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A quasi-two-dimensional set of electrons (1 < N < lo9) in vacuum, trapped 
in one-dimensional hydrogenic levels above a micrometer-thick film of liquid 
helium, is proposed as an easily manipulated strongly interacting set of quan- 
tum bits. Individual electrons are laterally confined by micrometer-sized metal 
pads below the helium. Information is stored in the lowest hydrogenic levels. 
With electric fields, at temperatures of l o p 2  kelvin, changes in the wave 
function can be made in nanoseconds. Wave function coherence times are 0.1 
millisecond. The wave function is read out with an inverted dc voltage, which 
releases excited electrons from the surface. 

There is much interest in constructing analog 
q ~ ~ a n t u m  conlputers (4QC) .  Such objects 
would solve problems that could never be 
sol\-ed by any classical digital conlputer. 
ex-en ones that were hundreds of billions of 
times larger and faster than current ones (1, 
I ? ) .  An AQC is made up of N interacting 
q~lantum objects called quantunl bits (qubits), 
which have at least two quanh~m states (3).  
Unlike their classical counterparts, n.hic11 
have states of only 1 or 0 (up or dongn), qubits 
can be in a conlplex linear superposition of 
both states until they are finally read out. 

Initially. the qubits are in sonle particular 
set of states (initial wa1.e function tho) repre- 
senting the input data. The qubits are then 
allowed to interact and evo1T.e in time under 
the action of sonle possibly time-dependent 
Hamiltonian. The Hamiltonian can be 
thought of as the progranl. After sonle tinle r,, 
the nave  function I,!,. contains. in probabilistic 
ternls. the answer to "the co~nputation." 

Finding the algoritllm (the time-dependent 
Hamiltonian) is a real challenge, and only a 
fen- ha\-e been found (4. 5) .  Howel-er, finding 
physical systems that are suitable for mean- 
ingful quantum conlputation is a nlore diffi- 
cult problein because these physical systenls 
must consist of interacting quallhlnl objects 
(S 2 10') n-hose interactions and states can 
be conveniently manipulated. In addition. the 
qubits must be sufficiently isolated fiom the 
outside world (other degrees of freedom) so 
that interaction with such reser~~oirs  does not 
disturb the time-dependent aspects of the 
computational nave  function (3). Atonls in 
traps ( l i ) ,  c a ~ i t y  quantum electrodynan~ic 
systems (7). nuclei in complex nlolecules (8). 

quantunl dots (9).  and nuclear spins of atoms 
in doped silicon devices ha\-e been proposed 
(10). For these systems, almost insurmount- 
able technological and scientific barriers ex- 
ist, rn~hich nlust be overcome to achieve a 
useful quantum computer. 

Here, mre suggest using a set of electrons 
( 1  < \' < 10') trapped in vacuunl at a 
low-temperature liquid-helium interface for 
implementing a large AQC. Pvluch of the 
basic physics we present here is already well 
documented (11).  Howex-er. \?;hat we sho~v  
for the first time is that under realistically 
obtainable conditions (that is. correct geom- 
etry. temperature. nlagnetic field, and so 
fo~ th ) .  these quasi-tno-dimensional (2D) 
electrons can behave as an AQC w~i t l~  nlany 
qubits In addlt~on to the suggested "system 
design," n e ha\ e ca~efully calculated the 
1 ery ~mpoltant decohe~ence effects to she\\ 
that they are acceptably small 

X single electron on a bulk fill11 of thick- 
ness il 2 0.5  p.m is weakly attracted and 
trapped by an image potential of the for111 
I" = .le21z, mrl~ere e is the charge on the 
electron and : is the coordinate of the elec- 
trons perpendicular to the interface (Fig. 1) 
(11). In this case. .l = ( E  - 1 ) / 4 ( ~  + 1) = 
0.01. because E = 1.057 is the dielectric 
constant of liquid helium. Because there is a 
ba~sier of 1 eV for venetration into the heli- 
um, the electrons' 3 motion is described by a 
1D l~ydrogenic spectl-um: that is, the lilt11 state 
has an energy E,,z = - Rlii~' with an effec- 
t i le Rydberg energy R = .l'e4i1~c!2fi' 2 8 
K and an effective Bohr radius i.,, = fi2! 
(ii1,e2.1) = 76 A (12). where fi is Planck's 
constant divided by 2 ~ .  

Below a temperature T, = 2.2 K, He4 is a 
superfluid with a nlass delisity p and surface 
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n-here 1. is the electron in-plane coordinate 
and t is time. The height variations of the 
surface are described as propagating capil la~y 
waves having a dispersion relation w' = 

(u:p)ki (11) and a coupling Hamiltonian 
H,,, = eg.6, where Z, is the total =-directed 
electric field on the el-ectron. For wave vec- 
tors k < 5 X 10' cmp' ,  w < 4 X lop '  K so 
that, at l o p 2  K, many ripplons are present, 
and the average mean-square displacement of 
the surface is 6, = (K,Tlu)' ' 2 2 X 1 O p '  
C111. 

