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Metallic vs. semiconducting behaviour

n—m=31, (1= integer)
The wrapping vector R= (n,m) on the
circumference of the nanotube) determi
e.g.: n=m ‘armchair’,
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Self-consistency to 11
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( Unrestricted model: €, = g, +



e.g: Ei= -5, g, =-3.5,
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Further improvements and generalizations

*Broadening (Lorentzian)
D( E)=[I'/(2n)] / [(E-g)? +(I'/2)?]

*Non-equilibrium GF (NEGF)
GE)=(E1-H-X,-X))!

I =12 ,-X,")

1= (2¢/h) JdE 77 [T, G T, G* ][f(E, p,) - f(E.uy)]
N=Tr(p)

p=(1/n) |dE [f(E, u,) GI',G* + f(E,n,)GT,G*]
Zi — Vi gelectrod(i) Vi+



Kinetic equation
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Strong vs. weak confinement

Nygard 2001



High transparency con

L =530 nm

L =220 nm
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Coulomb Blockade (Nygard 2000)
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The rules of thumb

E.=¢%/C ~e*/(gy e L) ~5 meV/L [um], (e=4 for SiO,)

AE = (dE/dk) (Ak/2) = h vy (n/2L) ~ 1 meV/L[um]
Note that E./AE ~ 5 1s L- independent

Even- odd shell filling
(Ec, E-+AE,E., E .+ AE, ....)

2.8 3.0 3.2 3.4
VE (V) Coben PRL 2002



Kondo effect
(1964)

p(T)~aT°>—blog(T)

e.g. Au+0.1% Fe

/T \T\ Resonant spin scattering Ty~a few K

. o at the Fermi energy
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resistance
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(a) As the temperature of a metal is lowered, its resist
some residual value (blue). However, in metals that c
impurities, such as cobalt-in-copper systems, the resis
temperatures due to the Kondo effect (red). (b) A syst
embedded between metal leads can be created artifici
dot device containing a controllable number of electro
confined in the dot 1s odd, then the conductance incre
low temperature (red). In contrast, the Kondo effect d
contains an even number of electrons and the total spi
conductance decreases with temperature (blue).




a initial state virtual state final state b density of states

energy

The Anderson model of a magnetic impurity assumes that it has just one electron level
with energy g, below the Fermi energy of the metal (red). This level is occupied by one
spin-up electron (blue). Adding another electron is prohibited by the Coulomb energy,
U, while it would cost at least |¢ | to remove the electron. Being a quantum particle, the
spin-up electron may tunnel out of the impurity site to briefly occupy a classically
forbidden ““virtual state” outside the impurity, and then be replaced by an electron from
the metal. This can effectively “flip” the spin of the impurity. (b) Many such events
combine to produce the Kondo effect, which leads to the appearance of an extra
resonance at the Fermi energy.
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Magnetization

Spin bottleneck magnetoresistance




Magnetization
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K.Tsukagoshi, B. Alphenaar,..
Nature’ 1999
GMR ca. 9%, MWCNT + Co




GMR =
=2P,P,/
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Spin-polarization reduces as: ~ €X|P) (-L/

For L= 250 nm, one fin




Experiments

B. Zhao et al., B. Zhao et al., A. Jensen, J. Nygard,...
Appl. Phys. Lett.’2002 J.Appl. Phys.’2002 World Scientific’2002
GMR 10% —30% GMR <0 GMR up to 100%
MWCNT + Co contacts MWCNT + Co contacts SWCNT + Fe contacts
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Methodol

H=) fijlo,i)(j.ol+) €iolo,i)iol,

i.j.o io
E, —H  Vic 0
Ve E,—HZ Ver |G, =1,
0 Vie  E,— HE

Gy=6% =(E, — HE — ZLs — Tro)

|
Hg = 2_ / dE GJ(fL,JFL,J + fR,cr FR,J)GIH
JT

o0
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— 0

where

E, — .
ru.’,.-:r — i(Etx,J — El,cr)’ Em’g - VC,mga,J Vga fa,a - (1 * exp|: k Tﬂmj|)
’ B

and a = L, R stand for left- and right-h
U1, =Eg£eV/2
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Minimal geometrical model of the

View of the (2,2)@(6,6) carbon nanotube sandwiched between two fce(l
of the contact region. What is shown consists of a few ferromagnetic ele
nanotube forming the so-called extended molecule. The other parts of th
shown) are infinite in all the directions.



G[e/h ], GMR
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The total conductance for the parallel (PA) and antiparallel (AP) alignments, as well as
the GMR vs. energy. The outer nanotube length equals that of the inner one (L, =L .,
= 41 carbon rings), the Fermi energy 1s equal to £, = 0. Left panel: there are no inter-
wall interactions (¢,,=0). Middle and right panels: the inter-wall interactions are
included.



Gl /h ], GMR
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Unlike in the previous figure, here the inner tube 1s out of contact to the right
electrode. A drastic drop in the conductance (at £), accompanied by a positive GMR,

takes place. No inter-wall interactions (left panel), and

right panels, respectively).
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The present approach may be regarded as a reference for further
generalizations. The diameters and the number of walls forming the
MWCNT may be easily increased and the respective stable positions
of the interface atoms can be readily determined by a simple
relaxation procedure involving just a few variation parameters

(displacements and rotations). O
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unrelaxed interface relaxed under the van der Waals potential



More realistic parameteri
[S. Roche et al., (2001) |

tinter-wall (19.]) . '(t/ 8) Cos(eij) CXp

0 angle between the & orbitals
d relative distance
5=0.45A

a=334A




@[ez/h ], GMR

P=50% , L=40, 33@88 (full contacted), solid curve: 6-dependent t_ P=50% , L=41, 33@88 (full contacted), solid curve: 6-dependent t
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CONCLUSIONS

. Toy model (Datta) captures essential physics

. Depending on the interface (increasing contact
transparencies): Coulomb, Kondo and ballistic regimes

. GMR:

CNT-length dependent (on- vs. off-resonance devices),
strongly enhanced 1f interfaces are spin-selective,

critically dependent on weather or not the mner tubes of the
MWCNTs are contacted to the electrodes,
non-monotonicly dependent on the inter-wall coupling
strength.
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