
Laser-induced quantum pumping in graphene

Pablo San-Jose,1 Elsa Prada,2 Henning Schomerus,3 and Sigmund Kohler2

1Instituto de Estructura de la Materia (IEM-CSIC), Serrano 123, 28006 Madrid, Spain
2Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049 Madrid, Spain
3Department of Physics, Lancaster University, Lancaster LA1 4YB, United Kingdom

(Received 19 June 2012; accepted 28 September 2012; published online 10 October 2012)

We investigate non-adiabatic electron pumping in graphene generated by laser irradiation with

linear polarization parallel or perpendicular to the transport direction. Transport is dominated by

the spatially asymmetric excitation of electrons from evanescent into propagating modes. For a

laser with parallel polarization, the pumping response exhibits a subharmonic resonant

enhancement which directly probes the Fermi energy; no such enhancement occurs for

perpendicular polarization. The resonance mechanism relies on the chirality of charge carriers in

graphene. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4758695]

The periodic modulation of a mesoscopic conductor

attached to electronic reservoirs can be used to induce a

transfer of electrons across the system, which produces a dc

current in absence of a bias voltage. Such quantum pumps
can be driven adiabatically slowly, provided that their work

cycle is oriented,1 which requires variation of at least two pa-

rameters. For faster, non-adiabatic driving, single-parameter

pumping is possible,2–4 which has been observed in a num-

ber of experiments.5–11

With the advent of graphene, it has been suggested to

exploit and probe the properties of this material both by adia-

batic12–16 and non-adiabatic pumping,17,18 with the driving

typically provided by applying ac electrostatic voltages. In

this work, by contrast, we consider driving graphene by line-

arly polarized laser irradiation,19,20 as is depicted in Fig. 1.

We show that this results in a sizable pumped current, which

moreover is resonantly enhanced when the polarization of

the electric field is parallel with the transport direction. The

resonance occurs at a photon energy equalling twice the

Fermi energy, and thus may be useful to characterize

the properties of a graphene sample. The polarization de-

pendence arises from a selection rule which directly probes

the chirality of the charge carriers in graphene.

We consider a graphene monolayer sheet of length 2L
and width W connected to two highly doped leads, as shown

in Fig. 1. In the absence of the laser irradiation, the potential

energy in the sheet is UBðxÞ ¼ 0, while in the leads

UBðxÞ � 0; the potential energy is independent of the trans-

verse coordinate y. The low-energy excitations are then

described by the quasi one-dimensional Dirac Hamiltonian

H0 ¼ �hvFk � rþ UBðxÞ, where vF � 106 m=s denotes the

Fermi velocity of graphene. The components of r are the

Pauli matrices rx and ry, which act in a pseudo-spin space

that physically describes the amplitudes on the two inequiva-

lent sites of graphene’s honeycomb lattice. Because of the

term k � r in H0, the electronic states of graphene possess

chirality, which is responsible for many of its properties,21

including those that result in efficient pumping by ac

gating.12,17

The pumping is induced by laser irradiation focused on

a region of size L next to the left electrode, with linear polar-

ization along the unit vector n in the plane of the graphene

sheet. The associated oscillating electric field Eðx; tÞ ¼ E0

sinðxtÞaðxÞn is modeled by a piecewise constant laser spot

profile a(x) (the magnetic field in the graphene plane has a

negligible physical effect). To avoid complications arising

from a position-dependent scalar potential, we work with the

Weyl gauge in which the electric field is derived from a

time-dependent vector potential, Eðx; tÞ ¼ �@Aðx; tÞ=@t.
Using the minimal coupling �hk! �hk þ eA for the electron

charge �e, we obtain the time-dependent Dirac Hamiltonian

HðtÞ ¼ H0 þ aðxÞcosðxtÞUn; (1)

where the constant coupling operator is given by

Un ¼ evF
E0

x
n � r: (2)

It follows that the polarization direction n couples to the

pseudo-spin r and thus affects the quasiparticle chirality.

The pumped current can be obtained by Floquet scatter-

ing theory,22 which is valid as along as interactions can be

neglected. At low temperatures, the dc current is then given

by the generalized Landauer formula2,23

I ¼ 4e

h

ðEF

�1
d�DTð�Þ; (3)

where the factor 4 accounts for spin and valley degeneracy.

