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{57) Abstract

A quantum computer comprising a semiconductor substrate into which donor
atoms are introduced to produce an array of donor nuclear spin electron systems
having large electron wave functions at the nuclens of the donor atoms, where
the donor electrons only occupy the nondegenerate lowest spin energy level, An
insalating layer above the substrate. Conducting A—gates on the insulating layer
zhove respective donor atoms to control strength of the hyperfine interactions
between the donated elecirons and the donor atoms® nuclear spins, and hence
the resonance frequency of the nuclear spins of the donor atoms. Conducting
J-gates on the insulating layer between the A-gates to turm on and off electron
mediated coupling between the nuclear spins or adjacent donor atoms. Where the
nuclear spins of the donor atoms are the quantum states or “qubits” in which binary £-GATES
information is stored and menipulated by selective application of voltage to the / A-ewm‘

A~ and J-gates and selective application of an altemating magnetic field to the
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An insulating | ayer above the substrate. Conducting A-gates on
the insulating | ayer above respective donor 25 atons to control the
strength of the hyperfine interactions between the donor el ectrons and
t he donor at OW@"9%H8% ear spins, and hence the resonance PCT/Avssgarncy of

t he nucl ear spins of the donor atons. Conducting J-gates on
the insulating | ayer between A-gates to turd on and of f el ectron

medi at ed coupling between the nucl ear spins of adjacent 30 donor atons.

Wiere, the nuclear spins of the dongyiaPOM @OMIPEERIUaNt um st ates or
an

"qubits" in which binary information 1S store mani pul at ed by
sel ective application of voltage to the A- and J-gates and sel ective
application ‘Déchaidad Fieldi ng nagnetic field to the substrate. 35

A cooling neans may be ’fﬂqﬂ‘. | | lﬁgﬁh lheg: : a
tenperature suffici entE‘;i/ o%ﬁg?\%e%ﬂ%%ﬁ@&gw%o%s an%i?rrag}gg?idg%gg?rd
WO 997 14858 5  performing quantum computations. Recent progress in the theory of

PCT/ AUW98/ 00777  quantum computation, particula:‘ﬁél_‘i7 the discovery of fast qudntum havi ng
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cooling and magnetic field may be required to ensure the electrons only

occupy the nondedgRitddgidhd AMESt spin energy level. 5 The devi ce
TRy al so i ncofporat e "apRoHt o6, Qb 16 Al BHiSthion that Fultils the

requirements has proved to be a formidable challenge. Nuclear spins have
been incorporated into quantum computer proposals, because their lifetime
can be at least six orders of magnitude greater than the time required to
perform a logical operation on the spins.

15
Summary of the Invention

The invention is a quantumn computer, including:

A semiconductor substrate into which donor atoms are introduced to
produce an array of donor nuclear spin electron systerns having large

20 electron wave functions at the nucleus of the donor atoms. Where the donor
electrons (electrons weakly bound to the donor atom) only occupy the
nondegenerate lowest spin energy level.

An insulating layer above the substrate.

Conducting A-gates on the insulating layer above respective donor

25 atoms to control the strength of the hyperfine interactions between the donor
electrons and the donor atoms’ nuclear spins, and hence the resonance
frequency of the nuclear spins of the donor atoms.

Conducting J-gates on the insulating layer between A-gates to turn on
and off electron mediated coupling between the nuclear spins of adjacent

30 donor atoms.

Where, the nuclear spins of the donor atoms are the quantum states
or “qubits” in which binary information is stored and manipulated by
selective application of voltage to the A- and J-gates and selective application
of alternating magnetic field to the substrate.

35 A cooling means may be required to maintain the substrate cooled to
a ternperature sufficiently low, and a source of constant magnetic field



field of sufficient force to flip the nuclear spin of donor atons resonant

wth the field, and neans may be provided to sel €ctively apply the
alternating magnetic field to the substrate. I n addition
the device may include neans to selectively apply 10 voltage to the
A-gat es and WOPAU48sSE The invention takes adveotsegmoefsthe fact
that an electron is sensitive to externally applied electric f.ields.
As a result the hyperfine interaction between an el ectron spin and the
spin of the atom c nucleus, and the i nteraction between an el ectron

and the nucl ear ﬁ%ﬁ sﬁfflctxé/}ﬁ sﬁ' Yo 'B&%E&he %v'éo—fc(lﬁil in de'*geﬁéﬁ@& bPtheBiing! €d

or indirect nuclear oup e con tronically by
vol tages appl i edsﬁ%e §919H’°§a§ ‘E%WHH&Y&JSO be rquggqli § £ O 'F‘IE? é’gnce of
an al ternating megsitrg and megmbtic Tedd iyt required &sensure thbhéaa:troaﬁbal;t s to

externally manip onor atons in a
sem conduct or fopktgﬁ] nt%l o@%%ﬁ?fa{?%%sg@ﬁ%g&y%w 1n such a device the
lifetime of the quant UFhesdevieesmapalsqimiorpgrate a sovgereeialteamatingnagnedict he
conput ation wstﬁ@t@&%@fﬁ&&ﬁ‘dfc@%m%% Ai@ear spin 6010 Atdr resSiidiRfittS e t he

coherent state %hﬁﬁgt he, conput er @gdg)oﬁelecﬁveﬂ&pgix%all% |thms rely

will be destroye ?:'Binﬁ'ie?
nucl ear spin conpmgaemm)heldrtdthes@s&amml ear spin detection 25 can ari se if

the nuclear spin is |qgal gﬁlmgdg%b?ﬂwlm%%g 5 QBYBE LY

1
sem conduct or host1 The tron lon is then concen a?gd at the
donor nucl eud®(f ¥p @BJP e 418ates 45 érﬁé ¥®§y bands conposed prinarily of then,
yi el di ng a | arge hyperThenaventicr takéd mtvaatage gf thefact thabad electren & sedsitive s,

Rovever . the el ot LBty SphHile e0RicIANTAs é?&mmm BypElRASn Rhachiofvay 30

fromt he donor eus I at ar s coupling to
occur over conpa %tﬂ‘fe@népseﬂ%‘i’@ésspm anzfthe spin o &ﬁrﬁt‘?‘?ﬁk‘}bﬁ“% gHs: Fgé[‘}?er enent for

a quant um conput itefastib® betwdeata dldttron and themuckaf spins efywdaegnde auclbi
freedom t hat gnay thQEﬁr %%Eoﬂ”nﬁéhl%g orgﬁcﬁp%‘?ﬁﬁclear §%mtc9§%l%$ ﬁeal f the

qubits are spin r spins in

the host are a | WWIM?WWC&WtW valtages apRlieddnates op fsemiconductor

device in the presence of an alternating magnetic field. The invention uses
these effects to externally manipulate the nuclear spin dynamics of donor
atoms in a semiconductor for quantum compnutation.

20 In such a device the lifetime of the quantum states {or qubits)
operated on during the computation must exceed the duration of the
computation, otherwise the coherent state within the computer upon which
quantum algorithms rely will be destroyed. The conditions required for
electron-coupled nuclear spin computation and single nuclear spin detection

25 can arise if the nuclear spin is located on a positively charged donor in a
semiconductor host. The electron wave function is then concentrated at the
donor nucleus (for s-orbitals and energy bands composed primarily of them),
yielding a large hyperfine interaction energy. For shailow level donors,
however, the electron wave function extends tens or hundreds of A away

30  from the donor nucleus, allowing electron-mediated nuclear spin coupling to
occur over comparable distances.

An important requirement for a quantum computer is to isolate the
qubits from any degrees of freedom that may interact with and “decohere”
the qubits. If the qubits are spins on a donor in a semiconductor, then

35  nuclear spins in the host are a large reservoir with which the donor spins
can interact. Consequently, the host should contain only nuclei with spin




can interact Consequently, the host should contain only nuclei with spin
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concentrations at temperature T=1.5 K, Feher observed that the electron
relaxation time was thousands of seconds and the *'P nuclear relaxation time
exceeded 10 hours. At millikelvin temperatures the phonon limited *'p
relaxation time may be of order 10*® seconds, making this system ideal for

15 quantum computation.

The A- and J-gates may be formed from metallic strips patterned on
the surface of the insulating layer. A step in the insulating layer over which
the gates cross may serve to localise the gates electric fields in the vicinity of
the donor atoms.

20 In operation the temperature of the quantum computer may be
below 100 millikelvin (mK) and will typically be in the region of 50 mK.
The process of quantum computation is non-dissipative, and consequently
low temperatures can be maintained during computation with comparative
ease. Dissipation will arise external to the computer from gate biasing and

25 from eddy currents caused by the alternating magnetic field, and during
polarisation and detection of nuclear spins at the beginning and end of the
computation. These effects will determine the minimum operable
temperature of the computer.

