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(54) Title: ELECTRON DEVICES FOR SINGLE ELECTRON AND NUCLEAR SPIN MEASUREMENT

(57) Abstract
An electron device for single spin measure- ‘ J
ment, comprising: a semiconductor substrate into < Suininininiainindy detede e dadde L §_ E
which at Jeast one donor atom is introduced to pro- 3¢ F
duce a donor nuclear spin electron system having n ® P
large electron wave functions at the nucleus of the ——
donor atom. An insulating layer above. the substrate. a
A first conducting gate on the insulating layer above e
the donor atom to control the energy of the bound
electron state at the donor. A second conducting gate
on the insulating layer adjacent the first gate to gener-
ate at least one additional electron in the substrate. In
use, a single electron is bound to the donor, and the f
donor atom is weakly coupled to the additional elec- 7~ e *e
tron(s) in the substrate, The gates are biased so that e e e =St R nn e L T V.
the additional electron(s) in the substrate will move F
to the donor, but only if the spins of the electrons n ®
and the donor electron or nucleus are in a relation- ) —
ship which permits the movement. ‘ .
e b
e ———————— } ————————————————— F
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measur enent, conprising: A sem conductor substrate into which at |east one
donor atomis introduced to produce a donor nuclear spin electron system
having | arge el ectron wave functions at the nucleus of the donor atom An
insul ating | ayer above the substrate. A first conducting gate on the

i nsul'at i ngWP49d#614bove the donor atomto control the ener§yV8¥8ME8pound

el ectron state at the donor. WO 99/ 14614

PCT/ AU98/ 00778 2 A second conducting gatel on the insulating | ayer adjacent
the first gate to generate at |east one electron in the substrate. In use,
a single electron is bo %dﬂ{éﬂ%@'@ﬁﬁfﬁ]l RGN ERNEAETRDRM | s Weakl y
coupled to the at |east Tome erectrom TN _tNe. subsSllTale...Jne gates are 5

bi ased so that the at | east ' e wll nmove to the
donor, but only if the spins of the at |east one electron and the donor are
inarel atlon.i,gémum?,llahpermts the novenent. The arrangenent is such that
detection of current oy even venent of a ngl e, electr in the
devi ce corBstitutes & e?@%ﬁﬂ’éﬁ?ﬂ" 1119”??[?@‘@“@%?‘% ml*fﬂefe n of a

si ngl e el ect r nomsmtubecalletidspimd. ﬂghmarmbinﬁgntdoacsxyxsteéentmmeswery, for

| nstance by u§iinﬁﬂe a&%ﬁaﬂé‘ﬁ%fe‘apsgﬁpﬁﬁh&ﬁ@ﬁﬁnﬂrObes and any netallic |ead

can couple to t eci al, requi renent n- pol ari zed

el ectrons. Alter ﬁatS ?/\S;te? l\tl)ldhl'é lsrﬂbiqdol??rg'ijo ‘epresentftﬁé ofRliBh spin
state, and the |01) notahon the nuclear state. For simplicity, normalization
10 constants are omitted.
In two electron systems, the electron spins may be aligned (total spin
angular momentum =1) in triplet states (|3{4), |T1), and [N +{T)) or

opposed (total spin angular momentum=D0) in a singlet state (|TN-4T)).

Ta)

Similarly the nuclear spins may be aligned or opposed. In the [{111) state,
15 all spins point in the same direction.

Background Art
In the laboratory, large numbers (210?%) of electron and nuclear spins
are regularly probed using traditional magnetic resonance techniques.

20 There are important applications for devices and techniques that can
measure a single electron or nuclear spin. For example, magnetic resonance
experiments could be performed on a single atom or molecule and the local
environment (electric and magnetic fields) could be measured with great
precision. Alternatively, single electron or nuclear spins could be used as

25 qubits in a quantum computer. Single spin measuring devices would be
required in the computer to initialize and to measure the single-spin qubits.

Summary of the Invention
A first aspect of the invention is an electron devme for single spin
30 measurement, comprising:

A semiconductor substrate into which at least one donor atom is
introduced to produce a donor nuclear spin electron system having large
electron wave functions at the nucleus of the donor atom.

An insulating layer above the substrate.

35 A first conducting gate on the insulating layer above the donor atom
to control the energy of the bound electron state at the donor.
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15 may be detected by single electron tunnelling transistor capacitance
electronetry. A first exanple of the invention is an etectron device for
single electron spin neasurenment, conprising: A sem conductor substrate
into which at | east one donor atomis 20 introduced to produce a donor
nucl ear spiwb &aeilsr on system having | arge el ectron wave fpt@iuddngrat the
nucl eus of the donor atom An insulating |ayer above the substrate. A
conducting A-gate on the insulating |ayerp above the donor atomto control
the energy of the bound electron state at the donor 25 A
conducting E-gate on the insulating |layer on either side of the A- gate to
generate a reservoi A ssforprendsiting gadelor the insuladingtlayaradjaneat theckrsbet ween

t he substratﬁ a&dtotgé@etwumhstrm;elay&fonixf\thé%%gmfted?nor atomt Ih s weakly
coupled to the two feservoirs. o ectro 0 servoirs
have the sane pol arlf%a?e r?ngnafeg%gB 1s§ ‘?éog?e‘&nt%n %scgorﬁoﬁl ?\"q‘é to be
det ermi ned, i svasblineruried trtheideast phe elf-ﬂtﬁ@ﬂelg the substeatedThe gatearre ur r ent
will flow bet befad sbahat thetat (aalsyond elebBof Bh thdsubishated@ildindve topResi te to

the spin pol ard ?18‘% 'b%q oh mﬁ'e E@?ﬁro\f(ﬂhé gt le%l% o&x@'e%ec%ao% Qf'ﬁxesr% %}Cog‘a.?n al a

tinme fromone of the re rvo F%‘h qua
opposi te spi n)‘eak‘otlﬂépb’bmﬁ PerBis moé(ﬁaleflhen depart 35 the donor to t he
ot her reservoir. BuThwhfiingdifertiechclp Hrataletectioh dieharent idwi, br eved\O 99/ 14614

PCT/ AU98/ 00778, }rement of a single electron, in the device constitutes a measurement of a
10  single spin. :

The motion of a single electron may be detected by probing the
system capacitively, for instance by using single electron capacitance
probes, and any metallic lead can couple to the system, with no special
requirement for spin-polarized electrons. Alternatively, the charge motion

15  may be detected by single electron tunnelling transistor capac1tance
electrometry.

