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Abstract: We investigate the photovoltaic behaviors of
magnetic graphene interconnect junctions, which are constructed by zigzag graphene nanoribbons (ZGNRs), with
the aim to produce pure spin current by photogalvanic
effect (PGE). Two kinds of interconnect junctions are
designed by connecting two 6-ZGNR with a carbon hexagon
(C6) and a carbon tetragon (C4), respectively. It is found
that zero charge current is produced under irradiation
of light in both structures due to the presence of spatial
inversion symmetry. Nevertheless, behind the zero charge
current, net pure spin current is produced in the structure with a C6, but not in the structure with a C4. This
difference originates from their different edge state distribution and different spatial inversion symmetry of the
spin density. However, interestingly, local edge pure spin
current can be obtained in both structures. More importantly, the pure spin current generation is independent of
the photon energy, polarization type or polarization angle,
suggesting a robust way of generating pure spin current
with PGE and new possibility of graphene’s applications in
spintronics.
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1 Introduction
The field of two dimensional (2D) materials has been
rapidly expanding in recent years and has drawn intensive research attention due to their exceptional mechanical, electronic and optoelectronic properties, providing
promising building blocks for future nanoelectronic and
photoelectronic devices [1–14]. Although graphene is the
first successfully fabricated 2D material and has been studied for nearly two decades, it has always been the object of
numerous studies all the years [15–26]. Especially, a number of research studies in graphene have been extended
to the field of spintronics in recent years [19, 20, 27–31],
and many novel spin and magnetic properties such as
tunnel magnetoresistance, spin polarized transport, spin
switching effects and pure spin current have been reported
[15, 18–20, 22, 26, 32, 33], suggesting the great potential of graphene in spintronic devices. In particular, pure
spin current, which is a central topic in spintronics and
characterized by the opposite flow directions of electrons of different spins with equal magnitude, is rather
interesting due to its low energy consumption characteristics and thus has received intensive attention. By
far, several mechanisms for generating spin currents in
graphene have already been proposed, such as spin–orbit
coupling [32], quantum Hall effect [33] and Andreev reflection in structures with normal-superconductor boundaries [22]. Actually, new mechanisms for producing pure
spin current are still an interesting topic in the study of
graphene.
It is well known that another striking feature of
this one-atom-thick material is that it provides a good
candidate for constructing all-carbon circuits by proper
patterning or etching on it, just as proposed by Areshkin
and White [34]. Obviously, any such all-carbon circuit
eventually consists of nanostructured units such as
nanoribbons that are engineered from graphene. These
structures present distinctly different electronic and transport properties [35]. For example, the structures with
armchair edges are nonmagnetic while those with zigzag
edges are magnetic. They may behave as semiconductors
or metals, depending on their edge shape and edge size.
This work is licensed under the Creative Commons Attribution 4.0
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However, most previous studies were focused on their
one-dimensional forms [35–40]. As a matter of fact, in
the design of nanoelectronic circuits, the formation of
interconnects where two nanoribbons combine together
is unavoidable [34] and they will necessarily introduce
scatterings when electrons pass through them. Such scatterings are the physics basis of a working device and thus
the interconnects themselves at the atomic scale may also
work as electronic and optoelectronic devices. More importantly, the transport behaviors of interconnects may greatly
differ from the purely one-dimensional forms and dominate in the performance of the nanoelectronic circuits
[41, 42]. Moreover, new functions can be achieved by combining two graphene nanoribbons. For example, robust
half-metallic transport [42] and definitive spin switches
[43] can be realized by connecting two zigzag graphene
nanoribbons (ZGNRs) with a carbon tetragon. In SiC
nanoribbon interconnects, perfect spin and valley polarized transport is achieved [41]. Such functional units
greatly extend the versatility and applicability of graphene
nanoribbons and other 2D materials in real applications.
On the other hand, the current through a device can be
generated not only by an electrical bias, but also by light
irradiation through photovoltaic effect. The latter driving
force of current provides not only ways of fully utilizing
solar energy, but also ways of realizing goals that are not
achievable by an electrical bias in many materials. For
example, pure spin current has been achieved by light irradiation in traditional semiconductors [44]. With the rise
of molecular electronics and nanoelectronics, intensive
attention has also been paid to exploiting the photovoltaic
effect in molecular and nanoscale devices to realize various goals [45–53]. From these previous studies, we know
that for systems with spatial inversion symmetry, a finite
detectable photocurrent is generated when a small auxiliary bias voltage is applied across the device to induce electronic asymmetry [46–48]. More interestingly, in systems
lacking a center of inversion symmetry, the photocurrent
can be generated even without an applied auxiliary bias
voltage, which is known as the photogalvanic effect (PGE)
[49–53]. Since its first discovery in 1978 in traditional semiconductors [49, 50], PGE has been attracting increasing
attention [54–61] and lots of striking transport properties induced by PGE, such as spin-galvanic effect [62],
photoexcitation of pure valley-orbit currents [63], photospin-voltaic effect [63, 64] and so on, have been found. In
recent years, the research interest has been extended to
devices constructed with low dimensional materials, especially 2D materials, such as phospherene [65], MoS2 [66],
SiC [67], silicene [68], etc.

