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Graphene and its unique properties

Graphene structure .. Science 306, 666 (2004)
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Quantum pumping in mesoscopic systems

Quantum Pumping
(How to generate a current at zero bias)

A dc current is usually associated to a dissipative flow of the electrons in
response to an applied bias voltage. However, in systems of mesoscopic
scale a dc current can be generated even at zero bias. This captivating
guantum coherent effect is called quantum pumping.

Quantum Pumping allows exploring fundamental issues regarding the role
of different symmetries in transport.

A Quantum Pump may provide novel ways of reducing the dissipation of
energy as wasteful heat, define a better current standard closing the
metrological triangle, or even be used for quantum computing.
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Quantum pumping in mesoscopic systems

Classical Pumping Quantum Pumping

Pumping of electrons by a

Archimedes . L '
moving periodic potential

Vix)=V(x+a) V(xt)=V(x—uvt)

1%

Quantized charge pumping

p = IpT = (nev) (%) = eN

D. J. Thouless, Phys. Rev. B 27, 6083 (1983)



Quantum pumping in mesoscopic systems

Scattering approach to Quantum pumping

Scaftering Mafrix

(n)=()

S depends on parameters
Xq and Xo

Emissivity: charge emitted by dn,, 1 m S 3 o
confact m in response o a dX 2« 0X B

variaftion of the parameter X
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Buttiker et al., Z. Phys. B 94, 133, (1994)
Pumping parameters

5X,(6)= 8X,sin(w?) w
Al O

5X2( f) = 5X2 Sin(a)t— (b)



Quantum pumping in mesoscopic systems

Brouwer’s formula

Q?ne/XmdXQ Z Ha:.,fff =
/. )
acm,3
0S* 4 0S.. ,
with T, 5 = Im o, 7o,
7 { 0X1 0X, }

P. Brouwer, Phys. Rev. B 58, R10135 (1998)

Pumped current per cycle:

Weak pumping: 6.X; small such thaft I1,, 5 is constant during the
cycle

we sin ¢ 6X, 60X, ISs IS5




Quantum pumping in mesoscopic systems

Experimental realization

Quantized pumping with |  ACvotlage at .
Surface Acoustic Waves

e A running wave of mechanical deformation
creates a moving potential profile due to
piezoelectric properties of GaAs

J3

¢ |n the depleted region of a point contact
screening is reduced

e Periodic potential can capture and transfer
an integer number of electrons

— SAW ' contact

= 2NFPEC transducer s
\ = A f = speed of
— . sound in GaAs

V. |. Talyanskii, et al. Phys. Rev. B 56, 23 (1997)



Quantum pumping in mesoscopic systems

Pumping through an open quantum dot
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Proposed gquantum pumps in graphene

Pumping by two
sguare barriers

Highly doped leads
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Phys. Rev. B 80, 245414 (2009)
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Proposed quantum pumps in graphene
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Proposed gquantum pumps in graphene

Spin current pumping Electron pumping in
graphene mechanical resonators
—L/2 L/2
Vi(t)
B contact
o~ | Time varying deformation of graphene
2 S — modifies its electronic spectrum through
Bl ] the modulation of electrostatic doping
ol - I and in-plane strain
01 02 BO (T) 03 04 05
2 ]
= 1002— | Ij}k | . | ‘ —
B, (T) Y

Conductance <G> Charge per cycle Q¢

R. P. Tiwari and M. Blaauboer,
Appl. Phys. Lett. 97, 243112 (2010)  T. Low, et al. Nano Lett. 12, 850 (2012)



New features of the graphene quantum pump
Charge pumping by oscillating and vibrating thin barriers

Oscillating thin barriers

Ui(t) =Uj,0+ oUj cos(wt),
Ux(t) =Uz,0+ 5Us cos(wt + ),

Io = (w/2m)edU10U> sin @

A Uib(x—Xy) Upb(x—Xp)

1ot

Vibrating thin barriers T I_

X1(t)=X1,0+0X]cos(wt),
X2(t) = X200+ 6X2 cos(wt + ),

I = (w/27)e8 X 18X sing P10 _Z tm

B. Abdollahipour and R. Mohammadkhani,
J. Phys.: Condens. Matter 26, 085304 (2014)



New features of the graphene quantum pump

Oscillating thin barriers
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Oscillating thin barriers
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