111 the lowest hydrogenic level, it is the 
n-eak coupling to the ripplons that limits the 
nlobility p. of the surface-state electrons, 
which can be greater than 10+cm2 V p l  sp '  
(13). Additionally, the coupling to the rip- 
plons with wave vectors /\,, = i.,-~' give rise - - 
to a relaxation tiine TI  fro111 the 111 = 2 to the 
112 = 1 Rydberg state. A si~nple calculation 
show~s that 

Because (S,li.,) = lop', the rate 117, is 
l o p h  of the transition frequency, -120 GHz. 
This suggests that we can use the lowest two 
hydrogenic levels of an individual electron as 
a conve~lient qubit, whose state can be 
changed by the application of a microwave 
field. For microwave fields of a magnitude 
E,, = 1 V cmp' ,  the Rabi frequency I), = 
eE,,i.,, the rate at which we can sw~itch our 
q~lbit  from the lowest state to the first excited 
state ( I d ) ,  is -lO"p'. Thus, a laterally 
unconfined electron has an I),Tl 2 l o4 .  

For many qubits, we covered a he l iu~n 
layer of a t l~iclu~ess il of several square cen- 
timeters in area with an interacting fluid (lz', 

= 4 x 1 0 % ~ ' )  of electrons 1 1 ~  = 
(11. 12).  This was done by charging the 
surface w~itll a filament in a parallel plate 
capacitor that was partially filled with liquid 
helium (Fig. 2A). The capacitor has a voltage 
across it, which. for a fixed geometry, deter- 
mines the charge density. The pressing field 
% effectively acts as a uniform compensat- 
ing background of charge and has a mininluin 
value of 8 2 100 V c m p l  for izP ^- 10' 
cmp'. The field 8 Stark shifts our hydro- 
genic energy levels by - 1 GHz for each volt 
per centimeter. It also increases the effective 
coupling to the ripplons. However, for 8 -  = 
100 V c m p l ,  because the image field is -10" 
V cmp' ,  our estimate of TI  is still accurate. 

Because the Coulomb energy between 
pairs of electrons e2!d ^- 20 K >> k,T, it is 
w~ell known that the 2D electrons on the 
surface will freeze into a 2D electron solid 
wit11 lattice constant n = tf ( 15 ) .  If we pattern 
the bottonl electrode with features spaced by 
iI (Fig. 2B). each electrode will trap one 
electron. In this case. each electron finds 
itself in an externally created potential well 
w~hose detalled shape depends on the precise 
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geomeby and on the difference of the voltage 
FV = V, - V, between neighboring elec- 
trodes. This in-plane potential gives rise to a set 
of in-plane quantum energy levels with a spac- 
ing hClll = [h2~/rndZ(eSV'e-")]'I2, where 6V' 
is the maximum of FV or (e/d)eP", as well as a 
Stark shift of the Rydberg states by AE = 
re-"SV(rB/d). For SV = V, qI = 1.7 X 
lo-' K and AE = 10V2 K. Such auantization 
suppresses ripplon-induced decay from the ex- 
cited to ground Rydberg state. We can com- 
pletely eliminate this one-ripplon process if we 
apply a strong perpendicular magnetic field B,. 
The magnetic field confmes the electron to a 
length C = (fi~leB,)"~, where c is the velocity 
of light, and opens up gaps in the in-plane 
excitation spectrum of the many-electron sys- 
tem. This spectrum now consists of a discrete 
broadened ladder with spacing hwc = keB,/rnc 
and width ozB = (2r~/d3rne)(l/wc). For d = 

0.5pm,B, = 1.5T,C =21Oa,,=2K,and 
wzB = 0.4 K. Because the one-ripplon decay 
involves emission of ripplons of wave vector k, 
= e-' and frequency w, 5 lo-, K, it is 
impossible to conserve energy. In this case, the 
limiting linewidth is determined by a two-rip- 
plon process, which either allows for real decay 
of the excited state, which is extremely slow, or 
an incoherent phase modulation by a quasi- 
elastic scattering of thermally excited ripplons 
with wave vectors k, (16), which results in a 
linewidth 

For T = l o p 2  K, T, = s and ClT, = 
lo5. 

