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Itinerant ferromagnetism in heterostructured C ÕBN nanotubes
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Using ab initio local spin-density-functional formalism, we study the occurrence of spin polarization in
quasi-one-dimensional heterostructured C/BN nanotubes. At the zigzag boundary connecting carbon and boron
nitride segments of tubes, we find atomiclike states that acquire magnetization when partly filled. Whereas
individual C/BN heterojunctions can be used to spin-polarize electrons during transport, periodic arrangements
of heterojunctions in doped systems can lead to the formation of a one-dimensional itinerant ferromagnetic
state.

DOI: 10.1103/PhysRevB.67.125421 PACS number~s!: 73.22.2f, 71.15.Nc, 75.70.Cn, 81.07.De
a
po
ne

gh
e-
s

nd
ic
d
ce
o
e

ha

m

ic
lit
i-
fo
u
a
e
in

n

i
m

ca
ly
re
,
t
it
ce
n
p

rge
d at

at-
.32
ec-
n
s

en
bes.
rmi

ery
N
ion
eri-

e
is-

. In

rent

ll,

BN

tes

etic.
s a
rmi

nic
ets
e
e to
hat
p-

no-
is-
Following the recent discovery of ferromagnetism
room temperature in an all-carbon system consisting of
lymerized C60,1 there has been increased interest in mag
tism in metal-free systems. Even though this finding is
significant step in the long-standing search for novel hi
temperature magnets,2 the observed magnetization, corr
sponding to less than an unpaired spin per thousand atom
too small. The origin of this magnetism is still unclear, a
possibly linked to defects. This agrees with recent pred
tions of magnetism at the edge of graphene sheets an
BN/C heterosheets with somewhat artificial interfa
geometry.3,4 Here we introduce heterostructured C/BN nan
tubes with no undercoordinated atoms as a novel magn
system with a magnetization a few hundred times larger t
that of polymerized C60.

Nanotubes of carbon, BN, BC3, BC2N and other stoichi-
ometries have been synthesized successfully.5–9 Experimen-
tal data indicate that these millimeter long, yet only nano
eter wide quasi-1D nanostructures10 cover the entire range
from a metallic to an insulating behavior. Their electron
properties can be understood in terms of diameter, chira
and elemental composition.11,12 So far, there have been ne
ther experimental indications nor theoretical predictions
the existence of magnetism in nanotubes. Here we st
nanotubes consisting of hexagonal BN and C sheets se
lessly connected to form hollow cylinders. When adequat
doped, these systems show, as we discuss in the follow
magnetic behavior. Thep-orbital ferromagnetism that we
find follows, as we will show, the atomic Hund’s rule i
analogy tod-orbital magnetism in transition metals.

Our theoretical study of magnetism in C/BN nanotubes
based on the local spin-density-functional formalis
~LSDA!.13 We use ab initio pseudopotentials14 and the
Ceperley-Alder exchange-correlation functional for the lo
spin density.15 In our supercell calculations, we alternative
use two kinds of basis sets, namely, plane waves and a
space grid, depending on the problem size. In both cases
use a kinetic-energy cutoff of 36 Ry, and find our results
be independent of the basis used. Testing convergence w
higher energy cutoff of 49 Ry, we find the energy differen
between ferromagnetic and nonmagnetic solutions to cha
by less than 1 meV. In plane-wave calculations, we sam
the irreducible Brillouin zone by 5–25k-points along the
0163-1829/2003/67~12!/125421~5!/$20.00 67 1254
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tube axis. In the real-space multigrid scheme, used for la
unit cells, the Kohn-Sham matrix elements are evaluate
the G point only.16

Our calculation is carried out in a three-dimensional l
tice with tetragonal unit cells. The intertube distance of 1
nm implies an interwall separation exceeding 0.6 nm, eff
tively decoupling the tubes. In view of the similarity betwee
the bond lengths of 0.144 nm in narrow carbon nanotube17

and 0.145 nm in BN nanotubes,18 we use 0.144 nm for the
interatomic distances in the composite systems.