A first example of the invention is an electron device for single:
electron spin measurement, comprising:
A semiconductor substrate into which at least one donor atom-is
20  introduced to produce a donor nuclear spin electron system having large
~ electron wave functions at the nucleus of the donor atom.
An insulating layer above the substrate.
A conducting A-gate on the insulating layer above the donor atom to
control the energy of the bound electron state at the donor.

25 A conducting E-gate on the insulating layer on either side of the A-
gate to generate a reservoir of spin polarised electrons at the interface
between the substrate and the insulating layer.

In use the donor atom is weakly coupled to the two reservoirs of
spin-polarized electrons, both reservoirs have the same polarisation, and a

30  single electron, whose spin is to be determined, is bound to the donor. The
E-gates are biased so that current will flow between them, but only if the
spin on the donor is opposite to the spin polarization in the reservoirs. In
this case one electron at a time from one of the reservoirs may join the same
quantum state (with opposite spin) as the bound electron, and then depart

35  the donor to the other reservoir. But when the electrons are all polarized in



the sanme direction no current can flow since the electrons fromthe
reservoir cannot enter the sanme quantum state as the bound el ectron. In
anot her exanple, there are two donors with 'A-gates' |ocated above each of
them and an 'E-gate' |ocated between them Electrons are 5 bound to the
two, ‘posit WoSPA4admar ged, donors, and the donors are space8CHALPYUTENt |y
close to each other so that electron transfer, or exchange coupling,
between themis possible. In use, an incr¥®asing potential difference is
applied to the twoA- gates and at sone point it will becone energetically

favorabl e f orybot i SreGliChd S PCRPRBR RONAL - AATRMINO P!

only if the e n a mi signature of the
singl et st at ecansipdiegteritbe seme EREER smfﬁéﬁéh%lboambpkepé;oent ial bias is

applied to the A gahemothaexAmpls!ibeiestecnionddirtt Wit Aogdies leared! e of the

t | d t
e o0 Shh A Bk e TRy Pl BB |
i ntroduced t obgmustittheatvety popitively ekargedi dpnors @nddhe WWW&*\P@@;‘I ar ge

el ectron WaVesxifﬁEFéixitHrtﬂos'tt totéh‘éhrulﬁéxeﬂﬁt}ﬁi elekerodanafsfal onexdiangasul at i ng

| ayer above th(()'—:u bs%%eeen m is oss b1€ conducting A-gate on the insulating
| ayer above t i atlom1to co 31> The energy of the boutgd el ectron
state at the donor InAls@oﬁ%iH&IP?fgﬂEpgﬁit@a(l)Hlftf?’réni:%?lﬂp&l}eﬁgtol §&wodh eit her
side of the Agatgabfd hosgaspbiitat avill deeomei enesdetichBy faaablatfot bethi nt er f ace

between the SURREHAL ?(T m&&ﬁoﬁm F]Heaié $nd &8&61‘, bg’ﬁon ly if the el\%ﬁﬁﬁs gl int he

el ectron Spi ns areg artzed in.t samed)géf‘ec [ donor is a
nucl eus with 3prpuakspgletatate, The signatyesidhe jing sFﬁ’ﬁe‘thr&"em" on

between donors as a differential bias is applied to the A-gates, can be
detected externally.

Another example of the invention is an electron device for single

15 nuclear spin measurement, comprising:

A semiconductor substrate into which at least one donor atom is
introduced to produce a donor nuclear spin electron system having large -
electron wave functions at the nucleus of the donor atom.

An insulating layer above the substrate.

20 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-
gate to generate a reservoir of electrons at the interface between the
substrate and the insulating layer.

25 Where all the electron spins are polarized in the same direction, and
the donor is a nucleus with spin, coupled to the electrons by the hyperfine
interaction. The E-gates are biased so that current will flow between them,
but only if the the nuclear spin is initially opposed to the electron spins.
The process involves the electron coming from the reservoir and exchanging

30 its spin with the spin of the nucleus so that its spin is then opposed to the
donor electron and can form a singlet with it. The arrangement is such that
detection of movement of a single electron in the device constitutes a
measurement of the nuclear spin on the donor.

Alternatively, since the transport of an electron onto the donor and

35 off again involves two spin flips, a current flow across the donor preserves



interaction. The E-gates are biased so that current will flow between them
but only if the the nuclear spinis initially opposed to the electron
spins. The process involves the electron com ng fromthe reservoir and
exchanging 30 its spin with the spin of the nucleus so that its spinis

t hen -oppos%gt,mdme donor electron and can form a si ngl etpamAUSNE778 The
arrangenent is such that detection of novenent of a single electron in the
devi ce constitutes a neasurenent of the ngclear spin on the donor.

Al ternatively, since the transport of an electron onto the donor and 35
of f again involves two spin flips, a current flow across %ge dod*u

preserves vwoclzer spigpplarisation, and current flow is turned on or off depending on

PCT/ AU98/ 0077811e”roﬂéh@t|aﬁaﬁ &ﬂh@nﬁ@lbafspﬁﬁtdmme dopdrcurrent flow is turned on
or off depending o | donor. The
el ectrons nay, forngi} ﬁlﬁ%&oggh%‘é'oﬁ &ngyg%g&%gegtswgﬁaggﬁrp%ature in a

| ar ge nagneti (t,emp@qa(cpregnalarge maﬂlkﬂél ucting E-gate on the insul ating

| ayer on ekt her Sld!’h@f:oﬁ@lﬁt &t% dfﬁthe@iﬁ@ﬁ]fa&hgl@eicﬂdﬁﬁhssﬂnaifthéﬂetron
gas at the | nig facegb,gér 2 PRk @feﬁuaﬁg fkethe']ﬁ{'élrﬁt:bﬂgtvlr%%e I n
use, the E—ga B ase el ectrons are present on

bot h si des of Stlh‘ém%ﬁ@fi ¢ &7h EA’FRB él'A-gate may be biased so 10 that EF
lies at the energy Df uid)ehd Bgatisanay be bimseddoshatanlat] I} blecttonoare( t he D

state). The h%?éseﬁ?}én%%m 8a3s 8P e @diEdrSitod (An PRl b meHEdbASedEOUP |V

10  that Ep lies at the energy of the two electron bound state at the donor (the D
state).

The host may contain only nuclei with spin I=0, such as Group IV
semiconductors composed primarily of I=0 isotopes and purified to contain
only I=0 isctopes. Siis an attractive choice for the semiconductor host.

15  The donor can be *'P. :

The 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 The state of a given spin system may be inferred from the
measurement if the system is.prepared by adiabatic changes to the spin state
energies before the measurement takes place, to ensure that the
measurement outcome is determined by the initial state of a given spin.

Another aspect of the invention is a procedure for the preparation of

25 spin states in a two electron system, which comprises the following steps: -

First, manipulate the A-gates so that a first spin has larger energy
than a second spin.

