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Self-assembled nanoelectronic quantum computer based on the Rashba effect in quantum dot
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Quantum computers promise vastly enhanced computational power and an uncanny ability to solve classi-
cally intractable problems. However, few proposals exist for robust, solid-state implementation of such com-
puters where the quantum gates are sufficiently miniaturized to have nanometer-scale dimensions. Here I
present a new approach whereby a complete computer with nanoscale gates might be self-assembled using
chemical synthesis. Specifically, I demonstrate how to self-assemble the fundamental unit of this quantum
computer—a two-qubit universal quantum gate—based on two exchange coupled multilayered quantum dots.
Then I show how these gates can be wired using thiolated conjugated molecules as electrical connectors. Each
quantum dot in this architecture consists of ferromagnet-semiconductor-ferromagnet layers. The ground state in
the semiconductor layer is spin split because of the Rashba interaction and the spin-splitting energy can be
varied by an external electrostatic potential applied to the dot. A spin polarized electron is injected into each
dot from one of the ferromagnetic layers and trapped by Coulomb blockade. Its spin orientation encodes a
qubit. Arbitrary qubit rotations are effected by bringing the spin-splitting energy in a target quantum dot in
resonance with a global ac magnetic field by applying a potential pulse of appropriate amplitude and duration
to the dot. The controlled dynamics of the universal two-qubit rotation operation can be realized by exploiting
the exchange coupling with the nearest-neighboring dot. The qubit~spin orientation! is read via the current
induced between the ferromagnetic layers under an applied potential. The ferromagnetic layers act as ‘‘polar-
izers’’ and ‘‘analyzers’’ for spin injection and detection. A complete prescription for initialization of the
computer and data input/output operations is presented. This paradigm, to the best of our knowledge, draws
together two great recent scientific advances: one in materials science~nanoscale self-assembly! and the other
in information science~quantum computing!.
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I. INTRODUCTION

There is significant current interest in quantum comput
because they possess vastly enhanced capabilities acc
from quantum parallelism.1,2 Some quantum computin
algorithms3,4 have been shown to be able to solve classica
intractable problems, i.e., perform tasks that no classica
gorithm could perform efficiently or tractably. Thus, it wou
be highly desirable to build quantum computers.

Experimental effort in realizing quantum computers h
been geared towards synthesizing universal quantum l
gates from which quantum computers can be built. A univ
sal gate is a two-qubit gate5–7 and has basically two at
tributes. First, it allows arbitrary unitary rotations on ea
qubit and second, it performs the quantum controlled rota
operation whereby one of the qubits~the target qubit! is ro-
tated through an arbitrary angle, if, and only if, the oth
qubit ~the control qubit! is oriented in a specified direction
The orientation of the control qubit is left unchanged. It
this conditional dynamics of the controlled rotation operat
that is challenging to implement experimentally.

Recently, it has been shown8–10 that there exist universa
falut-tolerant computers that can operate in a nonideal n
environment. They are usually a circuit composed of one
two-qubit gates performing various unitary rotations on
qubit ~e.g., Hadamard, Pauli rotations through rational or
rational angles, etc.!. They too can, in principle, be realize
from the basic gate that we discuss here.

The most vexing problem in experimentally realizin
quantum computers is the issue of decoherence. Qubits
PRB 610163-1829/2000/61~20!/13813~8!/$15.00
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coherent superpositions of two-level states and, as such
delicate entities. Any coupling to the environment will d
stroy the coherence of the superposition state and corrup
qubit. Were it not for the recent discovery of quantum er
correcting codes11 that can correct errors due to decoheren
through the use of appropriatesoftware, quantum computing
would have a remained a theoretician’s pipedream.

