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ABSTRACT First-principles and non-equilibrium Green’s function approaches are used to predict spin-

polarized electronic transport in monatomic carbon chains covalently connected to graphene nanoribbons, as
recently synthetized experimentally (Jin, C.; et al. Phys. Rev. Lett. 2009, 102, 205501 —205504). Quantum electron

conductances exhibit narrow resonant states resulting from the simultaneous presence of open conductance

channels in the contact region and on the chain atoms. 0dd-numbered chains, which acquire metallic or

semiconducting character depending on the nature of the edge at the graphene contact, always display a net

spin polarization. The combination of electrical and magnetic properties of chains and contacts results in

nanodevices with intriguing spintronic properties such as the coexistence of magnetic and semiconducting

behaviors.
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arbon is a versatile chemical ele-

ment due to the three possible hy-

bridization states (sp3, sp?, sp) of its
atomic orbitals, which correspond to three
different prototypical structures: diamond,
graphene-like structures (graphite,
graphene nanoribbons, carbon nanotubes,
fullerenes), and linear carbon chains (known
in the literature as carbynes’), respectively.
Carbynes are traditionally classified as cu-
mulene (monatomic chains with double
bonds, =C=C=) or polyyne (dimerized
chains with alternating single and triple
bonds, —C=C-).

While sp? and sp® C-based structures
have been widely characterized, the synthe-
sis of carbynes has been a challenge for de-
cades due to the high reactivity of chain
ends and to a strong tendency for inter-
chain cross-linking." Linear carbon chains
consisting of a few tens of atoms were first
synthetized via chemical methods? by stabi-
lizing the chain ends with nonreactive ter-
minal groups.®>” > However, these systems
consist of a mixture of carbon and other
chemical elements, and the synthesis of car-
bynes in a pure carbon environement has
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only been recently achieved via supersonic
cluster beam deposition®” and via elec-
tronic irradiation of graphene inside a trans-
mission electron microscope.® '°

In fact, the connections between the car-
bon chain and the graphitic nanofragments
via covalent sp? or sp> bonds have the two-
fold effect of stabilizing the chain'" and pro-
viding contacts for charge transport along
the chain, suggesting a possible use in nano-
electronics. In addition, the monatomic C
chain can be considered as the smallest
possible interconnect in all-carbon nanode-
vices.'? In particular, the formation of
atomic C chains has been suggested to ex-
plain the behavior of graphene-based
switches,'? bistable graphitic memories,'*
carbon nanotubes with a “core” thinned
down to atomic dimensions,’>'® and as
connections in double-walled
nanotubes.'”'8

To validate the possible exploitation of
monatomic C chains as interconnects in
pure-C-based electronic devices, it is cru-
cial to investigate the transport properties
of such nanostructures connected by
graphene-like contacts. Several works have
already addressed the problem of the trans-
port properties of carbynes contacted by
metallic leads'® 22 and ideal linear C chain
leads.?®* However, the properties of a carbon
chain connected to graphene-like contacts
are expected to be quite different from the
latter cases, due to the peculiar linear en-
ergy dependence of the conductance in
graphene.?*

RESULTS AND DISCUSSION

In this work, the study of the spin-
polarized electronic transport properties of
sp monatomic carbon chains connected to
graphene nanoribbons (C,-GNR) is pre-
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sented. Ground-state calculations are performed within
the ab initio density functional theory (DFT) formal-
ism,?®> and quantum transport is modeled within the
non-equilibrium Green'’s function (NEGF) approach us-
ing the one-particle DFT Hamiltonian.?® Within this for-
malism, a net spin polarization localized on the chain
appears on wires containing an odd number of carbon
atoms. In addition, the conductance of the C,-GNR sys-
tems is found to be dependent not only on the chain
parity but also on the geometrical shape and localiza-
tion of the m states of the chain. Such a behavior could
be suggested as the physical mechanism underlying
the observed on/off switching of graphene nanodevic-
es.”® Further, the magnetic and electronic properties of
the complex C,-GNR system can be tuned by tailoring
the shape of graphene edges (armchair or zigzag) and
chain parity to achieve several combinations of spin po-
larization and electrical conductivity as semiconduct-
ing non-spin-polarized, metallic spin-polarized, and
even semiconducting spin-polarized structures.