Next, apply bias to the intermediary E-gate to turn on the exchange
coupling between the two electrons. As the exchange coupling increases,

30 the lower energy state of the two states with a single spin pointing up
evolves into the singlet state which at large E will have the lowest energy.

Then bring the A-gates back into balance so that the ground state is
an exact singlet.

A measurement will yield the result for a singlet state if and only if

35 the original spin configuration was ({1). After the measurement the two



sem conductors conposed primarily of 1=0 isotopes and purified to contain
only I=0 isotopes, Si is$ an attractive choice for the sem conductor host.

15 The donor can be [err]P. The gates nmay be formed fromnetallic strips

patterned on the surface of the insulating layer. A step.in. the insulatin
| ayer” over Wa%@m#l¢he gates cross may servg toyl ocal i se frFeCTQ%H*’g’Q”é’?ec't ri cg
fields in the vicinity of the donor atons. 20 The state of a given
spin systemnmay be inferred fromthe nmeas¥renent if the systemis prepared
by adi abatic changes to the spin state energies before the measurenent

takes place, Bi i ldineti G tHER SMERIBM asmyinsvaﬁhgrmé b&fhedret he

initial state a_given spin.. Anot her aspect of the invention is a
procedure for qfﬁé‘%ﬁMIBBﬁt‘Bf‘s'ZS spin states in a two el ectron system
whi ch conpri ses t helfthelstate ofjtst fiyst spili issmknowmi, pud measuiementygarbe so t hat
a first spin E?e?fdrﬂfegelfl SEREIHRY @B sPiE Wt eBondNBEfinniPvith sint 0 the
I nternmedi ary E-gate t% turn on the exchange cou Itlp bget ween_t.he t
el ect rons. 5As Hlipofdhe HEt§BIt olRe FFROT n‘PF%%‘é‘ ensy? 8F%ﬁ1c8\ﬁesﬁn%]ﬁg’fe§§ﬁst ate
of the two st af esdehijhifahsinithbstsis, pripotothefirst meavwiemsnt, wen(lilhe si ngl et
state which at 'argﬁxgﬁxglééofr{ﬁé!%x}e‘h%io&)%%e_ ResfYated I Dfhagubhe A-gates
0

back into bal ance s lglhe ground state is an exact singlet. A
measur ement  wi S9ORREF WD sul t for a singlet state if and only if 35
the. original spin cenéémisoaducinr seisstiate ifto witich donpeaienssare dnepdugadator wo

10  produce an array of donor nuclear spin electron systems having large
electron wave functions at the nucleus of the donor atoms.

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

15 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.

20 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 the alternating magnetic field to the substrate.

A cooling means to maintain the substrate cooled to a temperature

25 sufficiently low. In operation the temperature of the device may be below
100 millikelvin (mk) and will typically be in the region of 50 mK. The
device is non-dissipative and can consequently be maintained at low
temperatures during computation with comparative ease. Dissipation will

- arise external to the computer from gate biasing and from eddy currents

30 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.

A source of constant magnetic field having sufficient strength to

35 break the two-fold spin degeneracy of the bound state of the electron at the
donor. The constant magnetic field may be required to be of the order of 2
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spins can be returned to their initial configuration By reversing the
sequence of adiabatic manipulations. If the state of the first spinis
unknown, two nmeasurenents can be performed in sequence on the spins, with
t he secondwwegnmiisng with a spin 5 flip of the first spirCT/AUEEEoNd
measurenent will produce a singlet result if and only if the initial state,
prior to the first measurement, was [err]s Exanples of the invention can be
i ncorporated into a quantum conputer which has: A sem conductor substrate

i nto which donor. ato are | ntroduced. 10 roduce array of donor _
nucl ear spin &E8dt rséﬁgﬁélpé"feéﬁ’é Wﬁﬁqﬁei\‘fb’é‘a&bg@??%‘ﬁt‘?é |y un%:/tions at the
nucl eus of theupewond&ttorss. An insul ating | ayer above the substrate.

Conducting A-gates Phe g&%ﬁidaﬁuwficasuhgxﬁa ¥fc HERPESIrY N QbtrdisONE t O
of .t n nt er

control the strengt eﬂ&gsperfl actions. befween the 15  donated
el ectrons andORHeCHIRYthe peRdesenstate lowestsRw enggy I¥Ate the resonance

frequency &f the nullsearcesyiattermitingmagimiior field ofsufficierdfotaertg flipdbe es on
the insulati ngmkmsﬁépmeafva%ﬁeﬁa&%ﬁ%sa&&t%@h Ak A9, Rhd nRlaRSts 9ReBAIRt ed

coupling between, t ucl ear spins, q dj acent. donor , atons. 20 _
Were, the nu@PBYrthe -ng%n&mgg%ﬁelattégge %H@%@FFe %éﬁ?‘?ﬁ?ﬁéi’at es or
"qubits" in wselebtivrlgapply valfage tathed-and /gatased and nani pul at ed by

sel ective applicatiphe plgavlth@pBe &pdrhe f@éxﬁﬁﬂef—g&%&ﬁ‘& B sl mective
appli catlﬁﬁ of, the al td;sern ting magnetic field t0 the substrate. A cooling
means to B ntAFRPPRESILEEM At e cooled to a tenperature

Single electron tunnelling transistors (SETTs) are currently the most

sensitive devices developed to measure small charges and small charge
motions. SETTs contain a small “island” electrode located between source
and drain electrodes. Current flows from source to drain only if there is an

15  energy level in the island equal to the Fermi level in the source and drain."
A “Coulomb blockade” results when no energy level is available on the
island through which the electrons can tunnel. The extreme sensitivity of
SETTs will occur when the island is extremely small and when the device is
at low temperature. :

20 The metal electrodes may lie on the top of the Si substrate,

~ containing P donors located below the electrodes. Motion of charge between

the donors changes the potential of the SETT island, and hence its
conductance. The conductance of the SETT, when the gate is biased
appropriately, constitutes a measurement from which electron or nuclear

25 spin can be inferred, using arguments presented above.

