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ABSTRACT

On the basis of first-principles calculations, we investigate transport properties of spin-polarized electrons in defective metallic single-wal
carbon nanotubes (SWCNTSs) under homogeneous transverse electric fields. Either vacancies or carbon adatoms are introduced in (10,10)
SWCNT and are shown to play a role of quasi-localized magnetic impurities. The applied transverse electric fields change the relative position
of the energy levels of the defects with respect to the Fermi energy so that the spin-polarized conductances are shown to be tunable. For
some impurities, the orientation of the majority spin electrons in conducting channels at the Fermi energy can be switched to the opposite
spin by an experimentally attainable electric field. Our results suggest that pure carbon or organic nanomagnets could be realized in SWCNTSs,
and their spin transport properties are controllable by transverse electric fields.

Single-wall carbon nanotubes (SWCNTs) have unique localized orbitals at the impurity sites can change the spin-

electrical transport properties that have attracted researcherslependent conductance in SWCNTSs when gate potentials or

from various disciplines since their discovéryyAmong transverse electric fields are appli®d®

these, ballistic electron conduction has been studied theoreti- - Several recent experimeriaind theoretica# studies have

cally for clean and defective SWCNT$,and this property  shown that the localized orbitals of undercoordinated carbon

has been observed using various experimental configura-atoms at vacancies or those of carbon adatoms can give rise

tions> In addition to observing extremely long scattering 4 net magnetic moments in carbon nanostructures. Magne-

lengths for the charge degree of freedom of electrons, Spi”Stotransport in nanotubes in spin-valve systefi&17 and

in single- and multi-wall carbon nanotubes are also shown chemically modified nanotub&s has been studied exten-

to propagate coherently over lengths as long as-0.3 sively; however, the influences of structural defects on the

um~7 This important property of spin-polarized electrons - gyin transport in SWCNTS has not. This property is important

in SV\(CNT; has motlvqted their use in the emerging f'?|d because the spin-dependent impurity states arising from a

gf ;pm;romcs, which aims to control spins in electronic single defecéf can block the conducting electrons near the
evices: . . . ... FermienergyKr) and can change the intrinsic spin transport

. To achieve spintronic devices ba§ed on SWCNTs, it is properties because of the effect of gate voltages or electric

important to understand the role of impurities on transport fields202% In this study, we present a series of ab initio

properties of spin-polarized electrons. Although synthesis calculations of transport properties of spin-polarized electrons

technology has advanced to make nearly defect-free. A .
SWCNTS® very low densities of defects, for example, in (10,10) SWCNTs with either vacancies or carbon adatoms

. in the presence of an external transverse electric figld)(
vacancies or carbon adatoms, are pre¥&fiMoreover, the . . O .
. . . . The impurity states originated from tlwe ands-orbitals at
localized orbitals of carbon atoms are magnetically active

and are believed to be responsible for the observed magneyacanues produce multiple spin-dependent conductance dips

tism in carbon-based nanostructutés’ Because energy ar.:)# naEs. VY(:CEhOW tgat thg ednergy fo f thtgse 'Tt?]umi/ stattehs
dependent spin-polarized carriers in typical spintronics with respect td=r can be varied as a function ot the streng

devices (for example, spin valve systems) can change theand direction ofEey; resulting in tunable spin conductance.

magnetoresistance of the system qualitativéfy, these ~ Ca/bon adatoms either inside or outside the walls of
nanotubes also play a role similar to that of magnetic
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Figure 1. (a) Ball-and-stick model for (10,10) SWCNT with a 6DB defect. (b) Spin-unpolarized and (c) spin-polarized conductance of a
defective (10,10) SWCNT shown in (a) withobt. In all figures, the solid red (dotted blue) lines denotes the conductanegpspin
channel as a function of energy. The Fermi le\&)(is set to zero in all figures. The conductan&£E), in all figures is plotted in a unit

of go = €?/h. (d) Spin polarization of conductance shown in @{%) = 100 G, — Gg)/(G« + Gp) as a function of energy.