In this work, we investigate the photovoltaic behaviors
of graphene interconnects. Specifically, we consider two
typical kinds of interconnects which are formed by connecting two identical ZGNRs with a carbon hexagon (C6)
and a carbon tetragon (C4), respectively. Both structures
have anti-ferromagnetic zigzag edges and spatial inversion
symmetry. We intend to investigate that for these graphene
interconnects, what will be their photoresponses and especially, whether they are able to produce pure spin current
by PGE. It is found that zero charge current is produced
under irradiation of light in both structures if a finite bias
is absent due to spatial inversion symmetry in them. However, interestingly, behind the zero charge current, pure
spin current is produced in the structure with a C6, but not
in the structure with a C4. This difference arises from their
different spatial inversion symmetry of the spin density.
More importantly, the pure spin current in the C6 system
with spatial inversion symmetry is independent of the photon energy, polarization type or polarization angle. This is
in clear contrast to the schemes with PGE in phospherene
and SiC nanoribbons where pure spin current can only be
realized at certain specific polarization angle or special
photon energy [68, 69]. Consequently, the interconnects
with a C6 provide perfect candidates for robustly producing
pure spin current with PGE.

2 Simulation model and
computational details
The two-probe photovoltaic devices are junctions constructed by connecting the up-right and down-left corners
of two 6-ZGNRs which contain six carbon zigzag chains
along the longitude direction, as shown in Figure 1(a). We
consider two kinds of connection styles that have been
reported in the literature [42, 43]. In the first style, the
two nanoribbons are connected by a C6 ring (hexagon)
and can be well developed either by a mechanical etching
technique [70] or by rational bottom-up synthesis based
on single molecular precursors [71–73], while in the second one, they are connected by a C4 ring (tetragon), which
can be prepared using a bottom-up self-assembly synthesis technique on a reconstructed Au template [43, 74].
For simplicity, the two devices are called ‘Junction C6’
and ‘Junction C4’, respectively. The C6 and C4 rings are
indicated by the red circles in Figure 1(b) and (c). Each
edge carbon atom is passivated by one hydrogen atom to
saturate the dangling bond since without hydrogen passivation, the edges with dangling bonds are not stable and
tend to be reconstructed, with two consecutive hexagons
transformed into one heptagon and one pentagon
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[75, 76]. The nanoribbons prepared by a bottom-up synthesis method are naturally hydrogenated [71, 72]. Each
device is divided into three parts: the left electrode (left),
the right electrode (right) and the central region (central),
which are shown in Figure 1. In each junction, the central
region consists of two parts taken from the two nanoribbons and each part contains 5.5 unit cells, with a length
of 12.298 Å and a width of 11.360 Å as measured between
edge carbon atoms. One unit cell with a length of 2.46 Å
and a width of 11.360 Å is chosen to perform bulk calculations of the leads. In this way, both structures satisfy
the spatial inversion symmetry. A supercell with a vacuum
of more than 10 Å is chosen in the x and y directions, so
that the actual lattice vectors for the central region are
chosen as 36.0 × 14.0 × 28.285 Å for the C6 structure and
36.0 × 14.0 × 25.31 for the C4 structure, along the x, y and
z directions, respectively, which are large enough to keep
the device from any interaction with its periodic images in
the transverse directions.
Light, with the photon energy ℏ𝜔, is normally shed
on the whole central region in the y direction. A is the
light electromagnetic vector potential in the xz plane
and 𝜃∕𝜙 is the polarization (helicity) angle of the linearly (elliptically) polarized light. The electronic structure
and photovoltaic transport properties are calculated by
the first-principles quantum transport package NanoDcal
which combines the density-functional theory (DFT) and
the non-equilibrium Greens function (NEGF) technique
[77–79]. Norm-conserving pseudopotentials are used to
describe the atomic cores and a double zeta plus polarization (DZP) basis is adopted for electron wave functions
of carbon and hydrogen atoms, and the convergence criterion for Hamiltonian and electron density is 1 × 10−8
in atomic units. The exchange–correlation potential is
treated at the level of generalized gradient approximation with the form of Perdew, Burke, and Ernzerhof [80].
Moreover, a Monkhorst–Pack k-mesh of 1 × 1 × 150 (for the
leads) and a cutoff energy of 150 Ry are chosen to achieve a
balance between calculation efficiency and accuracy. The
structure relaxations are performed with a force tolerance
of 0.02 eV/Å.
The photocurrent from the central region to each
lead is calculated in a post-processing way. Firstly, the
self-consistent Hamiltonians of the leads and the central
region are obtained by DFT or DFT-NEGF calculations,
without taking into account the electron–photon interaction. With these self-consistent Hamiltonians, the retarded
(advanced) Green’s function Gr0 (Ga0 ) of the central region.
Then the electron–photon interaction mq p ⋅ A where p is
the electron momentum included in the calculation of the