The constant magnetic field may be required to be of the order of 2

30 Tesla. Such powerful magnetic fislds may be generated from
superconductors.

The extreme temperatures and magnetic fields required impose some
restrictions on the availability and portability of the quantum computing
device outside of a laboratory. However, the high level of access to a

35 computer situated remotely in a laboratory, for instance through use of the
internet, may overcome any inconvenience arising from its remoteness. It is




the donor atons. 20 In operation the tenperature of the quantum

conputer may be below 100 mllikelvin (nK) and will -typically be in
the region of 50 nK The process of quantum conputation is

non- di ssi pative, and consequently | ow t enperatures can be naintai ned
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10  devices will typically be provided at the edge of the array.

An electron device for polarizing and measuring nuclear spins may,
comprise:

A semiconductor substrate into which at least one donor atom is
introduced to produce a donor nuclear spin electron system having large

15 electron wave functions at the nucleus of the donor atom.

An insulating layer above the substrats.

A conducting A-gate on the insulating layer above the donor atom to
control the energy of the bound electron state at the donor.

A conducting E-gate on the insulating layer on either side of the A-

20 gate to pull electrons into the vicinity of the donor.

Where in use, the gates are biased so that, if the transition is
allowed, one or more electrons can interact with the donor state.

In a further aspect, the invention is a method of initializing the
quantum computer, comprising the following steps:

25 biasing the gates so that, if the nuclear spin of a donor is in a first
state no transition is allowed, but if the nuclear spin is in a second state
transition is allowed, and one or more electrons can interact with the donor

state to change the nuclear spin to the first state; and
continuing the process until all the donors are in the first state.

30 In a further aspect, the invention is a method of measuring nuclear

spins in the quantum computer, comprising the following steps:

biasing the gates so that, if the nuclear spin of a donor is in a first
state no transition is allowed, but if the nuclear spin is in a second state
transition is allowed, and one or more electrons can interact with the donor

35 state to change the nuclear spin to the first state; and




personal conputers, in which case the server may have a | ocal cooling
system and t he personal conputers nay operate at roomtenperature.

The initial state of the conmputer nust be accurately set and the 5 result
of the comput®™®?¥¥&ccurately measured. Electron devices nEfAJE8/00777
provided to set the initial state and read gutput fromthe quantum -

conput er. These devices pol ari ze and neasure nucl ear spins. For
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el ectron, or a c ulatentingdhe atavemenh of thenmeratitpere electigrs & deterpiney

single nucl ear spidistatbFke tdipectfi@Vddmpes, W || typically be provided at the
edge of the array. An el ectron device for polarizing and

measuri ng nucl ear spins nay, conpri se: A sem conduct or
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functions at the nucl eus . onor, at O‘% An insul ating
| ayer above the Shpeacompanying drawings, in whicBpnduct i ng A-gate on the .
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bound el ectron state at ;the donor . a: q{%?g ' - t he
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aspect, the invention 1s a, ring nucl ear spins in the
quant um conput er 9068&&‘?%’1 the fol | owi ng steps:

Figure 3 illustrates how an electric field applied to a J-gate varies the
electrostatic potential barrier V between the donors to enhance or reduce the

20 exchange coupling, proportional to the electron wave function overlap. The
exchange frequency (=4J/h) when V=0 is plotted for Si.

Figure 4 illustrates the effect on electron and nuclear spin energies
when J coupling is turned on. In Figure 4(a) the exchange interaction lowers
the electron singlet energy with respect to the triplets. The computer is

25 always operated when J < pugB /2 so that the electron state is spin polarised.
In Figure 4(b) nuclear level splitting can be seen due to electron mediated
interactions between the nuclei: the ] 10-01) - | 10+01) splitting diverges (in
second order perturbation theory) when J= ugB/2. _

Figure 5 (a), (b} and {c) illustrates a controlled NOT operation,

30 realised by adiabatic variations in J, A,, and By,

Figure 6 illustrates a configuration at the edge of the array for
polarising and detecting nuclear spins. Figure 6 (a} is a pictorial view of the
arrangement. When positively biased, E-gates pull electrons from chmic
contacts (not shown) into the vicinity of the edge qubit donor. Figure 6 (b} is

35 asection showing the *'P donor weakly coupled to 2DEG's; if the transition is
allowed, an electron can tunnel through the donor state. Figure 6 (c}




bi asing the gates so that, if the nuclear spin of a donor is in a first
state no transition is allowed, but if the nuclear spinis in a second

state transition is allowed, and one or nore el ectrons can interact
with the donor 35 state to change the nuclear spinto the first state; and
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detecting the novenent of the one or nore 8| ectrons to deternine t he
state of the respective donors. Brief Description of the Drawings 5

An exanpl e of t HRudthM&d e OSpiididde SYRMRITEESE Tth RAHCHb B BInORABs 4tthe

t he acconpanyi ng, dra S, in which: Fi gure jllystrates two

cells i nrrg 1}/Di %@FFE} gﬁ?\%‘h??%“ﬁﬁ’r#ﬁ?ﬁﬁ?&ﬁ”é’?‘ by OPPO%ﬂﬁé’ﬁgﬁrgy 'a#ﬁsoé’IaBEt rons

in a S host, sdpomellingfiom encoside teethefotienwidh ffip thenesleanspin on théidosoer f ace.

M gates control sbiiRatte AlARECsdih SHARYedly b EleBlifcaPAlmetitl Righle 6§P! ! S,
ect r on- ned]

while J-gates coptrol the e ated _cou mg bet wee adj acent

nucl ear spinS. hestratesdeswagleginctan spia ‘t'eé§°EgE§§ P%é&}l‘ﬁé‘ elegons . gate
_e: Iect ric fi elhd icannditetunhd!diitc? thecdorioh @nthes ftrcan transfer its spin to the guekug,

Il lustrates how - : e

el ectron wave flf?\%%ﬁ%%ﬁ{a%\g@nfbl rkgénlﬁqilﬁ%%%%rc {ng g%dér'i‘gﬁttags %kxﬁﬁgl 1%8°{"Ear rier,
reduci ng the hyjethg saane direqtion; iAhelapiion Haversing aarss the meystEip the ¢ pe

nucl eus. The domatleatiSpidawiced howevercio the ifithl antleat spin pohurisatioage

10  preserved.

Best Modes for Carrying out the Invention
Referring first to Figure 1 (not to scale), a 1-Dimensional array 1
having two cells 2 and 3 comprises a Si substrate 4 into which two donor
15 atoms 5 and 6 of *'P are introduced 200 A beneath the surface 7. There is
one atom of **P in each cell and the atoms are separated by less than 200 A.
Conducting A-gates 8 are laid down on a SiO, insulating layer 9 above the Si
substrate 4, each A-gate being directly above a respective °'P atom.
Conducting J-gates 10 are laid down on the insulating layer 9 between each
20 cell 2 and 3. A step 11 over which the gates cross localises the gates electric
fields in the vicinity of the donor atoms 5 and 6.
The nuclear spins of the donor atoms 5 and 6 are the quantum states
or "qubits” in which binary information is stored and manipulated. The A-
gates 8 control the resonance frequency of the nuclear spin qubits, while J-
25  gates 10 control the electron-mediated coupling between adjacent nuclear
spins,
In operation, the device is cooled to a temperature of T = 50 mK.
Also, a constant magnetic field of B = 2T is applied to break the two-fold
spin degeneracy. The combined effect is that the electrons only occupy the
30  nondegenerate lowest spin energy level. The electrons must remain in a
zero entropy ground state throughout a computation.

Magnitude of Spin Interactions in Si'P
The size of the interactions between spins determines both the time
35  required to do elementary operations on the qubits and the separation
necessary between donors in the array. The Hamiltonian for a nuclear spin-



controlled oscillator. Figure 3 illustrates how an el ectric
field applied to a J-gate varies the el ectrostatic potential barrier
Vbet ween the“Eﬂg ﬁgsto enhance or reduce the 20 exchangeregaabh@gn
proportional to e el ectron wave function overlap. The exchange
frequency (=4J/h) when V=0 is plotted for $S. Figure 4
illustrates the effect on el ectron and nucl ear spin energies when J

coupling is turned on. I.n Figure 4(a) the exchange interaction | IS
the el ectron singlestror apstem iniSita B'é]@thJE’llil{:FlﬁngP‘a‘l%‘f‘g?“’ﬂ%{]W%t%r i s
25 always operajged whend < [err]B /2 so that the electron state is spin

pol ari sed. In Figure 4(b) nuglear leygl splitting can be seen due to

el ectron nedi at ed i niHEy acEBons ghet Ben+tAe ducl ei: the (fkerr] 10-01) -
[err] 10+01) splitting diverges (in second order perturbation theory)
when J = [err] B/ 2. Figure 5 (a), (b) and (c) illustrates a

controll ed NOT operation, 3 .ealised.by .adiabatic, variatio ' r]A,
and Blerr]. 2 Whete o'are %’ieg’lﬂ’é S8 mﬂg‘éﬁ%é{“’éd‘@ CABSOVARS i‘ldﬁgg*er}%\hc[é&édge
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Is a pictorial viewgf the arrangenens . en,posit.ively biased,
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vicinity of the edge,qubit donor. Figure 6 (b) is 35_ a section show,ng the
[err] P donor vveak‘l’&’)?:zgh?) prababity éE@ng of tgleteif@)tqopmetfpgq:pqxgeva?uategﬂ d,
an el ectron can huskeas. Hthedkbtrbfiés domogroahdstate, Rhg frequéncycspparation of thaD

29/ 14858 10 nuclear levels is, to second order: PCT/ AU98/ 00777

242
hv,,.=2g,,u,, B+ 2A + ;—B—B' (2)

In Si*'P, 2A/k = 58 Mhz, and the second term in Equation (2) exceeds the

15 firsttermforB < 3.5 T.