of the majority spin in conducting channelsktis shown (a)
to be reversed by experimentally achievable electric fields.
To study the spin-polarized conductance of defective
nanotubes in electric fields, we employ first-principles
calculations within the local spin density approximation
(LSDA).22 We introduce either carbon adatoms or vacancies
into metallic nanotubes and describe their atomic and T
electronic structures using norm-conserving pseudopotentials 05 0.0 05
with Kleinman—Bylander’s nonlocal projectofd.To avoid E(eV)
interdefect interaction, 600 carbon atoms for the (10,10)
nanotube in a supercell are considered and the wavefunctiorrigure 2. Spin-polarized conductance of (10,10) SWCNT with a
is expanded with a singlé-basis set2 which was shownto  6DB when (a)Eex = +0.1 and (b)-0.1 V/A, respectively. Insets
be acceptable for nanotube-related syst&hEhe atomic in (a) and (b) show the cross section of the nanotube (solid circle),

structures with electric fields are fully relaxed until the forces Y26anCY (green elipse) and applied transverse electric fields (dotted
arrows). The direction is positive when arrows point to the vacancy

on each of the atoms is less than 60 pN. A periodic saw- gjqe. (c) The conductance differenceat AGr = Gy(E = Ef) —
tooth type potential perpendicular to the direction of the tube Gy(E = Ef) (left ordinate) and total conductance B, G =
axis is used to simulate the appli€gy: in a supercell. By Go(E = Ef) + Gy(E = Eg) (right ordinate) of the (10,10) SWCNT
calculating the spin-polarized scattering-state wavefunctionsShown in Figure 1a as a function &tx (abscissa).
around the defects, we obtain the quantum mechanical
probability for a spin-polarized electron neag to transmit dip at 0.53 eV belowEr where all incoming states are
through the defect.?? reflected due to a resonant scattering by impurity states from
In two-probe measurements with ideal contacts to metallic the s-orbitals of the edge atoms at the 6DB (Figure 1b).
leads, a (10,10) SWCNT has four conducting channels Upon inclusion of the spin degree of freedom within the
aroundEr including the spin degeneracy. This system should LSDA, all quasibound states are split into two spin channels
have an electrical conductance of 1%8075 Q1,34 which and the conductance of each spin channel changes accord-
is four times the unit of quantum conductance without ingly (Figure 1c). We will call one spin orientation arspin
spin degeneracygf = €¢/h = 3.9 x 10°° Q71).26 In clean and the other #-spin and shall defer the discussion of weak
(10,10) SWCNT with an applied electric field, the band spin—orbit interactions to later. The total magnetic moment
dispersion atEg is slightly modified nearEg, but the in this system is 3.04g whereug is the Bohr magneton.
conductance does not change as there is no change in th&here is a broad conductance dip belBwfor each of the
number of conducting channets?” In contrast to the clean  spin channels, showing complete backscatteringxfoand
case, we expect large variations of spin conductances ing-spin electrons, respectively. Hence, there are perfect spin-
defective nanotubes. polarized channels for the- and 5-spin at 0.45 and 0.56
First, we study the spin-polarized conductance in a eV belowEg, respectively, as shown by the spin polarization
(10,10) SWCNT with a single large vacancy that is created of the conductance?) as a function of energy in Figure 1d.
by removing six carbons forming a hexagon (Figure 1a). This The conductance difference for and 5-spin channels at
vacancy has six dangling bonds (DBs) and will be referred Er (AGg shown in Figure 2c) is 0.0§ only. With an applied
to as a 6DB hereafter. Without considering the spin degree electric field as discussed next, however, the magnitude of
of freedom, there are multiple narrow conductance dips AGg increase significantly.
aroundEr originated from resonant scatterings by quasibound In the presence of transverse electric fields, the screened
states from unsaturatedorbitals at the vacancyin addition electrostatic potential near the 6DB is altered so that the
to the narrow conductance dips, there is a broad conductancesnergy of the quasibound states originating from the 6DB

.02 00 02
Egyx (VIA)

Nano Lett, Vol. 7, No. 11, 2007 3519



(a) (b)
S S
m) m)
(O] 0]
0 1 1 1 0 1 1 1
10 05 00 05 10 10 05 00 05 1.0
E(eV) E(eV)

Figure 3. Calculated spin-polarized conductance of (10,10) SWCNT with (a) 3DB and (b) 5-1DB vacancy respectively. Insets display

ball-and-stick models for each configuration.
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Figure 4. A ball-and-stick model for (a) a single carbon adatom outside (10,10) SWCNT and (b) a single carbon adatom passivated by a
hydrogen inside (10,10) SWCNT. The upper (lower) figure in (a) and (b) show the cross sectional (top) view. From top to bottom panels
in (c) and (d), the transmission spectra of the up (down)-spin channel of the defective (10,10) SWCNT shown in (a) and (b), respectively,
whereEg, = —0.2, 0.0, and 0.2 V/A, respectively. The direction of the electric field follows the same convention shown in Figure 2. (e)
The conductance differencAGg) at Er (left ordinate) and total conductanc@'{s) at Er (right ordinate) of the (10,10) SWCNT with a

carbon adatom passivated by a hydrogen (shown in b) as a functigg. ¢abscissa).