We primarily concentrate on the zigzag border betwe
graphite and BN segments of the heterostructured nanotu
At this interface, strongly localized states close to the Fe
level have been found in the planar geometry.3 The occur-
rence of zigzag borders in C/BN nanotubes is also v
likely due to the preferential zigzag growth of BN and C/B
nanotubes.9,8,19 The energetically favorable phase separat
of graphite and BN regions has been established both exp
mentally and theoretically.20,21We choose two representativ
extreme configurations for the zigzag border, which we d
play in Fig. 1. In Fig. 1~a! we show the~5,5! armchair nano-
tube, where the zigzag border runs along the tube axis
Figs. 1~b! and 1~c! we depict the~9,0! zigzag nanotube,
where a zigzag interface connects axial segments of diffe
length. We classify them as Ci(BN) j , wherei and j denote
the numbers of C and BN zigzag rings in the primitive ce
respectively.

The calculated band structures for the armchair C/
nanotube and the zigzag Ci(BN) i , i 51,2, nanotubes are
shown in Fig. 2. As in perfect C and BN nanotubes, sta
near the Fermi level are derived fromp orbitals. Our LSDA
results indicate that all three geometries are nonmagn
Even though the armchair nanotube is metallic and show
flat band that induces a large density of states at the Fe
level, we find no ferromagnetic solution there. The electro
structure is very similar to that found in C/BN heteroshe
with the straight border,3 which also are nonmagnetic. Th
undoped zigzag nanotubes show no magnetic solution du
the fundamental band-gap exceeding 0.5 eV, implying t
all electrons are paired. As we discuss in the following, do
ing may change this fact dramatically.

The electronic structure of heterostructured zigzag na
tubes is very different from that of armchair tubes. The pr
©2003 The American Physical Society21-1
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tine ~9,0! BN nanotube has a large fundamental gap of ab
4 eV,18 whereas the~9,0! carbon nanotube has a small ba
gap of less than 0.1 eV, caused bys-p hybridization.17 In the
composite C/BN system, the Fermi levels of the segme
located at the mid-gap, are expected to align. Conseque
states in the vicinity of the Fermi level of heterostructur
systems all originate from the carbon segments. In Fig. 2~b!,

FIG. 1. Ball-and-stick models of heterostructured C/BN nan
tubes.~5,5! armchair nanotube with axially connected contiguo
carbon and BN regions~a!. ~9,0! zigzag C1(BN)1 ~b!, and C2(BN)2

~c! nanotubes. The boxes represent the supercells.

FIG. 2. Band structure of the~5,5! C/BN nanotube~a!, the~9,0!
C1(BN)1 ~b!, and C2(BN)2 ~c! nanotubes. The Fermi level is set
0 eV. The solid lines depict the flat, defectlike border states.
12542
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we also note that the additional quantization due to the fin
length of the carbon segment increases the fundamental
of the C1(BN)1 heterostructure to about 2 eV from the initi
0.1 eV value in the infinite carbon nanotube.

A second important feature found in zigzag tubes is
occurrence of very flat bands near the Fermi level, shown
Figs. 2~b! and 2~c!, which remain nearly dispersionless ov
the entire Brillouin zone. From their charge density distrib
tion, we know that the occupied flat bands are associa
with the CuB bonding configuration and the unoccupied fl
bands with the CuN antibonding configuration. Conse
quently, these states have the character of defect states a
boundary of the BN and carbon regions. The separation
tween these boundary states depends on the strength o
interaction between the different atomic species and the
cell size. It is found to be 2.3 eV for C1(BN)1 , 0.9 eV for
C2(BN)2 , and 1.3 eV for C3(BN)1 . As we will show in the
following, these boundary states may develop an interes
behavior when partly filled due to doping.

The degeneracy of the flat bands, including the spin
grees of freedom, is due to the absence of chirality in zig
nanotubes. The spatial localization and degeneracy of
border states is, in some sense, analogous to that of trans
metals, where partly filled, localizedd states cause magne
tism described by Hund’s rules. In the superlattice, we fi
that the border states play the same role as localizedd orbit-
als in a metal lattice, thus causing a similar magnetic beh
ior.