An electric field applied at the A-gate to the electron-donor system
shifts the electron wave function envelope away from the nucleus and
reduces the hyperfine interaction. The size of this shallow donor Stark shift
in Si, is shown in Figure 2 for a donor 200 A beneath a gate. A donor

20 nuclear spin-electron system close to an A-gate functions as a voltage
controlled oscillator: the precession frequency of the nuclear spin can be
controlled externally, and spins can be selectively brought into resonance
with an externally applied alternating magnetic field, By =10" T, allowing
arbitrary rotations to be performed on the nuclear spin.

25 Quantum mechanical computation requires, in addition to single
spin rotations, the two qubit “controlled rotation” operation, which rotates
the spin of a target qubit through a prescribed angle if and only if the control
qubit is oriented in a specified direction, and leaves the orientation of the
control qubit unchanged. Performing such two spin operations requires

30 coupling between two donor-electron spin systems, which will arise from
the electron spin exchange interaction when the donors are sufficiently close
to each other. The Hamiltonian of two coupled donor nuclei-electron
systems is:
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illustrates the "spin diode" configuration, in which electron spin states

at the Ferm |evel on opposite sides of the donor have opposite
polarity. Resonant tunnelling fromone side to the other will flip

t he nucl ear spin on the donor, so that the nuclear spin is polarised
by an electrical current. Figure 6 (d) 5 illustrates the "single electron
spin val ve" YQMWH8¥8r ati on, in which el ectrons cann8CTAYP#IHWI7ont 0 t he
donor unless it can transfer its spin to the nucleus, resulting in a
spin blockade if the electron and nuclear spins initially point in

the same direction. An electron traversing across the donor nust flip the
nucl ear spin tw ce, however, so the initial nuclear spin polarisation is 10
preserved. B Lp@e{s f o CRI LW gut, ylre |avention 3
Referring first to A(‘?:of 9?0 ;séf;g?e) ayl Dbnrreny onal array)1

having two cells 2 and 3 conprises a Si substrate 4 into which two donor 15
atons 5 and 6 OMHewtﬂB)aaeﬁxeimagnmﬂccfEdﬂ Rf¥eradtitue teratstfor the spinst a&;andAzThere

![ﬁan ) OOOg\e gt Og}eoffhe dﬁ’ga}fﬁxe 1% ?eggrl@ﬂ% thg‘fl @E&H@le%ﬁ ij by |ess
i nsul ating | ayef ‘9%?@69&9 ?#?égls%epeﬂds %%tqvﬁf ap af ﬁefgwtwng‘g? 1’

directly above &orwsll@spirdd[dvnbls at om Conducting J-gates 10 are

| aid down on the insulating |ayer 9 between each 20 cell 2 and 3. A step
11 over which the gates cross |ocalises thg gates el ectric fields in
the vicinity of thegdongre aﬁo -2r The nucl eagyy spi ns of
the donor atons 5 adgpb' ar egg Kza uZnt uﬁl(s or "qubits" 6{21 whi ch
binary informtion is store and mani pul at ed TheA— gates 8 control

the resonand@ frequency of the nuclear spin qublts while J- 25 gates 10
control the el emmmeatam@mmemgdmmtwﬂa@mucmmmfme spi ns.

n_operation. tBemit8KiGeok SuA0fe thel@micRRRESHOME facktfs Trms HndHon,

ectof a” " Lottt st for ot by huR P S 4 BBl one

only occupy t he denved for H atoms, is complicated in Si by its valley degeneréte anisotropic

15  band structure. Exchange coupling terms from each valley interfere, leading
to oscillatory behaviour of J(r). In this example the complications
introduced by Si band structure are neglected. In determining J{r} in Figure
3, the transverse mass for Si (= 0.2m,) has been used, and az=30 A. As shall
be seen below, significant coupling between nuclei will occur when 4f »

20  ugB, and this condition determines the necessary separation between donors
of 100-200 A. Because ] is proportional to the electron wave function
overlap, it can be varied by an electrostatic potential imposed by a J-gate
positioned between the donors.

Far two electron systems the exchange interaction lowers the

25 electron singlet ([N - 1)) energy with respect to the triplets. Ina

magnetic field, however, the electron ground state will be polarised if
. #gB > 2J; see Figure 4a. In the polarised ground state, the energies of the

nuclear states can be calculated to second order in A using perturbation
theory. The nuclear singlet ( | 10-01)) is lowered in energy with respect to
30 (110 + 01)) by:

1 1
KaB~2J p,B

hv, =24 ( ) (5)
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30 nondegenerate | owest spin energy level. The electrons nust remain in a

zero entropy ground state throughout a conputation. Magni t ude of Spin
Interactions in Si:[err]P The size of the interactions between
spins deterni E@IBHBE the tine 35 required to do el enent argcmpEssatirons on
the qubits and the separation necessarygbet ween donors in the array.
The Ham | toni an for a nucl ear spin-

7 el ectron systemin Si. applicable for an I = 1/2 donor nucl eus and
with B z | S'The other two triplet states are higher and9ower than these states by Ab§r I |

Che nucl ear - rdtFReORnaloB P fed Bairciin ity f. Pawem T Tentgpd | S
[err]P), and fordffh=j@GhE, Equation 5qdelda st =1#podis. i This freyeenayt i on ener gy,
g’vg |h Lat ed a{ err] tReribahedRithe Wpsanidos (Bl rdth 8t FhRA iRy WpebatidChh 88
5 performed on the computer. The speed of single spin operations is
determined by the size of B, and is comparable to 75 kHz when By-=10"
Tesla.

Equation 5 was derived for A;=A,. When A; # A, the nuclear spin
singlets and triplets are no longer eigenstates, and the eigenstates of the

10  central levels will approach | 10) and {01) when |A, - A,] >> hv; as is
characteristic of two level systems; see Figure 5a.

Control of the J-gates, combined with control of A-gates and
application of B,, are sufficient to effect the controlled rotation operation
between two adjacent spins.

15 The controlled NOT operation {conditional rotation of the target spin
by 180°) can be performed using an adiabatic procedure, in which the gate
biases are swept slowly; refer to Figures 5b & c. Att = t,, the two spin
systems are uncoupled (f = 0) and 4; = 4, so that llO) and |01) are
degenerate. Att, a differential voltage is applied to the A-gates (designated

20  A,) that breaks this degeneracy. This symmetry breaking step distinguishes
the control qubit from the target qubit. Att,exchange coupling between the
spin systems is turned on, and atf; the A, bias is removed. This sequence of
steps adiabatically evolves |01) into |10 - 01) and | 10) into 10 + 01). Att,
By is applied resonant with the |10 + 01) - |12) energy gap. Although to

25 lowest order in perturbation theory, B, will also be resonant with the |00) -
[10- 01) gap, the matrix element of this second transition is zero since the
singlet state is not coupled to the other states by B,

By is left on until £; when it has transformed [_‘.11) into |10 + 01)
and vice versa. The |10 - 01) and |10 + 01) are then adiabatically

30 transformed backinto |10) and |01) in a reverse of the sequence of steps
performed at the beginning of the operation. The qubit whose resonance
energy was increased by the action of A, at the outset is unchanged, while
the state whose energy was decreased is inverted if and only if the other
qubit is |1). The controlled NOT operation has besn performed. Arbitrary

35 controlled rotations can be accomplished by appropriately setting the
duration and frequency of B,.



the nucleus. If the electron is inits ground state, the frequency
separation of 10 the nuclear levels is. to second order: ‘ ' ,
hv[err] In Si:[err]P. 2A/h = 58 Mz, and the second termin Equation
(2) exceeds the 15 first termfor B < 3.5 T. An el ectric
field appli edvavymagssA- gate to the el ectron-donor system pornasbddors t he

el ectron wave function envel ope away fromthe nucl eus and reduces the
hyperfine interaction. The size of this shadP ow donor Stark shift in
Si, is showm in Figure 2 for a donor 200 A beneath a gate. A donor 20

nucl ear spin-electron ﬁ?ﬁ%@%ﬂ%@ﬁ@nﬁm@%& r#’é'ttp%%r?&ﬁxeﬂsmé‘revm t age

controlled oscillatar: ecessl ¢ requenty o nycl ear spin can be
control | ed exter gligigntiyihandhe ﬁ&@%ﬁﬁ%@%‘ﬁb&ﬁ?%ﬂ’am%@ﬁ‘mi 0 resonance
vv: It h an ext er nal Ipartégubdr, € BXCHANGH d}@rdtﬁgﬂfﬁ%iéﬁ &djacenBpeabitd are sifiphy r | 2;
al | owi ng arbitrary rotations to,be per

Quant um nmechani c }vagg?%mtﬁtqngﬁnp o tpggn?){ Wagglga &bgﬁ _c{ag%giqﬁ eg%o&&d {s%ipi n
rotations, thé twougobim compnterhtandst effsctad bynturningran 4 bgate wibies iy t0afioes
the spin of a tapgpkigub !v}"/ih RUY9B, AR HRTohtiRECus} B Gnd fth@g%i%rbugﬁt the

contr ol qubi,t: 1s ori‘ented i 1 S eC|f|eg &Nc%gtlon. a | eavesS t he
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operations requi Bgs- A9 = g @f the cumplhat spten This apgproach ehaloles anarypind kigayens,

which will arise t 10 [ Q@% | ction when the

donors are suffigﬁé%ﬁoifséﬁ%%é&f&hgﬁt%l@a%ﬁtg{cﬁéﬁ ECb %t&%m an of two

coupl ed donofCnuéimpliatieenslyowith the nafjzq efthejoperation on each qubit determined
entirely by the individual A-gate and J-gate biases.

