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Magnetism and spin-polarized transport in carbon atomic wires
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We report ab initio calculations of magnetic and spin-polarized quantum transport properties of pure and
nitrogen-doped carbon atomic wires. For finite-sized wires with even number of carbon atoms, total magnetic
moment of 2up is found. On the other hand, wires with odd number atoms have no net magnetic moment.
Doped with one or two nitrogen atom(s), the carbon atomic wires exhibit a spin-density-wave-like state. The
magnetic properties can be rationalized through bonding patterns and unpaired states. When the wire is
sandwiched between Au electrodes to form a transport junction, perfect spin filtering effect can be induced by

slightly straining the wire.
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Due to the remarkably long spin coherence time, magne-
tism, and quantum transport in carbon nanostructures have
attracted considerable attention for possible applications in
spintronics.! Spin polarization in carbon structures may
come from proximity to ferromagnetic metal>? or from
doped transition metal atoms such as Fe, Cr, or V, etc.40
Carbon-based systems such as exdohedral or endohedral
fullerenes [CgN (Ref. 7) and N@Cg, (Ref. 8), etc.] were
also found to have local magnetic moments and these
fullerene systems are considered useful for quantum infor-
mation technology.® Very interestingly, even pure carbon
structure is predicted to have magnetism such as that occur-
ring along the zigzag edges®!® of graphene nanoribbons, or
near vacancies'' in graphene. The theoretical prediction and
successful  experimental fabrication of single-layer
graphene!? have triggered substantial interests in exploiting
magnetism in pure carbon systems. Magnetism found in ma-
terials containing only s and p electrons, instead of tradition-
ally localized d or f electrons, should be extremely interest-
ing to spintronics.

Magnetism occurring in carbon nanostructures is usually
rather localized, e.g., magnetic edge states along the bound-
ary of zigzag graphene nanoribbons®!? or magnetic moments
due to dangling bonds and vacancies.!' In general, the origin
of magnetism in pure carbon nanostructures has not been
understood to high satisfaction. In particular, when carbon
nanostructures are contacted by nonmagnetic metal elec-
trodes to form a transport device, an important question is
how magnetic character of the carbon system is influenced
by the electrodes. This issue is of fundamental importance if
magnetism in pure carbon nanostructure is to be exploited
for spintronics application. It is the purpose of this paper to
report our investigation on this issue.

To be specific, we focus on magnetism and spin-polarized
quantum transport in carbon atomic wires which are impor-
tant for molecular-scale electronics due to their stable and
extremely thin structures.>*!3-20 By using chemical tech-
niques, linear carbon atomic wires containing up to 20 atoms
has been synthesized experimentally.?’:*> A number of inter-
esting charge transport properties have been predicted for
carbon atomic wires sandwiched between two metal leads,
including even-odd oscillatory conductance,'? negative dif-
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ferential resistance,'* and distinct stretching features.!#-16

Magnetoresistance effect was also predicted when transition
metal atoms were doped in the wires.®!8-20 Magnetism and
transport in pure or sp-element-doped carbon wires, how-
ever, have not been reported so far.

Here we investigate magnetic properties of pure and
nitrogen-doped carbon atomic wires using ab initio methods.
For finite length wires having an even number of carbon
atoms, a total magnetic moment of 2z was found where the
magnetism is mostly localized at the ends of the wires. No
magnetism is found for the odd-numbered carbon wires.
When doped with one or two nitrogen atom(s), the wire ex-
hibits a spin-density-wave-like (SDW-like) state indicating a
“long range” magnetism, namely the magnetism is not just
localized at the ends of wire. All the magnetic properties can
be well understood through bonding patterns and unpaired
states that exist in the wires. When these atomic wires are
contacted by metal leads to form two-probe transport junc-
tions, the leads are found to severely diminish the magne-
tism. Almost perfect spin filtering effect by the carbon
atomic wire, however, can be restored by slightly straining
the wire and this effect is true even for intrinsically nonmag-
netic wires. These results strongly suggest that transport
junctions formed by short carbon atomic wires have ex-
tremely interesting magnetic properties that can be exploited
for spin-polarized quantum transport.

