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• Local gate control of 
electronic transport in 
nanotubes

• Probing and controlling 
quantum effects

• Spin in a quantum dot as 
quantum bit?

• Long spin dephasing 
times in nanotubes?

D. Loss and D. P. DiVincenzo Phys. Rev. A 57, 120-126 (1998) 

MotivationMotivation

Carbon Nanotube Double DotsCarbon Nanotube Double Dots



Charge Stability DiagramCharge Stability DiagramCharge Stability Diagram

van der Wiel et al. Rev. Mod. Phys. 75 (2003)
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add tunnel couplingadd tunnel couplingadd tunnel coupling
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more datamore datamore data mapping of molecular statesmapping of molecular statesmapping of molecular states
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Carbon Nanotube DevicesCarbon Nanotube Devices

2Δ

2Δ/ 2
2Δ/ 3
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1. Multi-wall carbon nanotubes as quantum dots
M. R. Buitelaar, A. Bachtold, T. Nussbaumer, M. Iqbal and C.S., 
Phys. Rev. Lett. 88, 156801 (2002).

2. A quantum dot in the Kondo regime coupled to superconductors, 
M. R. Buitelaar, T. Nussbaumer, and C. Schönenberger, 
Phys. Rev. Lett. 89(25):256801 (2002).

3. Multiple Andreev Reflections in a Carbon Nanotube Quantum Dot,
M. R. Buitelaar, W. Belzig, T. Nussbaumer, B. Babić, B. Bruder, and C.S., 
Phys. Rev. Lett. 91:057005 (2003).

Belzig et al.

Carbon Nanotube Hybrid DotsCarbon Nanotube Hybrid Dots

Phys. Rev. Lett. 89, 256801 (2002) 

Energy scale : ~ ΔEnergy scale : 
~ kb TK

Kondo effect   &   Superconductivity

2Δ

A A crosscross--overover at at kkBBTTKK~~ΔΔ

Solid-State Communications 131, 625 (2004)

Carbon Nanotube DevicesCarbon Nanotube Devices Carbon Nanotube DevicesCarbon Nanotube Devices

Carbon Nanotubes are great
because novel quantum devices
(hybrid devices) can be realized



Motivation for FMotivation for F--CNTCNT--F F 

Realization of spin FETs.

Manipulation of spins for quantum computing.

• Tunability of electronic transport (weak screening).

• Importance of quantum coherence and interference

Spin dependent transport in nanostructures

Spin vs Charge in low dimensional conductors

• Importance of electron-electron interactions

Effect of size quantization on spin transport ?

MultiMulti--Wall Carbon NanotubesWall Carbon Nanotubes

Laszlo Forró EPFL
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VSD

Hc1 < Hc2

Introduction: Spin Valve EffectIntroduction: Spin Valve Effect
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No gate !

Positive TMR ~5%

K. Tsukagoshi et al., Nature, 401, 572 (1999)

No gate !

Negative TMR ~ -30%

B. Zhao et al., J. Appl. Phys. , 91, 7026 (2002)
Co contacts

Normal as well as anomalous TMR...?

Previous workPrevious work

Spin valve geometry (2 terminal)

Injection and detection of spins with
ferromagnetic electrodes.

Study as a function of VSD and VG.

VSD

VG

Spin Injection in NTsSpin Injection in NTs

Gate

S. Sahoo, T. Kontos, J. Furer, C. Hoffmann, M. Gräber, A. Cottet and CS, Nature Physics 1, 99  (2005)
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quantum interference and chargingquantum interference and charging

Fabry-Perot in SWNTs Quantum dot in MWNTs

E=hvF/2L 1.67 meV/μm

Energy dependent transmission in NTs…
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Nanotubes as quantum dotsNanotubes as quantum dots Nanotubes as quantum dotsNanotubes as quantum dots
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SpinFET behavior because E0 controlled by gate.