Spin Decoherence Introduced by Gates
In the quantum computer architecture outlined above, biasing of

15  A-gates and J-gates enables custom control of the qubits and their mutual
interactions. The presence of the gates, however, will lead to decoherence of
the spins if the gate biases fluctuate away from their desired values. The
largest source of decoherence is likely to rise from voltage fluctuations on
the A-gates. The precession frequencies of two spins in phase att = 0

20 depends on the potentials on their respective A-gates. Differential
fluctnations of the potentials produce differences in the precession
frequency. At some later time ¢ = £, the spins will be 180° out of phase. £,
can be estimated by determining the transition rate between | 10+01) (spins
in phase) and {10-01) (spins 180° out of phase) of a two spin system. The

25 Hamiltonian that couples these states is:

H, =3 ha(ol-ai) ©)

where A is the fluctuating diffsrential precession frequency of the spins.
30 Standard treatment of fluctuating Hamiltonians predicts: ¢ ;’ =7Ssfve),

where S, is the spectral density of the frequency fluctuations, and v, is the
frequency difference between the |10-01)and |10+01)states. Ata particular
bias voltage, the A-gates have a frequency tuning parameter a. = dA/dV.
Thus:



8 [err] where H(B) are the magnetic field interaction terms for
the spins. Alerr] and Alerr] 5 are the hyperfine interaction energies of

t he nucl eus- w&g iR systems. 47, the exchange ener gy IC;F.;% on the
overlap of the él'ectron wave functi ons. For wel |l separ atg’g onor s:
[err] 10 where r is the distance betmeen donors, [err] is the
dielectric constant of the sem conduct or, and a[err] Is the

sem conduct or Bohr radius. This function, wi th val ues appropriate for
Si, is plotted in Figure 3. Equation4 originally derived for H
atons, is conplicated in Si Its vaI | ey degenerate anisotropic 15 band

structure. Exchange coupling tt&ﬁ%a (osygagh valley interferel7)] eading
to oscillatory behaviour of J(¢r). In this exanple the conplications
i ntroduced by Si band structure are neglected. In determiningJ(r) in Figure

3 Lhe Lransver sc inss, fof Slpolhl ddusly SFHE! ) Aol Hiilust o(er71-

S‘, for good room temperature electronics is of order 107°V"/Hz,

5 comparable to the room temperature Johnson noise of a 50Q resistor, o,
estimated from Figure 2, is 10-100MHz/Volt, yielding #;, = 10-1000 sec. ais
determined by the size of the donor array cells and cannot readily be
reduced (to increase #,) without reducing the exchange interaction between
cells. Because o is a function of the gate bias (see Figure 2) £, can be

10 increased by minimising the voltage applied to the A-gates.

While Equation 7 is valid for white noise, at low frequencies it is
likely that materials dependent fluctuations (1/f noise) will be the dominant
cause of spin dephasing. Consequently, it is difficult to give hard estimates
of t, for the computer. A particular source of low frequency fluctuations,

15 alluded to above, arises from nuclear spins in the semiconductor host, This
source of spin dephasing can be eliminated by using onlyI = 0 isotopes in
the semiconductor and barrier layers. Charge fluctuations within the
computer (arising from fluctuating occupancies of traps and surface states,
for example) are likely to be particularly important, and minimising them

20  will place great demands on computer fabrication.

While material dependent fluctuations are difficult to estimate, the
low temperature operation of the computer and the dissipationless nature of
quantum computing mean that in principle fluctuations can be kept
extremely small: using low temperature electronics to bias the gates could

25 produce t,~10° sec. Electronically controlled nuclear spin quantum
computers thus have the theoretical capability to perform at least 10° to
perhaps 10" logical operations during #, a critical requirerent for
performing complex calculations on large numbers of qubits.

30 Spin Initialisation and Measurement
The action of A-gates and J-gates, together with B¢ perform all of the
reversible operations for quantum computation. The qubits must also be
properly initialised and measured.
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be seen below, significant coupling between nuclei wll occur when 4J [err]
20 [err]B, and this condition determ nes the necessary separation between
donors of 100-200 A. Because [err] is proportional to the electron

wave function overlap, it can be varied by an electrostatic potenti al

| nposed by &sfesofihgsgat e posi ti oned between the donor;s AU9S/007T7 For
two el ectron svstens the exchange interaction |owers the E/ eﬁ ectron

singlet ([err]) energy with respect to thd2triplets. In a magneti c
field, however, the electron ground state will be polarised if [err]B
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operations is filling fdetoevn nethelmjedtion spizseare fcofipdatelly pabatised at towpar abl e to
75 kHz when B[ ekdphsordir&" When v > 1, however, electrons must occupy the higher

10  energy spin level and states at the Fermi level (Eg are polarised in the
opposite direction than forv < 1 (For simplicity, neglecting the valley
degeneracy of the electrons in Si. Also, many body "skyrmion"” effects that
can reduce the electron spin polarisation are small in Si and are also
neglected).

15 A junction between a v < 1 region and a v > 1 region is a “spin
diode” , so called because of the analogy between electron spin splitting in
these devices and the band gap in a semiconductorp - n junction diode; see
Figure 6c. Spin diodes are created by biasing the two E-gates at different
voltages that produce different densities in each 2DEG. The large energy

20  difference between electron and nuclear spin flip energies usually impedes
spin transfer, but the electric field in the spin diode junction enables | 1) and
|1y states of the electron with the same energy to overlap, enabling resonant
electron-nuclear spin exchange. The nucleus in the junction can thus be
polarised rapidly by a current through the junction. |0y qubit states created

25 in this way at the edges of the donor array can be transferred throughout the
array by the EXCHANGE operation. | 0)'s can be converted into | 1)'s with
selective unary NOT operations to complete the initialisation procedure.

Fluctuations from cell to cell in the gate biases necessary to perform
logical operations are an inevitable consequence of variations in the

30 positions of the donors and in the sizes of the gates. The parameters of each
cell, however, can be determined individually using the measurement
capabilities of the computer, because the measurement technique discussed
here does not require precise knowledge of the J and A couplings. The A-
gate voltage at which the underlying nuclear spin is resonant with an

35 applied B,, can be determined using the technique of adiabatic fast passage:
when B, = 0, the nuclear spin is measured and the A-gate is biased ata
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Because a | 1) state is converted to a single electron crossing the
junction, this detection technique requires extremely sensitive single
electron sensing circuitry. It would be preferable to have a conductance
modulation technique to sense the nuclear spin. If large numbers of
25 electrons can interact with the nuclear spin without depolarising it, many
separate effective measurements could be made of the spin.
One possibility is the "single electron spin valve" configuration
shown in Figure 6d. The E-gates are biased so that only |4y electrons are
present on both sides of the output cell. The A-gate of the output cell is
30  biased so that E lies at the energy of the two electron bound states at the
donor (the D state). In Si:*'P at B=2 Tesla this state is a singlet, and the
second electron binding energy is 1.7 meV, about seven times greater than
the spin level splitting. In a single electron spin valve an electron can
tunnel on or off of the D'state by a mutual electron-nuclear spin flip only if
35 the nuclear and electron spins are oppositely polarised. A current flow
across the donor requires two successive spin flips as the electron tunnels in
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It is likely that conputational steps can be performed nore
efficiently than the adi abatic approach di scussed above allows. In
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10 the contact hyperfine interaction) can flip a single nuclear spin without an
accompanying electron spin flip, and will limit the number of electrons that
can probe the nuclear spin before it is depolarised. Optimised devices will
maximise the ratio of the number of electrons that can probe the nucleus to
the background. Prototype single electron spin valve devices can be tested

15 using single electron capacitance probes of donor states with nonzero
nuclear spin.

