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Abstract: Our calculations demonstrate that the intrinsic magnetism of boron nitride nanotubes (BNNTS)
can be induced by their open ends, and the resulting magnetic moment is sensitive to the chirality of BNNTSs.
It is found that BNNTSs, a pure sp-electron system, present a tremendous spin-splitting larger than 1 eV
and that B-rich-ended and N-rich-ended BNNTs exhibit “conjugate”, spin-polarized, deep-gap states.
Tremendous spin-splitting effects combined with considerable local spin-polarizations at the open ends
make BNNTSs significant for applications of nanoscale spintronics such as spin-polarized electron emitters.

I. Introduction simulations showed that the growth mechanism and closure
behavior of single-walled BNNTs are strongly dependent on
their chiralities® whereas open BNNTs have been unambigu-
ously observed or artificially fabricated experiment&ligom-
pared with CNTs, BNNTs might be more suitable for the study
of the quantum behaviors of s and p electrons under quantum
confinement (i.e., surface or boundary), because they do not
have thedelocalizedr electrons. In this work, we explore the
effects of the open ends on the intrinsic magnetism of BNNTs
using first-principles calculations. We first investigate the
interaction between the atoms at the mouth and the spin
configuration of unpaired electrons. Then we comparatively
address the issues of the magnetic moments and spin-splitting
effects of open B-rich-ended and N-rich-ended ones. We
guantitatively analyze the spin-polarized electronic structures
and general chirality-dependent magnetic properties of open
BNNTSs and explore the stability of the local spin configuration
of the tube mouth under external perturbations. Our results
suggest that open BNNTSs have promising applications in future
spintronic devices.

Spintronics, which uses electron spin instead of its charge as
the information carrier, is igniting a revolution in computer
science, information science, and many other atelsis
predicted, on the basis of each spin carrying a bit of information,
that the single-spin transistors will not only lead to faster
computers that consume less electricity but also alleviate the
problem of heat dissipation. In designing spintronic devices,
much effort has been directed toward the doping of transition-
metal atoms into H-VI or Il =V semiconductors to fabricate
ferromagnetic nanostructuréfRecently, nanotubes (NTs) are
confirmed to offer exciting opportunities in the fabrication of
spintronic devices due to their unique hollow tubular structures
and fantastic chemical and physical properfids.has been
shown that NTs doped with some foreign atoms, such as alkali
metaf and 3d transition-metal atorthsnay exhibit room-
temperature ferromagnetism. However, problems with compat-
ibility and bonding between the host and the metal dopants may
arise, which would have crucial effects on the qualities and
properties of these hybrid nanostructures. This has provoked
much speculation in the area of inducing magnetic properties II. Models and Method

of NTs by.a.rtlfICIaI means. . In this work, a series of finite-length BN cages with different

. Boron n'md? nano_tubes (BNNTS), a conventional representa- chiralities are adapted to model single-walled opemBNNTSs, where

tion of one-dimensional (1-D) #V compounds, have a  gne mouth is opened and the other is saturated by H atoms to represent
uniformly wide band gapand high chemical stabilitywhich the half-infinite boundary conditions (Figure 1). The lengths of the finite
ensure them to be used as “host” and “mold” for growing tubes used are 9:912.7 A, i.e., 12 atomic layers for (6,3) BNNT, 13
nanocrystals and nanowirésAb initio molecular dynamics atomic layers for (7,4), (8,0), and (9,0) BNNTs, and 8 atomic layers
for (5,5) BNNT. The diameters are around 680 A. For each kind
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Figure 2. Contour plots of charge density difference [in units of efpau)
at the open mouth of (a) (5,5), (b) B-rich-ended (9,0), (c) N-rich-ended
(9,0) BNNTSs, and spin density of (d) B-rich-ended (9,0) and (e) N-rich-
ended (9,0) BNNTSs.

