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Precise spatial control of the spin propagation channels is of fundamental and practical importance in
future graphene-based spintronic devices. Here we use first-principles calculations to show that when
narrow zigzag graphene nanoribbons are connected to form junctions or superlattices, properly placed
square-shaped carbon tetragons not only serve as effective bundles of the two incoming spin edge channels,
but also act as definitive topological spin switches for the two outgoing channels. The nanoribbon segments
are largely drawn from different acene molecules. We further show that such spin switches can lift the
degeneracy between the two spin propagation channels, which enables tunability of different magnetic
states upon charge doping. Preliminary experimental supports for the realization of such tetragons
connecting nanoribbon segments are also presented.
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Spin-polarized states harbored by graphene-based
material systems are of particular interest due to their
potential applications in future spintronic devices [1]. As
one example, it was proposed that spin-orbit coupling may
lead to the quantum spin Hall effect (QSHE) in graphene,
where the spin-up and spin-down carriers move in opposite
directions along the same edges [2]. Nevertheless, the
extremely weak intrinsic spin-orbit coupling so far has
prevented an experimental realization of the QSHE in
graphene [3]. Another compelling example is zigzag gra-
phene nanoribbon (ZGNR), where mean-field theoretical
studies indicated a singly spin-polarized electronic state
propagating along one edge, with an antiparallelly aligned
spin state along the opposite edge, resulting in an overall
antiferromagnetic (AFM) configuration of the system [4–9].
Such nontrivial spin states are predicted to persist even for the
narrowest ZGNRs, i.e., zigzag acenemolecules with finite or
infinite lengths [10–12]. Moreover, these one-dimensional
(1D) carbon systems have higher spin wave stiffness than
traditional magnetic materials, and thus possess relatively
long spin correlation lengths [13]. Electric or magnetic fields
[7,14–16], edge engineering [17,18], and carrier doping [19]
can be exploited to further enrich the degrees of magnetic
ordering, for example, into ferromagnetic (FM), half metal-
lic, or spin semiconducting states, offering new opportunities
for sp-electron-based spintronics [20].
Aside frommodifications of the overall magnetic proper-

ties of the ZGNRs, precise control of a specific spin channel
via local atomic-scalemanipulations is also highly desirable.
In this regard, it has been shown that one of the spin channels

can be suppressed by selective roughening or adatom
adsorption at a given edge, while the other spin channel
remains largely intact and can act as an effective spin injector
[21,22]. Furthermore, in development of future graphene-
based full-scale functional spintronic devices, a prerequisite
is to demonstrate the realization of various elemental
building blocks for spin logic operations. Pioneering efforts
included theoretical demonstrations of several elemental
spin logic devices based on the magnetic properties of
properly tailored graphene nanostructures [23,24]. Related
demonstrations include the operating principles of topo-
logical current splitters using graphene junctions [25,26].
In this Letter, we present the first-known design of a

topological spin switch in ZGNRs, an indispensable
building block in future graphene-based spintronic devices.
We reveal that the carbon tetragons properly incorporated
in the ZGNRs effectively switch the spin orientation at each
edge. We further show that such spin switches can lift the
degeneracy between the two spin propagation channels,
which enables tunability of different magnetic states upon
charge doping. Preliminary experimental supports for the
realization of such tetragons connecting nanoribbon seg-
ments are also presented, as synthesized by cyclodehy-
drogenation of pentacenes on a Au(110) surface.
Before going into any details, here we note that the

present study is carried out primarily using first-principles
calculations within density functional theory (DFT).
Previous work based on higher-level methods predicted
a singlet ground state with radical character for long-chain
acenes [27,28]. These results seem to suggest that the
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ground state should be the quantum superposition of the
two degenerate AFM states, which otherwise cannot be
captured by the standard mean-field DFT calculations with
quantum fluctuation disregarded. Moreover, a recent theo-
retical study of graphene nanoribbons based on an effective
quantum Heisenberg model suggested an entangled spin
singlet ground state [29], consistent with the rigorous
Lieb’s thereom [30]. This study further demonstrated that
such coherent superposition or entanglement is usually
sustained in undisturbed ideal systems [29]. For a realistic
system, decoherence effects due to coupling with the
environment may dominate, and the quantum superposition
or entanglement state eventually collapses into one of the
decoherent states [29], such as the static spin polarization
state emphasized in the present DFT study.
A graphene sheet consists of two sublattices, and the