can be varied as a function of electric fiéldThe corre- atomic structure such as coalescence and reconstrdéfidn,
sponding resonant backscattering, spin conductancés at which will change the magnetic moments of the vacancy
and the total magnetic moments are also anticipated to changelefects and alter the spin conductance significantly. We find
in electric fields. Wherke,: > O (electric field points toward  that upon adsorption of six hydrogens to each DB at the 6DB,
the defect side, see inset in Figure 2a), the potential at thethe magnetic moment of the 6DB disappears completely and
vacancy side is raised so that the corresponding energies fono spin dependent conductance occurs (not shown here).
the quasibound states are increased irrespective of their spirEven without hydrogen adsorption, the reconstruction of
orientation (Figure 2a). Similarly, witBex < O, the energies  vacancies results in a huge variation of spin conductance.
of the quasibound states originated from the 6DB are For example, when a single carbon atom is removed, there
decreased as the strength of the electric field is increasedare three DBs making a vacancy defect that is denoted as a
The resulting variations of conductance for each spin 3DB (inset in Figure 3a). As shown in previous studies,
orientation atEr are summarized in Figure 2c. The total we find that a 3DB is a metastable vacancy defect that can
conductance akEr is monotonically decreased when the be stabilized by reconstructions. The magnetic moment of
electric field is changed from-0.2 to 0.2 V/A. Notably, it 1.28 ug for an unconstructed 3DB disappears when it
is shown that the orientation of the majority spin in the transforms to a vacancy having one pentagon and one
conducting channels &: can be switched frora- to -spin dangling bond (5-1DB3}8 This is displayed in the inset of

at Eexy = —0.06 V/A whenE is swept from 0 to-0.2 V/A. Figure 3b. The corresponding spin-dependent conductance
The magnetic moments of the system are also varied fromis expected to be changed accordingly. In a (10,10) SWCNT
3.04up without electric field tom = 3.28 and 2.9%g when with a 3DB, there are multiple spin-dependent conductance
the field is 0.1 and-0.1 V/A, respectively. dips that originate from resonant scattering due to either

DBs at vacancies can be saturated by hydrogen atoms (oruasi-localized defect states of unsaturated threebitals
by other foreign atoms} These can also induce changes of (narrow dips) or fromz-orbitals (wide dips). When consider-
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ing the reconstruction from a 3DB to a 5-1DB, the temperature, however, strongly depends on the characteristics

conductance afi-spin electrons is identical to that ffspins, of a system, for example, size of magnetic impurity, coupling
that is, no spin-polarized conductance occurs, as shown instrength, and diameter of tubes, and there are many open
Figure 3b. questions regarding this problefhWe believe that the

Next, we find that a single carbon adatom either outside quasilocalized nature of the spin-polarized impurities con-
or inside a (10,10) SWCNT (shown in Figure 4a,b) also Sidered here and the possible increase of the diameter of
induces spin-dependent impurity states that can reflect SWCNTSs will suppress the Kondo temperature sufficiefftly.
incoming electrons depending on their spin orientations. As  In summary, from a series of ab initio calculations, we
found in previous studie$without an electric field a single ~ find that spin-polarized conductances can occur when DBs
carbon adatom outside the (10,10) SWCNT has a magneticat vacancies are exposed to vacuum and when carbon atoms
moment of 0.27us. The magnetic moment in the system are adsorbed on the walls of (10,10) SWCNTSs. The spin
decreases (increases) to 0.13 (0 3\ith e = £0.2 V/A. orientation of the majority channel &t can be switched to
The conductance difference between the two spin channelsthe opposite one by aBe in (10,10) SWCNTs with the
is negligible atEr as shown in the middle panel of Figure 6DB or for the hydrogen-passivated carbon adatom config-
4c. The applied electric field can move conductance dips, uration.
but there are no appreciable changes of spin conductance at
Er as shown in the upper and lower panels in Figure 4c.
Moreover, upon inclusion of hydrogen to the adatom outside
the wall of tube the magnetic moment becomes zero and no
spin-dependent conductance occurs (not shown here). A
hydrogen-passivated carbon atom inside a (10,10) SWENT
drawn in Figure 4b, however, shows a finite magnetic
moment of 1.48 without an electric field.
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