(Figure 2b). As a result, BBN triangles are formed at the mouth
(b, c, and d of Figure 1). This BB dimerization was first
observed by Blase et al. in their study on the growth mechanism
Figure 1. Optimized geometrical structures and ground-state spin con- Of BNNTs® Furthermore, the open B-rich-ended (8,0) tube
figurations at the mouth of open BNNTs: (@) (5,5); B-rich-ended (b) (8,0), spontaneously closes its mouth due to the perfeetBB

() (9.0), and (d) (7,3); N-rich-ended (e) (9,0), and (f) (7,3). To illustrate - gimerizations (i.e., 4 BB dimers), while at the mouth of (9,0)
the mouth configurations more clearly, only the first two layer atoms at : ’ '

the open ends are shown, and the tube bodies are represented by meshe&/D€ there is one isolated B atom left with a little shift inward
The yellow and blue balls represent, respectively, B and N atoms. H-atom radially after the B-B dimerizations. On the contrary, at the

termination at the other end of the tube is not shown. ends of open N-rich-ended (8,0), (9,0), and (7,3) tubes, the
. repulsion between localized, glectron states of N atoms

of open f,m) tube, the numbers of atoms are the same for B-rich- prevents the unpaired electrons of two neighboring N atoms

ended and N-rich-ended moodels' o from bonding (Figure 2c). As a result, all N atoms at the open

Using the DMo? packagé? we carry out structural optimizations end shift away radially, leading to a slightly broader opening

and total-energy calculations within the spin-polarized density functional of the tube mouth (e ar;d f of Figure 1). Our calculation results

formalism. The generalized gradient approximation combining the . . .
Perdew-Wang correlation function#l with the Becke exchange S'OW that the B-rich-ended open tubes have higher binding

functional? is utilized. The double numeric polarized basis sets are €N€rgies (more stable) than the N-rich-ended ones.
utilized. Structural optimizations are deemed sufficiently converged ~ Our calculations demonstrate that the spin configuration is

when the forces on all ions are less tharr38u. dominated by the atomic configuration of the tube mouth in
_ _ the open BNNT. In detail, for one BN pair at the mouth,
lll. Results and Discussion because of the large overlap between the electron clouds of the

In principle, the atomic configuration of the mouth of any B @nd N atoms, the spin configuration of the nearest two
open BNNT is characterized by the-B pairs or isolated B unpaired electrons is antiparallel, following the Pauli exclusion
(N) atoms. Initially, each atom (B or N) at the open end has principle. Thus, the B-N pair never contributes to the magnetic
one unpaired electron, corresponding to one dangling bond, just™oment, and all open armchair, ) BNNTs are still nonmag-
as in open CNT4314however, after structural relaxations, the netic (Figure 1a). On the other hand, compared to the cases in
configuration of the tube mouth changes a lot (as shown in OPen zigzag CNTS; the spintronic behaviors in open zigzag
Figure 1) due to the interaction between the neighboring atoms. BNNTS are much more complicated because they consist of
Typically, for the open (5,5) BNNT, only 5 BN pairs are two constituents and have two distinctly different atom termina-
presented at the mouth. The charge transfer on eadi Bair tions at the open ends. In open B-rich-ended BNNTSs, the weak
is up to 0.115 e, a bit larger than that on the body (0.100 e). B—B dimerization effectively “saturates” the original dangling
This increase of ionicities of the B and N atoms at the mouth Ponds of the nearest two B atoms, and the corresponding
further strengthens the-BN pair bonding (demonstrated by the electrons are spin-antiparallel, obeying the Pauli principle
charge density difference shown in Figure 2a), and decreasesFigure 2d). As expected, the formation of B pairs does not
the bond length from 1.45 to 1.31 A. The in situ hexagonal introduce any magnetic moment to the system, and the unpaired
rings are greatly buckled (Figure 1a). In open B-rich-ended (8,0), electrons of the unpaired B atoms are spin-parallel, obeying
(9,0), and (7,3) BNNTSs, the mouths undergo a JaFeller Hund’s rule. Thus, the open B-rich-ended (8,0) tube is non-
distortion. The nearest two B atoms dimerize spontaneously, Magnetic as is the (5,5) one, while the (9,0) tube has het

leading to a weak BB bond with the length of 1.631.65 A magnetic moment (as shown in b and c of Figure 1). However,
in open N-rich-ended tubes, the spin-parallel configuration of
(10) Delley, B.J. Chem. Phys199Q 92, 508; 200Q 113 7756. DMol3 is unpaired electrons of the N atoms is energetically favorable
available from Accelrys. i idi ’ i