carbon atoms at the opposite edges of a ZGNR belong to
different sublattices as shown in Fig. 1(a). In such a
conjugated π-bonded hydrocarbon system, the AFM cou-
pling between the opposite edge states originates from the
spin alternation rule for the stabilization of unpaired
electrons, resulting in FM (AFM) spin couplings between
atoms belonging to the same (different) sublattices [31,32].
Here we consider a square-shaped carbon tetragon con-
necting the acene molecules (or, equivalently, the narrowest
ZGNRs), with the tetragon asymmetrically placed at the
corner as depicted in Fig. 1(b). Such a carbon tetragon is
expected to mutually switch the sublattice affiliations of the
connected two ZGNRs. According to the spin alternation
rule [31,32], the spin orientations of the two edge channels
should also be switched. In order to validate the above
conjectures quantitatively, we use first-principles calcula-
tions within spin-polarized DFT to explore a series of acene
dimers, acene polymers, and acene superlattices, connected
by the carbon tetragons, with the calculation details
described in the Supplemental Material [33].
We first investigate different acene dimer configurations,

with each dimer consisting of a carbon tetragon connecting
two acenes. For short acenes such as anthracene and
tetracene, the ground states of their dimers are nonmagnetic
(NM). For longer acene building blocks containing at least
five fused hydrogen-passivated hexagons (such as pentacene
and hexacene), the ground states of the acene dimers are
AFM. For example, for a pentacene dimer [Fig. 2(a)], the

AFM state is 31 meV lower than the NM state. Figure 2(b)
shows the spatial distributions of the spin-dependent highest
occupied molecular orbitals (HOMOs) and lowest unoccu-
pied molecular orbitals (LUMOs). The spin-up HOMO is
located at the bottom edge of the left acene and switches to
the top edge of the right acene, while the spin-down HOMO
is located at the top edge of the left acene and switches to the
bottom edge of the right acene. Our detailed calculations
further show that the spin switching behavior is also
observed for the LUMOs. Therefore, the carbon tetragons
serve as effective bundles of the two incoming spin edge
channels, and further act as definitive topological spin
switches to effectively control the trajectories of the spin
edge channels. From the naked eye, the HOMO and LUMO
look symmetric with respect to the spin inversion, which can
be largely attributed to the comparably dominant contribu-
tions from the carbon π orbitals. However, these levels
actually differ at a precise quantitative level, as reflected in
the charge density distributions [Fig. 2(b)] and energy-
dependent transmission coefficients (Fig. S1 [33]).
Before considering other configurations, here we empha-

size on another subtle but important aspect of the acene
dimers connected by the spin switches. As illustrated by the
first example of the pentacene dimer [Fig. 2(b)], the spatial
symmetry is broken for either the HOMOs or LUMOs with
opposite spin orientations, therefore lifting their spin degen-
eracy. This is confirmed quantitatively by the calculated spin-
polarized electronic structure shown in Fig. 2(c), and the
energy splitting between the spin-up and spin-downHOMOs
is 38 meV. This intriguing aspect will be exploited later to
realize other magnetic states, including, in particular, half
metallic states.

(a)

(b)

FIG. 1. Schematic spin configurations of different ZGNRs
(a) without and (b) with a carbon tetragon as a spin switch.

(b) (e)

(c) (d)

Spin-up LUMO Spin-down LUMO

Spin-up HOMO Spin-down HOMO

Spin-up CB Spin-down CB

Spin-up VB Spin-down VB

H C

-0.6

-0.3

0.0

0.3

0.6

E
-E

f (
e

V
)

 

-0.6

-0.3

0.0

0.3

0.6

X

(a)

Dimer

Superlattice

Spin up Spin down

FIG. 2. (a) Optimized atomic structures of a pentacene dimer
and a horizontally aligned pentacene superlattice, respectively.
(b),(c) The partial charge density distributions and electronic
structure of a pentacene dimer. (d),(e) The electronic structure and
partial charge density distributions of a pentacene superlattice.
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Similar to the symmetric acene dimers, the ground states
of asymmetric acene dimers consisting of one-tetragon-
connected inequivalent acenebuildingblocks and acenepoly-
mers containingmultiple carbon tetragonsare also found to be
AFM. Several specific configurations are given in Fig. S2
[33]. For all these structures, the spin orientations along the
two edges always switch across the carbon tetragons.
So far, we have limited our attention to the roles of

