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M
agnetism in carbon-based mate-
rials has attracted considerable
scientific interest in recent years

from both an experimental1�17 and a
theoretical18�59 viewpoint. While the ori-
gin of magnetic ordering in such systems is
yet to be fully understood, it has been sug-
gested that spin polarization may arise from
local structural defects,33,36,41,55 sterically
protected carbon radicals,34 and chemical
impurities.30,40,43 A unique mechanism for
spin ordering in graphene-based systems is
related to the appearance of edge
states.18�29,42,46�51,53,54,56 When cutting a
graphene sheet along its zigzag axis to form
a narrow and elongated graphene nanorib-
bon (GNR), distinct electronic states ap-
pear, which are localized around the ex-
posed edges.60�65 These states are
predicted to carry spin polarization, result-
ing in a well-defined magnetic
ordering.19�26,28,29,42,46�51,53,54 Due to the
bipartite hexagonal structure of graphene,
the electronic ground state of such zigzag
graphene nanoribbons (ZZ-GNRs) is charac-
terized by a long-range antiferromagnetic-
type (AFM) spin ordering, where the edge
states located at the two zigzag edges of
the ribbon have opposite spins.66 Under the
influence of an external electric field, these
systems have been predicted to become
half-metallic with one spin channel being
semiconducting and the other metallic,46,48

thus acting as perfect spin filters with im-
portant implications to the field of spintron-
ics. Furthermore, this behavior has been
shown to be preserved for finite graphene
nanoribbons, where the zigzag edge may
be as short as a few repeating
units.49�51,53,54

Similar to graphene nanoribbons, it has
recently been suggested that spin ordering
may occur on the zigzag edges of

hydrogen-terminated finite-sized carbon
nanotubes (CNTs).32,37 On the basis of den-
sity functional theory (DFT) calculations
within the local spin density approximation
(LSDA), it was predicted that the electronic
ground state of these systems strongly de-
pends on their circumferential dimension
ranging from AFM to ferromagnetic-type
(FM) ordering, where both edges of the
nanotube bear spins of the same flavor.
This conclusion is in striking difference from
the case of ZZ-GNRs, where the ground
electronic state was found to have an AFM
spin ordering regardless of the dimensions
of the ribbon.19�26,28,29,42,46�51,53,54

Interestingly, contradicting results have
been reported in the literature,33 indicating
that the ground state of unpassivated zig-
zag CNTs has a low-spin AFM ordering even
for nanotubes that have earlier been con-
sidered to present a high-spin
ferromagnetic-type ordered ground state.32

This is further supported by a recent study
discussing both the AFM-type ground state
and the half-metallic nature of hydrogen-
passivated finite (14,0) zigzag CNT
segments.59
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ABSTRACT A comprehensive first-principles theoretical study of the electronic properties and half-metallic

nature of finite zigzag carbon nanotubes is presented. Unlike previous reports, we find that all nanotubes studied

present a spin-polarized ground state, where opposite spins are localized at the two zigzag edges in a long-

range antiferromagnetic-type configuration. Relative stability analysis of the different spin states indicates that,

for the shorter segments, spin-ordering should be present even at room temperature. The energy gap between the

highest occupied and the lowest unoccupied molecular orbitals of the finite systems is found to be inversely

proportional to the nanotube’s segment lengths, suggesting a route to control their electronic properties. Similar

to the case of zigzag graphene nanoribbons, half-metallic behavior is obtained under the influence of an external

axial electric field.
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In light of the considerable progress that has been

made in the synthesis and fabrication of ultrashort67�71

and open ended72 CNTs and ultranarrow GNRs,73�76 it

is desirable to obtain a full understanding of their elec-

tronic properties. Such understanding may prove im-

portant in future applications of these molecules in na-

noelectronic and nanospintronic devices.

It is the purpose of the present paper to present a

comprehensive investigation of spin polarization in

hydrogen-passivated finite zigzag CNTs. Unlike previ-

ous reports on these systems,32,37 we find that all zig-

zag CNTs studied present an antiferromagnetic-type or-

dered ground state, regardless of their diameter and

length. Furthermore, as is the case with infinitely

long46�48 and finite54 GNRs, the application of an exter-

nal axial electric field results in half-metallic behavior.

