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Current-induced conformational switching @
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Euler buckling instability

Paradigm of (continuous) mechanical instability:
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= Elastic rod buckles when compression exceeds critical force F..



Euler buckling instability




Euler buckling instability

Nanomechanical instabilities: | |
mechanical bending

electrostatic deflection of CNT wrinkling by compression of SiO2 nanobeam
[de Heer group, Nature ’99] [Falvo et al., Nature ’97] [Carr, Wybourne, APL '03]




Euler buckling instability

Nanomechanical instabilities: | |
mechanical bending

electrostatic deflection of CNT wrinkling by compression of SiO2 nanobeam
[de Heer group, Nature '99]

[Falvo et al., Nature ’97] [Carr,Wybourne, APL ’03]

Euler instability in nanoelectromechanical systems?

st I r Question:
i T~—m interplay between mechanical & electronic degrees of
‘Fe freedom

‘ » how Euler instability affects transport characteristics!?
» how current flow affects back Euler instability?

e.g.. e nanobeam Motivation:
» carbon nanotube strong electromechanical coupling close to instability



Euler buckling instability %

work done by
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Euler buckling instability

work done by
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= FEuler instability
= "critical slowing down"




Euler buckling instability %

Template for Landau theory of continuous phase transitions:
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Euler buckling instability %

Template for Landau theory of continuous phase transitions:
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Electromechanical coupling @

Capacitive coupling Intrinsic coupling
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n = 0,1: stochastic fluctuations of charge on the dot



Electromechanical coupling

Capacitive coupling Intrinsic coupling
source drain £
- e ™" - . /\ *
‘Fe S -
gate
Ve
(HC = FeXﬁ) F>0 (H = gXQﬁJ g>0
n = 0,1: stochastic fluctuations of charge on the dot

capacitive coupling intrinsic coupling

» more easily realized experimentally
molecular [)» more pronounced effect on

quantum dot Coulomb blockade
[GW et al., arXiv:1010.0800]

p consistent w/ symmetry of

metallic pristine Euler instability
quantum dot » more pronounced effect on Euler
[GW et al., Phys.Rev. B '10]
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Capacitive coupling Intrinsic coupling
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n = 0,1: stochastic fluctuations of charge on the dot

intrinsic coupling

» consistent w/ symmetry of

metallic pristine Euler instability
quantum dot » more pronounced effect on Euler
[GW et al., Phys.Rev. B '10]




Langevin dynamics

» near instability, resonator much slower than electrons (|w| < T)

m» asymptotically exact solution

» vibrational dynamics effectively “frozen” during two subsequent tunneling events
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Non-equilibrium Born-Oppenheimer approximation:
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» next-to-leading order: fluctuations of current-induced force & corresponding dissipation

= |eads to Langevin dynamics

Feg(X) = —0x Hyip + Fei(X)

[mX + nX) g _ Fog(X) + 0F (X, t)J

m (0F. (X, t)0F.(X,t)) = D(X)d(t —t')




Langevin dynamics

» near instability, resonator much slower than electrons (|w| < T)

m» asymptotically exact solution

» vibrational dynamics effectively “frozen” during two subsequent tunneling events

Non-equilibrium Born-Oppenheimer approximation:
(similar to Blanter et al.,, PRL 04 & Mozyrsky et al., PRB '06)

» to leading order: current-induced conservative force acting on vibrational mode

[Fc_i(X):—(FeJrgX)(ﬁ)X] HC:(FeXJr%XQ)ﬁ
)

average occupation of the dot for fixed X

» next-to-leading order: fluctuations of current-induced force & corresponding dissipation

= |eads to Langevin dynamics

Feg(X) = —0x Hyip + Fei(X)

[mX + nX) g _ Fog(X) + 0F (X, t)J

m (0F. (X, t)0F.(X,t)) = D(X)d(t —t')

= Fokker-Planck description
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Fokker-Planck description
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sequential tunneling (Al' < kgT)-”



Fokker-Planck description

2 2
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classical vibrations (hlw| < kpT')
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Fokker-Planck description
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classical vibrations (h|w| < kpT')
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Classical current blockade %

source drain F

- T~ _—T m effective gate voltage:
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( ”J V(X)=V, — F.X

addition of a single electron, An =1
» displacement AX = F,/mw?

» effective shift of gate voltage AV, = F2/mw?
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source drain F
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H.=F.Xn
( ”J V(X)=V, — F.X

addition of a single electron, An =1
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classical current blockade
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Classical current blockade %

source drain F

- T~ _—T m effective gate voltage:
H.=F.Xn
( ”J V(X)=V, — F.X

addition of a single electron, An =1

» displacement AX = F,/mw?

» effective shift of gate voltage AV, = F2/mw?

» current blockade for V < AV

AV(F =0)= F?/mw® ~3—5 pueV

classical current blockade
[Pistolesi, Labarthe, PRB '07]

(AV(F — F,) = F? /mw® — oo)

quantum analog:

diverges at the Euler instability! Franck-Condon blockade
[Koch, von Oppen, PRL '05]

[Leturcq et al., Nature Phys. '09]



Enhanced current blockade
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Enhanced current blockade

e gap increases sharply near F,

e increase limited by anharmonic term

e relative increase stronger for
weaker electromechanical coupling

1000

100 e Coulomb diamond shifts in gate voltage

e small shift below instability

e orders of magnitude larger shift
on buckled side
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Enhanced current blockade

e gap increases sharply near F,

e increase limited by anharmonic term

<
e relative increase stronger for
weaker electromechanical coupling
1000 ¢
100 | e Coulomb diamond shifts in gate voltage
10 o small shift below instability
) e orders of magnitude larger shift
on buckled side
01 L | - ' - '

-1 —09 0 0-5 L experiments on CNT:
F/F.—1 AV ~ 5meV




Thermal fluctuations
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* gap observable as long as 7" < gap
* scaling law

* tuning system near instability enlarges temperature region




Full Langevin dynamics
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"local" fluctuation-dissipation theorem

current blockade more pronouced for:
e low Q
* slow oscillator



Conclusion @

Nanoelectromechanical systems near mechanical instabilities:
» Euler instability as paradigm of mechanical instability

p "critical slowing down" makes problem inherently classical,
and allows for asymptotically exact solution

» capacitive coupling (molecular quantum dot):
strong enhancement of current blockade

[GWV, F. von Oppen, F. Pistolesi, submitted to Phys. Rev. B (arXiv:1010.0800)]

p intrinsic coupling (metallic quantum dot):
discontinuous Euler instability

[GWV, E. Pistolesi, E. Mariani, F. von Oppen, Phys. Rev.B 81, [21409(R) (2010)]



Discontinuous Euler instability @

effective gate voltage:

9 2.
i ~ e H.==X
) - ( 2 nJ Vg(X) = Vg _9X2/2

N-—

0.6 0.8 1



Discontinuous Euler instability




Discontinuous Euler instability
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Effect of offset charges %
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cf. symmetry-breaking field in Landau theory
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e gap increase suppressed by offset charges
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cf. symmetry-breaking field in Landau theory

1000 V(X ) —
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e gap increase suppressed by offset charges

experiments on CNT:
N <103-10%