(11) Perdew, J. P.- Wang \Phys. Re. B 1992 45, 13244, (Figure '1e), abldlng well by the Hund’s rule. Thus, .the obtained

(12) Becke, A. D.Phys. Re. A 1988 38, 3098. magnetic moment is equal to the number of unpaired electrons
(13) Kim, . H. Chol, J.; Chang, K. J.; Tomak, D.Phys. Re. B 2003 68, or dangling bonds (Figure 2€) as in the case of open zigzag
(14) Zhou, G.; Duan, W. H.; Gu, B. LPhys. Re. Lett. 2001, 87, 095504. CNTs13
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Table 1. Atomic Configuration (Numbers of B—N Pairs, B—B

Pairs, Unpaired B and N Atoms) and the Magnetic Moment of the 4-
Open End of the (n,m) BNNT; Mouth of (5,5) Tube Consists of 1
Only Five B—N Pairs with 0 Magnetic Moment 0
B-rich-ended N-rich-ended -4
chirality (nm ~ B-N  B-B B  mag.(us) B-N N  mag. (ug) = ]
c
(8,0) 0 4 0 0 0o 8 8 5 44
(9,0) 0 4 1 1 0 9 9 g 0
(6,3) 3 0 3 3 3 3 3 o )
(7.3) 3 1 2 2 3 4 4 o -
o J
(=]

In the following, we probe the physical mechanism governing
the chirality-dependent magnetic properties of opeym)
BNNTSs through analyzing the atomic and spin configurations.
For an openr{m) BNNT, the open mouth consists of B—N
pairs and|n — m| isolated B (N) atoms. Our investigations
confirm three basic features of the atomic configuration and Energy (eV)
the spin-pairing mechanism of the optimized tube mouth: (1) Figure 3. Density of states of (a) closed, (b) B-rich-ended, and (c) N-rich-
if the two nearest neighbor atoms at the mouth are not of the ended open (9,0) BNNTs. Dotted line indicates the Fermi level. Here, the
same type, tlwo unpairgd ele(?trons from this 8 pa.ir form ggﬁ;gsypgﬁéc; '{3 erSf(t)eSd (';? :htgztgﬁgz?lfhn:%g&?mpanson. The red area
one spin-antiparallel pair; (2) if the two nearest neighbors are
the B atoms, no magnetic moment is introduced due to the weakdetected from the measured spin-polarized electron energy
B—B dimerization; (3) if the two nearest neighbors are the N distribution or pattern. This probably prefigures a new nanom-
atoms, each N atom will supply one magnetic moment becauseeter-measuring and -testing technique.
the unpaired electron located at each N atom is strictly isolated. Generally, in the open-shell systems, the unpaired valence
Thus, in any opennim) BNNT the magnetic moment, which  electrons will result in spin-splitting of the highest occupied
originates from the unpaired electrons, could be immediately molecular orbitals (HOMOSs) of the different spin components.
evaluated from the number of unpaired B (N) atoms at the open For example, different from the closed (9,0) BNNT (a closed-
mouths. For an opemfm) BNNT, it is reasonable to assume shell system) with both ends terminated by H atoms, the open
that the cross section of the opening is as vertical to the tube (9,0) BNNT (an open-shell system) exhibits spin-polarized states
axis as possible (i.e., the-B\ pairs and the isolated B (N) in the gaps due to their intrinsic local magnetism, as shown in
atoms are spread alternately, at the most optimum), accordingFigure 3. For the open B-rich-ended (9,0) tube, there exists one
to the experimental fact that NTs grow uniformly in the occupied gap state ofiajority spin, whereas in the open N-rich-
fabrication. As a result, a fundamental correlation between the ended (9,0) tube, nine unoccupied gap statesiobrity spin

chirality and magnetic momem (ug) can be deduced as: appear. Local density of states (LDOS) of the tube mouth (the
red areas of b and ¢ of Figure 3) and the molecular orbital
n—m, N rich analysid* demonstrate that, in open BNNTSs, the spin-polarized
gap states mostly originate from the unpaired B or N atoms at
M=(|Kk | = even, the open ends. In the open B-rich-ended (9,0) tube, the unpaired
m—K, | =odd, Brich electron bound by the unpaired B atom is responsible for the
mod(,2), m=0, spin-polarized occupied state of majority spin, as shown in