In the past, atomic systems were proposed as ideal
beds for experimental quantum logic gates because of
relatively long coherence times associated with the quan
states of trapped atoms and ions.12 Experimental demonstra
tions of quantum logic gates were carried out in atom
systems.13,14 Recently, nuclear magnetic resonance~NMR!
spectroscopy has been shown to be an attrac
alternative15,16 and there has been some reports of exp
mental demonstrations involving NMR.17 However, there are
also some doubts regarding the efficacy of NMR based
proaches when dealing with many qubits.18

The major drawback of both atomic and NMR systems
of course, that they are unwieldy, expensive, and incon
nient. Solid-state~especially nanoelectronic! implementa-
tions would be much more desirable because, after-all, m
iaturization is as important as any other objective and
been fuelling the microelectronics or nanoelectronics revo
tion for the past four decades. One would like a quant
gate that is one nanometer long and not one meter long.
technology base that exists in the solid-state area with
gards to miniaturization is unparalleled.

While it is understood that solid-state systems will
preferable vehicles for quantum computation, it is also w
13 813 ©2000 The American Physical Society
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13 814 PRB 61S. BANDYOPADHYAY
known that the phase memory time of charge carriers in
ids saturate to only a few nanoseconds as the lattice or ca
temperature is lowered to a few millikelvins19 ~this is caused
by coupling of carriers to the zero-point motion of phonon!.
Thus, solid-state implementations of quantum gates wh
the qubits are coupled to charge degrees of freedom wil
always dogged by serious decoherence problems. E
though such systems have been proposed in the past20–22

they will require clock speeds in the far infrared frequen
range to meet Preskill’s criterion for fault-tolera
computing.23

A possible solution of this problem is to use the sp
degrees of freedom in solid-state systems to encode qu
since the spin is not coupled to electromagnetic noise
hence should have much longer coherence times than ch
It has been shown that electronic and nuclear spins of p
phorus dopant atoms31P in silicon have very long spin-flip
times~or the so-calledT1 times in the language of spectro
copy! of about an hour.24 Consequently, nuclear spins of31P
dopant atoms in silicon have been advocated as prefer
vehicles for qubits.25–27 However, the actual coherence tim
~or T2 time! of electron spin in P-doped silicon may be o
the order of a millisecond. Compound semiconductors m
exhibit somewhat shorter spin coherence times, but spin
herence times as long as 100 ns have been experimen
demonstrated inn-type GaAs at the relatively balmy tem
perature of 5 K.28 Thus, it is practical to contemplate solid
state quantum computers based on single electron spins

Not all semiconductors, however, are suitable hosts
qubits. Pyroelectric materials~uniaxial crystals without in-
version symmetry! usually exhibit electric dipole spin reso
nance which can increase the spin-flip rate significantly29 by
strongly coupling the spin to phonons. An advantage
quantum dots is that the spin-phonon interaction may be
duced because of a constriction of the phase space for
tering. Moreover, the phonon-bottleneck effect30 may block
phonon-induced spin-flip transitions. Another obvious str
egy to increase the coherence time is to decrease the ph
population by reducing the temperature. The tempera
must be low in any case since the time to complete a qu
tum calculation should not significantly exceed the therm
time scale\/kT ~Ref. 31! irrespective of any other consid
eration.

Quantum gates based on spin-polarized single elect
housed in quantum dots have been proposed by us in
past32 and more recently by Loss and DiVincenzo.33 Here we
adopt a different idea—which is still based on spin-polariz
single electrons—to provide a realistic paradigm for the
alization of aself-assembledsolid-state, nanoelectronic un
versal quantum gate.

II. SELF-ASSEMBLED UNIVERSAL QUANTUM GATE

We will first self-assemble a regimented array oftrilay-
eredcylindrical quantum dots using an electrochemical te
nique to be described later. The two outer layers are fe
magnetic and the middle layer is a semiconductor~see Fig.
1!.