The atomic system under investigation consists of a
chain of an even (Cg) or odd (Cg) number of carbon at-
oms,?” contacted by either armchair (AGNR) or zigzag
(ZGNR) semi-infinite graphene nanoribbons with
hydrogen-saturated edges. The chain is connected to
the zigzag profile of the cut AGNR and to the armchair
profile of the cut ZGNR with an angle of 120° with re-
spect to the GNR cut edge since GNR atoms have sp?
hybridization, as illustrated in Figure 1 for ZGNR con-
tacts. Graphene nanoribbons (GNRs) are semiconduc-
tors with a gap inversely proportional to the ribbon
width.?”?® Hence, to prevent the conductance of the
whole system to be limited by the electronic band gap
of the GNRs, wide ribbons have been chosen to contact
the chain, such as a 35-AGNR (~50 meV band gap)
and a 12-ZGNR in both magnetic configurations. In-
deed, the zigzag ribbon has been investigated using a
ferromagnetic (12-ZGNR-1 1) and an antiferromag-
netic (12-ZGNR- 1 | ) coupling between opposite
edges, leading respectively to a metallic or a semicon-
ducting (~280 meV band gap) behavior in agreement
with previous ab initio calculations.”

Transport calculations are performed on atomic sys-
tems divided into three regions, as schematically shown
in Figure 1: two semi-infinite contacts (left and right
leads) and a central scattering region which, in turn,
consists of a core region embedded by several buffer
lead layers. The buffer lead layers are constructed long
enough to ensure a good screening of the Hartree po-
tential of the core region in the transport direction (z).
Convergence studies indicate that the length along the
transport direction of the GNR included in the core re-
gion has to be 2 times the unit cell for the 35-AGNR and
4 times the unit cell for the 12-ZGNR, leading to a total
length of the core region between ~27.5 and ~30 A.

Structural and Electronic Properties. After structural relax-
ation (for details, please see the Methods section) of
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Figure 1. Schematic representation of the atomic model used to predict
transport properties in the case of the Cg chain contacted by ZGNR leads
in the transport direction (z). The scattering region contains 424 + n and
624 + n atoms for the C, chain contacted by 12-ZGNR and 35-AGNR,
respectively.

". _ Chain ‘

the core region, the chain binds covalently to a C atom
of the contact GNR via an sp? bond. The Cg-GNR systems
are more stable than the Co-GNR ones with differences
in formation energy of 0.787 eV for the 12-ZGNR- 1 1
contacts and 0.485 eV for the 35-AGNR contacts, respec-
tively. Ground-state calculations with parallel and anti-
parallel relative initial spin configuration of the two con-
tact AGNRs have been performed for both Cg and Cq
chains. However, after structural relaxation, the magne-
tization on the zigzag edges of the two AGNRs are al-
ways parallel, regardless of the initial assumption.
Hence, in what follows, only the case of AGNR contacts
with relative parallel orientations will be considered.
The systems consisting of chains connected to 12-
ZGNR- 1 | exhibit lower total energies (77 and 67
meV for Cg and Cy, respectively) than the correspond-
ing structures with ferromagnetic coupling between
edges. Since the spin polarization of the ZGNR edges
does not affect the structural properties of the chain,
only the 12-ZGNR- 1 1 case is discussed in this section.
The C—C bond lengths in the chain strongly depend
on the even or odd parity of the chain. On one hand,
the even Cg chains present a larger bond length alterna-
tion (BLA) (Figure 2a,c) and hence can be considered
as polyyne-like. On the other hand, the odd Cy chains
are characterized by a frustrated bond length alterna-
tion, leading to an alternation of bond lengths only near
the end atoms and bonds of equal length (~1.30 A) in
the middle of the chain (Figure 2b,d). Odd chains have
hence a smaller BLA and acquire a cumulene-like
character.