Figure 3b. At the N-rich end of the open (9,0) tube, the spins
wherel andk are, respectively, the quotient and the remainder of unpaired electrons are parallel, and these electrons occupy
of the integer division of f — m) by m (without loss of the deeper states under HOMO level with majority spin, and
generality, we assunre> m). This correlation is clearly verified  then, the same number of unoccupied states of minority spin
by our first-principles calculations of the optimized atomic and are left in the gap, as shown in Figure 3c. It is interesting to
ground-state spin configurations (Figure 1) and the computed note that the spin-polarized gap states are occupied for the
magnetic moments (listed in Table 1) for various BNNTs B-rich-ended (9,0) BNNT, but unoccupied for the N-rich-ended
[armchair (5,5), zigzag (8,0) and (9,0), and chiral (6,3) and (7,3) tube. This difference of the gap states originates from the
BNNTSs]. different local potentials in the vicinities of the different open

The previous study showed that the electronic property of ends, similar to the cases of the gap states induced by Il group
the (h,m) BNNT is not sensitive to its chirality,impeding its and V group vacancies in bulk HV semiconductor$>-18
application potential imanoelectronicdevices, whereas the From Figure 3, we can also find that two kinds of open
present finding that the magnetic property of the opem) BNNTs exhibit distinctly different tremendous spin-splitting
BNNT depends on the chirality might effectively promote its effects in the gap. In the open B-rich-ended (9,0) tube, the
practical application imanospintroniaevices. Typically, open  existence of a polarized, occupied, deep-gap state results in an
(n,m) BNNTs could be used as the magnetic microscopy tips. energy difference of 1.2 eV between the HOMOs of the majority
It is significant that the BNNT tips without any magnetic atom spin and minority spin, whereas in the open N-rich-ended (9,0)
doping could exhibit plentiful chirality-dependent magnetic tube, the nine polarized, unoccupied, deep-gap states lead to
properties. Furthermore, the atomic configuration of the open an energy difference of 3.25 eV between the lowest unoccupied
end and the chirality of the open,n) BNNT might be precisely molecular orbitals (LUMOS) of the majority spin and minority
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spin. More generally, the spin-polarized, deep-gap states andmainly contributed by the unpaired B atom with a dangling bond
similar enormous spin-splitting behaviors are also observed in at the open mouth, corresponding to a spin-polarized, deep-
open (6,3), (7,3), and N-rich-ended (8,0) tubes. In the B-rich- gap state, while the HOMO of the minority spin is mainly
ended cases, the energy differences between majority- andcontributed by the B-B dimer, corresponding to a usual bonding
minority-spin HOMOs are 1.49 and 1.17 eV for open (6,3) and state. With quite different bonding characteristics, these two
(7,3) tubes, respectively, while in the N-rich-ended cases, the HOMO states of different spin components are very different
energy differences between majority- and minority-spin LUMOSs in energy (i.e., one is the deep-gap state, and the other is not),
are 3.23, 3.37, and 3.01 eV respectively for (6,3), (7,3), and leading to a large spin-splitting between them. Therefore, the
(8,0) tubes. It should be noted that in open BNNTS, the gap large spin-splitting in open BNNTSs results from: (i) different
states appear to be “conjugate”: in the B-rich-ended ones, thebonding characteristic of the HOMOs of different spins and/or
gap states are occupied in the majority spin, while in the N-rich- (ii) the appearance of spin-polarized, deep-gap states. In essence,
ended ones, the gap states are unoccupied in the minority spinthis kind of splitting is different from the (conventional) large
Previously, Kim et al® have theoretically demonstrated that splitting induced by a large exchange-correlation interaction of
partly opened intermediate carbon cage structures (such as thenagnetic atoms.
Ceofullerene and zigzag CNTS), typical open-shell systems, may For practical spintronic devices, it is crucial to realize
induce the local magnetic moment. However, our calculations continuous and efficient emission of the spin-polarized electron
show that the spin-splitting effect in open CNTs is much weaker current/beam at room temperature. Traditionally, the spin-