A dc potential pulse is applied between the two ou
~ferromagnetic! layers to inject a single spin-polarized ele
tron from one of the outer layers into the middle layer. Su
l-
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spin polarized injection has been demonstrated in
CdxMn12xTe-CdTe system, which is shown in Fig. 1~b!.34 In
the middle layer, the electron’s ground state is spin-split
cause of Rashba interaction.35–37 The Rashba effect arise
from spin-orbit coupling in the presence of a transverse e
tric field that is always present at the interface of two d
similar materials owing to the conduction-band discontin
ity. It is possible to electrostaticallymodulate this spin
splitting39 by applying a potential between the two outer la
ers. The applied potential alters the interface field that cau
the Rashba effect and hence changes the spin-splitting
ergy. As along as this potential is less thane/2C (e is the
electron charge andC is the dot’s capacitance! we can
change the spin splittingwithout inducing a current flow
~causing the injected electron to escape!, or causing another
electron to be injected. In other words, the electron is trap
in the middle layer of the quantum dot by Coulomb blocka
and the applied potential only varies the spin-splitting e
ergy.

The trapped electron can be injected into the semicond
tor quantum dot with a spin polarization that is an exa
eigenspinor state. This is achieved by magnetizing the fe
magnetic injecting contact in the appropriate direction.
globally applied ac magnetic field which resonates with
spin-splitting energy will then couple the electron to bo
spin states and the electron will exist in a coherent supe
sition of the two eigenspinors, thus forming a qubit. A targ
qubit is selected for rotation by bringing its spin-splittin
energy in resonance with the external global ac magn
field by applying a suitable potential pulse between that p
ticular dot’s ferromagnetic outer layers. This varies the sp

FIG. 1. Two trilayered quantum dots~or quantum dashes! sepa-
rated by an insulating alumina barrier. Each dot or dash consis
a semiconductor layer sandwiched between two self-aligned fe
magnetic layers that act as spin-polarized contacts. This struc
can be electrochemically self-assembled.~a! Fe-GaAs-Fe and~b!
CdxMn12xTe-CdTe-CdxMn12xTe.
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splitting energy via the Rashba effect. Arbitrary qubit~spin!
rotation is achieved by varying the pulse duration, i.e.,
duration of resonance with the ac magnetic field. Suc
procedure realizes the first ingredient of a universal quan
gate, namely arbitrary single qubit rotations.

In order to achieve the second and last ingredient o
universal quantum gate—namely the conditional dynam
of a universal two-qubit gate—we need to couple the rotat
of one qubit ~target qubit! with the orientation of anothe
qubit ~control qubit!. This can be done by exploiting th
exchange coupling between two single electrons in t
neighboring dots. The spin-splitting energy in any dot d
pends, among other things, on the spin orientation in
neighboring dot if the two dots are exchange coupled. T
exchange coupling can be varied by simultaneously apply
two independent potentials to the target and control qub
Thus, the conditional dynamics of the controlled rotation o
eration can be achieved.

Finally, we have to ‘‘read’’ a qubit for data output. Th
qubit ~spin orientation in a dot! is read directly via the cur-
rent induced between the dot’s spin-polarized outer lay
~ferromagnetic contacts! when a sufficiently strong potentia
is applied to overcome the Coulomb blockade. The mag
tude of the current tells us the electron’s spin orientat
because it depends on the angle between the electron’s
orientation and the direction of magnetization in the fer
magnetic contact~which is knowna priori!. This principle
was prescribed for measuring spin precession in the so-ca
spin transistor proposed more than ten years ago.37 The
single electron current is small, but can be measured u
sensitive electrometers.

A. Rashba effect in a quantum dot

The Hamiltonian for the Rashba interaction is given b

HR52 i @sW 3¹W #•~ann̂ !, ~1!

wheresW is the Pauli spin matrix,n̂ is the unit vector norma
to the interface, andan is the coupling constant along then
axis, which is proportional to the expected value of the
terface electric field along then axis.36

We will use the coordinate system shown in Fig. 1. F
mathematical convenience, the quantum dot will be assu
to have a rectangular shape with the dimension along thx
direction much larger than the dimensions along they andz
directions. Such a dot is appropriately referred to as a qu
tum ‘‘dash’’ and is a realistic representation for quantu
dots synthesized by the type of self-assembly that we
propose.