The sudden transition from rn = 1 to rn = 

2 will consist of a sharp no-ripplon line and, 
in our case, a one-ripplon side band. A cal- 
culation of the fractional intensity G in this 
one-ripplon side band shows that G = (R2/ 
w:) (F2,r2,1C4) [1 /2 (21~) '~~] .  For T = lo-' 

Vacuum 

K, G = 0.05, and the intensity is almost all 
in the zero-ripplon line with a weak one- 
ripplon continuum. The one-ripplon piece 
will have a width of about o, = 4 X K. 

For two electrons near their respective 
electrodes, the part of the Coulomb interac- 
tion that effects the z motion is very well 
approximated by 

At d = 0.5 pm, this Coulomb interaction has 
two important features: (i) It effects a state- 
dependent shift of the energy of a neighbor by 
-lop2 K, and (ii) it allows for the coherent 
resonant energy transfer of excitation from one 
electron to another. Suppose we start with two 
weakly coupled nonresonant electrons (see Fig. 
2 with V, f V,) in their ground states. Because 
the resonant frequencies of each bit can be 
controlled by the voltage on the patterned elec- 
trode, a uniform microwave driving field can 
address any specific bit if the correct frequency 
is chosen. Therefore, a short pulse of radiation 
at the resonant frequency of the first electron 
puts it in the excited state. Next, sweep V, so 
that the two levels pass through resonance and 
then out of resonance. If the pulse duration T, 
= (Vc)- ' = Cl- = lo-' K is suitably tailored, 
the second particle ends up in a linear superpo- 
sition of ground and excited states. 

The interaction between electrons (Eq. 3) 
will, of course, have small correction terms, 
which will depend on the in-plane displace- 
ments Fr of the electrons from their equilib- 
rium position, that is, FV(r,, r,, z,,  z,) = 
Vc(zl, z,)(Sr, - Sr2)2/dZ. Such terms cou- 
ple to the in-plane degrees of freedom of the 
two carriers. These vibrational degrees of 
freedom have an energy scale characterized 
by o,,. This relatively high in-plane energy 
excitation is easily suppressed at the 

+ - - -  
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- -v ,  . . .-.. -- Confining 
d r 0.5prn , Electrodes 

d -  

level because of the time dependence of the 
pulse T;' 5 1 GHz and because (Sr, - 
Sr2)Zld2 5 lop3.  

Other types of very weak dissipative pro- 
cesses can be present, but they are not impor- 
tant. More specifically, (i) spontaneous radi- 
ative emission is negligible, (ii) nonradiative 
decay due to pair creation in the electrodes can 
be completely suppressed by using supercon- 
ducting electrodes with a gap greater then the 
transition frequency, and (iii) applying wide- 
band pulses with a specific time dependence 
will introduce voltage noise. However, assum- 
ing that these pulses are carried on a transmis- 
sion line with a resistance of 50 ohms and a 
noise temperature of 10 K, then the capacitative 
plates (our electrodes) will be subject to a noise 
voltage of - 10-lo V Hz-'". For a bandwidth 
of 10' to lo9 Hz, this implies a voltage fluctu- 
ation (noise) of - 1 0V6 V, which is acceptable. 

In order to read out the wave function at 
some time .$, when the computation is complet- 
ed, we apply a reverse field 8 + to the capacitor, 
which would (if it were large enough) remove 
all the electrons from the helium surface. How- 
ever, if the reverse field at the electron layer is 
not too strong, the electrons see a potential that 
has a maximum similar to that shown in Fig. 3 
(1 7). For this potential, the electron tunneling 
rate depends exponentially on the barrier height 
E,,. The electrons will leave the surface in 
some time t,, which is a strong function of the 
state m. It is possible to set the field %+ so that 
if one waits for some reasonable time, say 1 ps, 
only the excited electrons will come OK They 
will arrive at the plate (anode) with some mod- 
est kinetic energy, that is, tens of electron volts. 
If the anode is part of a low-temperature chan- 
nel plate arrangement with a spatial resolution 
of 1 pm or less, those electrons may be imaged, 
and a "picture" is taken of the wave function. 
Another possibility is to measure the change of 
voltage on the patterned electrodes, which is 
about e2/d = 1 meV. 

Two-dimensional electrons on helium are 
a unique system in the context of very large 

Imaging 
Channel 

Plate 

I I 

-U - - ~ g z 7 6 A  
I 

Fig. 2. (A) The parallel plate capacitor arrange- 
ment for confining a uniform layer of electrons. L 1:' 

Fig. 1. The geometry for an electron trapped at The holding field %- and the filament for 
the helium vacuum interface. The Rydberg en- charging are shown. (0) The geometry for a pair Fig. 3. The read-out configuration. The poten- 
ergy levels along with a typical m = 1 wave of electrons on a patterned substrate. The tial leading to tunneling when a reverse field is 
function are displayed in the image potential rough dimensions, the shape of the field lines, shown, along with a schematic of the position- 
V(z) = -Ae2/z for z > 0. and the control gate are included. sensitive channel plate. 
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AQC systtms. They are scalable, easily ma- 
nipulated, and have perfectly acceptable de- 
cohersnce times. and no existing technologi- 
cal barriers seem to bs  present. 
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Spontaneous Bubble Domain 
Formation in a Layered 
Ferromagnetic Crystal 