Figure 1: (a) The photovoltaic junction model constructed with two
6-ZGNRs interconnected at two corners. (b) The top view of Junction
C6 with a hexagon at the connection; (c) the top view of Junction C4
with a tetragon at the connection. Light is normally incident to the xz
plane. e1 = ẑ and e2 = x̂ are two polarized vectors that determine the
incident direction of the polarized light. The red spiral arrows
denote the applied polarized light. A is the electromagnetic vector
potential and 𝜃∕𝜙 is the polarization/helicity angle of the
linearly/elliptically polarized light. The red circle indicates the
hexagon or tetragon at the connection. The red cross in the circle
indicates the spatial inversion center of the device.

lesser (greater) Green’s function of the central region by
G<(>)
= Gr0 [Σ<(>)
+ Σ<(>)
+ Σ<(>)
]Ga0 , where Σ𝛼r∕a is the selfL
R
ph
ph
<∕>

energy of the semi-infinite lead 𝛼 (𝛼 = (L, R)) and Σph
is the self-energy from the electron–photon interaction
considered in the first-order Born approximation [81]. The
effective transmission function is calculated by [66]
Teff,𝛼 (𝜀) = Tr{Γ𝛼 (𝜀)[(1 − f𝛼 (𝜀))G<ph (𝜀) + f𝛼 (𝜀)G>ph (𝜀)]}, (1)
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where Γ𝛼 = i(Σr𝛼 − Σa𝛼 ) is the line-width function of the lead
𝛼 describing the coupling between the central region and
lead 𝛼, and f 𝛼 is the Fermi–Dirac distribution of the lead 𝛼.
The spin-dependent photocurrent from the central region
to the lead 𝛼 is calculated by [66]
ph
I𝛼,𝜎
=

ie
(𝜀)d𝜀,
T
h ∫ eff,𝛼,𝜎

(2)

where 𝜎 = (↑, ↓) is the spin index. For the full details of
the theoretical formalism, we refer to references [66, 81].
In practice, the normalized photocurrent, i.e., the photoresponse function written as [65, 81]
R=

ph
I𝛼,𝜎
I𝜔

(3)

is discussed for convenience where I 𝜔 is the photon flux
defined as the number of photons per unit time per unit
area and the unit of R is a20 /photon.