The Rashba interaction will distort the wave functio
~particle-in-a-box state! of the lowest subband in each dot b
causing mixing of the unperturbed subbands. If the dim
sions of the quantum dash are small enough that the
bands are well separated in energy, then we can neglect
of the subband mixing and include only the perturbation
the second lowest~or nearest! subband on the lowest sub
band. This basically requires that the transverse widths of
quantum dashWz and Wy be small enough that they ar
much smaller than the quantity\2/am* , wherem* is the
electron’s effective mass in the conduction band.37 In com-
pound semiconductors, the spin-orbit coupling coefficiena
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has been experimentally measured and found to be of
order of 10212 eV m.38 Hence, we needWz and Wy to be
much smaller than about 0.5mm. In self-assembled struc
tures,Wz and Wy are about 100 Å so that we can eas
neglect the mixing of transverse subbands~along they andz
directions! and include only the effect of the nearest long
tudinal subband along thex direction.

Based on the above consideration, the spatial part
ground state wave function of an isolated electron can
written as

cground~spatial!5S 2A2

WxWyWz
D S 1

A11uau2D FsinS px

Wx
D

1a sinS 2px

Wx
D GsinS py

Wy
D sinS pz

Wz
D .

~2!

The above wave function is, of course, not exact since
electrons are not confined by hardwall boundaries. In fa
hardwall boundaries will not allow the wave functions
neighboring electrons to overlap and they need to do so
order to have any residual exchange interaction which
critical to the two-qubit controlled rotation operation. How
ever, Eq.~2! serves as a good zeroth-order estimate for
wave function and allows us to evaluate spin eigenstates
lytically.

We will assume thatay5az5a and concentrate on a
isolated electron neglecting the exchange interaction
tween neighbors. Diagonalizing the single-electron Ham
tonian in the basis of Eq.~2! yields the eigenenergies of th
spin-split ground state:

E↑5E11
A2apx

\

E↓5E12
A2apx

\
, ~3!

where

E1„5~\2/2m* !/@h~p/Wx!
21~p/Wy!21~p/Wz!

2#…

is the unperturbed ground-state energy~lowest subband
edge! in the quantum dot,h5114uau2/(11uau2), andpx is
the momentum matrix element

px5 K cgroundU2 i\
]

]xUcgroundL 5
8i\

3Wx

2 Im~a!

11uau2 , ~4!

where Im~a! is the imaginary part ofa.
The spin eigenstates associated with lowest spin-split

els @whose eigenenergies are given in Eq.~3!# are~in spinor
notation!

u↑&5S A211

2 i
D ,
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u↓&5S A221

1 i
D , ~5!

which are orthogonal to each other.

B. Coherent spin injection from spin-polarized contacts

Assume that the ferromagnetic contacts to the quan
dots ~the two outer layers! exhibit nearly 100% spin polar
ization and are permanently magnetized along one of
eigenspinor polarizations. It may be possible to obtain alm
100% spin polarization in half-metallic CrO2 ~Ref. 40! and
some other Heusler alloys such as half meta
(Co12xMnx)0.75Ge0.25 which are ferromagnetic with a Curi
temperature above room temperature. However, their in
face with semiconductors~quantum dot material! may not be
ideal. Recently, spin-polarized hole injection was dem
strated from GaxMn12xAs into GaAs~Ref. 41! at around a
temperature of 120 K. Prior to that, spin-polarized injecti
from CdxMn12xTe into CdTe was demonstrated,34 but the
disadvantage in that case is that CdxMn12xTe is not a per-
manent ferromagnet; the spin polarization needs to be m
tained by a globally applied dc magnetic field which intr
duces a Zeeman splitting in CdxMn12xTe. However, only a
very small field is required since the effective Lande´ g factor
for electrons in dilute magnetic semiconductors is hu
(;100). On the other hand, the advantage of CdxMn12xTe is
that it is lattice matched to CdTe and hence interface sca
ing is less of a problem. Suffice it to say then, that it may
possible to inject an electron into one of the spin eigenst
of the semiconductor dot from spin-polarized contacts. M
recently, 90% spin-polarized electron injection was dem
strated from the dilute magnetic semiconduc
BexMnyZn12x2ySe into GaAs at a temperature below 5
~Ref. 42! and at a relatively large magnetic field which i
duces a Zeeman splitting in the magnetic semiconduc
While the temperature is high enough for quantum comp
ing applications, the applied magnetic field is too large a
may flip the spin in the semiconductor quantum dot, th
corrupting the qubit. The problem of coherent spin injecti
from a ferromagnetic material into a semiconductor is a to
of much current research. It has a long history and succ
has been elusive. Currently, this is a significant challeng43