Constructing the Computer
The materials used to build such a computer must be almost
20 completely free of spin (I =/ 0 isotopes) and charge impurities in order to
prevent dephasing fluctuations from arising within the computer. Donors
must be introduced into the material in an ordered array hundreds of A
beneath the surface. Finally, the gates with lateral dimensions and
separations <100 A must be patterned on the surface, registered to the
25 donors beneath them. Each of these are the focus of intense current research
in the rapidly moving field of semiconductor growth and nanofabrication.
This research bears directly on the problems of making a nuclear spin
quantum computer in silicon.
An excellent indicator of suitable semiconductor materials for use in
30 aquantum computer is the ability to observe the integral and fractional
quantum Hall effects in them. In particular, the spin detection techniques
outlined above require that electrons can be fully spin polarised, a condition
which leads to quantisation of the Hall effect at integers corresponding to
the spin gap. This condition is well satisfied in high mobility
35 GaAs/AlGa,  As heterostructures, where nuclear spin sensing electronics
have been demonstrated. Absence of I=0 isotopes, however, in these
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PCT/ AU98/ 00777 been fabricated on high quality Si/Si,Ge, heterostructuress L €77
While the quality of Si/SiO, interfaces and the electron systems
confined there is less than that of epitaxial interfaces, spin splittings are well
resolved at Jow temperatures. The much larger barrier height in SiO, over
10  Si/Si,Ge,., (3.3V vs. ~0.2 V) is a critical advantage in nanostructures with
sizes of 100 A or less. Leakage of electrons across the barrier material,
resulting in the removal of an electron from a donor state, is a source of
decoherence in the quantum computer not mentioned previously. Electrons
consequently must not tunnel across the barrier during the computation.
15  Also, the ability of J-gates to vary the exchange interaction over a large
dynamic range will improve in devices with large barrier heights.
Technologies being developed for electronics applications may result in
structures with both the high interface quality of Si/Si,Ge,., and the larger
tunnel barrier of SiO,. Because of charge fluctnations and disorder, it is
20 likely that bulk and interface states in SiO, will need to be reduced or
eliminated if a quantum computer is to be fabricated using Si0,.
The most obvious obstacle to building the quantum computer
presented above is the incorporation of the donor array into the Si layer
beneath the barrier layer. Currently semiconductor heterostructures are
25 deposited layer by layer. The 8-doping technique produces donors lying on a
plane in the material, with the donors randomly distributed within the
plane. The quantum computer envisioned requires that the donors be
placed into an ordered 1D or 2D array; furthermore, precisely one donor
must be placed into each array cell, making it extremely difficult to create
30 the array by using lithography and ion implantation or by focused
deposition. Methods currently under development to place single atoms on
surfaces using ultra high vacuum scanning tunnelling microscopy are likely
candidates to be used to position the donor array, This approach has been
used to place Ga atoms on a Si surface, A challenge will be to grow high
35 quality Si layers on the surface subsequent to placement of the donors.




where S[err] is the spectral density of the gate bias potential
fluctuations, S[err] for good roomtenperature electronics is.
of order 10[err]V[err]/Hz, 5 conparable to the roomtenperature Johnson
noi se of a 50[err] resistor, a, estimated fromFigure 2, is

10- 100MHz/ Voyyky.99/ydgsd ding [err] = 10-1000 sec. a is 1‘@1{1@ i by the
size of the donor array cells and cannot readily be reduced (to

increase [err]) wi thout reducing the excharmge interaction between
cells. Because a is a function of the gate bias (see Figure 2) t[err] can

be 10 increased by m_ni m si t he yol tage appl.i.ed he A-gates.

Wil e Equation 7 is v Fﬂ‘*éﬂgm‘i’é%g} ray. 8?% f%@q&@ﬂﬁ otherifgx

likely that mat eeichhngedepphitgbetwdenche atectrs spibisfto be Bé@}ifiwnt,lt_llbeﬂehe
give hard esti megmansns SRR bECRIGERY In al G RO et mbdt e e of 1 ow
frequency fl uct (EgBIstRTEd tojthe déﬂ“P&’&?—ﬁi‘e?&‘ éﬁ%g%caﬁ??“g@gﬁ?ﬁlﬁﬁ?m%ar spins in

t he seni condukt otechmigtiesThawe the potentialitocsened thedoeatibapifdbé dgnerabehenth the
elimnated by usiy 3 e ded | i and
barrier |ayers. %%%cggh}srbex at#’%%e\%n&t%rﬂan {Iﬁeon th%*lﬁ:fﬁ@é”ﬁi??ﬂ%?ﬁgi ng from

rg ugt an 0
fl uctuating occujraReINgear ﬁ? é}?émaﬁ’ﬂ“@ﬁqo%éo%@ahee‘&edctoggtqu}e exanpl e) are
likely to be parphotohatihyscefiochiaadterieicofithe Prdomorgintdwaveléngthirdrigethatc e

great demands on fabr .10 . ' . eI
dependent fl uct u%(fe?g}r%gggéoese%ﬂf)h gstﬁ%tt rﬁ%ergsqelt%%l aﬁd}éﬁbéppéﬁ%h?éfr%gr ature
operation of 13 hePiobpnthe sesigtisiornnsed vith pdiffessntdisht wavelensths "Custom quant um
conputing nean tpeterhingPéf theighted mdysrovétd BeifecessarP o ésippensate for ext renel y

STl U919, | ORI ARl Wb iRy 00 2
conputers thus have t Keohahbothetmessatteashixpaspacy of @ gbbasg GuantuymsamPYSL er r |
to per hapsistbatanddy ofoade eedhnig chillangss fhcirgngs ddvelapmers acy sihiilaako
;ﬁg:“t ;e TNt {9 those fachify the nk{ SR Gk Al ABSrSMics: e S Of
' tremendous efforts are already underway to overcome these obstacles. This
commonality raises the hope that the difficult task of making large 2D arrays
of qubit cells will one day be accomplished using conventional Si
electronics technology. A particular problem with scaling of the computer
20 presented here is that inevitable differences at the atomic level between
qubit cells means that the appropriate biases to apply to gates during
guantum computation will differ from cell to cell. Scaling the computer to
large numbers of qubits will consequently require an equally large number
of connections to external electronics to enable custom gate biasing. Itis
25  still possible that nontrivial quantum calculations (say on the 10° - 10*
qubits necessary for quantum computers to exceed the capability of
conventional computers in solving the prime factorisation problem) could be
performed by doing logical operations on only a few qubits at a time and
addressing each gate separately using conventional FET multiplexing
30  circuitry located adjacent to the quantum computer. This approach greatly
simplifies the design and operation of the computer at the expense of
foregoing its capability to perform many quantum logical operations in
parallel.
It will be appreciated by persons skilled in the art that numerous
35  variations and/or modifications may be made to the invention as shown in
the specific embodiments without departing from the spirit or scope of the




30 Spin Initialisation and Measurenent The action of
A-gates and [err]-gates, together with B[err] performall of the

reversibl e ik le@ns for quantum conputation. The qubits be
properly in?ﬁﬁgﬁéggg and neasur ed. WO 99/ 14858 PHHibﬂﬁ%ﬁﬁ_
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To acconplish these tasks in the proposed conputer, qubits at the

edge of the array are weakly couypled to_two di nensjonal el ectpon gases
(2DEG s) that ar )él%ﬁppﬁé@rqqsily és%'gPéi gﬁ‘?’ $resent %‘i“‘”% %"epé‘aei”?fEVe to
potenti al b8 cbngiderd ifallfregiedtsaisfiHastrathenmidsiairestricemhancement  node) ;
see Figure 6a. 5 The nuclear spin qubit is probed by an el ectron

tunnel ling through a bound state at the donor; see Figure 6b. \Wen B
[err] O the electron energy levels are di screte and el ectron spin

| evel s are split by 2[err]B. Wen the Landau | evel filling factor v <
1, the electron spins are conpletely polarised at |ow t enperat ure.
When v > 1, however, electrons nust occupy the higher 10 energy spin |evel
and states at the Ferm level (E/err]) are polarised in the opposite
direction than forv < 1 (For sinplicity, neglecting the valley

degeneracy of the electrons in Si. Al so, many body "skyrm on" effects that

can reduce the electron spin polarisation are snall in Si and are al so
negl ect ed) .