The central quantity is the net transmission imbalance

FIG. 1. Sketch of a graphene sheet of length 2L and width W connected to

two highly doped graphene leads. The left half of the sheet is driven periodi-

cally in time by laser irradiation of angular frequency x and amplitude E0.
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DTð�Þ ¼
P

n½T
ðnÞ
LR ð�Þ � T

ðnÞ
RL ð�Þ�, which involves the transmis-

sion coefficients T
ðnÞ
‘‘0
ð�Þ from lead ‘ ¼ L;R to lead ‘0 6¼ ‘,

where n labels sidebands reached by absorption or emission

of n photons (n < 0 corresponds to emission). The definition

of the transmission coefficients includes the summation over

the transverse wave number ky, which here is conserved, and

can be considered continuous for wide and short pumps

(W � L). The pumped current is non-zero since the specified

setup is asymmetric. In particular, as in the case of driving

by an ac gate voltage,12,17 carriers entering the driving region

from the left lead in evanescent modes can be promoted to

propagating modes, which allow them to reach the right

lead, while electrons arriving in evanescent modes from the

right lead practically never reach the driven region; the result

is net transport from left to right.

Before presenting quantitative results, we establish the

preferred pumping regime and the typical magnitude of the

pumped current. There are two relevant parameters. The first

is the effective driving strength,

p ¼ jUnj
2�hx

� �2

¼ evFE0

2�hx2

� �2

: (4)

Adjacent sidebands possess relative energy shifts �hx, and

are coupled by a “hopping” energy jUnj=2. The ratio of these

two quantities,
ffiffiffi
p
p

, equals the number of sidebands that get

populated in the scattering process,17 i.e., the average num-

ber of absorbed or emitted photons. For p� 1, only one-

photon processes play a practical role. Within the single-

sideband approximation DT is proportional to p, so that for

small p the ratio DT=p is independent of driving strength

jUnj.
The second relevant parameter is the ratio �hx=EL

between the photon energy and the ballistic Thouless energy

EL ¼ �hvF=L, i.e., the energy scale associated with the length

L of the driven region, with vF the Fermi energy. This scale

governs the formation of Fabry-Perot scattering resonances

(different from the polarization-dependent resonance to be

identified below), so that �hx=EL provides a measure for the

number of resonances within a window �hx. For �hx=EL � 1,

evanescent modes are densely spaced, which means that the

quantum pumping mechanism by these modes is maximally

efficient.17

We concentrate on the regime of universal and efficient

quantum pumping of W � L; p� 1, and EL � �hx. The

pumped current (3) then becomes independent of L, and the

response to the driving is proportional to the effective driv-

ing strength p, Eq. (4). Extracting this factor and the scales

of the energy and momentum integrals in the current for-

mula, we obtain a characteristic current

I0 ¼
e

h

evFE0

2x

� �2 W

�hvF
: (5)

A laser in the near infrared, with wavelength of

�850 nm, 1 mW output power, and 1 lm spot size, gives a

typical coupling energy jUnj ¼ 0:39 meV and a photon

energy �hx ¼ 1:45 eV. Hence, p � 1:8	 10�8 and

�hx=EL � 2200, such that the conditions for efficient pump-

ing are fulfilled. The characteristic current is then

I0 � 2:25 nA. For a far infrared laser with a wavelength of

50 lm, a power of 1 mW, and a spot size of 50 lm, we have

p � 8:6	 10�5 and �hx=EL � 1900, which results in the

much larger pumped current I0 � 156 nA.

The precise value of the pumped current can be obtained

from Eq. (3) by evaluating DTðky; �Þ using a wave matching

approach.17 The different incoming modes have well defined

transverse momentum �hky, and remain decoupled throughout

scattering, thanks to the position-independence of the Weyl

gauge. Each mode contributes to the current independently,

which therefore becomes an integral over ky, in addition to

the � integral. The resulting current as a function of the

Fermi energy (measured from the Dirac point without radia-

tion) is shown in Fig. 2. As a consequence of particle-hole

symmetry in the Dirac Hamiltonian, the pumped current is

antisymmetric in EF and vanishes at the Dirac point EF ¼ 0.