Another important question is how easy will it be to mai
tain single electron occupancy in each dot. As long as
energy cost to add an additional electron (5e2/2C; C is the
capacitance of the dot! significantly exceeds the thermal e
ergy kT, only a single electron will occupy each dot. Un
form electron occupancy in arrays of.108 dots has been
shown experimentally.44

1. Single qubit rotations

We will now describe how a selected qubit in a quantu
dot can be rotated by an arbitrary angle. Note from Eq.~3!
that the spin splitting of the ground state depends on
interface spin-orbit coupling coefficienta. This quantity is
proportional to the interface electric field and hence can
modulated by altering the interface potential@in this case the
quantum dot’s interface with the surrounding insula
(Al2O3) is the relevant interface# by applying an electrostatic
field normal to the interface. The applied electric field w
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also probably altera andpx , thus contributing even more to
the modulation of the spin-splitting energy. The possibil
of this external electrostatic modulation was predicted
Datta and Das37 and experimentally demonstrated by Nit
et al.,39 who were able to varya by a factor of 2 by varying
the interface potential by 3 V. In self-assembled quant
dots whose geometry is like that in Fig. 1, we will have
apply a potential between the top contact of a dot and
bottom substrate since the sidewalls~interface with Al2O3)
are not electrically accessible in this configuration. This
obviously not the best situation because the applied fiel
primarily parallel to the interface rather than perpendicul
However, there is always a small perpendicular compon
because of fringing effects and this will alter the spin sp
ting of the ground state. We can make an estimate of the
splitting from Eq. ~3!. Assuming that uau50.1, Wx
5500 Å, anda53310212 eV m,38 we find that the spin-
splitting energy is 50meV. Even a 1% variation of this en
ergy by an applied field would be sufficient. Thus a lar
applied field is not required.

We cannot apply a large potential over a dot anyway le
we overcome the Coulomb blockade and cause a curren
flow between the two spin-polarized contacts. This will co
lapse the wave function by transferring the electron into
contacts which are dissipative. Current flow is allowed on
when the qubit has to be read and the information in the r
data is discarded thereafter~erasure!. Otherwise, we must
always operate within the Coulomb blockade regime
avoid dissipation. Assuming that a dot has a capacitance
aF, the maximum voltage that we can apply over the
without breaking the Coulomb blockade and inducing a c
rent flow is 80 mV.

In order to rotate the qubit in a selected quantum dot,
will apply a potential pulse of appropriate duration to th
dot which will bring the spin-splitting energy in that dot i
resonance with an applied global ac magnetic fieldBac. This
resonance will then rotate the qubit placing it in a coher
superposition of the eigenspinors

qubit5a↑u↑&1a↓u↓&. ~6!