15 A junction region and av > 1 regionis a

"spin di ode", so call g ! e anal'ogy between el ectron spin .
splitting in t hese diﬁ @i‘gﬁﬁ H nd gap in a sem conductorp - n
junction di ode; see * c.n SpI n*di odes are created by biasing the

two E-gat es warosdussBer ent vol tages that produce diffee@alpodipsi ties in
each 2DEG The large energy 20 difference between el ectron and nucl ear
spin flip energies usually inpedes sfén transfer, but the electric
field in the spin diode junction enables[err]) and [err]) states of
the el ectron w idjaffe® same energy to overlap, enabling resonant

el ectron-nucl ear spi n_exchange. The nucleus in the junction can thus be
pol ari sed rapi dily by 4 qeaptudnEomprishgRClEENg: unction. [err] 0> qubit states
CL eat eﬁ 25 |h n this vayemicohdecterghstele ihttewHizhalonor awynscae ixheoddoadsxft:) erred
t hr oughout the rr t F)g&%—IAN ; rall . 0% s can be
converted into [pé?cll"ic fél'a%m\%lyqf Shorn g%?(?&’?@?%%%#ﬁﬁhéplggzefr?%ns to
conpl et e t he i nieléciionseavednngtiansead thesnucleus of the donor atpms; wheredhe dppeim cel |
to cell in the @RceroBl 88RS0RBEP BEAHOhdePetRiteQ6WEst spin éRGFRvelpper ations are
an inevitable consequgﬁlegﬁgi vari at ONSih 1 Est{?at?'io positions of the donors
and in the sizes of th 5 46 'L e ra%tsgrs of’ each cell, however,

can be deternined i ndéandygting -gatdsieg tha doswieting layerrabove respeetieflaniori es of
the conputer, begansw ddi&ﬁogﬁfé%lfe%t@‘ﬁg&fetkeﬁﬁ}ﬁ%fdﬁﬁ% igigﬁé‘dlﬁi%%@%tv%_eﬁn t%@r e doesat o
Vol tage.at “whi CROERELarAupRy g e APws aldm e 6of BB Al bRl a5
appl i ed B[ erlf] aesenpacedfzegeniy ofithesiuclear laping of the denoretomsi abati c f ast
passage: when Bl @hnidlicfingd]-gdtBEo U i9ilafiBf Thyef boRaeH Lghte @ thiod- gat e
| s _biased at a and off ele\a/é:%o%gr/neclilia?e% coupling between the nuclear spins of adjacent
PCT/ AUQ8/ 00777
donor atoms;
where, the nuclear spins of the donor atoms are the quantum states
15  or “qubits” in which binary information is stored and manipulated by
selective application of voltage to the A- and J-gates and selective application
of an alternating magnetic field to the substrate,
2. A quantum computer according to claim 1, where the nuclear spin is
located on a positively charged donor in a semiconductor host.
20 3. A quantum computer according to claim 2, where the host contains
only nuclei with spin I=0,
4. A quantum computer according to claim 3, where the host contains
only Group IV semiconductors composed of I=0 isotopes or purified to
contain only I=0 isotopes.
25 5. A quantum computer according to claim 4, where Si is the
semiconductor host.
6. A quantum computer according to claim 5, where Si*'P is the host-
donor system.

7. A quantum computer according to any preceding claim, where the A
30 and J-gates are formed from metallic strips patterned on the surface of the

insulating layer. -

8. A quantum computer according to claim 7, where there is a step in

the insulating layer over which the gates cross to localise the gates electric

fields in the vicinity of the donor atoms.



13 vol tage known to be off resonance. B[err] is then switched on,

and the A-gate bi as #ﬂl’"ﬁﬂmm nmg"La prescribed vol tage interval.
Blerr] is th @Mgsghed of f YRR L" uclear spinis ?i@i’?{ﬁ% agai n.
The spin will have flipped if, and s bnly if, resonand d within
the prescribedA-gate voltage range. 5 Tesidng for spin flips in

I ncreasingly small voltage ranges | eads to the determ nation of the

resonance voltage. Once adj acent A-gates haye been . caljbrated, the
[err]-gates can Be cal {SUSPEHRCAMPULSTRCE I%Wrﬁé‘ﬂﬂfﬁcmglﬁ%'% g
gat e bi ases acr osseanssoselacitwelpbpplyoroltapetethecegdtss and J-gates. | nst ead

of using the EXCHANGE | | RE.af i 10 . :
performed in parall el gxﬁﬁfﬁa%%xﬂggwgi?ergﬁé&?a@tfggﬁlyﬁrg |on§€18'ﬂ[$’a1§g§ﬁ2n 3
be stored on cap&epring mepnt i maintpinithe suhstrate goddef-acent to the quant um

CO”F.“t er L o imitisali ZeAic%uanﬁﬂhic_bﬂ@hité}rhcg&dmgt toazlimﬂﬂwwmsltrla_hn bpaetoia to
scaling the conp ar, | zeS, a . ing circuitry
woul d t hus lr#aelglée{aourg(? ,?l?%ﬁe o%?%fb[eﬂ%wﬁfs%%ﬁgﬂ%}&gw‘bi ases, and not
their magnitudes.1215 A quantum compuytaracedrdingtorplaimedt, vehsire i oparatiem thepe

perforned sinply thperature of BrPd&vibdistahout SBikNg process. Since el ectrons
can only traverselga sp"F\t ' ' L

KN _di ode unct.ion by exchangi ng. spi Lth a
nucl eus (say, by ‘Convef 9 REHR FPT’pffer]iaﬁf?fdﬁlgrtP] ' )Blece%"gg C glm’s“b‘?lﬁ‘wb‘%% kade"
will result i10 tiseureef canstenti magneticdield haying isuffidientstrengtirtobreakehi dwo-
[err] 1), a singlfsldalpps He@meray of tRS BodiEsthistTithe Blecfrbifut anNRRes! Y fli ppi ng
t he 20 nucl eus _f rom err}1 1>to 8?>. . . 3B caua&n%qxﬁb_arg]l >
state is converted to . %‘ia _EH’% CRR qxgﬁcgfigggsl}oﬁ:ém{rhb ' W ereJ SR this
det ection techni quagnetiodieldts cfthe erder pf 2diaslat i ve single el ectron
sensing circuitrys |t AoMaAHEE cBmphtirabbédiny BAANA14 WHE B Edistant
nodul ation t ghnl ue E.o Sf se the nuclear spin, |If |arge nunbers of 25
el ectrons cart®in H,g.gg ic field,isgrne %gqn SUBPTCORARHSE: depol arising it, nany
separ at e effecti V6. neadyuanbm somputer abeortingtoahnytdne of glaims 11, 12 and 13 One
possibility is t Wi VETRY Y T4 i . shown in
Faure od. The Egsiasrapdofi LGS it 461y Sl pPUh R B combingti

of cooling and constant magnetic field enisures the electrons only occupy the
nondegenerate lowest spin energy level.

20 17. A gquantum computer according to any preceding claim, where the
device also incorporates a source of alternating magnetic field of sufficient
force to flip the nuclear spin of donor atoms resonant with the field, and
means to selectively apply the alternating magnetic field to the substrate.

18. A quantum computer according to any preceding claim, including

25 electron devices which polarize and measure nuclear spins to set the initial
state or to read output from the quantum computer, or both.

19, A quantum computer according to claim 18, where the electron
devices operate such that a single nuclear spin modulates a current of
electrons.

30 20 A quantum computer according to claim 18 or 19, where the electron
devices are provided at the edge of the array.

21, A quantum computer according to any one of claims 18, 19 or 20
where the electron device, comprises:

a semiconductor substrate into which at least one donor atom is

35  introduced to produce a donor nuclear spin electron system having large

electron wave functions at the nucleus of the donor atom;




present on both sides of theoutput celT. The A-gate of the output cell is

30 biased so that Eferr] Ili of the two el ectron bound
stanesse ne - abmor oS IHIMMETRRN or e BT
state is a singlet, and the '« cselcond gl ettron binding energy is 1.7 neV,
about seven W(i)msssgreater t han the spin |level splittcrguedwdra si ngle
el ectron spin valve an electron can tunnel on or off of the D state by
a mutual electron-nuclear spin flip only i40 35 the nuclear and el ectron

spins are oppositely polarised. A current flow across the donor

t ps t I's i WO
gg?‘ihggg Wo successi yg ;Ridtirdg 1hfét dbovd B fbSkie0n tunnel s T/ AURE/ 00777

14 and out of tR&omluatingA-getesadhe insulatinglayerabgys thedaporatomtaionor
preserves tevmtidl Hedstfe ﬂiéfth@'l@pbﬁﬁxblmﬁrao@dmrbemeéd the donateds t he

single electron f t he

ori gnt ation of t%g tﬁ%?’bda'rhe dﬁ) ﬁn}y g%r s'f)gg ana HBDgGME%n%Q rate of
el ectron trarsni equencyof theanusleaar ﬁgiDeOféh%defrﬂtg% and, i qantrol the %@ﬁm‘ml
potentially be a@r%hépodﬂaeelbaméwﬁ%tw @érggf i on fr equency 60

MHz in Si:[err or [err 10 ctual .dewvices a.hackar urrent
of el Eact ans tun% 5{1{?5?}35 3%@#@%\4%“(?8 %@f 1?@? Xnucl ear
spin will gatey td pudl ylebﬁommﬂtemﬁinﬂglodrthesqbomrl nteractions (generally
much weaker that® 10 %%mcﬂms%‘:&m{%l?&f&}é Blasbd SC AR B nfiafidd ishlBweing! e

nucl ear spin wthout an ectron spin tlip, and wl
limt the nuMberabelegiren esmhmneltrough Ythe donior state.