We investigate magnetic properties of short carbon atomic
wires shown in Fig. 1(a) using ab initio plane-wave density-
functional theory (DFT) calculations.?® The pseudopotentials
generated with projector-augmented wave method at the
level of generalized-gradient approximation (GGA) were
employed.”* The energy cutoff is set to be 350 eV. The in-
teratomic distances in all the wires were obtained by relaxing
the structures until the Hellmann-Feynman forces were less
than 0.01 eV/A. For quantum transport, we use a state-of-
the-art first-principles technique where real space DFT is car-
ried out within the Keldysh nonequilibrium Green’s function
(NEGF) formalism.? The basic idea of the NEGF-DFT for-
malism is to calculate device Hamiltonian and electronic
structure by DFT, deal with the nonequilibrium quantum
transport conditions by NEGF, and account for the open de-
vice boundary conditions by real space numerical procedure.
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FIG. 1. (Color online) (a) Several typical atomic wires studied.
The optimized bond lengths (in a.u.), the obtained total magnetic
moment (M), and the bonding patterns formed are given for each
wire. (b) A schematic of the transport device, where an atomic wire
of NC;N is sandwiched as an example between two Au electrodes.

After the self-consistent NEGF-DFT iteration of the charge
density is converged to 1.07%, we calculate transmission co-
efficients and spin-polarized currents from standard Green’s
function method.?> We refer interested readers to Ref. 25 for
details of the NEGF-DFT formalism. The geometry of the
transport device is indicated in Fig. 1(b), where an atomic
wire of NC3N is sandwiched as an example between two
gold electrodes extending to z=*oo (transport direction).
The Au electrodes are oriented along the (111) direction with
finite cross section.”® Four layers of each electrode in the
contacts are considered as buffer layers. The local geometries
of the contacts for the leads are assumed to be cone-like?’ to
mimic an scanning tunnel microscope (STM) tip. The bulk
bond length (5.44 a.u.) is chosen for Au-Au distance in the
leads. At equilibrium, the distance between the two protrud-
ing gold atoms of electrodes (L) is obtained by relaxing
Au-NC3;N-Au wire. Similar processes were conducted for
other atomic wires. For the case of NCsN wire, the calcu-
lated equilibrium distance Ly=16.82 a.u. and the bond
length of Au-N is 3.69 a.u. For transport calculations, we
also present a small degree of strain to the atomic wire by
fixing the distance between the two protruding gold atoms to
certain value (L=Ly+AL) and the atoms between the two
gold atoms are relaxed to find their optimal positions.
Several kinds of short atomic wires are investigated in-
cluding pure carbon wires with even number of carbon atoms
(C,,, where n is an integer), odd-numbered pure carbon
wires (C,,,), carbon wires terminated with two nitrogen at-
oms (NC,,N and NC,,,;N), and even-numbered carbon
wires doped with one nitrogen atom at the center (C,NC,).
Except for C,,,,; and NC,,N, the C,,, NC,,, N, and C,NC,,
wires show magnetism with total magnetic moments of 2 ug,
2up, and 1up, respectively, as indicated in Fig. 1(a). These
values of the total magnetic moment do not change with
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FIG. 2. (Color online) Local magnetic moment on each atom in
(a) the even-numbered carbon wires (C4 and Cg) and (b) the
nitrogen-doped wires (NC3N and NCsN; C,NC, and C3NCj3).

respect to the number of carbon atoms in each type of wires.
Thus, each type of atomic wires has a similar magnetic be-
havior. For the three types of magnetic carbon wires, we
found the energy differences between the magnetic ground
states and nonmagnetic states are all around 0.1 eV, i.e., sig-
nificantly larger than kzT of room temperature. It suggests
that pure carbon atomic wires in the nanoscale can have non-
trivial magnetism even in normal conditions. Local magnetic
moment on each atom in the magnetic wires is given in Fig.
2. For even-numbered carbon wires, the magnetic moments
are mainly localized at the two terminal atoms; while for
other two kinds of magnetic wires (NC,,,;N and C,NC,),
interesting SDW-like states appear. Therefore, for even-
numbered carbon wires, only localized magnetism at the
ends is found. But for carbon wires doped with one or two
nitrogen atoms, the magnetism distributes in the whole wire,
indicating a long range magnetism (albeit for the short wire).

The different magnetic behavior for different types of
wires can be understood by analyzing bonding patterns in the
wire. For each atomic wire, the optimized interatomic dis-
tances were given in Fig. 1(a). Calculations of structural re-
laxation indicate that the C-C bond lengths near the wire
ends tend to elongate slightly, consistent with the trend ob-
tained by Senapati et al>® After considering the boundary
effect, the bonding pattern in even-numbered carbon atomic
wires can be qualitatively assigned to alternating o and mul-
tiple 7 bonds in the ground states [see C, and Cg4 in Fig.
1(a)]. For the odd-numbered wires, the bonding pattern is a
ar-conjugated structure [see Cs in Fig. 1(a)]. For C,,, the -7
bonding pattern leads to the two terminal atoms unsaturated
with unpaired states. These two unpaired states give rise to
the 2up total magnetic moment in the wires. Since the o
bonds can act as tunnel barriers,”® the magnetism mostly
localizes at the terminals as shown in Fig. 2(a). On the other
hand, for C,,,,, the 77 conjugated bonding pattern does not
leave unpaired states at the terminals, hence no magnetism in
the wires. Therefore, it is the bonding pattern and unpaired
states that determine whether or not a carbon wire has mag-
netism. This picture should be helpful in understanding mag-
netism for other pure carbon nanostructures.’!!