One of the A-gates may also be the island of a SETT. In the scenario
where the devices discussed above are used to measure and initialize spins
in a quantum computer, many SETTs would be necessary to measure many
spins simultaneously. The capacitive coupling technique for spin

30 measurement is particularly attractive, since a two dimensional array of
spins could be measured using electrodes out of the plane of the spins, and
every spin in the array could be independently measured by a separate SETT



25 sufficiently low In operation the tenperature of the device may be
below 100 mllikelvin (nk) and will typically be in the region of 50 nK
The device is non-dissipative and can consequently be naintained at | ow
tenperatures during conputation with conparative ease. DS ' will
arise extel(2P1%*the conputer from gate biasi ng and frorﬁ/dy }gg’lr%r;ents 30
caused by the alternating magnetic field, ,and during pol arisation and
detection of nuclear spins at the beginni %g and end of the conputation.
These effects will determ ne the m ni mum operabl e tenperature of the
ggﬁpgter 3 AhS%Hv@%. Uf‘}a&d?lﬂﬁtsapprd&ﬁrtﬁfsbm fricabwkehmmit igwsellfshited ¢ofutstre engt h t 0

reak the .two-fo spi. n of the bound state of the electron
at the donor. 968 Sfﬁir?sqwunﬁ%%%lilﬁ%ﬁ%{'el d may be required to be of the
order of 2 WO 99/ 14614

PCT/ AU98/ 0077 88 fef98dciptionCdf thoRaWithgsTagneti ¢ fiel ds may be generated from

super condugt or s. Th%(:on?ciasnc?fttégrfm%fn %Oév}lpgom JERIN6EA Svitd féfgreﬁeégf es the

el ectrons nl y OCcCu e_ non generat owest Spln energy eve
A source of altherasaempanyiagdeawings; i@ whishisufficient force to flip the
nucl ear spin of donghgabans arsehematt didgram dfea domdrditorandeakdmnsupled to

sel ectivel y apALYb0eol bALAA Ao lRAICHS Fifiie!yd, i dbGrbA HiAkEnorAed
means to sel ectl ve_?y %pp‘]t’ y voltage to the A: an(} J- gat &s; Tpe = gat es may be
separate from P9larigedygppasitely tq ﬁ@flﬁyorgén the reservolr. Current can flow
10  across the donor by tunneling through a singlet (| T{-41)} state. In Figure 1b,
the electron on the donor is polarized in the same direction as the electrons
in the reservoirs, and current is unable to flow.
Figure 2 is a schematic diagram of a donor atom weakly coupled to
electron spin polarized reservoirs. In this case the electrons in the reservoirs
15 and on the donor are polarized in the same direction. In Figure 2a, the spin
on the donor nucleus is polarized oppositely to the spin on all the electrons
and this permits current to flow by an electron from a reservoir exchanging
spin with the donor nucleus to arrive at the situation shown in Figure 2b. In
Figure 2b, the spin of the donor nucleus has been flipped, and an electron
20  has passed from the reservoir to the nucleus where it is oppositely polarized
to the existing electron. The electron that has been passed to the nucleus
can pass off to the other reservoir by again exchanging spin with the donor
nucleus. This results in the situation shown in Figure 2c where one electron
has passed from the reservoir on the left to the reservoir on the right and the
25 donor nucleus spin has flipped twice to return to its initial condition.
Figure 3 is a schematic diagram of two donors located in a semi-
conductor beneath a metal barrier, on top of which are located metal gates
used to probe the spin system. A-gates are located above the donors, while a
E-gate is located between the donors. By biasing the A-gates above the
30 donors appropriately, it can become energetically favourable for both
electrons to become bound to the same donor, a state that can only be
singlet. Thus, the detection of charge motion between the two donors can be
detected by changes in the potential on the A-gates, and can be used to infer
the spin of the electrons.

35 Figure 4 is an energy level diagram of a two electron system in a
magnetic field as a function of the exchange coupling, E. Dashed lines are



10 incorporated in them Single electron tunnelling transistors (SETTs)
are currently the nost sensitive devices developed to ‘measure small charges
and snmall charge notions. SETTs contain a snmall "island" el ectrode | ocated
bet ween source and drain electrodes. Current flows fromsource to drain
only -if thwoeyisien 15 energy level in the island equal PCOAUPROOFESr m- | evel
I n the source and drain. A "Coul onb bl ockade" results when no energy | evel
is avail able on the island through whichgthe electrons can tunnel. The
extreme sensitivity of SETTs will occur when the island is extrenely small
and when the device |s at |low tenperatyre. 20 he netal el ectrodes
may |ie on thé&e eperay lavels @e%ﬂk?s%ﬂlﬁlsEﬂttb‘Eﬂﬂfatihﬁi%owlﬁgﬁg‘?@qnﬁ@é‘f ed bel ow
the el ectr odesqudipivhile sofid ¢inas gee thetesegies whed ame redeattvanipssgredter gpinent i al

of the SETT iégm% A %ﬁ%é b Ot and BSuaPRARCIARF 8 OF Lhe SETT,
when the gate

biease priately st utes a t from which
el ectron or nagéiabatc 2’:}1‘1%15? H?étéﬁs ttﬁk%ﬁw 65#‘?16“8?‘5%% %Fte%téﬁ"t ed
above. Onesof _|ﬂ‘be¢1ﬁy gates may al so be the i sland of a SETT. In the scenario
where the devices %ﬁi'bs§§sda %E#%gl‘%?f‘%%g&ts glreeslﬁggln BR& qé‘;qu spi ns

In a quantum COITpUt e many spins

ma ecessary to
si mul t aneous| §f theeouplerh sy ?W@fEWB\qucﬁﬁmt“éBH Eﬁ%rplg ﬁ?%r © C¥asur enent
i s parti cul ar heat the dsfpeifine ciuptimgaonsant isensi fmaIaChrntuaLeusf Theiemergyoul d be

mﬁasur ed usi n?aﬁhﬁ%&ﬁﬂ@%nﬂé& rdbtibd & meaéjé'ctRJns @greiﬂlyré&a eBVERADE-SPIiN inN
the arr ay cou =0, t e four ﬁ%]es? Qrtlergy rl‘ﬂave utgoerresp&xél toS ?PEB éalectron st-!;tes In the

coupled system, two of the states evolve into triplets and two evolve into

singlets as E-increases.
Figure 6 is an energy level diagram showing the adiabatic evolution
of nucleus spin states prior to measurement, achieved by increasing the
15  hyperfine coupling of one nucleus spin to the electrons relative to the other.
The state of the left nucleus spin determines whether or not the system wxll
evolve into the electron singlet state. '
Figure 7a is a schematic diagram showing the arrangement of the
source, drain, gate, and island of a single electron tunneling transistor
20 (SETT). Fig. 7b shows the effect of a Coulomb blockade when there is no
' energy level equal to the Fermi level in the source and drain available on the
island. Conduction takes place when there is an energy level in the island
equal to the Fermi level in the source and drain.