22. A method of initializing the quantum computer according to any
preceding claim, comprising the following steps:
biasing the gates so that, if the nuclear spin of a donor is in a first
state no transition is allowed, but if the nuclear spin is in a second state
15 transition is allowed, and one or more electrons can interact with the donor
state to change the nuclear spin to the first state; and
continuing the process until all the donors are in the first state.

23. A method of measuring nuclear spins in the quantum computer
according to any preceding claim, comprising the following steps:
20 biasing the gates so that, if the nuclear spin of a donor is in a first

state no transition is allowed, but if the nuclear spin is in a second state
transition is allowed, and one or more electrons can interact with the doner
state to change the nuclear spin to the first state; and
detecting the movement of the one or more electrons to determine
25 the state of the respective donors.



can probe the nuclear spin before it is depolarised. Optimsed devices w |l
maxi m se the ratio of the nunber of electrons that can probe the nucleus to
t he backgr ouwd soitessg ot ype single el ectron spin val ve devi eesapssgoole tested
15 wusing single electron capacitancqégrobes of donor states with nonzero
nucl ear spin. Constructing the nput er The materials
used to build such a .conputer mnust. be alnost 20 conpletely free of spin (
=/ 0 isotopes) and charge inpurities in order to prevent dephasing
fluctuations fromarising within the conputer. Donors nmust be
introduced into the material in an ordered array hundreds of [err]

beneath the surface. Finally, the gates with |ateral dinensions and
separations <100 [err] nust be patterned on the surface, registered to the
25 donors beneath them Each of these are the focus of intense current
research in the rapidly noving field of sem conductor growth and
nanof abri cati on. This research bears directly on the problens of
maki ng a nucl ear spin guant um conput eg—tmr—sttteom

excel I ent indicator of suitable seniconductor dﬁaG%éan?%ﬂiﬁﬂugé_in 30
guantum conputer is the ?-bjgd%/{o observejthe integral and fractional
quantum Hal | effects in the n particulag, the spin detection techniques
outlined above reguire that el ectrons can e fulgypégin pol ari sed, a

condi tion wh Qgé;fads to quantisation 63(?% PLAJf fect at i nt egers

An
a

corresponding to the spin gap. This cyndition is well satisfied in
high nmobility 35 Ga Al[err]Gferr]As heterostructures, where nuclear spin
sensing el ectronics have been denonstrated. Absence of |=0 isotopes,
however, in these A 10
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materials means that making a quantum conputer from themis highly
unlikely. Recent advances in Si/Si[err]CGe[err] heterostructures have led to
materi al s coups; entirely of group IV elenments with qu?{, ar abl e
to GaAs heterostﬁgﬁgtures The fractional quantum Hall M\%l% )served in
5 these materials and spin splitting 2(@ wel | resol ved. Nanostructures have
al so been fabricated on high quality Si/Si[err]Ge[err]

het er ostruct ur es. : While the quality of Si/SiJerr] interfaces
and the el ectron systens confined there is less than that of epitaxial
interfaces, spin splittings are well resolved at | ow tenperatures. The
much |l arger barrier height in SiQ2 over 1lo Si/Si[err]Ce[err] (3.3V vs.
~0.2 V) is a critical advantage in nanostructures with sizes of 100 A
or less. Leakage of electrons across the barrier material, resul ting
in the renoval of an electron froma donor state, is a source of
decoherence in th?qﬂuantum conputer not nentioned previously. Electrons
consequent |y mnust tunnel” across the barrier during the conputatjon. 15
Al'so, the ability of {err]-gates to vary the exchange interaction oyer a

| ar ge dynam cgha Wl |dmaga g/ devi ces with ljadg8ABEr i er

hei ght s. Technol pgi e beu:l eve ed for electronics applicatfons may
result in structlires wWith both the high interfaBARRER ty of
Si/Si[err]Ge[err] gme{the |aNger Ttunnel barri er maleeSiddil— BEcause
of charge flQQtuationg and disqQrder, it is 20 |ikelgithat | k and
interface st%es in Stgerr] w need to be reduced or o Rlimnpated if
a quantum cogputer7psito be fabrisated using Sierr]. The
nost obvi ous\Obstacl ejto buil di ng tthe quant um conput er present gd above
is the incorferation ¢f the donor arr into the Si |ayer benedth the

—t+

barrier |aye Cur@m |y seni conduct or erostructures are 25 deposi ted

| ayer by Iay% The [g¢rr]-dopi ng techni que oduces -d-e-n-e-la::-ll_-arr-n-g—on a
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plane in the material, with the donors randomy distributed within the

pl ane. The quantum conput er envisioned requires that the donors be

pl aced into an ordered ID or 2D array; furthernore, precisely one donor

nust be pl acdPIB8each array cell, nmaking it extremely FCTAUSHINTH o

create 30 the array by using Iithograg?g and ion inplantation or by
nery

focused deposition. Methods curre under devel opnent to pl ace
single atons on surfaces using ultra high vacuum scanni ng tunnelling
m croscopy are likely candi dates to be used to position the donor
array. This approach has been used to place Ga atons on a Si surface.
A challenge will be to grow high 35 quality Si layers on the surface
subsequent to placenent of the donors. WO 99/ 14858

PCT/ AU98/ 00777 16

Because the donors in the array nust be <200 A apart in order for

exchange coupling between the electron spins to be significant, the gate
di mensi ons nust befp3pe—A—traddi-tom—tthe—gatesost—be—accuratet
registered to the donprs beneath them Scanned probe |ithography 5
techni ques have the pptential to sense theyskgcation of the donors beneath

t he surface priof to exposing the gate patterns on the surface.j For
exanple, a scanning near field optical giaiescopareonldqpe used to
detect the phot olfum nescence characterfgéﬁejoﬂﬁgﬁﬁ rsinfp
wavel engt h range that
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does not expose photoresist. After P detection and proper positioning of
the 10 probe, the resist is exposed with a different |ight wavel ength.

"Custom patterning" of the gates may prove to be necessary to
conpensate for irregularities or defects in the placenent of the donor
array. W0 99/14858 Pr obably the npbst attractive aspect ofcteduogherpased
quant um conput er is that many of the technical challenges facing its
devel opnent are similar to 15 those#f6acing the next generation of
conventional electronics; consequently, tremendous efforts are already
underway to overcone these obstacles. This commonal ity raises the hope
that the difficult task of making | arge 2D arrays of qubit cells wll
one day be acconplgshet—dst+rg—eonrventi-ons } e-eet+rohi t echnol ogy.
A particular problemw th scaling of the conputer 20 present¢d here is
that inevitabl gdiffferences at the atomic |evel between|}} }qubit cells
means t hat thegfpcropriate bi ases—+oe—apply to gates during quant um
conmput ati on wi di-+fe r cell to cell. Scaling qg C u):r to

| ar ge nunbers @ﬁ gubits w sequently require aL ehﬁgr?y llar ge nunber
of connectionssto fexternal ronics to enabhle-eustomgate Riasing. It is
25 still possil g that norkrivial—etarmyum cal cul ations (say qn the
10[err]-10[err =qupi S necessary fogkpuantun1conputers tq exceed the

capability of conventTomal—canputeys-in solving t ? Er' :
factorisation §£Oolen) could be per red. by det | bdi c4l operations

on only a few C addr essi ng .each te deparately
usi ng conventi 8hal t1pl exing éﬂg@ﬁ}ﬁﬁyitky l{o gbe d}

guantum conput & . [Thi s approach greatl sihplifies the ddsign and
operation of t onputer at the e%%%ﬁé@”%@zy( | foregoing itg capability
to perform man¥& quant um | ogi cal opera™ons Tn | paral lel.

dcent to the

It will be apprecifated by persons skilled in the art that nungrous 35
vari ations and/ or y4pdi fications zybe nmade to fbe i nvention gg shown in
t he specific enbodinents mﬁthod? departing fromthe spirit of scope of the
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atons to control the strength of the hyperfine interactions between the

donat ed el ectrons and the donor atons' nucl ear 5pins,” and hence the 10

resonance frequency of the nuclear spins of the donor atons;

conducting [err]-gates on the insulating [ayer between A-gates to turn on

and of f el eqjdb ayy4458di at ed coupling between the nuclear sp, b@ﬁ 8doeMl acent
onor

donor .atonmns; where, the nuclear spins of the atons are
the quantum states 15 or "qubits" inbdich binary information is stored and
mani pul at ed by sel ective application of voltage to the A and
[err]-gates and sel ective applicatlgp ternating magnetic field
to the substrate. 2. A quan ﬁ?%onputer according to claiml1, where
the nuclear spinis .~ Located on a,posutlvel €d donor in a

seni conduct or host < 57 <L 't er’a ing to claim 2,
where the host c j f h, < =0. 4. A

gquant um conput er I i } ~4Me host contains only
Goup |V senmc -t -0 JSOT purified to

contain only [ - uter according to
claim4, where Si |s [%F ] ondu host ) 6. A quant um
conputer according to Fh|n15 £ Si [eF#FP i host - donor
system 7 er cordin ' preceding claim

where the A 3 tal\li c strips patterned on
‘the surface of

;‘\:i ngE er N f ,ﬂ A-GATHuant um conput er
according to clai er é£g§%§ﬁaﬁi t he <é§ | ayer
FIG, &)

over which the gates cross to localise the gates electri s in
the vicinity of the donor atons.