The bonding patterns of the N-doped wires of NC,, N
and NC,,N are the same as those of C,,,; and C,,, respec-
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tively. The magnetic structures of the N-doped wires are,
however, different. The bonding pattern in the NC,, N
wires causes one unpaired state at each terminal, acquiring
2 up magnetic moment. All the saturated bonds in the NC,,N
wires mean nonmagnetism for these wires. The magnetic be-
havior of NC,N is somewhat different from the case of car-
bon atomic wires terminated with three-dimensional transi-
tion metal (TM) atoms.® As shown in Ref. 6, the magnetic
structure of the two end TM atoms usually oscillates between
parallel and antiparallel arrangements, depending on whether
there is an even or odd number of carbon atoms separating
the moments. The difference can be ascribed to the distinct
origins of the magnetism in our system and theirs. For NC,N
wires, it is the unpaired p states that produce the magnetism
and both N and C atoms tend to form saturated bonds with
the neighbors to form stable structure. These characteristics
lead to no magnetism in NC,, N wires. Due to structural sym-
metry, a twofold degenerate bonding patterns exists around
the N atom in C,NC,,, expressed by the solid and dotted lines
in Fig. 1(a). The dopant N induces one unpaired state in the
wire leading to 1up total magnetic moment. Since -7 con-
jugated bonding pattern can enhance interference of states at
different atoms, this bonding pattern makes the magnetic
structure of NC,,,;N and C,NC, SDW-like, such that mag-
netism is now distributed in the entire wire. This long range
magnetism is very different from that of the C,, wires where
magnetic moments are mainly localized at the terminals.
When the carbon wire is contacted by Au electrodes to
form a two-probe transport junction [see Fig. 1(b)], magne-
tism is found to be severely diminished by the metal elec-
trodes: this is true even for NC,,, ;N and C,NC, wires
which, when free standing, have nonlocalized magnetic dis-
tribution as discussed above. The reason can be ascribed to
the disappearance of unpaired states in the wires because of
the electrodes. A spin-polarized current, however, can still be
induced by stretching slightly the wires. This process can be
accomplished in STM experiments by moving the STM tip
to elongate the atomic wire.”® Figure 3 plots transmission
coefficients of the two-probe atomic wires with certain
stretching AL. The wires in Figs. 3(a)-3(c) have intrinsic
magnetism, while those in Figs. 3(d) and 3(e) have not. Sur-
prisingly, our results show that spin-polarized current can be
induced in all the wires with or without intrinsic magnetism
by stretching. The features of spin-dependent transport are,
however, different for the two kinds of wires. For wires with
intrinsic magnetism, it is the minority states that mainly con-
tribute to conduction as seen from Figs. 3(a)-3(c). Espe-
cially, near 100% spin-polarized current can be obtained in
the case of NC;N and C,NC,. The efficiency of this spin
filtering effect is comparable with or even higher than that
from magnetic contacts or organometallic samples.'®? The
spin polarization in the intrinsically nonmagnetic Cs and
NC,N devices is found to be induced by gold atoms of the
electrodes near the carbon wires. For the C5 and NC,N de-
vices, it is the majority states that conduct, contrary to that of
NGC;3N, C,NGC,, and C, devices as will be explained below.
The transmission coefficients with different stretching length
are also calculated. As shown in Fig. 3(a), the spin resonant
peak near the Fermi level (Ey) becomes sharper and moves a
little to lower energies with increase in the stretching. The
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FIG. 3. (Color online) Transmission coefficient versus energy
for different typical wires: (a) NC3N, (b)C,NC,, (c) Cy4, (d) Cs, and
(e) NC4N. The majority and minority express the different spin
directions. AL gives the stretching length between two Au elec-
trodes. The inset in (c) shows the transmission coefficient near the
Fermi level (Ep).

spin filtering effect consequently becomes more profound
with a little longer stretching length. For N-doped wires
[Figs. 3(a), 3(b), and 3(e)], there are usually high transmis-
sion peaks located near E, indicating good conducting char-
acteristic induced by the dopant N.