carbon tetragons as spin switches in different acene dimers
and polymers. Next, we generalize to explore the potential
effects of the spin switches in graphene superlattices, which
may develop emergent quantum phenomena beyond pris-
tine graphene [41,42]. Using the example of pentacenes as
building blocks, there are two types of alignments when the
pentacenes are connected by the tetragons: horizontal
[where the pentacene axis is along the superlattice direction
as shown in Fig. 2(a)], or vicinal (where the pentacene axis
is tilted away from the superlattice direction). For the first
case, it has an AFM ground state, 152 meV per unit cell
lower than the FM state and 158 meV lower than the NM
state. The energy gains are much larger in the present
superlattice case than the earlier acene dimer cases. The
spatial distributions of the spin-polarized valence bands
(VBs) and conductance bands (CBs) are shown in Fig. 2(e),
and the spin orientation is also switched across a carbon
tetragon for each band. Strikingly, such spin switching
effects lead to substantially different spatial trajectories for
each spin channel: Now the spin-down VB (spin-up CB) is
spatially confined along a geometrically straight line, while
the spin-up VB (spin-down CB) is spatially confined along
an armchair curve. In strong contrast, we note that each spin
channel is always confined at one edge for pristine ZGNRs,
lacking switching capabilities.
In analogy to the acene dimers, the degeneracy is also

lifted for the spin-polarized bands [Fig. 2(d)], especially for
the VBs, with a spin splitting energy of 95 meV, tripled
from the dimer case. These important findings are generic,
as demonstrated by the horizontally aligned superlattices
consisting of anthracenes, tetracenes, and hexacenes as
building blocks (see Fig. S3 in the Supplemental Material
[33]). It is worthwhile to point out the added advantage of
the superlattice cases, reflected by the fact that the AFM
ground states can now also be stabilized for the super-
lattices consisting of shorter acenes such as anthracenes and
tetracenes, even though their dimer configurations favor
NM ground states. For the vicinally aligned superlattices
such as those consisting of pentacenes shown in Fig. S4
[33], the spin-resolved properties are very similar to that of
the horizontally aligned counterparts, with one crucial
(and for practical reasons highly undesirable) exception:
The spin degeneracy stays intact because the spin configu-
rations of the spin-up and spin-down channels are identical
as ensured by the spatial translational symmetry.
To demonstrate the broad applicability of the switching

role of the carbon tetragons, we now investigate

horizontally aligned superlattices containing two different
building blocks whose total length is 10 fused hydrogen-
passivated hexagons, but with a carbon tetragon inserted at
different locations. The three new and distinct configura-
tions are displayed in Fig. S5 [33], and our calculations
show that all these superlattice structures have AFM
ground states, with the spin channels along the two edges
switched across the carbon tetragons. The spin degener-
acies are also lifted in the spin-polarized electronic struc-
tures. Furthermore, the spin switching roles of the carbon
tetragons are not only valid for the narrowest ZGNRs or
their segments, but also effective for ZGNRs or their
segments with wider widths, as demonstrated using the
example shown in Fig. S6 [33].
To further contrast the distinctive role of the properly

positioned carbon tetragons as spin switches, we have also
considered several other configurations, in which either a
misplaced carbon tetragon or other carbon connectors such
as carbon hexagons fail to serve as spin switches. Some
representative examples are given in Fig. S7 of the
Supplemental Material [33]. For example, when a pentacene
dimer or superlattice is symmetrically connected by a carbon
tetragon or tetragons, theNMground state is favored, leaving
no opportunity for spin switching and manipulations.
The spin switching and degeneracy lifting roles of the

carbon tetragons in different ZGNR structures can be
exploited for spintronic device applications. Here we use
a horizontally aligned pentacene superlattice to demon-
strate the tunable properties of such systems upon hole
doping. Without doping, the superlattice is an insulator [see
Fig. 2(d)]. When holes are doped into the system, the Fermi
level moves down, and the spin splitting at the Γ point first
increases from 95 meV at zero doping [Fig. 2(d)] to
170 meV at the hole doping of −1.0 electron=unit cell,
and then decreases to 116 meVat −1.7 electrons=unit cell,
as shown in Fig. 3(a). In particular, when the hole doping
level is in the range around −1.0 electron=unit cell, the

(a)

(b)

FIG. 3. (a) Spin-polarized band structures of a horizontally
aligned pentacene superlattice with hole dopings of −0.7, −1.0,
and −1.7 electrons per unit cell. (b) Schematic spatial distribu-
tions of the spin-polarized edge states in the superlattice.
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Fermi level only crosses the spin-up VB, thereby stabilizing
a half metallic state which is further confirmed by the spin
transport calculations as shown in Fig. S1 [33]. When the
doping level is further increased to be above -1.7 electrons
per unit cell, the Fermi level crosses both the spin-up and
spin-down VBs, rendering the system to be a unique FM
metal. For the half metallic case, the conducting spin-up
channel possesses an overall armchair-shaped contour. The
unique aspect of the FM metal is characterized by having
both conducting spin channels, with the spin-up channel
along an armchair-shaped contour, while the spin-down
channel along a straight line [Fig. 3(b)]. The spin-
dependent spatial distributions of the two spin channels
controlled by the inserted carbon tetragons differ substan-
tially from the half metallic and spin-gapless semiconduct-
ing states studied previously in graphene nanoribbons
[7,17,18], where each spin channel is always localized
along one given edge. The topologically controllable spin
propagation channels at the ZGNR edges using the carbon
tetragons may enable a spectrum of applications in spin-
tronics and quantum computing at the atomic scale.
The strong predictions made so far in the present study