Thus, the desired single qubit rotation can be achieve

2. Two-qubit controlled rotation operation

To perform the operation of the two-qubit quantum co
trolled rotation gate, we will be required to rotate the spin
the target quantum dot~target qubit! by an arbitrary angle if,
and only if, the spin in the neighboring quantum dot~control
qubit! is at a specified orientation. The control qubit mu
remain unchanged in the process. It is obvious that the t
spin splittingD target in the target dot depends, among oth
things, also on the exchange interactionJ with the neighbor-
ing ~control! dot ~and hence on the spin orientation of th
control qubit! if the two dots are exchange coupled. After a
the exchange term will appear in the Hamitonian of t
coupled two-dot system. Thus, the potentialVtarget that
brings thetotal spin splitting energyD target in the target dot
in resonance with the ac magnetic fieldBac depends on the
spin orientation in the control dot. Herein lies the possibil
of conditional dynamics. We can find theVtarget that will
rotate the target qubit through an arbitrary angle only if t
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control qubit is in the specified orientation. Application
this potentialVtarget to the target dot realizes the operation
a quantum controlled rotation gate.

Since the exchange coupling depends on the tunne
matrix element between neighboring dots and hence on
overlap of their wave functions, we can vary it by varyin
the spatial extent of the wave functions. This can be effec
by applying a differential potential between the two do
which skews the wave functions in the dots and changes
overlap. Thus, one can ‘‘tune’’ the exchange interaction
tween the electrons in two neighboring dots by indep
dently adjusting the electrostatic potential applied to both
them.

C. Spin measurement

After quantum computation is over, we need to read
result by measuring the qubits. During this process, the
bits will collapse to classical bits. These classical bits are
measured spin orientations in relevant dots. They are m
sured by measuring the current that results when the po
tial over the dot is raised over the Coulomb blockade thre
old. If we assume that the differential phase shift suffered
the spin in traversing the dot is negligible; in other word
transport through the dot does not rotate the spin, then
magnitude of the measured current can tell us the s
orientation.37 It was shown in Ref. 37 that the spin-polarize
contacts act as electronic analogs of optical polarizers
analyzers, so the current will depend on the projection of
spin of the quantum dot’s resident electron on the spin
entation in the contacts. Thus, by measuring the current,
can tell the spin orientation in any quantum dot.

D. Calibration

For each dot, the potentialV that needs to be applied t
flip the spin by bringing the dot in resonance withBac can be
calibrated following the procedure outlined by Kane.25 With
Bac50, we measure the spin in a quantum dot. Then
switch on Bac and sweepV over a range. NextBac is
switched off and the spin is measured. The range ofV is
progressively increased till we find that the spin has flipp
We then proceed to narrow the range with successive it
tion while making sure that the spin does flip in each ite
tion. Finally this allows us to ascertainV with an arbitrary
degree of accuracy. As pointed out by Kane,25 the calibration
procedure can, in principle, be carried out in parallel o
several dots simultaneously and the voltages stored in a
cent capacitors. External circuitry will thus be needed only
control the timing of the biases~application ofVtarget) and
not their magnitudes. While this is definitely an advanta
fabricating nanoscale capacitors adjacent to each individ
dot is outside the scope of self-assembly. Moreover, cap
tors discharge over time, requiring frequent recalibrat
through refresh cycles, so that this may not be a signific
advantage.

E. Input and output operations

Any computer is, of course, useless unless we are ab
input and output data successfully. Since we are using s
polarized contacts to inject an electron in each dot, we kn
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the initial orientation. Those dots where the initial orientati
is the one we want are left unperturbed while the spins in
remaining dots are flipped by resonating withBac. This pro-
cess prepares the quantum computer in the initial state f
computation and can be viewed as the act of ‘‘writing’’ th
input data. Computation then proceeds on this initial state
carrying out a desired sequence of controlled rotation op
tions. Reading the data is achieved as described in Sec.

