Mlchae! Brooks rnvestl‘gates :

SUPPOSE you lived'ina world where you could make
-a car run uphill by shoving it gently back and. forth; or
send a pool ball straight into the pocket of your cho1ce

just by shaking the table:. '
Such a world-wouldn’t seem odd to & small band

"of researchets - in an area:that'is new even.by the
standards of frontier physics. The days will s66n be
‘over, they believe, when electrons rolled predictably
downhill, away from the negahve tefminal in any
 ¢ircuit. They have discovered how to make' ectrons.

“move around without any ditected: voltage: -
“This is thé new science-of the: ‘quandturi ratchet

: With an oscillatihg of randonﬂy varying mgnal you

can- produce useful, directable motion from what

:_seems like chaos: “You can make electrons:go’ round

- - inicircles, of up or down; you ¢dn make themTun up-
“hill; We can do everything w. with electrons that we'do

/. with cars arid buses in‘a ctty—lt’s aliriost like a child’s

o+ game;enthuses orie of thé leadmg' layers inthe field,

-_Peter Hangg1 of Augsburg’ University in Getmany. -

By miaking electrons leap fromonéelectrical’ compo-'
nent to.another, we could build-eléctronics without ton-
necting wires. And single electrons ‘shunted: around: at
will could be used to-store quantui mfomahon, and'spe-

-, ¢ cially de51gned comipartments could formithe logic gates of
* a-generation of quantum compiiters.” As-a-bonus, quantuin

ratchets might even help us-understand how our muscies turn

unfocused chemical enérgy into directéd motion.

Any ratchet produces motion in ohe direction: fromia cychcal

* force. For exaniple, twisting a ratchet- screwdriver back and forth
dnves a screw relentlessly inwaids: This relies on a-ring of lopsided

2 ratchet teeth: twisting one way drags a sprung peg over the shallow

« .+ side of each tooth; but twisting in the other direction brings the peg up’

gamst the steep side of a tooth, pushing the whole ratchet around. Ratchets
appear’in ‘bicycle transmissions, turnstilés and the escapements of pendulum-
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clocks,
which turn
the pendulum’s swing

mto the one-way.motion of the hands.

It you .build ratchets. on a much
-sma]ler scale, things start to get weird.
The 'simplest sort don’t even work.
Richard Feynman wondered whether a

- microscopic ratchet-would be moved in

-oné direction by the random thermal

_movements of air molecules. If so, you'd

‘be'able o build a perpetual. moti

- machine. Feynman proved, reassuring

- that suchi-a fatchet would move
"domn back and forth—no direct

. 1o useful. work

should work.
Augsburg colleague
culated what shoul
confined in a serie: fa

the teeth of a.rdfehet - (Physical Review
Letters vol 79, pidl). If you add a voltage
“series of wells, it pulls
s, raising the potential
ne end and lowering it at
And when the wells are lop-
shape changes too (see
vertical wall, like the left-

pen to.electrons

the other.
sided, th

by the gipltage; a sloping wall is made
steeper:or shallower.
Applying a positive voltage to the

ratchet’in the diagram makes the right-
hand side of each well shallower. The
highest energy electrons can then spill

36

‘should be permanently trapped.

rapidly over into the next
well. But a negative voltage
only makes the right wall
steeper, and then electrons are
trapped. So if you apply an
alternating voltage, the elec-
trons shuffle step by step to
the right.

So far, this is just like a
classical ratchet, where a
peg slips over the shal-
lower slope. But transfetred
to the electronic world, it
could be useful. Electrons

powered by AC signals could
run against a static electric
field. “You can make electrons
g0 ‘uphill’,” says Hinggi.
Then Hinggi and Reimann
discovered that quantum theory
. can turn things upside down—or
rather, back to front. At low tempera-
titres, when the electrons sit near thie bot-

‘tom of each trough, they can’t get over ei-

ther wall, Classical physics says they

Escape route

But according to quantu%? )

Reimann calculated the over-
trent must be dominated by electrons
aking through the thin part of the tooth
to the left when the voltage is negative (see

Diagram). Again, there is net electron

maovement, but on the other half of the volt-
age cycle, and in the other direction.

That's the theory. Last month, Heiner
Linke of the University of New South
Wales in Sydney, and his colleagues from
Lund University in Sweden, confirmed it
(Science, vol 296, p 2314).

Linke started by making a string of
triangular quantum dots, each about a
micrometre long. A quantum dot is an
area of semiconductor which acts like a
well for electrons—-its walls hold themn

inside the dot. Because Linke’s dots are

triangular, electrons get squeezed together
at the narrow end. That confinement
increases their energy—in other words, it
makes the potential higher at the narrow
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“the elecy;
- and cory

'bmgto

res. Towards the end of 1998,
1 at Lund, and colfeagues from
ohr Institute in Copenhagen,
2ing with a triangular quantum
metre across, which they had
t 0-3 kelvin.

ntle alternating signal, the
saw a directed current. But
iightly adjusted the strength
al, the current went into
reverse. Samehow the small change made
:ns abandon their previous route

you c%ﬂ make your clock run back-
wards t;y& giving its pendulum a nudge.
A deﬁcate quantum effect called inter-