than those in open BNNTSs (for example, the calculated spin- polarized electron beams are obtained with the use of optical
splitting in open (8,0) CNT is only 0.32 eV), consistent with techniques in which the circularly polarized photons transfer
the fact that CNTs have much smaller band gaps than BNRITs. their angular momenta to the electrons of semiconductor
Moreover, our calculations for open (7,3) CNT show that the photocathodes, such as GaAs. Due to its specific band structure
“antiferromagnetic” spin configuration (four dangling bonds with and the restriction of selection rules, the maximum theoretical
2 spin-up, 2 spin-down) of the tube end is energetically spin-polarization in GaAs is only 029.0n the basis of the
preferred, leading to zero total magnetic moment of the system. electron emission characteristics of 1-D nanosyst#meg have
Evidently, different open CNTs could have very different proposed to fabricate the spin-polarized electron emitters using
magnetic properties at the open tube ends. With large spin-1-D nanostructural materials doped with the transition-metal
splitting and uniform magnetic properties, open BNNTs would atoms?? Alternatively, our present finding reveals that a novel
be more suitable to applications in nanospintronic devices thanspin-polarized electron emitter in cold cathode emission can be
open CNTs. designed on the basis of using its own s, p electrons. Since no
It is important to understand the intrinsic origin of the large doping is needed in this design, the problems of compatibility
spin-splitting in open BNNTs. In covalent semiconductor and bonding between the foreign atoms and host lattice are
crystals, lattice defects such as vacancies are well-known tocompletely avoided. Especially in the open B-rich-ended BNNT,
produce the deep-gap states because the breaking of covalerthe induced spin-polarized deep-gap states, corresponding to the
bonds leads to a strong perturbation of the valence chargetremendous spin-splitting of the HOMOs, are localized at the
distribution1® Similarly, the open ends of BNNTSs, as a kind of open-end, where a huge local electronic field induced by the
lattice defect, also introduce the deep defect states in the pristinehigh curvature of the mouth is accumulated. This means that a
gap. Moreover, since the local magnetism of the open tubes isSpin-polarized electron current/beam might be easily extracted
also induced by the open ends, all those deep-gap states inducednder the relatively low operating voltage (corresponding to cold
by the open ends are spin-polarized. For example, from the cathode emission). The spin-polarizatiddf open BNNTs
orbital distribution analysis for the B-rich-ended open (9,0) are evaluated through the LDGSIn the N-rich-ended cases,
BNNT, we can see that the HOMO of the majority spin is the spin-splittings of HOMOs are very weak, corresponding to
the small spin-polarizations. The spin-polarization of the open
(15) In general, an open end in nanotubes can be regarded as a structural defecfN-rich-ended (9,0) tube, for example, is lower than 0.33 within
Although it is well-known that the structural defects such as vacancies in 3 0 eV/ below the Fermi level. On the contrary, the estimated
covalent semiconductors will lead to deep gap states, the types (occupied ) X o X
or unoccupied) and accurate positions of these deep states can hardly bemnaximum spin-polarizationsay) of open B-rich-ended (6,3),
e o e Seatmee > (7.3), and (9,0) tubes are, respectively, 0.96, 0.92, and 0.86,
However, some qualitative rules have been concluded by previous Works. much higher than the values of the Mn-doped GaN KfTs.
115 found,ht the o K of vacancies Il group vacancies and,  Furthermore, for open B-rich-ended BNNTS, the greater the
potentials (weaker and stronger) in the vicinities of the defects. This further magnetic moment is, the larger thgax is.
leads to their very different roles: Il group vacancies behave as acceptors, In what follows, we will study the stability of the local spin

and V group vacancies, as donétg-or open IV nanotubes, the open

ﬁlnds could be reé;a{]degl as r?trucmral céefectg (e.g., the E)a-righ open elznd asconfiguration of the open tube end under external perturbations
vacancies, and the N-rich open end as vacancies). Our calculation . - . . . . .
results also follow the above qualitative rule, that is, in the B-rich-ended (electric field, doping, and interaction with the sample), which