The dispersion of the flat bands depends on the unit
size in the supercell geometry. We find them to be 0.27
wide in C1(BN)1 due to the large overlap of the border sta
wave functions across the short unit cell, but only 0.05
wide in C2(BN)2 with twice the unit cell size. We thus ex
pect a spin polarization of the boundary states in dop
C2(BN)2 , similar to isolated atoms or quantum dots, givin
rise to paramagnetism. In doped C1(BN)1 , itinerant ferro-
magnetism should occur in analogy tod-orbital ferromag-
netism in transition metals.

To study the magnetic ordering, we have performed
tensive LSDA calculations for doped Ci(BN) j zigzag nano-
tubes with 1<$ i , j %<7. We found our results to be consiste
with Hund’s rule-type magnetic ordering, independent of t
carrier type and the method used to model the flat band d
ing. Since the flat bands located in the valence-band and
conduction band region are both associated with the bo
states, both electron and hole doping should induce spin
larization. We model doping by three independent metho
namely, adjusting the charge neutrality level, selectively s
stituting B or N atoms for carbon atoms, and placing K
oms along the nanotube axis. Our results are found to
independent of the particular doping method. In particu
we find that not even substitutional doping can change
character of the localized border states.

Since the fourfold degenerate flat bands dominate the d
sity of states closest to the Fermi level, Hund’s rule-ty
effect is maximized by electron or hole doping with appro
mately two carriers per unit cell. Our total energy calculati
shows that the ferromagnetic Kohn-Sham solution is m
stable by 1.0 eV per unit cell than the nonmagnetic solut

-
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FIG. 3. ~Color! ~a! Majority and minority spin densities of states of the~9,0! C1(BN)1 nanotube, with the Fermi level set to 0 eV.~b!
Three-dimensional plot of the spin-polarization density@nmaj(r )2nmin(r )#, superposed with the corresponding ball-and-stick model of
structure. The blue~red! clouds represent regions of majority~minority! spin-densities exceeding 4.031022 electrons/nm3 (2.5
31022 electrons/nm3). The charge-density associated with the border states,^ucB(z)u2&, averaged normal to the tube axis, is shown in t
right panel.
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for the unrelaxed C1(BN)1 nanotube doped by two holes
This energy difference reduces to about 50 meV per unit
upon full structural relaxation, with little effect on the ban
structure. A follow-up calculation with twice the unit ce
size indicated that an imposed antiferromagnetic state wo
be even less stable than the nonmagnetic state. In the rel
system, we find the CuC, BuN, CuN, and CuB bond
lengths to be 0.142, 0.145, 0.135, and 0.155 nm, respecti
in good agreement with previous calculations.18,22

The spatial and energy distributions of the spin carriers
the C1(BN)1 system is shown in Fig. 3. Figure 3~a! displays
the majority and minority spin densities of states of the ho
doped C1(BN)1 nanotube, which reflect the onset of ma
netic ordering. Occurrence of magnetism in this system
quite unexpected, since densities ofs andp derived states are
usually quite low. The spatial distribution of the spi
polarization density@nmaj(r )2nmin(r )#, wherenmaj (nmin) is
the charge density of the majority~minority! spin, is depicted
in the left-hand panel of Fig. 3~b!. The right-hand pane
shows the charge-density associated with the border st
12542
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^ucB(z)u2&, averaged normal to the tube axis. The atom
positions along thez axis of the tube are common to bot
panels, as indicated by the labels.