&wavelength almost as large as the
dotwmterfere with one another They com-

s and troughs stt‘; inside the quan-

2#im dot. A peak means there is a high
‘probability of finding an electron in that

particular piace; a trough means a low

probability. So if a peak coincides with one

side of the quantum dot, electrons are
more likely to escape from that szde, and
a current will flow in that direction: -’

A voltage affects how the waves bounce

around inside the dot, says Linke, chang- :
ing the interference pattern. That can turn.
the' current around by making ‘electrons’

leak from a different side of the dot.
Interference is so sensitive to other fac-

tors that Linke cannot even tell which way

the ratchet current will. flow until he

switches the device on.*“It's difficult to

construct a dot that will only direct the
current in one direction. Any little devia-
tion'in the shape of the dot on the scale of
the electron wavelength—40 nanome-
tres—would affect the interference.”
Linke is delighted at the fine degree of

control that interference could afford, in~

theory. Understand how the dot's shape af-
fects the electron current and you could de-
sign dots to perform specific tasks. String
such dots together and you could build
logic gates. Being controlled by very small
voltage changes, these gates would be
faster and consume less energy than the
gates we use today. And because the full
quantum state would be preserved, they
would be ideal for quantum computers.

But it's not easy. Preserving quantum
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coherence in between the dots would
need very low temperatures, where the
electrons have well-defined energies and
there is little confusion from vibrations in
the semiconductor material. If the dots
can be made much smailer, they might
work without expensive cooling, but this
is probably a long way off.

In the meantime, devices might be

de from quantum ratchets that don't
n interference. Hanggi and his col-

you can control 'the direc-

ferent outcomes possible,

New Scientist® www.newscientist.cam

Igor Goychuk think that tvo input

1g two 51gnals could let sci-
electron current Alter the_

ilt on this, principlewould’
tputs reducmg thee total

lyg it.is gomg to be.. “We're two steps

pinball table (they are too warm to behave
iike quantum-mechanical waves). They
tend to get funnelled into the narrowing
gaps between the dots. So the array turns
the jiggling of the infrared radiation intc
a well-directed beam of electrons.

This could lead to wireless electronics.
Just arrange your blocks of antidots to
point in different directions, and bathe the

1

lot. with infrared. Electrons will then
whizz around, following the arrows
whichever way they point— and you can
even send several eleciron beams across
oné another. No more need for a night-
miare of connecting wires.

- What's more, it only takes one step to
‘carve an array of antidots from a piece of

semiconductor, compared with the 20 or

“more needed to make the complicated
gtion in two dimensions: This

strucl-ures of moderni-electronics.
-Lorke has already made an antidot rec-

' nﬁer that works at up to 77 kelvin, And,

~because ‘these devices are classical not
quantum in nature, they should work at
“even higher temperatures. “If you think -

this is somiething that might find uses in
a market then you can statt to tweak up
the temperature,” he says.

Charles Marcus of Stanford University
in California believes that quantum ratch-
ets are a revolution waiting inl the wings,
but he says it's too soon to tell just how

Low temperatu re

4

Valtage
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away from making it useful, We don't
even know what it is we've got, and the
rules of the gamc are not yet known,”
Marcus says,

But electronics isn’t the only game in
town. Linke points out that as electrons
carry heat, quantum ratchets could be
used as heat pumps, perhaps for cooling
single microscopic components on a chip.

Quantum ratchets are a revolution waiting in the wings’

(Juantum ratchets might even help
researchers understand molecular motors.
These tiny engines are biology’s ratchets
(New Scientist, 13 December 1997, p 38).
They. take the directionless energy re-

‘leased in a chemical reaction, and some-

how produce motion in one direction. Our
muscles are huge arrays of molecular mo- .

‘tors working in concert. Although it

seems very unlikely that muscles really_ :
are quantum ratchets, ihey may have
quantum effects operating within-them.

- Muscles contract when layers of two’
different protein fibres, actin and myosin,
slip over one another. Ea_c_h,myos__m fibre
has branching “heads” which attach to .-
sites along the actin fibre and walk along.
from site to site. To do this, the mydsin
heads change their shape, driven by elec-
tron iransfer inside the protein. As all this
happens at the atomic scale, quantum
effects are probably involved, says Linke.

Whatever the truth about real biomo-
tors, Hanggi is sure that those looking to
build machines on the nanoscale had bet-
ter take note of quantum ratchets. “Any
machine on a microscopic:level cannot
neglect quantum laws,” he says.

Hénggi points -out that we are now
building ratchets of every size from just a
few -micrometres to the human scale.
Ratchets that-work in the quantum world
could soon be used in electronics. Biolo-
gists are developing narrow sawtooth
channels to separate DNA fragments of
different weight.-Hénggi is building a
ratchet that can separate different-sized
microscopic particles in suspension (ideal,
he says, for segregating healthy cells from
sick ones). And then, in the macroscopic
world, there’s vour ratchet screwdriver.

Strangely enough, turning the screw
relies on muscles whose mechanism
might be explained by the quantum ratch-
ets. It's a complete circle, you might say
But it-only turns one way. 4

Michael Brooks is a science writer based
ih BUBEEK
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