are expected to stimulate experimental efforts aimed to
establish the various spintronic properties of such ZGNR
structures. As preliminary efforts, here we present exper-
imental results to demonstrate that 1D pentacene junctions
with carbon tetragons as connectors can be prepared using a
self-assembly synthesis technique on a reconstructed Au
template [43]. First, submonolayer pentacene molecules
were deposited onto a clean Au(110) surface at room
temperature. The STM image [Fig. S8(a) [33] ] reveals that
the molecules form head-to-head chains in the induced
(1 × 3) troughs along the ½110̄� direction, similar to
previous observations [44]. Upon subsequent annealing
at 350 °C for 2 h, some of the molecules are polymerized
into longer chains [Fig. S8(b) [33]]. The high-resolution
STM images [Figs. 4(a) and 4(c)] further reveal that the
pentacene polymers of different lengths are in armchair
shapes. It is thus likely that the pentacenes are connected

via the formation of carbon tetragons located at the corners
of neighboring pentacenes. Previous theoretical and exper-
imental studies have shown that the acene molecules can be
connected by carbon tetragons via cyclodehydrogenation,
but the main reaction sites are the central benzene rings of
the pentacene molecules [45,46]. Here the petancene
molecules are lying head-to-head in the troughs at the
Au(110) surface, so that head-on cyclodehydrogenation
reactions can now only take place.
To further support the above picture, we have simulated

the constant-height STM image of two pentacene mole-
cules connected at the corner by a carbon tetragon, whose
structure is initially optimized on a Auð110Þ–ð1 × 3Þ
reconstructed surface (Fig. S9 [33]). The simulated STM
image is shown in Fig. 4(b), which reproduces well the
experimental data. It is noted that the (1 × 3) troughs at the
Au(110) surface are V shaped [47], so that the armchair-
shaped pentacene polymers cannot lie flat in the troughs.
Instead, the neighboring pentacene segments lie on the
opposite walls of the troughs, as evidenced from
the optimized V-shaped structure on the theory side and
the weak intensity along the inner edges of the pentacene
segments on the experimental side (Fig. 4). We have also
measured experimentally the intermolecular distance
perpendicular to the trough direction, given by
0.26� 0.02 nm, which is consistent with the calculated
value of 0.26 nm for the optimized structure, confirming
that the pentacene polymers are indeed not lying flat on the
surface. These findings also rule out the possibility that the
pentacene molecules are connected via a single C-C bond
formation, which would otherwise result in an intermo-
lecular distance of only 0.20 nm even in the flat-lying
configuration. The measured spectroscopy shows an energy
gap, similar to those in previous reports of pristine
graphene nanoribbons [48]. Finally, we note that direct
validations of the AFM ground state and precise spin
switching aspects are beyond the experimental capabilities
of the present study.
In summary, we have demonstrated that when properly

introduced to connect ZGNRs or their segments, carbon
tetragons can serve as definitive spin switches to reverse the
spin orientations of the two edge channels. This switching
effect is observed with a large variety of nanoribbon
segments. We have further shown that such spin switches
effectively lift the spin degeneracy, which enables tuna-
bility of the systems into different magnetic states upon
hole doping, including intriguing half metallic and FM
configurations. The experimental realization of such
graphene nanoribbons connected by carbon tetragons has
also been demonstrated by 1D confined reactions via
self-assembly. Collectively, the present study offers new
insights and opportunities for developing graphene-based
spintronics.
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FIG. 4. (a) STM image of a pentacene dimer on the
Auð110Þ–ð1 × 3Þ surface at sample bias Vs of −1.0 V. (b) Simu-
lated STM image of a V-shaped pentacene dimer at Vs of −1.0 V.
The inset is the side view of this dimer structure. (c) STM images
of a horizontally aligned pentacene trimer, tetramer, and pentamer
on the Auð110Þ–ð1 × 3Þ surface at Vs of −1.0, −2.0, and −1.0 V,
respectively.
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