Magnetic domain structure on the surface of the layer-structured ferromagnet 
La, .Sr, ,Mn,O, was observed in the temperature range from 37 to 97 kelvin 
with a scanning Hall probe microscope. The sensitivity to temperature of the 
domain structure changes was large relative to that in conventional ferromag- 
nets. The stable and spontaneous appearance of magnetic bubble domains 
without an external magnetic field was observed in the neighborhood of 70 
kelvin. The phenomenon observed could provide a potential route toward 
magnetic bubble memory. 

The development of the coll~puter industry 
demands higher density nlagnetic recording 
mellloly. which is being achieled by using 
smaller magnetic domains. The bubble do- 
lliaill is co~~sidered uiefill as a magnetic bit of 
high-dznsity magnetic recording memol?. 
because its diameter is small and the circular 
shape of the bubble domain is stable 
asainst any small external disturbance that 
deforms it ( 1  ). Howex er, the bubble domain 
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main requires an external ~llagnetic field. 
The lllininlization of the sulll of the domain 
na l l  energy and the magnetostatic energy 
results in the appearallce of a stripe domain 
instead of a bubble dolllaill ~lllless a mag- 
netic field is applied ( 3 ) .  This stripe domain 
is not completel). satisfactor). for high-den- 
sit). recording. 

We obsen ed a domain stn~cnire along the 
surface of the single c l~s t a l  of a layered fei-ro- 
magilttic material. La, ,Sr, ,hInlO-. ~vith a 
scalulillg Hall probe lllicroscope (SHPPII). The 
domain stluchire n a s  remarkably different 
from that of conventional bull< fel-romapetic 
materials. Slliall bubble domalns formed in the 
absence of an zxtemal mapetic field oxer a 
celtain temperahire range. 
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ture. At temperatures below 60 I(. the mag- 
netic mo~nents of respecti\-e singlz MnO, lay- 
ers couple ferromaglletically nithin a hilayer 
and align nearly along the c axis. The mapet ic  
coupling bemeen the adjacent MnOZ bilayers is 
mostly antifel~omagnetic. 

The cleaved (111 plane (parallel to M n 0 2  
hilayess) of a single crystalline platelet 
sample ( 2  mm by 1.4 mm by 0.8 m m )  \$-as 
esalllilled under a homemade 1-ariable-tern- 
perattire SHPM ( 8 ) .  The SHPM is designed 
to pick up the spatial distributioll of the 
lnagiletic field just abol-e the s a~np le  sur- 
face by scanning a horizontally placed min- 
iature Hall probe. The distribution of the 
c-axis component of the lllaglletic field, B_, 
was illlaged by keepilig a probe-to-sample 
distance of -0.5 p.m. The active area of the 
Hall probe \vas 1 .8 p11 by 1.8 p11, and its 
Hall coefficient was - 1.2 ohm'mT. Under 
a zero lllaglletic field. the SHPM measure- 
ments n.zre performed from 37 to 97 I(. 
Thc Hall probe was scanned over the same 
area throughout the measurements, al- 
though the scanned area becanle narrower 
as the telllperature n a s  lowered because of 
the reduction of the piezoelectric consta~it .  
SHPM illlages were taken at \arious tem- 
peratures (Fig. 1 ). 

At 37 K, the obsen-ed B. n7as approxi- 
nlately zero over most of the scanned area 
(Fig. 1.4). representing the disappearance of 
net maglletizatioll due to antiferrolllagnetic 
couplillg between adjacent MnO, hilayers: 
that is. the magnetizat~on of the adjacent bi- 
la>-ers is opposite each other, yieldinp zero 
magnetic field aboxe the sample surface. 
Hone\  er. magnetic domains \Yere obserx ed 
on the right-hand side of the image. At 5 1 I(. 
these ferromagnetic domains occupied nearly 
half of the imaged area (Fig. 1C). 4 s  temper- 
ature was increased. the area of the domains 
expanded, accompanied by the increase in B_. 
These images (Fig. 1. 4 to C) indicate the 
existence of fei-romaglletic couplillg hetneen 
ths adjacellt PII110, bilayers, as n.ell as the 
alltifel-ro~llaglletic coupling. 

At 60 I<, a milltidomain stmcttire ap- 
peared tl~roughoiit the imaged area with a 
dolllaill size of -3 Lrn (Fig. ID) .  The do- 
mains had an elongated shape and were ar- 
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