The semiconducting or metallic character of the
GNR-contacted chains can be directly determined by
the relaxed geometry of the chain. Indeed, the electri-
cal properties of ideal 1D monatomic C chains have al-
ready been suggested to be directly linked to their
states: the 1 orbitals of cumulene being centered on
the atoms lead to a metallic system, while the 7 states
of polyyne being localized on the triple C=C bonds in-
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Figure 2. Relaxed atomic structures, bond lengths, and bond lengths alternation (BLA, in picometers) of the Cs and Cy chains
contacted to a 12-ZGNR- 1 1 (a,b) and to a 35-AGNR (c,d), respectively.

duce a semiconducting behavior.?® Accordingly, in our
C,-GNR systems, we notice that the localization of
state wave functions differs for metallic and semicon-
ducting chains: the 7 orbitals of the Cg chain (semicon-
ducting) are localized on the C=C bonds (Figure 3a,c),
while those of the Co-ZGNR-1 1 chain (metallic) are
centered on individual chain atoms (Figure 3b). This pic-
ture appears to be consistent with the outcome of Cal-
zolari et al.*® although a direct comparison cannot be
done since the latter uses localized Wannier functions
and refers to infinite polyynes and cumulenes. Interest-
ingly, the Co-AGNR case is intermediate because its
orbitals are localized on the central C atom and in the
middle of the two outermost C=C bonds (Figure 3d),
leading to a semiconducting behavior.

Magnetic Properties. Besides their nontrivial electronic
properties, the considered sp—sp? carbon systems are
found to display an interesting magnetic behavior. To
compute the spin density, we use the same nonperiodic
open-system scheme as for transport calculations (Fig-
ure 1), in order to avoid any unphysical interaction be-
tween periodic replicas of the C,-GNR system.3® Within
this formalism, the magnetization of the GNR-contacted

a) C,- 12ZGNR-11 b) C,- 12ZGNR-1?

Figure 3. Wave functions of the C,-GNR systems corresponding to the
7t states on the chain. Blue and red colors correspond to opposite-sign
isosurfaces.
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chain is predicted to reside mainly on the zigzag edges,
as represented in Figure 4, in agreement with the pre-
dicted magnetism of zigzag edges in GNRs.>" How-
ever, the presence of a net spin density localized on
the chain atoms depends exclusively on the parity of
the chain. Indeed, the magnetization on even chains is
negligible, while a net spin density is observed on odd
chains, as illustrated in Figure 4 and reported in Table 1.
In addition, our calculations suggest that the magneti-
zation on the chain is independent of both the mag-
netic ordering of the GNR edges (ferromagnetic as in
12-ZGNR- 1 1, antiferromagnetic as in 12-ZGNR-1 |,
or spin unpolarized as in 35-AGNR) and on the presence
(35-AGNR) or absence (12-ZGNR- 7 1 and 12-ZGNR-
1 | ) of magnetization on the contact sides. The same
dependence of magnetization on chain parity has also
been reported by Ravagnan et al."" for C, chains with n
from 4 to 12 with different kinds of terminations, as H,
H,, C50, and AGNR. The spin polarization of linear carbon
chains is thus an intrinsic property of the chain itself,
only depending on the geometrical arrangement of the
chain atoms after relaxation and on the resulting pres-
ence of unsaturated carbon bonds, since the latter is re-
sponsible for magnetism in all-carbon nanostructures.>®
For instance, all four valence electrons of the carbon at-
oms are employed in forming double bonds in cumu-
lene, while polyyne and even chains can accommodate
the exact alternation of single and triple bonds. Hence,
in infinite ideal chains and in even chains, all carbon at-
oms exhibit saturated bonds and no magnetism is ex-
pected. On the contrary, odd chains contain an even
number of C—C bonds and, hence, the exact alterna-
tion of single and triple bonds cannot be achieved. As
a consequence, the bond type switches from single/
triple (at the chain ends) to double/double (in the
middle of the chain), resulting in some uncompen-
sated charge delocalized on the chain and, hence, in a
net magnetic moment.

Quantum Electron Transport. After the electronic and
magnetic properties of the C,-GNR systems were clari-
fied, the investigation of the spin-polarized electron
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Figure 4. Spin densities (p, — p ;) on the C,-GNR systems. The Cg (top) and C, (bottom) chains with the 12-ZGNR- 1 1 (left), 12-ZGNR- 1 |
(middle), and the 35-AGNR (right) contacts are shown. Blue and red correspond to positive and negative isodensitiesof p; — p .