25
Best Mades for Carrying out the Invention
The Pauli Exclusion Principle (that two electrons can occupy the
same quantum state if and only if they have opposite spin) manifests itself in
systems of two or more electrons. Some examples of the invention rely upon
30 the exclusion principle to measure spin by detecting charge motion into and
out of two electron systems. Because of the Pauli Principle, the energy
levels of two electron systems differ, depending on whether the spins are
aligned (triplet states) or opposed (singlet states).
For clarity, the following discussion is restricted to discussing only
35 the simplest two electron systems encountered in condensed matter systems:
the system of two electrons bound to a sixigle positive charge (called a D
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devi ce. Thus, this approach to spin neasurenent is well suited to future

| arge scal e quantum conputation. Brief Description of the Drawi ngs 5

Exampl es of the jnvention will now be described with refe he _
acconpanyi NQ *#*4 ngs, in which: Figure 1 is a schematic %I‘?géﬁzstr/n&g{‘s a donor
at om weakly coupled to electron spin-polaglized reservoirs. In Figure 1a,
the el ectron on the donor is polarized og%ositely to the electrons in the
reservoir. Current can flow 10 across the donor by tunneling through a
singl et [err] cshidl ohebthEipssitive bhargde scddapiring semitdwed whoor)r Haveelraiti zed

oS Same CLL S8\ T 884 SO LlchBE o 8861 WAl havo aBIGUT T N1 1S

unable to flo 'S a sc I agra a donor atom weakly
coupled to el ecmpecxhe%pu n pol arized reservoirs. In this case the el ectrons

in the reserv0| rs 1ﬁ1 e’:kft@laloﬂnetdnﬁydlmnﬁﬂ state of alZicentst is a stiptetsaheredheect i on.
In Figure t th
g 2 el AR Ol i) g%ﬁ%e BHELLF Yeurd WIS HhE G0 agaoemgn:eqy 1{g0 the

Spl n on al rons tS current ectron

froma reservmﬂléeml‘rtangifﬂgl% Ghsmctlﬁ*lcﬁ %ﬁéﬁnﬁtmsea@ntef%»@%@ at the
si tuation showsnien, dingistigs twbiirglgtielect2ins bdrmdsiai P aonbhéehadanboumlicl eus
has been fli PR Ccleener I7er?§l {yon 20 has passed fromthe reservoir to the
nucl eus where at §5p03|t y polarized to the existing electron. The

el ectron that has been passed to the nucleus can pass off to the other
reservoir iby Sgagle Becthangpingvsepen with the donor nucleus. This results in

the situation shom?{,gq L8 irgfotiheniee i) BLAEL HALiAR AP ARsbieaBrihe

reservoir on the le eri donor

nucl eus spin Rashewp pREEWG L tsbnﬁ\iglldlrffflﬂr piom ¢ ds g’ﬁ'PWaﬂo E"r@d%’t

reservoirs of spin-polarized electrons 2 and 3. For example, the electrons
may be polarised by being at low temperature (7) in a large magnetic field
15 (B). A single electron 4, whose spin is to be determined, is bound to the .
donor. To operate the device, the energy of the donor D" center is made
equal, or.resonant with, the Fermi energy (E}) of the reservoirs. Since charge
transfer across the donor must go through the singlet D" state, current will
only flow, as indicated in Figure 1a, if the spin on the donor is opposite to
20 the spin polarization in the reservoirs. When the conditions are appropriate
- an electron from one of the reservoirs may join the same quantum state (with
apposite spin) as the bound electron, and then depart the donor to the other
reservoir. When the electrons are all polarized in the same direction no
current can flow since the electrons from the reservoir cannot enter the same
25 quantum state as the bound electron, as indicated in Figure 1b. The
detection of current flow in the device constitutes a measurement of the
single electron spin on the donor.
This assumes that there is no mechanism present to “flip” reservoir
electrons initially pointing in the same direction as the donor electron so
30 that they can occupy the D’ center and traverse between the reservoirs. If
the donor is a nucleus with spin, coupled to the electrons by the hyperfine
interaction, such a process can occur and will enable the nuclear spin to be
measured in appropriate circumstances. The process involves the electron
coming from the reservoir and exchanging its spin with the spin of the
35 nucleus so that its spin is then opposed to the donor electron and can form a
singlet with it. In Figure 2a, all the electron spins are polarized in the same



Figure 3 is a schematic diagram of two donors located in a sem - conductor
beneath a netal barrier, on top of which are |ocated netal gates used to
probe the spin system A-gates are |ocated above the donors, while a E-gate
is located between the donors. By biasing the A-gates above the 30 donors
appr opri at elopsnéerd can beconme energetically favourabl e forPGBAVISOPEEL rons to
becone bound to the sane donor, a state that can only be singlet. Thus, the
detection of charge notion between the two donors can be detected by
changes in the potential on the A-gates, and can be used to infer the spin
of the electrons. 35

re 4 is an ener of a two
el ectron syst Siweption ( éirFEaxFagﬂycf‘“a%mﬁ"?’Hﬂ%'fr}]%ﬁM(g h?‘gi?gﬁeaﬁge coupl i ng,
E. Dashed | i n€sirseme can nw& @94 @ ldnction if and only if the nuclear spin is initially
F’ICT / tAU98/ 00773, £Jaetoedﬁ%regéet}o%v 1§s WRR{ 'tsh%tlf]ﬁhéleﬁ@lspiﬂ vdlgeOilllushategncoupl ed
el ectrons are e soli s .are n e tron
has greater sﬁﬁo EB‘FIF"[‘”Lsiprﬁﬁs &8P i CHORs by the eeh %f'g#é&a% r Shalsahgﬁd %)ﬁ
| i nes showsan m&fhsatmltnnoda;e@p;esmmdaoto ﬁx%p@qahunng siugle plecirensping at e | nt 0
the spin singl et state 5 [err]. Fi gure 5 is a energy |evel diagram

and tuo nucl olSIBIBRES NP et JetPe R I TEhRNRLET 0 1P SConst ant i s
equal for each nucI These sihglespin ysivs @emqemjtfmughnléuﬁ%m‘éq, suEERfIPRE to the
el ectrons is gegahl iz!ra%iﬁﬁﬂlgﬂifﬁti&%esb\tInﬁjarﬁ@ular,:th@y rédndrd polarizedelichener gy
level s COTpes popﬁj reser\;mrsr ]A smaﬁ%toxrl Wit fbE B thd'redsBfvoirs with electrons of

the wrong spin will lead to device malfunction. Also, the need for reservoirs

may greatly limit their value in certain applications. Bath of these

limitations can be circumvented if a closed system is probed, so spin transfer

to and from the system is entirely eliminated. If the system is probed

15 capacitively, any metallic lead can couple to the system, with no special
requirement for spin-polarized electrons. :

Once again, for simplicity and clarity discussion is confined to a
two-electron system. Consider two electrons bound to two positively charged
donors, spaced sufficiently close to each other so that electron transfer, or

20 exchange coupling, between the donors is possible. These donors are

~ located in a semiconductor 5 beneath a barrier material 6, on top of which
are located the metal gates used to probe the spin system, as shown in Figure
3. ‘A-gates’ 7 are located above the donors, while a ‘E-gate’ 8 is located
between the donors.

