if the energy is far from a resonance
(T  1) and the corresponding wave function remains in the left
contact (state labelled 1). In the case labelled 2 the transmission
is large (T ≈ 1) and the wave function piles up inside the whole
nanoring as it happens at resonant transmission. Similar patterns
are found for nanorings connected symmetrically. Contrary to that,
when w = 11.1 nm (N = 45) the transmission spectrum has Fanolike features: both resonances with T ≈ 1 (state 3) and antiresonances with T = 0. State labelled 4 represents the latter case: the
lower part of the nanoring acts here as a discrete level system at
the background continuum of GNR states. At the antiresonance the
wave function localises at the lower arm and is almost zero in the
upper arm, which is the typical wave function pattern for Fano antiresonances.
4. Simpliﬁed model
Numerical results can be qualitatively explained by a much simpler tight-binding nearest-neighbour lattice model in which the
nanoring is represented by a four-site ring connected to semiinﬁnite chains [see Fig. 1(d) for the schematics]. Upper and lower
ring sites, labelled 0± , have energies ε± while all other site energies are zero. Adjacent ring sites are coupled with hopping integrals − J ± while the rest of hopping integrals are equal; their
value is used as the energy unit.
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The transmission coeﬃcient in this simpliﬁed model is

T (E) =

4 − E2
4 − E 2 + F 2(E )


F (E) =

2
J+

E − ε+

+

,

2
J−

E − ε−

−1

−E.

(3)

Let us ﬁrst consider a symmetric ring for which ε+ = ε− ≡ ε ,
J + = J − ≡ J and F ( E ) = E (1/2 J 2 − 1) − ε /2 J 2 . When 2 J 2 = 1, the
real part of the transmission amplitude vanishes at the resonance
energy E r = ε /(1 − 2 J 2 ). In this case, the transmission coeﬃcient
shows a Lorentzian proﬁle close to the resonance energy given by

T (E) =

2

2
,
+ ( E − E r )2

2 =

1 − E r2 /4

( J 2 /2 − 1)2

.

(4)

This proﬁle is consistent with the numerical proﬁles found in symmetric nanorings with N = 3n − 2 and shown in Fig. 2(a). Notice
that the simpliﬁed model shows no resonances when E r lies outside the band of the contact, which is in qualitative agreement
with the smooth behaviour of the transmission coeﬃcient of symmetric nanorings with N = 3n shown in Fig. 2(b).
Next, we consider an asymmetric ring where ε+ and ε− are
different. The most salient feature in this case is the vanishing of
the transmission at the antiresonance energy

Ea =

2
2
ε− J +
+ ε+ J −
2
2
J+
+ J−

.

Fig. 3. Upper panel shows the transmission coeﬃcient in the absence of ferromagnetic layer (ex = 0) for an asymmetric ring with w = 10.6 nm. The transmission
polarisation when ex = 5 meV is shown in the lower panel. Solid and dashed lines
correspond to an applied side-gate of V G = 65 mV and V G = 0, respectively.

(5)

This result qualitatively reproduces the dips observed in Fig. 2(b)
(see, e.g., antiresonance labelled 4). In addition, when E a lies outside the band of the semi-inﬁnite chains there are no antiresonances in the transmission coeﬃcient. This prediction also agrees
well with the results corresponding to N = 3n − 2, shown in
Fig. 2(a).
5. Ferromagnetic rings
When a EuO layer is deposited on top of the nanoring, the
interaction with the ferromagnet shifts the transmission curves towards upper/lower energies for spin up/down electrons. Except for
the energy shift, the transmission patterns remain qualitatively the
same and are not shown here, while the transmission polarisations
P are presented in the middle panels of Fig. 2. For symmetrically
connected nanorings, P changes sign smoothly over a wide energy region. Consequently, transmission polarisation remains rather
insensitive to changes of the Fermi energy. On the contrary, the
polarisation for asymmetrically connected nanorings changes more
abruptly, especially when the transmission coeﬃcient shows Fanolike antiresonances, as is the case of N = 3n. Therefore, asymmetric
rings seem to be more promising from the point of view of device
applications since minute variations of the Fermi energy can lead
to large changes in the spin polarisation.
However, both conﬁgurations (symmetric and asymmetric)
show a similar behaviour when a side-gate voltage V G is applied across the ring. Therefore, we will only consider one of the
rings hereafter, namely the asymmetric ring with w = 10.6 nm
(N = 43). As shown in Fig. 3(a), new sharp features can be induced in the transmission coeﬃcient by the side-gate, as the ones
found around E = 95–100 meV. These strong asymmetries result in
a more abrupt change of the polarisation when varying the Fermi
energy [see Fig. 3(b)]. In addition, the side-gate plays another important role as it allows for a precise control of the transmission
polarisation through the device. Fig. 4(a) shows the polarisation
map as a function of the carrier energy E and the side-gate voltage V G . As the ﬁgure suggests, the sign of the polarisation can be

Fig. 4. (a) Transmission polarisation as a function of the carrier energy E and the
side-gate voltage V G . (b) Average transmission polarisation  P  as a function of V G
calculated for E 1 = 103.9 meV and E 2 = 108.4 meV (see Eq. (6) and the text).

changed by the side gate. We deﬁne the average polarisation as
follows

T +  − T − 
P  =
,
T +  + T − 

T ±  =

1
E2 − E1

E 2
T ± ( E ) dE .

(6)

E1

Note that  P  gives the average electric current polarisation at zero
temperature when Fermi levels of the two contacts are set to E 1
and E 2 . The average polarisation  P  is plotted as a function of
V G in Fig. 4(b) for E 1 = 103.9 meV and E 2 = 108.4 meV. The ﬁgure shows that in the vicinity of the gate voltage V G ≈ 70 mV
the polarisation undergoes an abrupt change from  P  ≈ 0.9 to
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 P  ≈ −0.8, suggesting the possibility of controlling the electric
current polarisation by the side gate voltage.
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nanoelectronic applications. Therefore, we conclude that the predicted effects open a possibility to design novel tunable sources of
polarised electrons.

6. Conclusions
Acknowledgements
In summary, we have proposed and studied a novel spin ﬁlter system which exploits quantum interference effects. The device
comprises a square graphene nanoring, connected symmetrically or
asymmetrically to the leads, and a ferromagnetic layer (e.g. of EuO)
grown on top of the ring. The proximity induced exchange interaction between the ferromagnetic ions and the graphene electrons
result in a spin-dependent transmission coeﬃcient and, as a consequence, a spin-dependent conductance and electric current. We
showed that the polarisation of the transmission changes abruptly
when the Fermi energy is varied in the vicinity of Fano-like antiresonances which occur in asymmetrically connected nanorings.
We put forward and analysed a simpliﬁed quasi-one-dimensional
model of the nanoring and explained qualitatively different typical transmission features found in both symmetrically and asymmetrically connected nanorings. We also demonstrated that the
side-gate voltage can be used to control the transmission polarisation in an eﬃcient way in all the studied cases (independently
of the width of the GNRs or the symmetry of the system geometry). The side-gate voltage induces Fano-like antiresonances in
rings with both types of connections and leads to more abrupt polarisation variations in a controllable way. It should be mentioned
that Fano-like antiresonances can also be induced by a magnetic
ﬂux [12] but spin control by electric means is more suitable for
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