Far from the Dirac point, i.e., for strongly doped graphene

with jEFj > �hx, the current saturates at a value of the order

I0. Thus, Eq. (5) indeed generally reflects the magnitude of

the achievable pumped current. For a laser polarized in trans-

port direction x, however, the pumped current displays a res-

onant feature at jEFj ¼ �hx=2, where I � I0. The singularity

is logarithmic and grows as the ratio �hx=EL is increased.

Circular polarization (not shown) produces a very similar

resonant response. In contrast, for transverse polarization

(along y), we witness only a small hump, while driving by an

ac gate voltage does not display any resonant features.17

This enhancement of the pumped current for x polariza-

tion arises from a resonant coupling between the pseudo-spin

states at EF ¼ 6�hx=2. This is revealed by inspecting the

transmission imbalance DTð�; kyÞ, presented in Fig. 3. A sub-

stantial pumping response is obtained in a diamond-shaped

area, whose borders are defined by the transverse momenta

at which modes in the sidebands n ¼ 0;61 turn from propa-

gating to evanescent. This delineates the evanescent-mode

pumping mechanism, which also dominates the response to

an ac gate voltage.12,17 Notably, however, for laser driving a

strong pumping response also arises from the sub-harmonic

resonances at energies � � 6�hx=2. These resonances extend

into the range of propagating incoming electrons with

�hvFky < �. In the case of x-polarization, the resonance

evolves into a singular peak around the tips of the evanescent

diamond, at vFky ¼ x=2.

FIG. 2. Total current driven across a wide and short graphene pump, as a

function of Fermi energy (measured from the Dirac point in the static sheet)

for various driving mechanisms as indicated in the legend.
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This additional feature in the pumping response, which

is absent for driving by ac gate voltages, reveals a fundamen-

tal feature of the coupling of laser fields to the chiral charge

carriers in graphene. When the field polarisation n is orthog-

onal to the pseudospin of both the incoming (r) and the scat-

tered (r0) carriers, photon absorption or emission becomes

very efficient, since the scattering rate is proportional to

P ¼ jhr0jr � njrij2, which is then maximal (P¼ 1). Denoting

eigenstates of H0 by their wave vector k and band index

s ¼ 61 (pseudo spin r ¼ sk=jkj, energy � ¼ vFjkj), the con-

dition P¼ 1 for resonant absorption/emission of a photon

with energy �hx is satisfied if sk ¼ �s0k0. Since ky is con-

served and j�� �0j ¼ �hx, this reduces to n ¼ x̂; vFk ¼
ð0;x=2Þ and s ¼ �s0, which is manifested as a large pump-

ing response at j�j � �hvFky � �hx=2 (see Fig. 3, left panel).

The response around this point has a constant positive (nega-

tive) sign for j�j below (above) �hx=2 and thus builds up to a

large peak in the total current. In contrast, for y polarization

the response around � ¼ 6�hx=2 oscillates as a function of

ky, which leads to a cancellation of different modes and a

small overall contribution to the total pumped current.

In summary, driving graphene by laser irradiation can

lead to a sizable pumped current, which furthermore is reso-

nantly enhanced when the polarization is parallel to the

transport direction. For lasers in the near infrared range, typi-

cal currents are of order I0 ¼ 1 nA, while the resonant condi-

tion jEFj ¼ �hx=2 corresponds to a relatively high doping,

which may require chemical functionalization or liquid elec-

trodes. Moreover, lasers with longer wavelength may be

employed to lower the resonant condition to a much more

accessible range of dopings (jEFj � 12 meV), while at the

same time increasing I0 and suppressing possible inelastic

effects due to electron-phonon interactions. However, this

assumes that the laser spot size L remains below the mean

free path in the flake, which becomes challenging for longer

wavelengths.
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FIG. 3. Normalized net transmission

DT=p, with p� 1 and �hx=EL ¼ 50, for

laser-driven graphene with polarization

in x (longitudinal) and y (transverse)

directions. The transverse momentum is

measured in units of kx 
 �hx=vF. The

color scale (top bar) corresponds to posi-

tive current (left to right) in red, and

negative in blue.
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