F. Comparisons with similar proposals

Proposals similar to that presented in this paper, wh
envision nanoelectronic spin-based implementations of u
versal quantum gates, have been forwarded in the pas
Privman,26 Kane,25 and more recently by Vrijenet al.27 Our
proposal is distinct from those previous versions in ma
ways. The first two of the previous proposals envision qub
as being encoded by nuclear spins and a delicate transdu
between electron and nuclear spins is required for data c
munication. We and Vrijen have both eliminated the role
nuclear spins~and the need for coupling between electr
and nuclear spins!, but perhaps at the cost of a somewh
smallerT2 time ~spin coherence time!. The major difference
between our proposal and all others is that we do not n
any dc magnetic field at all. All previous versions split th
spins using the Zeeman effect induced by a strong dc m
netic field. We use the Rashba effect instead~which is purely
electrostatic!. Since we only need a small ac magnetic fie
~supplied by a microwave source!, there is some hope of a
‘‘lightweight’’ implementation where heavy electromagne
for generating strong dc magnetic fields are not requir
There is nonetheless a cryogenic requirement which is
main obstacle to realizing a truly ‘‘portable’’ quantum com
puter. This obstacle is not easy to overcome.

Another major difference with previous proposals is th
our structure can be mostly self-assembled thus elimina
the requirement of performing Herculean feats in lithog
phy. In the next section, we briefly describe how it may
possible to self-assemble a quantum computer.

III. SELF-ASSEMBLY

The self-assembly process that we propose is relativ
standard and has been successfully applied by a numbe
groups, including us, for fabricating ordered tw
dimensional arrays of quantum dots or nanowires.45 The syn-
thesis proceeds as follows.

First an Al foil is dc anodized in 15% sulfuric acid fo
several hours with a current density of 40 mA/cm2. This
produces a nanoporous alumina film on the surface of
foil with a quasiordered arrangement of pores. The film
stripped off and the foil is reanodized for a few minutes. T
alumina film that forms on the surface after the second
odization step has a very well ordered arrangement
nanopores.46 Figure 2 shows a raw atomic force micrograp
of pores formed by anodizing in oxalic acid. The pore dia
eter is 52 nm and the thickness of the wall separating
adjacent pores is of the same order. If the anodization
carried out in sulfuric acid, the pores that self-assemble h
a much smaller diameter of 1061 nm with a wall thickness
of the same order.45 Cross-section TEM of the pores hav
revealed that they are cylindrical with very uniform diame
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along the length. The length of the pores is, of course,
thickness of the alumina film and depends on the duratio
anodization. Typically, the length is a few thousands of a
stroms.

Multilayered quantum dots as shown in Fig. 1 are form
by sequentially electrodepositing the constituent layers se
tively within the pores. However, in order to have app
ciable overlap of the wave functions in neighboring dots
exchange coupling, we must first decrease the thicknes
the alumina walls separating two adjacent dots. The sep
tion can be decreased to as small as;1 nm by widening the
pores. This is accomplished by soaking the porous alum
film in phosphoric acid which dissolves the alumina from t
walls of the pores.

Electrodeposition of the constituent layers of a multila
ered quantum dot~or quantum dash! is carried out in steps
In Fig. 1~a!, we show a trilayered dot of Fe-GaAs-Fe, whe
Fe acts as the spin-polarized material. We recognize that
may not be the optimal combination, but at least this int
face is known to be sharp and has been well characterize
the past.47 For depositing the first Fe layer, the alumina fil
is immersed in a solution of FeSO4 and an ac signal of 20 V
rms amplitude and 250 Hz frequency is imposed between
aluminum substrate and a graphite counter electrode. Du
the cathodic half cycle of the ac signal, the Fe21 ion is re-
duced to zero-valent Fe metal which goes into pores se
tively since they offer the least impedance path for the
current to flow. Since alumina is a valve metal oxide, t
zero-valent Fe is not reoxidized to Fe21 during the anodic
half-cycle. After a few seconds of electrodeposition, we
left with a ;10-nm layer of Fe at the bottom of the pore48

The partially filled alumina film is then ac electrolyzed
arsenic acid for a few seconds which leaves behind the A32

ions adsorbed on the walls of the pores. Next, the samp
immersed in a boiling aqueous boiling solution containi
the Ga31 ion. The Ga31 ion reacts with the As32 in the walls
of the pore to produce a;10-nm-thick layer of GaAs on top
of the Fe layer. Finally, another;10-nm-thick layer of Fe is
deposited on top. This results in the structure of Fig. 1~a!.