RESULTS AND DISCUSSION
We study a set of 16 finite segments of the (7,0),

(8,0), (9,0), and (10,0) zigzag CNTs (see Figure 1). For

each CNT, four segments of 0.93, 1.56, 2.20,
and 2.84 nm in length are considered. All
nanotubes considered are hydrogen termi-
nated; that is, each carbon edge atom is
passivated with a single hydrogen atom.
We label the CNTs with (N, M, L), where
(N, M) is the infinite CNT from which the rel-
evant finite segment is derived and L is the
number of zigzag carbon rings stacked to-
gether to form the finite CNT (see Figure 1).
This set of nanotubes includes all those pre-
viously predicted to present a long-range
ferromagnetic-type ordered ground state.32

We start by performing ground state cal-
culations for the full set of 16 finite CNTs
studied. In Figure 2, spin density maps of
the ground state of four representative
CNT segments are presented. In contradic-

tion with previously reported LSDA results,32,37 which

predict the (8, 0) CNT derivatives to have an AFM

ground state and the (7, 0) and (10, 0) nanotube seg-

ments to have a ferromagnetically ordered ground

state, our calculations, using the HSE06 screened hy-

brid density functional (see the Methods and Computa-

tional Details section below), indicate that all CNTs stud-

ied have an antiferromagnetically ordered ground state,

with a total spin vector projection of ms � 0 and a spa-

tially resolved spin density. Similar to the case of finite

GNRs,49,54 one zigzag edge of the CNTs’ segments has a

high density of spin � electrons (blue color in Figure 2)

while the other edge is rich in spin � electrons (red color

in the figure).

To understand the origin of this discrepancy be-

tween previous predictions obtained using the local

density functional approximation and the current

screened-hybrid functional results, we have repeated

the calculations using the LSDA functional77 and the

same atomic basis set. We have found that for the

(7, 0, 7) and (7, 0, 10) systems the LSDA functional does

predict a ferromagnetically ordered ground state. Nev-

ertheless, this state is only 5 meV below the antiferro-

magnetically ordered state. For the rest of the systems

considered, an AFM ground state has been found.

We attribute these differences to the self-interaction

error appearing in the LSDA functional, which tends to

considerably overestimate electron delocalization.78,79

Since some of the most important physical characteris-

tics of the systems under consideration relate to pro-

nounced localized edge states, care should be taken

when using the LSDA functional to capture the correct

energetic ordering of the different spin-polarized states.

As discussed in the Methods and Computational De-

tails section, the inclusion of Hartree�Fock exchange

within hybrid functionals considerably reduces the de-

localization error and thus makes them more appropri-

ate to treat scenarios where electron localization plays

Figure 1. Four sets of CNTs studied. The notation (N, M, L) indicates a finite segment of a
(N, M) CNT with L zigzag carbon rings along its principal axis.

Figure 2. Antiferromagnetic-type ground state spin density
maps of the (7,0,7) (upper left panel), (8,0,7) (upper right panel),
(9,0,7) (lower left panel), (10,0,7) (lower right panel) finite zig-
zag CNTs as obtained using the HSE06 functional with the
6-31G** basis set. Red and blue isosurfaces indicate the two
spin flavors with an isovalue of 0.0015 a0

�3.
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an important role in determining the electronic struc-
ture of the system.80�84

To quantify our findings, we study the stability of
the antiferromagnetically ordered ground state with re-
spect to the above lying ferromagnetically ordered
spin state. In Figure 3, the energy differences between
the antiferromagnetic ground state and the first higher
spin multiplicity state are presented for the four sets of
nanotube segments studied. We indicate kBT (kB being
Boltzmann’s constant) at room temperature (T � 298 K)
by the dashed magenta line in the figure. For the (7, 0, L)
and (9, 0, L) systems, we find the ms � 2 state to be
the above lying ferromagnetic state. For the (10, 0, L)
segments, the first higher spin multiplicity state has ms

� 3. In the case of the (8, 0, L) segments, the higher spin
multiplicity state changes from ms � 1 for L � 4 to ms

� 3 for L � 7, 10, and 13. As can be seen, the AFM
ground state of the shorter CNT segments studied is
considerably more stable than the above lying higher
spin state and is expected to be detectable at room
temperature. Like in the case of GNRs,46 the energy dif-
ference between the ground state and the above lying
higher spin state decreases monotonically with increas-
ing CNT length, up to a point where the differences be-
come lower than room temperature. Interestingly, we
find that for the (9, 0) segments, which in the limit of in-
finite length become metallic, the decay rate of the en-
ergy difference between the AFM ground state and
the above lying FM state is slower than that of the other
semiconducting tubes studied. Nevertheless, even for
this system, an exponential fit of the decay curve sug-
gests that at a length of 8 nm the energy difference is
below room temperature.

