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OUTLINE

® Electfrons, chirality and fransport
@® Adiabatic guantum pumping
® Non-adiabatic ratchets

® Flogquet theory

® Pumping response

® Rectification, pumping - tfransmission
correspondence, semiclassical limit

® Conclusions



ELECTRONS IN GRAPHENE
k’2

® 2D electrongas H = :
m*

@® \elocity increases with &

® Graphene H =vrk- o
® Eigenstates are chiral

® Velocity is k-independent




CHIRALITY AND TRANSPORT

® Chirality fends tfo delocalize electrons

®» Weak antilocalization
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X. Wu, X. Li, Z. Song, C. Berger and W. A. de Heer, Phys. Rev. Lett. 98 136801 (2007)



CHIRALITY AND TRANSPORT

® Chirality tends to delocalize electrons

90°

® Klein paradox l
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M. Katsnelson,K. Novoselov and A. Geim. Nature Physics 2 620--625 (2006)



CHIRALITY AND TRANSPORT

® Chirality tends to delocalize electrons
Graphene

Metal  Graphene  Metal Metal  2DEG  Metal
Open system Closed system



CHIRALITY AND TRANSPORT

® Chirality tends to delocalize electrons

Graphene Metal




LJUANTUM PUMPING

® How does chirality impact the response
of electrons under local driving”?

Spﬁ\ﬁg Frequency w
E; Amplitude U

EM =

e -

A guantum pump



PUMPING REGIMES

® Adiabatic limit w<U EpL
® Weak driving UL EpL
® Strong driving U> B

® Non-adiabdaftic limit | U <« w
® Weak driving [l < B

® Strong driving [ E,



ADIABATIC PUMPING

® Geometric formulafion of pumping

Brouwer’s formula
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P. Brouwer, Phys. Rev. B 58, 10135(R) (1998)



ADIABATIC PUMPING

® Minimal sefup: two parameter pumping
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ADIABATIC PUMPING

® Adiabatic pumping response —oi2r
i m (U/EL)* Np
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Graphene (highly doped leads)

Normal conductor (highly doped leads)
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® Chirality enables pumping of
evanescent modes close 1o g=0

E. Prada, P. San-Jose and H. Schomerus, Phys. Rev. B 80, 245414 (2009).



ADIABATIC PUMPING

® Total response: summing over modes
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NON-ADIABATIC PUMPING

® Minimal pumping requirements:

single parametfer driving + left-right asymmefry

P 4

Minimal non-adiabatic pum_p

S. Kohler, J. Lehmann and P. Hanggi, Physics Reports 406 379 - 443 (2005)



NON-ADIABATIC PUMPING

® Minimal pumping requirements:

single parametfer driving + left-right asymmefry

P 4

Quantum ratchet

S. Kohler, J. Lehmann and P. Hanggi, Physics Reports 406 379 - 443 (2005)



NON-ADIABATIC PUMPING

® Minimal pumping requirements:

single parametfer driving + left-right asymmefry

=

P 4

R — T——

Quantum raftchet Repeated ratchet units

S. Kohler, J. Lehmann and P. Hanggi, Physics Reports 406 379 - 443 (2005)



NON-ADIABATIC PUMPING

® Minimal pumping requirements:

single parametfer driving + left-right asymmefry

Quantum raftchet Repeo’red ratchet units

S. Kohler, J. Lehmann and P. Hanggi, Physics Reports 406 379 - 443 (2005)



FLOQUET THEORY

® Floquet theory: furns a periodic, time
dependent problem into a static one

® In the stationary limit, the propagators
IN The driven system obey
Gt =G+ 1.t .+ 1

® One can write the time-averaged
oumped current in tferms of
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S. Kohler, J. Lehmann and P. Hanggi, Physics Reports 406 379 - 443 (2005)



FLOQUET THEORY

@® A propagator among coupled sidelbands

e (H<0> - nhw) n)(n| + % > U(@) (In+ 1){n| + |n)(n +1|)
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FLOQUET THEORY

® [he Time-averaged pumpeda current Is:

) (o [0 -0 0N

nN=—oo

where the Floguet fransmissions are

T, — Ty(e + nkw)T; ()]G (6) 2

L] i—j



FLOQUET THEORY

® [he Time-averaged pumpeda current Is:

Z [ de 182000 - T8 1(0)] 10

where the Floguet fransmissions are

T, — Ty(e + nkw)T; ()]G (6) 2
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® At zero tfemperature

n n e
E = Z {TélR T;%lL(EF)} = - AT(EF)

nN=——oo



TRANSMISSION IMBALANCE
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RESULTS

Graphene
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RESULTS

® Purely evanescent pumping response
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® Directed current! (always left-to-right)

® Relation to the static fransmission?



DIRECTED CURRENT

® Evanescent modes are pumped only in

one direction
1rr>0
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DIRECTED CURRENT

® Evanescent modes are pumped only in
one direction

1rr>0
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PUMPING CORRESPONDENCE

® Pumping-transmission correspondence

AT(e) = p[T(e + w) + T(e — hw)] + O (|e?*=L|)
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SEMICLASSICAL LIMIT

® Semiclassical limit in graphene (dotted)

ATH(0) = Qp\/l - (w > Ef) ~ 1 7

hw
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TOTAL PUMPED CURRENT

® Chirality-enhanced evanescent pumping
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TOTAL PUMPED CURRENT



TOTAL PUMPED CURRENT
® Weak driving limit: I =1yo (Er/hw)
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TOTAL PUMPED CURRENT
® Weak driving limit: I = Iyo (Er/hw)
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® Semiclassical approximation
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TOTAL PUMPED CURRENT
® Weak driving limit: I =1yo (Er/hw)
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® Semiclassical approximation
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® Graphene/2DEG efficiency ratio
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CONCLUSIONS
® Chirality opens W/L evanescent modes in
graphene (minimal conductivity)
® They also respond to adiabatic pumping
® Chirality opens all propagating modes

® Non-adiabafic driving pumps any
evanescent mode that can be excited to
propagdating.

@ Resulting current is directed (driven in the
direction dictafted by spatial asymmeitry)