(corresponding to N vacancies) BNNTs, the gap states are occupied js crucial for practical nanoscale spintronics applications of
(donorlike), while in the N-rich-ended ones (corresponding to B vacancies),

they are unoccupied (acceptorlike). BNNTs. First, as an example, we will discuss in detail the
(16) Altarelli, M.; Bassani, F. IlBand Theory and Transport Propertiddoss, behavior of the two kinds of zigzag (9,0) open BNNTs under

T. S.; Paul, W., Eds.; Handbook on Semiconductors, Vol. 1; North-Holland . . . .

Publishing Company: New York, 1982; p 300. an external electric field. We find that the local magnetic
(17) Pantelides, S. T., Edeep Centers in Semiconductpr&ordon and

Breach: New York, 1986. (20) Dunning, F. B.; Hulet, R. GAtomic, Molecular, and Optical Physics:
(18) Jaros, M.; Brand, $hys. Re. B 1976 14, 4494; Chiang, S. Y.; Pearson, Charged ParticlesAcademic Press: San Diego, 1995.

G. L. J. Appl. Phys1975 46, 2986. (21) Zhou, G.; Duan, W. H.; Gu, B. LJ. Chem. Phys2004 121, 12600.
(19) wildter, J. W. G.; Venema, L. C.; Rinzler, A. G.; Smalley, R. E.; Dekker (22) Hao, S. G.; Zhou, G.; Wu, J.; Duan, W. H.; Gu, B.Rhys. Re. B 2004

C. Nature1998 391, 59; Odom, T. W.; Huang, J.-L.; Kim, P.; Lieber, C. 69, 113403; Hao, S. G.; Zhou, G.; Wu, J.; Duan, W. H.; Gu, BChem.

M. Nature 1998 391, 62. Phys. Lett2005 401, 47.
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Figure 4. Energy spectrums of (a) B-rich-ended and (b) N-rich-ended open
zigzag (9,0) BNNTs under electric field of 0 (left) and 0.1 V/A (right).
The Fermi level is set to zero.
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property (i.e., local spin configuration) is not affected by the
strong external field (up to 0.26 V/A), and the magnetic Figure 5. Schem_e of a spin-polarized scanning tunneling microscope using
. . n open BNNT tip.
moments of the open end of all tubes studied remain unchangeaa
with the change of the field strength. On the other hand, the we also study the effect of the interaction between the BNNT
spin-splitting of B-rich-ended open (9,0) BNNT is reduced with tip and the sample, which is critical to the practical applications
an enhanced field. Such a reduction, however, is not significant.in SP-STM. We set up a simplified model by taking the N-rich-
When the electric field is as large as 0.1 V/A, the energy ended open (9,0) BNNT as the tip of SP-STM, and a triangle
difference between the HOMOs of majority spin and minority formed by three iron atoms as the sample. The distance between
spin is 0.9 eV, only 0.22 eV smaller than that under zero field the tube end and the triangle is taken to be around 1 nm which
(as shown in Figure 4a). It should be noted that 0.1 V/A is is the typical distance between the STM tip and the sample
truly a very strong electric field, about 40 times larger than the (noncontact mode; see, for exanf§)e Our calculations show
turn-on field for field emission of BNNTSs (In the field emission that the “ferromagnetic” spin configuration of the BNNT tip
of BNNTS, the turn-on field is about 0.0025 V/A, i.e., 150 V remains unchanged and is independent of the spin direction of
bias with 6zm between the tube tip and another electfdde  the sample (three iron atoms). Therefore, the stability of local
Under an electric field of 0.1 V/A (minus bias), the spin- spin states of the tip (the tube end) is kept when interacting
polarized gap levels of N-rich-ended open (9,0) BNNT shift with magnetic samples.
down by 0.39 eV compared with that under zero field (as shown Moreover, in practical application of BNNT, doping is an
in Figure 4b). Meanwhile, the spin-polarized gap states are still efficient method to improve its conductivity property. For
mainly contributed by the unpaired atoms at the open end andexample, in experiments, it is convenient to realize the functional
remain unchanged under such a strong electric field. In a word, doping of C atoms into BNNT% Here, we explore the doping
a strong electric field does not lead to the substantial changeseffect by substituting B or N atoms at the tube body near the
of the local magnetic moment and the spatial distribution of open ends (not at the open ends) by C atoms. Our results show
the spin-polarized gap states, but will induce the changes of that for both B-rich-ended and N-rich-ended open zigzag (9,0)
the energy gap and the spin-splitting effect. This indicates that BNNTs, the spin configuration will not be broken by C
the open BNNTs could be a good candidate for the spin- substituting either B or N atoms at the tube body near the open
polarized electron emitters in wide applications. ends, or even by C substituting aBI—B—N-:- atom wire
Along with the fascinating development of the scanning throughout the tube body. This confirms the stability of local
tunneling microscope (STM), spin-polarized or magnetic tips spin states under C doping at the tube body. Actually, our
are employed to probe the real-space magnetic structures dowrtalculation results show that the variation of electronic structure
to the atomic scalé& and the spin-polarized scanning tunneling of the tube body will hardly affect the local magnetic property
microscope (SP-STM) has attracted much attention for high- (spin configuration) of the open tube mouth. Meanwhile, our
resolution surface magnetic imaging techniques. As shown in additional calculations performed on carbon-doped open (9,0)
Figure 5, the spin-polarized electrons from the BNNT tip can BNNTSs show that the wide energy gap is effectively narrowed.
pass through the barrier to fill the spin-polarized empty surface And it has been reported that in theq®,/Nz nanotubes, the
states on the sample, when the spin-polarized tip electron stategnergy gap is much smaller than that of the BNRTsloreover,
and the empty surface states are aligned at the same level at aas the transport property of the tube body is improved by doping,
external bias. With a definite bias condition, the magnetic the spin-splitting induced by the open tube mouth (the emission
imaging of a surface can be illustrated at atomic scale through
the variation of the tunneling current. On the basis of this idea, (2 ?9(’9"895%' e ploh. K. H. Park, S.3 kwun, S. 1., Khim, 2. Bhys. Re. B
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R. Phys. Re. Lett.199Q 65, 257203; Sueoka, K.; Subagyo, A.; Hosoi, H.;