For completeness, we have performed test calcula-
tions using the Perdew�Burke�Ernzerhof (PBE) semilo-
cal functional77,85 and the same atomic basis set (see
Methods and Computational Details section) for the
(7, 0) subset of CNT segments. The results of these cal-

culations are indicated by the empty circle marks
in Figure 3. We find that, similar to the HSE06 func-
tional, the PBE results predict an AFM-type ar-
rangement for the ground state of all (7, 0) CNT
segments studied. Nevertheless, the energy differ-
ences between the AFM-type ground state of each
segment and the above lying ms � 2 state are con-
siderably smaller than those obtained by the
HSE06 functional.

Figure 4 shows the energy difference between
the AFM ground state and the ms � 0 (closed
shell), ms � 1, 2, 3, and 4 electronic states of the
(10, 0, L) CNT segments. The nonmagnetic state is
found to be considerably higher in energy com-
pared to all high spin multiplicity states presented
in the figure (except for the ms � 4 state of the
shortest CNT segment). This is in agreement with
the case of GNRs46,54 and suggests that even at
room temperature short segments of CNTs are ex-

pected to present magnetic properties. It should be

mentioned that for the ms � 1 and 2 cases, as the

length of the CNT is increased, the spin arrangement

changes from a FM-type to a mixed configuration

where both spin polarizations appear on the same

edge of the CNT. This, as well, was previously observed

in the case of finite GNRs.54

Before discussing the effect of an electric field on

the electronic properties of finite CNTs, it is essential to

study their ground state characteristics in the absence

of external perturbations. The length dependence of

the HOMO�LUMO (highest occupied molecular orbital

and lowest unoccupied molecular orbital, respectively)

gap would be the most important parameter to ad-

dress. In Figure 5, this energy gap as a function of the

length of the CNT segments is presented for the four

subsets of nanotubes considered. All studied finite zig-

zag CNT segments have sizable HOMO�LUMO gaps, in-

cluding the (9, 0, L) series, which in the limit of L ¡ �

Figure 3. Energy differences between the antiferromagnetic
ground state and the above lying higher spin multiplicity ferro-
magnetic state for the four sets of CNTs segments studied, as cal-
culated by the HSE06 (filled marks) and the PBE (empty marks)
functionals. kBT at room temperature is indicated by the dashed
magenta line.

Figure 4. Energy differences between the antiferromagnetic
ground state and the closed shell (black circles), ms � 1 (red
squares), ms � 2 (green diamonds), ms � 3 (blue stars), and ms

� 4 (cyan triangles) states for the (10, 0, L) CNT segments, as cal-
culated by the HSE06 functional.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 11 ▪ 2243–2249 ▪ 2008 2245



is expected to become metallic. The HOMO�LUMO

gap is inversely proportional to the length of the CNT

segments for all nanotubes studied, and its value

strongly depends on the length, changing by more

than 0.8 eV for lengths in the range of 0.9 and 2.8 nm.

This suggest that careful tailoring of the nanotube

length can be used as a sensitive control parameter

over its electronic properties.86 For comparison pur-

poses, we present, in the inset of Figure 5, the

HOMO�LUMO gap values of the AFM state as ob-

tained by the LSDA and the PBE functionals. Even

though, in some cases, the LSDA calculations fail to pre-

dict the correct energetic ordering of the different spin

states, the HOMO�LUMO gap behavior presents a

trend similar to that obtained by the screened hybrid

functional. As expected, the values of the
HOMO�LUMO gaps obtained by the hybrid functional
are considerably higher than those obtained by the
LSDA approximation. The PBE predictions resemble the
LSDA results, although the absolute values of the
HOMO�LUMO gaps obtained with the semilocal func-
tional are somewhat higher than those predicted by the
strictly local approximation.

We now turn to check whether the similarity be-
tween finite zigzag CNTs and finite GNRs extends also
to the case of half-metallic behavior under the influence
of an external electric field.46,54 In Figure 6, we present
the spin-polarized HOMO�LUMO gap dependence on
an external electric field applied parallel to the main axis
of the nanotubes (perpendicular to the zigzag edges)
for four representative finite zigzag CNTs. In agreement
with previous calculations,46,48,54 the � and � gaps are
degenerate in the absence of an external field. Upon
application of the field, electrons having one spin expe-
rience an increase in the HOMO�LUMO gap while the
opposite spin flavor experiences a decrease in the gap.
This gap splitting continues up to a point, where one
spin channel presents a vanishing gap, thus creating a
half-metallic state or a perfect spin filter. At this point,
due to the increased mobility of the metallic electrons,
further increase in the external field results in spin trans-
fer between both edges, thus reducing the total spin
polarization and the energy gap splitting (this can be
clearly seen on the upper left panel of Figure 6). All four
representative structures present the same features de-
scribed above. The main differences observed are in
the zero field HOMO�LUMO gap and the onset field
for the appearance of the half-metallic state. Neverthe-
less, they all predict a half-metallic state at an appropri-
ate electric field strength.