E-GATES
////‘.A -GATE ﬁ\\\\\
W//////ﬁ////////l///\///

' FIG.&(b)

L — vt FIG.6@)

V< V<1
f Sip
.-—" -L ——

} e-_—_:_—_—.:z:.-:_._.. — EF

€

.

T FIG.6@)

SUBSTITUTE SHEET (Rule 26)




WD 99/ 14858 ' 19 épp_gg
19 9. A quant um conput er according to any precedi.n Pal

i ncl udi ng means to selectively apply voltage tgy gle_

[err]-gates. 10. A quantum conput er according gﬁggs

claim including a cooling neans to maintain the su e cool ed 5
11. A quant um conputer according to claim 10, where in operation the
tenperature of the device is below 100 m|likelvin (nK). 12. A

di | : )
fomper ature of RGTGLoTCeh 1 Ninutk bl ot M 2 1/2 gBR8! BWeRls b with B o1

according to any: preceding claim including a 10 source of constant

magnetic field having sufficientestrengthuto break the two- fold spin
degeneracy of the bound #.aresBr ttmuel 8ot romdiothe donor. (1) 14. A
quant um conput er according to claim 13, where the constant magneti c

field is of the order of 2 Tesl a. 15. A quantum conput er according
to claim14 vvheet n t 15 fleld e rate fro
super conducPor Srhere o are Pl apla AT am pHALh FLERTB S g i einy 06 upar
clains 11, 12 andgﬂ;ﬁon o 1swhermuquaegcfactb1 6w 1adyfooA®) ofnct| ai ms 10, 11 and
12, where the conbignati on cooling and constant magnetic field
ensures the el e&fr mﬁ’s@nl@l%@hp’?th%émtaﬁ hyperdingdntaragiéion snrigy. Té’ﬁ)"ihn ener gy
| evel . 20 17. %uantum conput er according to any preceding claim where
the  devicel'®i03b thaqmob&hﬂhtxeéerwlfsmfrtbe ebdctuin wavafunjionegyadudted fatel d of
suf fi ci ent thb Qe ferds? 1 Itneoeltegeoﬂagci RRITY fhte O GLAIEY JoBapNAM opd th
g

the field, and ans to. selective p y t ghetic
fivgd to tHE substyuslear levels isy g secop qfuéﬁf um corrput er according to any
preceding claim including

242

hv,=2c.u, B + 2A +
#pBB

(2)

In Si:*'P, 2A/h = 58 Mhz, and the second term in Equatlon {2) exceeds the

15 firstterm forB< 3.3 T.

An electric field applied at the A-gate to the electron-donor system
shifts the electron wave function envelope away from the nucleus and
reduces the hyperfine interaction. The size of this shallow donor Stark shift
in 8i, is shown in Figure 2 for a donor 200 A beneath a gate. A donor

20 nuclear spin-electron system close to an A-gate functions as a voltage
controlled oscillator: the precession frequéncy of the nuclear spin can be
controlled externallyv. and spins can be selectively brought into resonance
with an externally applied alternating magnetic field, Byc =10 T, allowing
arbitrary rotations to be performed on the nuclear spin.

25 Quantum mechanical computation requires, in addition to single
spin rotations, the tivo qubit “controlled rotation” operation, which rotates
the spin of a target qubit through a prescribed angle if and only if the control
qubit is oriented in a specified direction, and leaves the orientation of the
control qubit unchanged. Performing such two spin operations requires

30 coupling between two donor-electron spin systems, which will arise from
the electron spin exchange interaction when the donors are sufficiently close
to each other. The Hamiltonian of two coupled donor nuclei-electron
systems is:
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25 el ectron devices which pol arize and neasure nuclear spins to set the

initial state or to read output fromthe quantum conputer, or both.

19. A quantum conputer according to claim 18, where the el ectron

devi ces operate such that a single nuclear spin nodul ates a current of

el ectrons. 30 20. A quantum conputer according to claim18 or 19, where
the el ectron devi ces are provided at the edge of the array. 21.

A quantum conputer according to any one of clains 18, 19 or 20 wher e
the el ectron device, conprises: a sem conductor substrate into

whi ch at | east one donor atomis 35 introduced to produce a donor nucl ear

spin el ectron syst &=l ngAlalf ge’® + A,081 ecdfriof’fav® functions at {Bhe

nucl eus of the donor atom WO 99/ 14858

PCT/ AU98/ 00777 20 '

an insul ati ng Iwhere Bfpare theamegirsic figld; interaction terms for ghespigtact agdMgat e

on the I nsubat i3y thehFheHiRUS S HIPBMe RGP hE nucleus Pl ystdis Sf engt h
h onat e e

e
of the hyperfine intefaction-between t ectron and the

donor atoni s nd8f&xchangeeneagy depapds pndhe everamebtheselpstagn avivp fapctipes.

nucl ear spin offFdrhgeltiosira®tialdnoasnd to control the chemi cal potenti al
of the bound el ectron state at the donor; a conducting E-gate
on the insulating |ayer on ejther side of tge A-

e’ ¥ = ~2r

4J(r) = 1.6 ({ — Jlexp( — ) (4)
€d; ' ag Qg
10
N

where r is the distance between donors, € is the dielectric constant of the
semiconductor, and az is the semiconductor Bohr radius. This function,
with values appropriate for Si, is plotted in Figure 3. Equation 4, originally
derived for H atoms, is complicated in Si by its valley degenerate anisotropic

15  band structure. Exchange coupling terms from each valley interfere, leading
to oscillatory behaviour of J{r). In this example the complications

~ introduced by Si band structure are neglected. In determining J(r) in Figure

3, the transverse mass for Si (= 0.2m,) has been used, and az=30 A. As shall
be seen below, significant coupling between nuclei will occur when 4] =

20  ppB. and this condition determines the necessary separation between donors
of 100-200 A. Because J is proportional to the electron wave function
overlap, it can be varied by an electrostatic potential imposed by a J-gate

W positioned between the donors.

For two electron systems the exchange interaction lowers the

25  electron singlet (| T34 - I1)} energy with respect to the triplets. Ina
magnetic field, however, the electron ground state will be polarised if
B > 2J; see Figure 4a. In the polarised ground state, the energies of the
nuclear states can be calculated to second order in A using perturbation
theory. The nuclear singlet (| 10-01)) is lowered in energy with respect to

36 (110 + 01)) by: )

v, =2.4%( ! .
CHgB-2J  ugB

) (5)
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gate to. pull electrons into the vicinity of the donor; wher e
In use, the gates are biased so that, if the transition is allowed, 10 an
el ectron can tunnel through the donor state. 22. A nmethod of
initializing the quantum conputer according to any preceding claim
conprising the foll owm ng steps: biasing the gates so that, if
the nuclear spin of a donor is in a first 21 state no transition is

al lowed, but if the nuclear spinis in a second state 15 transition is

al l oned, and one or nore el ectrons can iggzggc wi th the donor state
to change the nuclear spin to the firstd = and cont i nui.ng
the process until all the donors are in the first state. 23. A

rethou of easu 09, PR Sl B sRUBTATL SRR By i a0
bi asi ng the gat E_@l‘f@mitﬂgaqu,amtﬂmtd@emmu_atiea& Bpcentgirogredoimthe thebry af fi r st
state AT LuAtubs oAt piftcdlall) SOUReBRry et duanfid SPOORT
State . ) ; \ .
with the donor algorithmgsgpakestherlenglopmantnfsnehe davice awimpertant priodtat e:

and The devRetihfldesea FBMEBTuCHr JUMRHAREINRE WIREE dBhELAT0RSakO
determ ne 25 tﬂ} rodired 9 fprct) ce an r?‘%s' of goggln Huclear spin electron systems
having large electron wave functions at the nucleus of the donor atoms,
where the donor electrons only occupy the nondegenerate lowest spin
energy level. An insulating layer above the substrate. Conducting A-gates
on the insulating layer above respective donor atoms to control the strength
of the hyperfine interactions between the donated electrons and the donor
atoms’ nuclear spins. and hence the resonance frequency of the nuclear
spins of the donor atoms. Conducting J-gates on the insulating layer
between A-gates to turn on and off electron mediated coupling between the
nuclear spins of adjacent donor atoms. Where, the nuclear spins of the
donor atoms are the quantum states or “qubits” in which quantum
information is stored and manipulated by selective application of voltage to
the A- and J-gates and selective application of an alternating magnetic field
to the substrate.

(Fig. 6a, 6b, 6c, 64)
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