3 Results and discussion
At first, we study the photovoltaic effect of both Junction
C6 and Junction C4 as shown in Figure 1, with the linearly
polarized light irradiated on the whole central region. The
spin dependent photocurrents for the two junctions as a
function of photon energy ℏ𝜔 at the polarization angle
𝜃 = 0˚ are shown in Figure 2(a) and (b). For the two types of
connection configurations, the photocurrent for either spin
channel is zero when the photon energy is lower than the
band gap (0.62 eV) of the 6-ZGNR since with photon energy
below the band gap no electrons can be excited. When the
photon energy exceeds 0.62 eV, the two junctions behave
completely differently. For Junction C6, a rather large value
is observed in both the spin up and spin down photocurrent
components. In contrast, in Junction C4, both spin components are always negligible, which means unobservable
photovoltaic effect in it. Most interesting is that, in Junction C6, the two spin components of the photocurrent are
exactly equal in magnitudes but with opposite signs in the
considered photon energy range (0.7, 1.8 eV). The opposite
signs mean opposite flow directions of electrons in the two
spin channels. Thus, the sum of the two spin components
is always zero at any photon energy (I c = I up + I down = 0),
which means that there is no charge current across Junction
C6, while the difference between the two spin components is nonzero (I s = I up − I down = 2I up ), suggesting that
finite pure spin current is produced. Next, for Junction
C6, we further study the effect of the polarization/helicity
angle 𝜃∕𝜙 of the linearly/elliptically polarized light on
the pure spin current generation by PGE by taking the

Figure 2: The spin dependent photocurrents of: (a) Junction C6 and
(b) Junction C4 as a function of photon energy ℏ𝜔 under linearly
polarize light with polarization angle 𝜃 = 0˚. The spin dependent
photocurrents of Junction C6 as a function of: (c) polarization angle
𝜃 under linearly polarized light and (d) helicity angle 𝜙 under
elliptically polarized light, with the photon energy taken as
ℏ𝜔 = 1.3 eV as an example.

photon energy ℏ𝜔 = 1.30 eV as an example. As shown in
Figure 2(c), under the linearly polarized light, both the
spin up and spin down photocurrents satisfy a sinusoid
relation of ±a sin(2𝜃 + 𝜃 0 ) ± b where a, b and 𝜙0 are three
device related parameters, and the two components always
have the same magnitude and opposite flow directions in
the polarization angle range from 0˚ to 180˚. Thus, pure
spin current is always achieved under the linearly polarized light irradiation with any polarization angle. Likewise,
under the elliptically polarized light, a similar sinusoid
relation of spin dependent photocurrents is obtained and
we can also get pure spin current at any helicity angle 𝜙,
as clearly seen from Figure 2(d).
It is very surprising that the PGE induced pure spin
current is so robust in Junction C6 in the sense that the
pure spin current generation is independent of the optical
setup parameters such as the photon energy, polarization
type and polarization angle, but the two spin components
of photocurrent are always negligible in Junction C4, if
we take into consideration that both configurations have
spatial inversion symmetry. In the following, we will understand this striking difference by comparing their electronic
structures. To start with, the band structure of a single
6-ZGNR in the ground state is presented in Figure 3(a). It is
found that the two spin channels are degenerate in energy.
Thus, no difference can be seen just from the band structure. However, great difference in the two spin channels can
be observed from inspecting the real space distribution of
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the eigenstates. As an example, the states of the valence
band and conduction band at the X point are shown in
Figure 3(b). These are edge states. Actually, the states from
the valence band maximum and conduction band minimum to the X points are all localized edge states (not
shown). We focus on the edge states in the following discussions. In the spin up channel, the valence band states
are localized at the upper edge while the conduction band
states are localized at the lower edge. On the contrary, in
the spin down channel, the valence band states are localized at the lower edge while the conduction band states are
localized at the upper edge. Since only the valence bands
are filled by electrons, it leads to the opposite magnetic
moments on the two edges, thus the edge states on the
two edges are antiferromagnetically coupled in the ground
state. In addition, the coupling between any two nearest
neighboring atoms belonging to two sublattices A and B
is always antiferromagnetic due to the spin alteration rule
[82, 83], which can be seen from sign alteration of the
atomic magnetic moment with the order of 0.29, −0.05,
0.08, −0.04, 0.04, −0.03, 0.03, −0.04, 0.04, −0.08, 0.05,
and −0.29 𝜇B in the unit cell when it goes from one edge to
the other.
When we combine two 6-ZGNRs either by a C6 or a C4
ring, all the carbon atoms are sp2 hybridized and the spin
alteration rule has to be still satisfied. Thus, the atomic
magnetic moments represented by the spin density will
look like those shown in Figure 4. Consequently, in Junction C6, in both the left and right ribbons, the positive edge
magnetic moments are at the upper edge and the negative
edge magnetic moments are at the lower edge. In contrast, in Junction C4, in the left ribbon, the positive edge
magnetic moments are at the upper edge and the negative
magnetic moments are at the lower edge, while in the right
ribbon, the positions of the positive and negative atomic
magnetic moments are exchanged. Deducing from these
facts, we will see that for both junctions, in the left lead,
the spin up (down) valence edge state is localized at the