CONCLUSIONS
To summarize, intrigued by reports of contradicting

results regarding the ground state properties of finite
zigzag carbon nanotubes, we performed a comprehen-
sive study of the electronic character of a representa-
tive set of 16 CNT segments. Unlike previously reported
results, we found that all finite zigzag CNTs possess a
spin-polarized ground state with a long-range
antiferromagnetic-type spin ordering. This state is char-
acterized by high spin density of opposite spins lo-
cated at the two zigzag edges of the molecule. Our
HSE06 results predict the antiferromagnetic-type order-
ing to be considerably stable than the higher spin mul-
tiplicity states and the nonmagnetic closed shell state,
suggesting that their spin polarization is detectable at
room temperature. The HOMO�LUMO gap was found
to be inversely proportional to the length of the zigzag
CNT segment. The high sensitivity of the gap to
changes in the length of the CNT segment suggests a
way to control the electronic properties of such sys-
tems. Similar to the case of zigzag GNRs, the half-

Figure 5. HOMO�LUMO gap values as a function of CNT seg-
ment length for the four sets of CNTs studied as calculated by
the HSE06 functional. Inset: HOMO�LUMO gap values as a
function of CNT segment length as calculated at the LSDA (filled
marks) and PBE (empty marks for the (7, 0, L) segments) level
of theory.

Figure 6. Spin-polarized HOMO�LUMO gap dependence on the
strength of an external axial electric field for the (7, 0, 7) (upper left
panel), (8, 0, 7) (upper right panel), (9, 0, 7) (lower left panel), and
(10, 0, 7) (lower right panel) finite zigzag CNTs as calculated by the
HSE06 functional. Fixed geometries of the relaxed structures in the ab-
sence of the external field were used. Full and open marks are the �
and � spin gaps, respectively.
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metallic nature of finite zigzag CNTs under an external
in-plane electric field was verified. Due to the recent
success of the HSE06 functional in predicting the elec-

tronic properties of GNRs and CNTs of different nature
and dimensions, we are confident about the reliability
of the predictions presented here.

METHODS AND COMPUTATIONAL DETAILS
All of the calculations presented in this work were carried

out using the development version of the Gaussian suite of pro-
grams.87 Unless otherwise stated, spin-polarized ground state
calculations88 were performed using the screened exchange hy-
brid density functional of Heyd, Scuseria, and Ernzerhof
(HSE06),77,89�91 which has been tested on a wide variety of ma-
terials and has been shown to accurately reproduce experimen-
tal band gaps92�94 and first and second optical excitation ener-
gies in metallic and semiconducting single-walled CNTs.95,96 The
inclusion of short-range exact-exchange in the HSE06 func-
tional makes it suitable to treat electronic localization
effects,80�84 which are known to be important in these types of
materials.18�29,42,46�49,54,62�65 This is further supported by the
good agreement, which was recently obtained, between pre-
dicted band gaps97 of narrow graphene nanoribbons and mea-
sured values.73�75 To obtain a reliable ordering of the different
magnetization states, we find it important to relax the geometry
of the finite CNTs for each spin polarization. Therefore, unless
otherwise stated, all reported electronic properties are given for
fully optimized structures using the double-� polarized 6-31G**
Gaussian basis set.98

As stated above, sample calculations using local and semilo-
cal functionals were performed for comparison purposes. Inter-
estingly, when using the local spin density approximation, we
encountered considerable convergence problems. For many of
the systems, we have found it necessary to restart the self-
consistent field (SCF) procedure with a predesigned initial guess
in order to achieve convergence to the appropriate spin state.
In some cases, even this approach did not lead to a converged
result.

It should be noted that, since our calculations are performed
within a single determinantal framework, we can determine only
the total spin vector projection along a given axis, ms, and not
the total spin. This is standard in unrestricted Kohn�Sham
theory.
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10. Esquinazi, P.; Spemann, D.; Höhne, R.; Setzer, A.; Han, K.-H.;
Butz, T. Induced Magnetic Ordering by Proton Irradiation
in Graphite. Phys. Rev. Lett. 2003, 91, 227201-1–227201-4.

11. Makarova, T. L. Magnetic Properties of Carbon Structures.
Semiconductors 2004, 38, 615–638.

12. Esquinazi, P.; Han, K. H.; Houmlhne, R.; Spemann, D.;
Setzer, A.; Butz, T. Examples of Room-Temperature
Magnetic Ordering in Carbon-Based Structures. Phase
Transitions 2005, 78, 155–171.
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