conductance was then addressed within the NEGF for-
malism. The latter formalism, in the absence of an exter-
nal potential and considering a strong coupling be-
tween the scattering region and the leads, reduces to
the Landauer—Buttiker description for equilibrium
transport,>? where the electron conductance G(E) and
the transmission function T(E) at a given energy E are re-
lated by G(E) = T(E)Gy, where G, = €?/h is the quan-
tum of conductance per spin channel. Within such an
approach, the ballistic conductance of ideal GNRs is
proportional to the number of conducting channels,
that is, the number of bands, at a given energy E, result-
ing in a transmission function with a staircase shape
whose height is minimum at the Fermi energy (E¢) and
increases with energy, as shown by dashed lines in Fig-
ure 5 and Figure 6. More specifically, the 12-ZGNR- 1 1
leads are spin-polarized and, hence, their conductance
is characterized by two spin channels of 1G, each close
to E¢. Since both 35-AGNR and 12-ZGNR- 1 | are small
gap semiconductors, their corresponding conductances
reduce to zero at E. The electronic band structure of
the ideal infinite carbon chain is not spin-polarized, and
it is characterized by a o band, composed by 2s and
2p, atomic orbitals (z being the chain axis) below Er and
by a doubly degenerate 7 band formed by the bond-
ing combinations of the 2p, and 2p, atomic orbitals,
which crosses Er (not shown here). Consequently, the
maximal conductance of the ideal chain with ideal con-
tacts amounts to 2Gy.23

The conductance of GNR-contacted chains exhibit,
instead, several sharp peaks whose height reaches at
most 1Gy, the conductance per each spin channel of the
ideal chain, as illustrated in Figure 5a and Figure 6a,b.
To identify the origin of these peaks, the density of
states (DOS) has been computed from the Green’s func-
tion of each open system,® in the same energy win-

TABLE 1. Magnetic Moment (1) on the C, Chains and on
the Total C,-GNR System

Menain (1) Miotan (18)
(Cg-12-ZGNR- T T 0.002 8.045
(g-12-IGNR- 1 | —0.001 —0.009
(g-35-AGNR —0.036 7.834
Co-12-ZGNR- T T 1.405 9.672
Go-12-ZGNR- T \L —1.478 —1.851
G5-35-AGNR 1.083 9.574
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dow as the transmission function T(E). The DOS has
been computed for the full scattering region, that is, in-
cluding both the leads and the chain, as shown in Fig-
ure 1, then projected (PDOS) on the w orbitals of either
the chain or the left and right GNRs, and finally com-
pared to the respective transmission curves, as illus-
trated in Figure 5a—c for the structures with 35-AGNR
contacts.

In all cases, our calculations predict that the peaks
in the transmission function are due to the simulta-
neous presence of open conductance channels in the
contact region and on the chain atoms. The width and
the energy position of the resonances depend on the
parity of the chain and on the details of the coupling
between chain and contact GNRs. Further, it can be no-
ticed that the main features of the conductance of
chains connected with 12-ZGNR-1 1 and 12-
ZGNR- 1 | are unaffected by the magnetic ordering
of the GNR edges, apart from the energy band gap of
the latter.

The transmission functions of Figure 5 and Figure 6
contain also information on the electrical and mag-
netic properties of the C,-GNR systems. For instance,
even carbon chains behave as semiconductors with a
~1.0 eV gap (Figure 5 and Figure 6, left), consistently
with the semiconducting nature of polyynes, regardless
of the contact GNRs. Since the Cg chain is not mag-
netic, the Cg-GNR structures inherit the magnetism of
the contact GNR, resulting in a magnetic semiconduc-
tor whenever the GNR is spin-polarized. Odd chains
(Figure 5 and Figure 6, right), being cumulene-like, can
lead to metallic C,-GNR structures, and this is, indeed,
the case when metallic 12-ZGNR- T 1 contacts are
used. The 12-ZGNR- 1 | gap, instead, can be identi-
fied in the conductance of the Co-12-ZGNR- 1 | sys-
tem. Besides, the conductance of the Cy contacted by
35-AGNR reveals a gap of ~1.0 eV per spin channel
since this system is semiconducting (Figure 3). On the
other hand, given that the Gy is always magnetic, all of
the Co-GNR structures, whether they are metallic or
semiconducting, are spin-polarized. Hence, magnetism
and electrical conductivity of the complex C,-GNR struc-
tures are due to the combined properties of both chain
and contacts and can, in principle, be tuned to attain
semiconducting non-spin-polarized (Cg-12-ZGNR- 1 | ),
metallic spin-polarized (Co-12-ZGNR- 1 1), and even
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Figure 5. Solid lines: conductance in units of G, of the Cs (left panel) and C, (right panel) chains contacted by AGNR leads

(a); PDOS of the C,-35-AGNR systems projected on the 1 states of the chain (b) and of the left contact GNR (c). Dashed lines:
conductance of the pristine AGNR leads. Red and black curves are the majority and minority spin channels.