Figure 3: (a) The band structure of 6-ZGNR in the ground state; (b)
the real space distribution of the edge states in the valence band (𝑣)
and the conduction band (c) at the X point. ‘Up’ and ‘Down’ mean
spin up and spin down components, respectively.

Figure 4: The real space distribution of spin density of: (a) Junction
C6; (b) Junction C4. The red cross indicates the spatial inversion
center of the device. It is clearly seen that the spin density in
Junction C6 is anti-symmetrical with respect to the spatial inversion
center while it is symmetrical in Junction C4.

upper (lower) edge while the spin up (down) conduction
edge state is localized at the lower (upper) edge, as shown
by the schematic plots in Figure 5(a)–(d). However, the
situations for the right leads of the two junctions are completely different. To be specific, for Junction C6, the spin up
(down) valence edge state is localized at the upper (lower)
edge and the spin up (down) conduction edge state is localized at the lower (upper) edge (see Figure 5(a) and (b)). In
contrast, for Junction C4, the spin up (down) valence edge
state is localized at the lower (upper) edge and the spin
up (down) conduction edge state is localized at the upper
(lower) edge (see Figure 5(c) and (d)).
From the edge state distributions in real space, we can
analyze the excitation processes of electrons under light
irradiation. The electrons can enter the central region from
the valence bands of the left ribbon and go out from the conduction band of the right ribbon. Meanwhile, electrons can
also enter from the valence bands of the right ribbon and go
out from the conduction band of the left ribbon. (Here, the
processes of entering and going out from the same lead may
also happen but they are omitted due to their no contribution to any measurable current in this lead.) Both the leftto-right process and the right-to-left process can be further
divided into two sub-processes according to the spin channels of the edge states. The sub-processes are plotted in
Figure 5.
We first look at Junction C6. Due to spin matching,
there are two left-to-right processes indicated by ‘P1 ’ for
spin up channel going from the upper edge of the left lead
to the lower edge of the right lead and ‘P2 ’ for spin down
channel from the lower edge of the left lead to the upper
edge of the right lead (see Figure 5(a)). Likewise, there are
two right-to-left processes indicated by ‘P3 ’ for spin down
channel from the lower edge of the right lead to the upper
edge of the left lead and ‘P4 ’ for spin up channel from the
upper edge of the right lead to the lower edge of the left
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Figure 5: The schematic model of electron excitation processes: (a)
and (b) for Junction C6; (c) and (d) for Junction C4. The red and blue
narrow rectangles indicate the positions of the spin up and spin
down edge states, respectively. 𝑣 means valence band while c
means conduction band. The bent arrows indicate the possible
excitation paths as marked by P1 (P1′ ), P2 (P2′ ), P3 (P3′ ) and P4 (P4′ ). For
example, P1 means that in Junction C6, electrons are excited from
the spin up valence band edge states at the upper edge of the left
ribbon to the spin up conduction band edge states at the lower edge
of the right ribbon.

lead (see Figure 5(b)). Since the spin up valence edge state
in the left lead is exactly the same as the spin down valence
edge state in the right lead and the spin up conduction edge
state in the right lead is exactly the same as the spin down
conduction edge state in the left lead, processes ‘P1 ’ and ‘P3 ’
will have exactly the same magnitude. For the same reason,
‘P2 ’ and ‘P4 ’ will also have the same magnitude. The two
processes ‘P1 ’ and ‘P3 ’ will contribute a right flowing pure
spin current while ‘P2 ’ and ‘P4 ’ will contribute a left flowing
pure spin current. Thus, these two pure spin currents will
cancel partly, but not fully since the spatial separation
between the initial and final edge states in processes ‘P1 ’
and ‘P3 ’ is much smaller than that in ‘P2 ’ and ‘P4 ’ and
thus the electrons in ‘P1 ’ and ‘P3 ’ experience much smaller
scattering than those in ‘P2 ’ and ‘P4 ’. Eventually, the pure
spin current produced by ‘P1 ’ and ‘P3 ’ will dominate.
We now turn to Junction C4. There are also two leftto-right processes indicated by ‘P1′ ’ for spin up channel
going from the upper edge of the left lead to the upper
edge of the right lead and ‘P2′ ’ for spin down channel from
the lower edge of the left lead to the lower edge of the
right lead (see Figure 5(c)). In the meantime, there are two
right-to-left processes ‘P3′ ’ for spin down channel going
from the upper edge of the right lead to the upper edge of
the left lead and ‘P4′ ’ for spin up channel from the lower