Spin dependent barrier

Discrete level

S. Sahoo, T. Kontos, J. Furer, C. Hoffmann, M. Gräber, A. Cottet and CS, Nature Physics 1, 99  (2005)
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Description of spin injectionDescription of spin injection
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A. Cottet, T. Kontos, W. Belzig, C.S and C. Bruder, Eur. Phys. Lett. 74, 320 (2006)

Ballistic channel with FBallistic channel with F--leadsleads

Scattering description with parameters:

)/) (( W
F

W
Fg

W
F vEVekL h−+= κδ0 Phase acquired by carriers along w at B=0

)/()( )()()()()(
↓↑↓↑ +−= RLRLRLRLRL TTTTP/2)( L(R)L(R)L(R)

↓↑ += TTT

WW
,L(R)σϕ 0≠−=Δ ↓↑

WW
,L(R)

WW
,L(R)L(R) ϕϕϕ SDIPS parameters

Wg CC /=κ

Assumptions :

W
FBg EBgVe <<μκ , 

interactions neglected
single channel wire

lead R

V

lead L L

wire w

Vg

p1
gC

θ
pR

pLB

A. Cottet, T. Kontos, W. Belzig, C.S and C. Bruder, Eur. Phys. Lett. 74, 320 (2006)

Bound states are spinBound states are spin--dependentdependent

pL pRσ,e
σ,e

Resonance condition for θ=0 [θ= π] :
WW

R
WW

L ,][,0 σσ ϕϕδ −++2 ∈= jπj  ,2 Ζ

tunneling limit

( ) 2
21

2,
21,

)(4
4

2121

21
21

mmmm

mm
mmT

σσσ

σσ
σ

ε Γ+Γ+
ΓΓ=

( )22110
, )(:21 mPmPVg
mm ++= κσεεσ

2
21

2
21,

)(4
4

21

21
21

mm

mm
mmT

σσ

σσ
σ ε Γ+Γ+

ΓΓ= (no SDIPS)

extended model allows for asymmetric TMRextended model allows for asymmetric TMR

0.05)(, =↑
WW

RLϕ

0)(, =↑
WW

RLϕ

0.05,T  0.5,T RL ==

0)(, =↓
WW

RLϕ0.3,PL(R) =

weak SDIPS
-1 0

-0.05

0.00

0.05

  M
R

δ0 / π 

 

-1.0 -0.5 0.0
0.0

0.5

 

δ0 / π
G

/G
Q 

 

 

 

GP GAPGPGAP

 

 

 

pL pRσ,e
σ,e

Resonance condition for θ=0 [θ= π] :
WW

R
WW

L ,][,0 σσ ϕϕδ −++2 ∈= jπj  ,2 Ζ

A. Cottet, T. Kontos, W. Belzig, C.S and C. Bruder, Eur. Phys. Lett. 74, 320 (2006)



an actual device (MWNT)an actual device (MWNT)
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Transparent contacts using a new contacting scheme with Pd0.3Ni0.7

Spin signal for a SWNTSpin signal for a SWNT--devicedevice
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Comparison G and TMR vs GateComparison G and TMR vs Gate

S. Sahoo, T. Kontos, J. Furer, C. Hoffmann M. Gräber, A. Cottet and C.S., Nature Phys., 2, 99 (2005)

• Oscillations of TMR between -8% and +17%.

• Spin dependent resonant tunneling mechanism.

meVEE 26.0=− ↓↑

Asymmetry in TMR

• Direct measurement of spin imbalance ~ 2.2 T.
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„„universialuniversial““, also seen in MWNTs, also seen in MWNTs
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Problems...artefacts...?Problems...artefacts...?

1. stray field
2. magneto-Coulomb effect
3. magnetostrictive effects very locally on the contacts

1. magnetic stray-field may change R via some 
„background“ MR of CNT (other than spin-valve)

have a look at background

TMR=2(RAP-RP)/(RP+RAP)

Hysteresis with TMR ~ +3%

Sharp switching for ~ 100mT

Sharper switching for ~ 0mT for perpendicular H

H parallel to leads axis
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very short channel

some non-trivial gate-effect,
but not (yet) periodic

Comment by van Wees et al.Comment by van Wees et al.

• no gate
• all contacts ferro (rather than N-F-F-N)
• contact transparency may be critical

ConclusionConclusion
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• Spin FET-like behavior in spin valves with nanotubes due to quantum dot behavior

• Spin injection in carbon nanotubes TMR ~10% (SWNTs)

• Can one make effective spin FETs ?

• Direct control of spin possible ?

Importance of spin dependent quantum interference

• Effect of e-e interactions ?
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