Mukasa, K.Nanotechnology®004 15, S691.
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zone) is found to be only slightly influenced (e.g. still 1.13 eV interaction with ferromagnetic samples). High spin-polarizations
for the case of substituting a-BN—B—N--- wire by carbon of open B-rich-ended BNNTs, combined with the high stability
atoms in B-rich-ended open (9,0) BNNT). Thus, the high spin- of their local spin configuration, indicate that they could be used
polarization of the tube mouth would be still kept, which ensures as the promising candidates for nanoscale spin-polarized electron

efficient emission of the spin-polarized electrons. sources in future spintronic devices (such as spin-polarized
electron field emitters and SP-STM tips). The spin-polarized
IV. Summary electrons might also be emitted from open N-rich-ended BNNTs

) o ) ) under near-infrared photon assistance. It is the interaction
In summary, by first-principles calculations, we elucidate the petween the atoms at the mouth that determines the spin

geometrical, magnetic, and electronic structures of a series of configuration of unpaired electrons and their different contribu-
open BNNTs with different chiralities. Tremendous spin- tions to the intrinsic magnetism of the open BNNT. This
splitting (>1 eV) in such a pure sp-electron system are first mpechanism might be general for other oper-\ semiconduct-

observed with the appearance of “conjugatg”, spin-pqlarized, ing NTs and nanowires (NWs) (such as open GaN NTs or NWs)
deep-gap states. It is found that the chirality determines the gye to their similar bonding characteristics. It is also possible

atomic configuration of the mouth, the magnetic character (local {hat the analogous intrinsic magnetism might be presented in
magnetic moment), and spin-polarized electronic structure gpen |-v| semiconducting nanostructures. This, however,
(energy gap and spin-splitting of HOMO states) of the open requires more in-depth investigations in the future.

BNNT. The unpaired electrons of unpaired atoms at the mouth
are rgspon5|ble for the local magnepc mqment .and the Splr]_Science Foundation of China (Grant Nos. 10325415 and
polarized, deep-gap states. Local spin configuration at the tUbelO404016)

mouth is found to be stable under the external perturbations ’

(such as strong electric field, doping at the tube body, and JA057420E
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