According to Fig. 3~a!, the C1(BN)1 nanotube, doped by
two holes, acquires a net spin of 1.65mB per unit cell. The
reduction of the net charge transferred to the flat vale
band and the corresponding change of the magnetic mom
results from the fractional population of the carbon-deriv
bands in the vicinity of the Fermi level.23 The charge distri-
bution associated with the spin-polarized flat bands is sho
in the right panel of Fig. 3~b!. We observe that these state
although localized at the C/BN interface region, show a s
stantial overlap to induce magnetic ordering. As seen in
left panel of Fig. 3~b!, the majority spin charge density i
mostly localized on the C atoms associated with CuB
bonds, whereas the minority spin density is mainly asso
ated with CuN bonds. This results from the above
mentioned fact that the flat bands in the valence-band reg
are spatially localized at the CuB interface. The flat bands
in the conduction-band region, which are depleted in the h
doped system, are at the CuN interface.
1-3
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The localization of the spin density at the C/BN interfa
allows us to draw conclusions for other systems based
Hund’s first rule. In the unrelaxed C2(BN)2 tube with twice
the period of the preceding system, which we also do
with two holes per unit cell, our LSDA calculations indica
that formation of localized spin-polarized border states is
ergetically preferred by 35 meV per unit cell with respect
the non-spin-polarized solution. Full structural relaxation
duces this value to 30 meV. The 20 meV difference betw
the 30 meV value in C2(BN)2 and the 50 meV value in
C1(BN)1 can be attributed to the overlap between the bor
states in the latter system, which lies at the origin of fer
magnetic ordering. Hence we find one-dimensional fer
magnetic ordering to be strongly favored in a superlatt
with small unit cells, where the border states show a sign
cant overlap. In systems with well separated heterojunctio
where the border states show a much smaller overlap,
may expect paramagnetism. In the following, we focus
the electronic structure of an individual C/BN heterojun
tion.

Since the electronic structure of the C/BN heterostruct
depends strongly on the size of the unit cell, as seen from
comparison between Figs. 2~b! and 2~c!, we use 144-atom
large unit cells, which are sampled by a real-space grid
k5G. The atomic arrangements in the C2(BN)6 , C4(BN)4 ,
C6(BN)2 , and C7(BN)1 superlattices, with a constant un
cell size but a sequentially changing thickness of the in
vidual segments, are shown in Fig. 4, together with the c
responding densities of states. In all geometries, we can i
tify the border states based on charge-density distribu
and label them by arrows in the densities of states.

Due to the smallest overlap between the valence and
duction border states in C4(BN)4 , with equally thick BN and
carbon segments, we expect the separation of their en
eigenvalues for systems with well-separated borders to
close to the 0.5 eV value shown in Fig. 4~b!. This value
increases in C2(BN)6 of Fig. 4~a! and C6(BN)2 of Fig. 4~c!,
where either the BN or the carbon segment becomes m
shorter, thus increasing the overlap. The gradual approac
the carbon states to the Fermi level can be observed in
sequence of Figs. 4~a! to 4~d!, as the quantization in the finit
carbon segments gradually becomes less important.

In an isolated junction connecting infinitely long BN an
carbon segments, we thus expect one border state embe
in a continuum of carbon states close to the Fermi lev
Appropriate doping should then induce a spin polarization
the junction. An intriguing consequence arises from our p
.V

.
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diction, when considering a device consisting of a narr
BN segment sandwiched in an otherwise perfect conduc
carbon nanotube, similar to the geometry of Fig. 4~d!. We
postulate that spin unpolarized electrons, injected from
side of the carbon nanotube, should become spin polar
when passing through the junction.

In conclusion, we used local spin-density-functional c
culations to study the occurrence of magnetism in quasi-o
dimensional heterostructured C/BN nanotubes free of me
lic impurities. At the zigzag boundary connecting carbon a
boron nitride segments of tubes, we found atomiclike sta
that acquire magnetization when partly filled. Whereas in
vidual C/BN heterojunctions can be used to spin polar
electrons during transport, periodic arrangements of het
junctions in doped systems can lead to the formation o
one-dimensional itinerant ferromagnetic state.
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FIG. 4. Supercell geometries for the~9,0! ~a! C2(BN)6 , ~b!
C4(BN)4 , ~c! C6(BN)2 , and ~d! C7(BN)1 nanotubes. The corre
sponding densities of states are given in arbitrary units, and
Fermi level is set to 0 eV. The border states are marked by arro
L.
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