25 Such a system can measure spin if a potential difference is applied to
the two A-gates. As such a voltage is applied, at some point it will become
energetically favorable for both electrons to become bound to the same
donor, that is a D state. However, as was mentioned above, D" bound states
are only possible if the electrons are in a mutual singlet state. The signature

30 of the singlet state, charge motion between donors as a differential bias is -
applied to the A-gates, can be detected externally by single electron
tunnelling transistor capacitance electrometry.

Preparation of the Spin States for Measurement
35 This spin detection method distinguishes between singlet and triplet
states of a two spin system but cannot measure the state of an individual



coupl ed system two of the states evolve into triplets and two evolve into
singlets as E-increases. Figure 6 is an energy |evel diagramshow ng the
adi abatic evolution of nucleus spin states prior to neasurenent, achieved
by increasing the 15 hyperfi ne coupling of one nucl eus ' e .

el ectrons ‘?"é?gé’ﬁﬂ/"e to the other. The state of the left nuc é&é@ﬁ?’hﬁ
determ nes whether or not the systemwl|_ evolve into the electron singlet
state. Figure 7a is a schematic diagran1§%omﬁng t he arrangenent of the
source, drain, gate, and island of a single electron tunneling transistor

20 (SETT). Fign. TheShawsshhidved Sfflsydlentcdobl iferlel FekiadRe WhRBuidige® i s no
energy | evel é{aual tto t.he Ferm  l.evel in tg'f source aﬁd drain_a ialbl bl e on
SYstem 1t ARBORGIALTHE RIRRHCH &%) PTARRBREP o P PR BHAPRYF e

t he i sl and.
i sl and equal ¢lmnghetdterspin stase energidsdelongrtbe mersuthraent takes plase thtdes f or

Carrying out ¢fiqrd By¥RNhé BlkadiR i loutdorfé iSd@enhidedbptife initfidistite®f a
el ectrons can .occuh%%let he sanme quantumstate if and only if they have

opposi te $pi BVARAPFests itself in systens of two or nore el ectrons. Sone
exanpl es of the i nvidet¢lesirenFpinanengise can he stowlyueried ip thseleptrenigo neasur e

E pi n by det eﬁkbgﬂ, ?ﬁ@ipﬂﬁlerﬂﬂefﬁﬁieﬁmlhtﬂfgjtlﬁbtfplﬂfedtm nedgereticdield ¥s tiesrs .

ecause of the.Paull 1 | .€ X 3 N systens

differ, depens(ﬁlﬁg? ngfgyvﬁ?el#ﬁrelg’ ¥ ﬁ%ﬁis]gi"%ggé}%b&?‘?ig@é% %I}Q%P_g{l%&%%es) yor

opposed (si ngtredient in Bsip present.cCaptrolling ke apmlied\hingtathedpiarmadliay E-

restrictefh t Ogale $64SKoN@nerdl Yhe3éxcHahge soupliag bf theeletieohis.on syst ens

encountered in Condled“ﬁﬁﬁu%?é%‘%&rrﬁ@ﬁxﬁ%‘séoﬁs@&eﬁ%ﬁ%sﬁn&m&licéﬁc?”s bound
arge f ed a D

to a single positive ¢ :
right or ‘R’ shown in

gure 4, with L pointing down and R the spin to be
determined, or in other words starting with |37).

First, manipulate the A-gates so that spin L has larger energy than

15  spin R, thus breaking the TN—{1 degeneracy with L({)R(?) having the lower
energy. Next, turn on the exchange coupling between the two electrons. As
the exchange coupling increases, the lower energy state of the two states
with a single spin pointing up evolves into the singlet state, which at large E-
will have the lowest energy. The A-gates can then be brought back into

20 balance so that the ground state is an exact singlet. A measurement will

- yield the result for a singlet state if and only if the original spin
configuration was L()R(T). After the measurement the two spins can be
returned to their initial configuration by reversing the sequence of adiabatic
manipulations. ' ’

25 If the state of spin L is unknown, two measurements can be
performed in sequence on the spins, with the second beginning with a spin
flip of spin L. {Since the A-gates control the resonance frequency of the
spins, the L spin can be selectively brought into resonance with an external
AC magnetic field and its state inverted.) The second measurement will

30 produce a singlet result if and only if the initial state, prior to the first
measurement, was L(T)R(T). A singlet result for one of the two
measurements will occur for R(T) regardless of the initial state of spin L.

Adiabatic Approaches to Nuclear Spin Measurement

35 If electrons are coupled to donor nuclei by the hyperfine interaction,
the states of the nuclear spins can determine the outcome of the
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center when the positive charge is a donor in a sem conductor). However, it
shoul d be understood that any two-el ectron systemw ||l have simlar
properties. In general, the only bound state of a D center is a singlet
where t he wooglaed ron spins are opposed; the triplet statmsyaves@emst he
spins are aligned, lie in the continuum In the specific condensed natter
systemof Si, the D center, consisti ng ofizt wo singlet electrons bound to a
P donor, has a bound state energy of-1.7 nmeV. 10 Si ngl e Electron Spin

Val ve Perhaps t he sinpl est cqncept ual d vi ce for I n _measurenment is
shown in Fi gu?’@a“lm“ﬁnéi" th ci%tﬁ?ﬂ SBiT n BiS| 1§39@§K‘F°§/“g’ﬁﬁﬁggﬁx@3ﬁ%ﬁo
reservoirs of irtpiactipn|Berabied thedd) andshe |nstates dfdhe eleatrohoyith ke sdmet r ons
may be pol ari W aea) T ng field
15 (B). A 5|§ %«59% g%ﬂ% %E?at% sgflﬁél:ééﬁ?% uélgmas iR el n ﬁ?ggi éound to
t he donor . TOCQﬁS 1%E‘§S?‘i1éb?i(§\/‘ih8§xc¥‘ﬁ’égee??é+ﬁ?“6fw e r@ aBé(,tEﬁt@ i s made

equal , or 3esoéfplevelsidrbss.t he Fermi energy (E[err]) of the reservoirs. Since

charge transfer ac r'ﬁ?ésﬁc&%n%@ erat ér Qewﬂg %&Qﬂetcgﬁ?l%'d flm bB¥ BF&t €,

current will o oW, as in ﬁure 1p n on the donor
is opposite t e?éoni ﬁ’édé‘ﬁf?ﬁuﬁ léf‘? in; Fygppeeo P%%é‘l‘%)tf‘?%o en the

condi ti ons ar exclapge pntestctioarE-firahe |case fhednyperfine intefeetivasedVdéarsanay j oi n

the same qua”EHéPg?oﬁ%&eMrfcﬁel%’ﬂB’ﬁ ké& &Rit‘ﬁhg?éf EH%QWQPHEBJ a6 Eg e[lo'lln and then

gg{):; It Zfa geq) go vy igure. rgégrﬁpﬁ?e?fce}%eggde evel spﬁtt?ngelcstxatolc exaggerated
compared to the electron level splitting for clarity.) If the two electrons are

initially in their ground state (L({)R({)) the two lowest energy nuclear spin
levels evolve into the singlet state, while the two highest energy nuclear
levels evolve into the triplet state.

