Quantum ratchets reroute electrons

From Peter Hinggiand Peter Reimann in the
Department of Physics at the University of
Augsburg, Germany

Is it possible o extract energy from random
fluctuations and put it to use? This challen-
ging question has provoked discussion ever
since the early days of Brownian-motion
theory. For large-scale or macroscopic fluc-
tuations, the answer is “ves™ — the principle
is demonstrated in several mechanical and
electrical devices in everyday use, such as the
self-winding wristwatch. In this case, the
slightest movement of the wearer’s wrist
causes a metal weight attached to the wind-
ing mechanism to pivotl freely, winding the
spring that powers the mechanical watch,

Much subtler is the issue of whether
microscopic random fluctuations, such as
thermal Brownian motion or even the hap-
hazard motion of quantum particles, acting
as a random energy source can cause the
particles to flow in one direction only:

In recent years this field has been the
scene of remarkable activity, motivated
by the prospect of potentially high-profile
technological and biological applications,
such as molecular motors. In particular the
directed transport of particles in an asym-
metric potential known as a ratchet has
received a lot of attention. This research,
however, has focused on “thermal raichets™
in which the particles undergo thermal
Brownian motion: the next challenge is to
move from the classical world and account
for quantum mechanical effects,

Recently a collaboration between physi-
cists at Lund University in Sweden and the
Niels Bohr Institute in Copenhagen has
taken a significant step forward and built
a guantum ratchet (H Linke o al 1998
Europlrs. Lett. 44 341 and 45 406). The
device is based on an aluminium-doped gal-
lium arsenide (GaAs/AlGaAs) quanmm dot
with a ratchet-like, triangular-shaped caviry,
The deviee was fabricated by electron nano-
lithography techniques and incorporated
two point contacts (figure 1). The results
support the idea that the ratchet is indeed
exhibiting quantum mechanical properties.

Experiments have confirmed that parti-
eles moving randomly in an asymmetric
potential can drift in one direction even
when the average of all the macroscopic
forces ﬂpplin:‘d 15 zero, On the Gice of it this
result seems to contradict the intriguing bal-
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hetween a sinusoidal oscillation and its sec-
ond harmonic, with a relative phase differ-
ence that can control the direction of the
fuantum motion in a sensitive way. These
quantum ratchets also function at higher
temperatures where quantum interference
effects begin to fade out and classical elec-
tron ransport seis in.

This has been beautifully demonstrated
by experimentalists from the Ludwig Maxi-
milians University in Munich, Germany,

1 An electron microscope image of a triangular-
shaped quanium dot etched from a gallium
arsenide/aluminium GaAs heterostructure.

ance that exists when a system is in thermal
equilibrium and prohibits the emergence of
directed motion, But the picture is drastic-
ally different for systems that are far from
thermal equilibrium. Then the detailed bal-
ance symmetry can break down and there
is nothing to prevent particles on a ratcher
moving in one direction,

Ratchets have also attracted a Ereat deal
of theoretical interest. Many of the models
that have been developed to describe clas-
sical, thermal ratchets predict that the parti-
cle motion will change direction depending
on the properties of the system, for example
the mass of the Brownian particle,

The current authors dl"‘ﬂ.h]p(‘d the first
theory of quantum ratchets in 14997 (Phys,
H{' Lett, 1997 79 104, It describes a so-called

rocking quantum ratchet” - a quantum
Hn swiian particle, such as an electron at low
ICH'IFH_'TH.['I_II'C. HII'I'.'iI'I_E; 'iI'I a Eﬂ'rli[:lfli[' ]"i‘l[l."h("l
potential under the influence of quantum
noise. The potential is tilted alternately to
the right and left by a slowly varying “rock-
ing force”, This force can either be periodic
or random in time,

In contrast to the behaviour predicted by
classical theories, the full quantum mechan-
ical treatment predicts that the electron in
the ratchet will produce a finite, net particle
current even as the temperature is cooled
towards absolute zero. Basically, this finding
is due to quantum tunnelling Another stri-
king prediction of the quantum theory is
that at low, finite temperatures the particle
current can change direction.

The measuremenis on the Scandinavian-
built quantum ratchet were made at 03 K,

using a 2D periodic array of triangular-
shaped antidots (areas where electrons are
excluded rather than confined) at a tem-
perature of 4.2 K (A Lorke ef al 1998 Physica
EB249-251 312\, The rescarchers were ahle
to control the directed current by both irra-
diating the array using a far-infrared source
and applying a magnetic field. The periodic
system represents a rocking ratchet for elec-
trons that operates in the classical transport
regime, in contrast to the device produced
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2 The varation of the time-averagad current when a
slowly “rocking” AC voltage 5 applied to a tiangular
dot at 0.3 K. The inset shows the differential
resistance measunsd as a function of the applied
DC blas voltage.

where the electron transport through the
cavity occurs within the realm of quantum
mechanics. The genuine quantum nature of
the transport mechanism has been corro-
borated by a series of measurements of the
differential resistance — the ratio of the DC
bias voltage, [/, to the bias current. The
team found that there was a pronounced
asymmetry around L= 0 see inset in figure
2). The temperature dr'pq:ndtm_e of this
asymmetric behaviour is related to quantum
il'l“_'l'&‘ﬂ'.‘:]l_'{: ('!‘ﬁ_'{'l_‘i :i[l.‘i-i.dl' ll'll.'. T'dl.l."hﬂ‘.. T‘h.i.ﬁ
conclusion is supported by the dependence
of the results on tiny magnetic fields passing
through the device. These fields are oo
small to change the classical path of the
electron motion; instead they alter the quan-
turmn interference between the electrons by
changing their relative phase,

The researchers applied a slowly oscil-
lating sinusoidal “rocking voltage’ * and de-
duced the net current from the differencial
resistance (figure 2). Strikingly, the direction
of the net current reversed as the amplitude
of the rocking voltage varied. In other words
it was possible to control the direction of the
net current with the rocking voliage,

Last year one of the authors (PH) and a
colleague proposed a whole new class of
quantum “rectifiers” that allow the direc-
tion of the quantum transport in a penodic
5'!.111'[:“";]’]!_‘ structure to be controlled (1
Goyehuk and P Hanggi 1998 Ewropfrys. Lete.
43 503). The applied bias voliage is a mix
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by Linke and collaborators,

Using these novel concepts in combination
with nanolithography techniques, the results
dernonstrate that it is possible o construct
devices for the quantum rectification of elec-
trons. Apart from providing new insights into
nonlinear clectron transport, quantum rat-
chets also enable clectrons o be guided along
pre-assigned pathways. This feature could
well lead to new types of quantum machin-
ery operated by “ranning” electrons,