edge of the right lead to the lower edge of the left lead
(see Figure 5(d)). Different from Junction C6, the spatial
separations between the initial valence edge state and the
final conduction edge state are the same for all these processes, which means that the scattering experienced by the
electrons in all the four processes will be the same. Thus,
the contributions from the four processes will be equal in
magnitude. Considering the opposite flow directions, ‘P1′ ’
will cancel out with ‘P4′ ’ for spin up channel and ‘P2′ ’ will
cancel out with ‘P3′ ’ for spin down channel. This leads to
basically zero total current for each spin channel in each
lead. That is what we see in Figure 2(b), where the very
small deviations from zero arise from numerical errors in
the computation. However, we note that, although both
the total spin up and spin down photocurrents are zero for
each lead, pure spin current can still be locally detected
everywhere at the edges since the two counteracting (right
moving and left moving) processes for each spin channel
are localized at different edges (occurring at the upper and
lower edges simultaneously in both leads). If we focus on
the two processes occurring at the upper edge, we will see
it very clearly since the spin up ‘P1′ ’ flows right while spin
down ‘P3′ ’ flows left, which contribute to right flowing pure
spin current at the upper edges in the two leads. Likewise,
at the lower edges, there will be a left flowing pure spin current contributed by processes ‘P2′ ’ and ‘P4′ ’. Such locally
hidden pure spin currents are not reflected in the total spatially integrated pure spin current for each lead shown in
Figure 2(b) and the observation depends on the progress of
local detection technique. As a matter of fact, the local
detection of edge spin current can be well performed
by low-temperature scanning Kerr rotation microscopy
which is capable of spatial/local imaging of the spin Hall
effect [84].
Finally, the robustness of finite pure spin current in
Junction C6 and zero pure spin current in Junction C4 is
determined by the anti-symmetrical and symmetrical spin
density in real space. For anti-symmetrical spin density,
the potential barrier experienced by electrons of one spin
channel in one direction will be exactly the same as that
of the other spin channel in the opposite direction. Meanwhile, the potential barrier experienced by electrons in
each spin channel will be different along two opposite
directions. Thus, we can always get photocurrent with
opposite directions and equal magnitude for the two spin
channels, which leads to pure spin current. However, in
Junction C4, the spin density is symmetrical with respect
to the inversion center, which means that the potential barriers experienced by electrons in each spin channel will be
the same along any two opposite directions. Consequently,
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the total photocurrent for each spin channel in each lead
will be zero.

4 Summary
Based on first-principles transport calculations, we have
investigated the photovoltaic effect of two kinds of
graphene nanoribbon interconnects constructed with two
identical ZGNRs with six zigzag carbon chains along the
longitudinal direction. Junction C6 has a hexagon while
Junction C4 has a tetragon at the connection interfaces.
Both junctions have spatial inversion symmetry, thus both
present the same charge transport behavior under light
irradiation, namely zero total charge current. However, it
is found that the connection differences between the two
nanoribbons lead to strikingly different spin-dependent
photovoltaic effect and it arises from the different edge
state distributions in real space in the two junctions. In
particular, in Junction C6, finite total pure spin current can
be robustly generated, neither dependent on the photon
energy, nor dependent on the polarization type or polarization angle of the applied polarized light. In contrast,
in Junction C4, both vanishing total charge current and
total pure spin current will be produced. The results can be
well understood by a cartoon model represented by four
processes occurring between the edge states in the two ribbons. The findings suggest new possibilities of graphene’s
application in spintronic devices.
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