O

semiconducting spin-polarized (Co-35-AGNR, Cg-35- CONCLUSIONS

AGNR, Cg-12-ZGNR-1 1, Cg-12-ZGNR- 1 | ) systems. In conclusion, the magnetic and spin transport prop-
At last, it can be noticed that the only conducting erties of linear carbon chains connected with wide

system, among the investigated structures, is the Cy GNRs have been investigated from first-principles, us-

chain contacted by the 12-ZGNR-1 1 . Hence, the re- ing NEGF methods on a set of representative, well-

ported on/off switching of graphene nanodevices'® can  converged prototypical systems. Theoretical results are
be due not only to the formation/breaking of a carbon  used for the interpretation of electrical conductivity of
chain between the graphene contacts but also to the such C,-GNR systems, singling out the role of the chain
parity of the chain and to the geometrical shape and lo-  parity and that of the shape and position of the  states
calization of the  states of the chain. of the chain. Besides, a net magnetic moment has been

)
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Figure 6. Solid lines: conductance in units of G, of the Cg (left panel) and C, (right panel) chains contacted by ZGNR leads
(a,b). Dashed lines: conductance of the pristine ZGNR leads. Red and black curves are the majority and minority spin channels.

5178 @%\K) VOL.4 = NO.9 = ZANOLLI ET AL. WWW.acsnano.org



found to be always localized on odd chains and never
on even chains, regardless of the magnetic state of the
GNR contacts. Finally, the transmission curves show that
most of the studied C,-GNR systems behave as spin-

METHODS

Ground-state calculations are performed within the local
spin density approximation (LSDA), using norm-conserving
pseudopotentials®>* and numerical atomic orbital basis sets of
double-{ quality (DZ). Due to the good performance of LSDA for
carbon-based nanostructures>® and to the large number of at-
oms contained in our modeled systems, the latter functional has
been preferred over more sophisticated ones (e.g., hybrid func-
tionals). The real-space grid cutoff is 400 Ry; the k-point sampling
meshis 1 X 1 X 6, and a Fermi—Dirac distribution function
with an electronic temperature of 10 meV is used to populate
the energy levels. Basis set quality, k-point sampling, kinetic en-
ergy cutoff, and electronic temperature have been chosen after
accurate convergence studies on the structural, electronic, mag-
netic, and quantum transport properties of the G,-GNR chain sys-
tems. The geometry is fully relaxed until the maximum force on
each atom is less than 0.01 eV/A, and the maximum stress along
the z direction of the unit cell (i.e., transport direction) is smaller
than 0.03 eV/A. In order to avoid spurious interactions between
the periodic replicas of the G,-GNR chain images, the other two
dimensions of the cell are kept fixed to guarantee a separation
larger than 20 A between the GNRs’ edges and 24 A between
planes.

The computational details for magnetic and transport prop-
erties are the same as for ground-state calculation with the ex-
ception of the real-space grid cutoff that is 600 Ry (instead of 400
Ry).

The formation energies of the C,-GNR systems (Ezom) are
computed as the difference among the total energy of the re-
laxed C,-GNR structure (E), the total energy of the GNR (Egng),
and n times the total energy per atom of the infinite chain
(Etot,C(Cn)):

Eform = Etot - EGNR - nEtot,C(Cn)

The bond length alternation (or BLA) indicates the degree
of dimerization of the chain. Excluding the terminal bonds, it is
defined as

1 e No
2D+ dygin = Dy + dy )i,

=1 =1
where d; = [f; = Fis1, ne = (n + 2)/4, and no = n/4 (integer part).

Note added in proof: During the publication process of the
present article, we became aware of the recently published work
by Zeng et al.3® on the transport properties of C; and Cg carbon
chains contacted by metallic 4-ZGNR, i.e., 4-ZGNR- 1 1.
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