To further understand the role of nitrogen-doping and
spin-dependent transport, the density of states (DOS) of typi-
cal wires are calculated. Figures 4(a)-4(c) shows the DOS of
the NC3N, C,4, and NC4N devices, respectively. Note that the
DOS coming from buffer layers of Au leads are eliminated in
these figures. Very obvious spin splitting can be seen from
the DOS, especially for NC;N wire. Due to strong affinity of
N atoms, some of the occupied states move to lower energy
after the N atoms are doped. From the analysis of partial
DOS (not shown), it is known that the transmission peaks
near Ep in N-doped wires are mainly induced by N (2p)
states, although C (2s and 2p) also contributes significantly.
This explains why the N-doped wires have higher transmis-
sion than that of pure carbon wires. Figure 4 also indicates
that minority states are located near E; in the NC3N and C,
devices, while majority states in the NC,;N device, corre-
sponding to the behavior of spin-dependent transport in the
two kinds of wires with or without intrinsic magnetism.
Since there are total net magnetic moments in the isolated
NC;3N and C, wires, the number of occupied majority states
must be more than that of minority states. It causes net ma-
jority states locating below the Ep, while minority states,
above or around the Ef, giving rise to the minority conduct-
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FIG. 4. (Color online) Density of states of the atomic wires
NC3N, C4, and NC4N sandwiched between two gold electrodes.
Note that the density of states from the buffer layers were
subtracted.

ing channel in the devices. For NC4N, no net majority states
is required to lie below the Er. After the wires are stretched,
the majority states move down to E, leading to the majority
states to be conducting.

Figure 5 shows the transmission coefficient as a function
of the number of carbon atoms in the wires of C,, and NC,N
with the stretching of AL=3 a.u.. For comparison, results
for C, without stretching are also given [Fig. 5(a)]. No evi-
dent spin-polarized transport is found in C, wires when AL
=0 a.u., as discussed above. The total transmission coeffi-
cient in Fig. 5(a) shows an even-odd oscillatory behavior,
consistent with previous result on carbon wires without con-
sideration of magnetism.'33° When the C,, atomic wires are
stretched with AL=3 a.u., only atomic wires with odd num-
ber of carbon atoms show clear spin-polarized transport.
Larger stretching is usually needed to produce spin-polarized
transport for C, atomic wires with even number of carbon
atoms, as seen in Fig. 3(c). The reason may be ascribed to
strong C-C triple bonds near the ends of the wires in the
case. The explicit even-odd oscillatory trend is also seen to
happen for the total transmission coefficients in Fig. 5(b)
even after the spin splitting occurs. This behavior keeps for
the NC,N wires with AL=3 a.u., shown in Fig. 5(c). This
means spin-polarized transport does not destroy the even-odd
oscillatory behavior of the total conductance in the wires.
Perfect spin filtering effect can also be seen for all the wires
of NC,N from Fig. 5(c).
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FIG. 5. (Color online) Transmission coefficient as a function of
number of carbon atoms in (a) C, wires without stretching, (b) C,
wires with AL=3 a.u., and (c) NC,N wires with AL=3 a.u.. The
majority and minority express the different spin directions. Their
sum gives the total transmission coefficient.

In conclusion, we found that isolated and short carbon
atomic wires may have very interesting magnetic properties,
although the magnetism is significantly diminished when the
wires are contacted by nonmagnetic metal leads. In particu-
lar, for C,, atomic wires a total magnetic moment of 2up
was obtained. The magnetism is mostly localized at the ter-
minals of the wires due to unpaired states. For nitrogen-
doped wires, NC,,,;N and C,NC,, the ground-state mag-
netic structure mimics a SDW-like state. No magnetism is
found for the wires of C,,,; and NC,,N. The magnetic be-
haviors in the wires can be understood by the bonding pat-
terns and the existence of unpaired states. Perfect spin filter-
ing effect was obtained in the nitrogen-doped carbon wires
sandwiched between Au leads by stretching the wires
slightly. For the wires with or without intrinsic magnetism,
different conducting mechanisms were found. The even-odd
oscillatory behavior of the total conductance is seen for these
atomic wires even after spin-polarized transport occurs in the
systems. It is important to emphasize that the magnetism in
these wires exists in finite-sized systems where spin coher-
ence is not destroyed by thermal fluctuations. Our results
suggest that carbon atomic wires may have very interesting
applications in spin-polarized quantum transport in nanoelec-
tronics.
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