15 If the nuclear spin degeneracy is broken because of A-gate biases, see
figure 6, as was done above for electron spin, then whether or not the system
evolves into a singlet is entirely determined by the initial spin state of the |
nuclear spin with the larger splitting. Thus, for the coupled electron-nuclear
spin system, a single measurement can determine the spin state of a chosen

20 nuclear spin. In Figure 6 the solid lines represent the electron energy levels
as a function of E. The dashed lines represent the lowest energy-coupled
electron-nuclear energy levels as a function of E. The electron energy levels
behave as in Figure 4,

25 Measuring the Spin State using a Single Electron Tunnelling Transistor
Single electron tunnelling transistors (SETTs)are currently the most

sensitive devices developed to measure small charges and small charge
motions. SETTs contain a small “island” electrode 9 located between source
10 and drain 11 electrodes, as illustrated in Figure. 7a). Current flows from

30 source 10 to drain 11 only if there is an energy level in the island 9 equal to
the Fermi level in the source 10 and drain 11, as shown in Figure 7b. The
“Coulomb blockade”, as illustrated in Figure 7c, results when no energy level
is available on the island through which the electrons can tunnel. The
extreme sensitivity of SETTs will occur when the island 9 is extremely small

35 and when the device is at low temperature.



current can flow since the electrons fromthe reservoir cannot enter the
sane 25 quantum state as the bound electron, as indicated in Figure 1b.
The detection of current flowin the device constitutes a nmeasurenent of
the singleyplghih®n spin on the donor. This assumes that bEpaBekc7C -
mechani sm present to "flip" reservoir electrons initially pointing in the
sane direction as the donor electron so :ig that they can occupy the D
center and traverse between the reservoirs. |If the donor is a nucleus with
spin, coupled to the electrons by the hyperfine interaction, such a process
can occur and w || FRiraplredéfeetoncdedgnssqinreadilp derimpdementednimipdingr i ate
Ci rcumst ancesy, Rp?eeo aqggﬁ'ﬁciﬁﬂgﬁhcy&ﬁl @e%c%l?é}e%ﬁ@o?ghéh alservoir

and exchangin nucl eys s Its spin
i s then oppostw islandinf afRfrbl & ?CGHaQHd"’I&%fﬁ t?‘%ldF?{l&e% wg}l%%edvﬁm epFe |
Fi gure 2a, allsddwe mémire and ipitiadiza rseingoinas quaﬁunncdmpumnmmy SHJPT89/ 14614

PCT/ AU98/ %g”&&ﬂxpd gl h@&ésg&ﬁ th 388 stre ﬁﬁ s Bn@fh B\ﬂ Whﬁel ow T

and | arge rrent w cross the nucl ear

[ on |l

spin is initiSPYBIREASE %’ﬂ“ﬁ’ Of FRINJPeRsy SRar qﬁagly-agpﬁ%t}/\ée §tR9%dus spin
val ve" il ust tve dimémsiomalGrsgyrofspins cowlds mda:iwecéluemgreimd;!esm\é ofiyper fine
I nt eracti on, m I | b SRR NO
single electron Qﬁé%;thé%ﬁﬁy a8 éﬂ;ﬁ% LEA éﬂaﬁ%ﬂc’aggg?% ve Te?:’hnl qgues
These single g’ﬁ'?ﬁm\? ea Y)‘ﬁ@‘n s apRIPACh IQ PRIy £ om sever al
practi cal 1@lef mzhsnenent id wehamtedub duture fange Ise@ie iquenpuh@oimpedatdémct r on

Such a quantum computer could comprise a Si substrate into which

an array of donor atoms of *'P are introduced 200 A beneath the surface.
The atoms are separated by less than 200 A. Conducting A-gates are laid
down on a Si0, insulating layer above the Si substrate, each A-gate being

15  directly above a respective *'P atom. Conducting E-gates are laid down on
the insulating layer between each cell.

The nuclear spins of the donor atoms are the gquantum states or
"qubits" in which quantuminformation is stored and manipulated. The A-
gates control the resonance frequency of the nuclear spin qubits, while E-

20 gates 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

25 nondegenerate lowest spin energy level. The electrons must remain in a
zero entropy ground state throughout a computation.

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. A donor nuclear spin-electron system

30 close to an A-gate functions as a voltage controlled oscillator: the precession



10 spin reservoirs. A small contam nation of the reservoirs with el ectrons
of the wong spin will lead to device mal function. Al so, the need for
reservoirs may greatly limt their value in certain applications. Both of
these imtations can be circunvented if a closed systemis probed, so spin
transfer twoasmmsfa4r omthe systemis entirely elimnated. IHCTIA19849978em i s
probed 15 capacitively, any netallic lead can couple to the system wth
no speci al requirenent for spin-polarizeth el ectrons. Once again, for
simplicity and clarity discussion is confined to a two-el ectron system

Consi der two el ectrons bound to two p sitive char dongpr s, aced
suf fi ci ent |y feapyescy g Q&cﬂ“@?ﬁeﬁpl’éw {COB{T bf”fl(?ﬁtetrgaﬂlé | SRS ?8“%
exchange coumelda;@.velge‘tbmagm ine rebonance thhmssactbtrmllyﬁmé@dchdmmsh@g e located

in a sem condygd g SO c%xaﬁnﬁat-hl@s PaflidRing BbRIdr roftiond tb BR p‘éffoﬂﬁb& ldnar e
| ocated the tal gates U¥ed to | robethe spin system as ‘shown in Figure

3. 'A-gates' thegmslgagspited above the donors, while a 'E-gate' 8 is |located
bet ween t Ise donor s Co2ling between Suz Honosslstzon spin systerus will girise frony