FIG. 2. Raw atomic force micrograph of pore morpholog
produced by anodization of an aluminum foil in oxalic acid. T
average pore diameter is 52 nm with a 5% standard deviation.
structure acts as a self-assembled template for self-assembl
quantum computer.
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Note that the spin-polarized contacts~Fe! are automatically
self-aligned to the semiconductor dot~GaAs! in this ap-
proach.

If we wish to self-assemble the alternate structure in F
1~b!, we will use telluric acid instead of arsenic acid for th
ac electrolysis. CdxMn12xTe is deposited by immersing th
alumina film in a boiling solution of CdSO4 and MnSO4,
whereas CdTe is deposited by immersing in a solution
pure CdSO4.

It should be pointed out that one is not limited by ma
rial . Almost anything can be deposited selectively within t
pores, one way or another. Even silicon can be deposited
slow deposition using molecular beam epitaxy and group
elements like carbon have been deposited within the po
employing essentially gas-phase epitaxy.49 Plasma-
enchanced chemical vapor deposition is another promis
approach.

Material purity is of extreme concern in any electrochem
cal synthesis. Chemical reagents are never very pure an
certainly do not want a magnetic impurity in the semico
ductor dot that will tend to cause unwanted spin flips. Sin
it is possible to fill the pores using very slow deposition in
molecular-beam epitaxy setup, one could use this appro
to guarantee vastly improved material purity with a comme
surate increase in fabrication cost.

A. Wiring the gates to make a computer

Arbitrary connections will have to be made between d
ferent gates in order to make a computer. The lithograp
challenge associated with this task is daunting; howev
there is an alternate. We can deposit Au over the top
contact in the same way as we deposit Fe itself. Gold sul
is an appropriate electrochemical source for gold. Con
gated organic molecules such as biphenyl dithiol and g
clusters can be coevaporated on the surface after each po

FIG. 3. Wiring the quantum computer. Dot-to-dot connectio
are self-assembled using conjugated organic molecules with ap
priate end groups that self-adhere to gold. Gold clusters act as
in the bridge. Every Au contact is connected to others via the lin
molecules and the unwanted connections are subsequently rem
with a STM tip.
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sealed with a top Au layer. The end group in the orga
molecule self-attaches to Au acting as ‘‘alligator clips.’’50,51

The molecules bridged by Au clusters~Fig. 3! are electri-
cally conducting with a resistance of 10-40 MV per
molecule.52,53They are called ‘‘molecular ribbons’’ and pro
vide self-assembledelectrical connection between the qua
tum dots~Fig. 3!.54 However, the connection exists betwe
every dot and hence must be surgically modified to realiz
specific interconnection pattern. For this purpose, one
need to remove the unwanted connections with a scan
tunneling microscope~STM! tip. This is a slow and labori-
ous process but still beats lithography.

Lithography, however, is not completely unavoidab
Connections to the external world for data input/output to
entire chip must be delineated with lithography. This
c

a
ll
ng

.
e
,

however, not as demanding as making all the internal c
nections~dot-to-dot connections! with lithography.

IV. CONCLUSIONS

In this paper, we foresee the application of a great
vance in materials technology, nanoscale self-assembly
realize a great advance in information technology—the qu
tum computer. Past proposals of semiconductor impleme
tions of quantum computers25,27required extremely challeng
ing fabrication methodologies and at least some of th
relied on delicate interaction between nuclear and elec
spins to transduce the qubit into a measurable signal.
present paradigm is much simpler, probably more rob
and the possibility of self-assembly makes it very attracti
.
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