Lo o (SESSRE AR RO MR L Bbnole e dolt) U388, |

i | Wi | Y o]

el ectrons to B&E@6 ﬂb%urﬁgﬁlg‘c?%%c@é’ﬁ%‘% ent“h‘gim ‘/’éla?cﬁu’é?"z;’teg Bowever, as
was nenti onedsephoition HBtheemdoabat:eabau’elQﬂaZ@O ﬁosm ble if the electrons are
in a nutual sing| etpomsaec’a% mgfeee;éﬁan OintthetishNeels thbat e, charge

RGeS AN NI T e AR
el ect r onet ry. fiddd eheweavérpthecdle¢ then gnmdstateemll‘ e phlazised éfppft > P4 The
This spin detgehbQniAREDPib dos) (spais fdmeso&%wﬁsgb)sg mbﬁtedaﬁ@nb states
of a two spi Mrespe S t?oR%HH 8?} &%}nsﬁl%ap ase) t'PEe shk tn%?et byl "i?ilgher
and lower than these states. :
15 When the voltages of the A-gates is not equal the nuclear spin ¢
singlets and triplets are no longer eigenstates, and the eigenstates of the
central levels will approach |10y and | 01) when the voltage dxfference is
large enough. L
Control of the E-gates, combined with control of A-gates and
20 application of B, are sufficient to effect the controlled rotation operation -
~ between two adjacent spins. The action of A-gates and E-gates, together with
B¢ perform all of the reversible operations for quantum computation.

b-l

Constructing the Electron Devices

25 The materials used to build such electron devices must be almost
completely free of spin (I =/ 0 isotopes) and charge impurities in order to
prevent dephasing fluctuations from arising within it. Donors must be
introduced into the material hundreds of A beneath the surface. Finally, the
gates with lateral dimensions and separations <100 A must be patterned on

30 the surface, registered to the 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 is the

35 ability to observe integral and fractional quantum Hall effects in them. In

particular, the spin detection techniques outlined above require that
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spin. The state of a given spin systemcan be inferred fromthe neasurenent
if the systemis appropriately prepared. Here, "preparation"” neans

adi abatic changes to the spin state energies before the rTE ur ment takes
pl ace thatwé’r?§8f%“that t he neasurement outcome is deterni g% SHE i i ti al
state of a 5 given spin. The electron spin energies can be slowy varied
if the electron g- factor, that is the coefficient rel ating the applied DC
magnetic field to the spin energy splitting, is sensitive to the |ocation

b as 1o the | qrctions ca HITAMlyPin biladsbs, Prakdtion WhIRhGAd REpIdtisaloh) o1
of the el ect r8&|§?en§6hi eﬁg?tr%eeg%f%‘éorﬁ?s&?m%?o Q’(?r?ﬁilag?pt ﬁgﬂﬁ HPP@E | ef t
or 'L'" and ri gl satisfind is highn mabiliiydeads/ALGe1fs Lhgiejostruntprdswhbersd R t he

spin to be detgi{daRefin fnsidy QLHSENIAEhHFe b HbBn¥irhfddl ABdencEbf ALo
mani pul ate_t he cﬁ\égast S SO tha&,léSpl n L _has

J | ar ggr .ener. than 15 ,spin R,
t hus breakPng e?lP]”e"afeg’é - %ﬁ%gﬁﬂtﬁgaﬁ%ﬁgﬂ eﬁ%c\ﬁ%def\ﬁgel ower
energy. Next, ftam them is highx unlikely. Ragent agv i Ri/Bh&eiwo el ectrons. As
the exchange ¢RURbitRECHURGIBABAEd td Dt QAR CoBitRIsEN efitindlg BfgrddieI¥ WO St at es

10 205 1 LS LRI (e Do el s i 2,
into 20 bal aywentun il effens igpbserved imthese matarialspad spipgplittings well
nmeasur emeqp Wirkdolydde! Hahbstric@artsthakalsd dendabticstedion highajidligp! y i f the
original spin Si/Si,Ge,., heterostructures.

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 low temperatures. The much larger barrier height in SiO, over

15  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.

20  Also, the ability of E-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 fluctuations and disorder, it is

25  likely that bulk and interface states in SiO, will need to be reduced or
eliminated if an electron device is to be fabricated using SiO,.

The most obvious obstacle to building the electron devices presented
above is the incorporation of the donor array into the Si layer beneath the
barrier layer. Currently semiconductor heterostructures are deposited layer

30 by layer. The é-doping technique produces donors lying on a plane in the
material, with the donors randomly distributed within the plane. The
electron devices envisioned require that the donors be placed into an
ordered array making it extremely difficult to create the array by using
lithography and ion implantation or by focused deposition. Methods

35 currently under development to place single atoms on surfaces using ultra
high vacuum scanning tunnelling microscopy are likely candidates to be



configuration was L([err])R([err]). After the neasurenent the two spins can
be returned to their initial configuration by reversing the sequence of

adi abati ¢ mani pul ati ons. 25 If the state of spin L is unknown, two
measurenents can be perfornmed in sequence on the spins, with the second
begi mni ng wotskvi4614pin flip of spin L. (Since theA-gates cREwWAUssootTe -
resonance frequency of the spins, the L spin can be sel ectively brought
into resonance with an external AC nagnettéc field and its state inverted.)
The second neasurenent will 30 produce a singlet result if and only if the

initial state jor to the first neaspr.enent ) err rrl). A

si ngl et resul PSGE{) R} B}%‘io"EWWa:ﬂ?lér?‘BRf%acmalle’%%BW%%55L’E(:Fkl)‘ar] )
regardl ess of atoms ¢ma Si airfageat & chbllemgewill batie stray highrgiwslisy Shdayervoniuc| ear
Spi n Measur engiy sudface subsequeht tepRELRAS offlR ddtieRé.ed to donor nuclei by the

hyperfine int eractipn, L 43l e5i0lnd Ry HRLEBE o'k aBER ifSHELToRe the
PCT/ AU98/ 097 7exchmnge gouplémg-hetweentthe eldctrany spins fsi be sighificans thelgateved when

t Ihe exchangteha{&ﬁ@ﬁsa@ﬁa ﬁﬂsfb@rﬁfﬂ(ﬁﬁ, mlﬁmﬁgafﬂie s% fraltiofs [n@aﬂ? Rl rqtptmaf the
o P on M gl A e LU, SRl g O
when the [errpdditigns the gates qoust Be agouralely eagisteredrtodbe dvnersdieneatntheapar at e
ener gy | evel sSégineddngrobe lighsaphst uds\iavelthe bbansiak islsdnse theicl ei are
plotted | o FI f38oR o?%headérycprg tbleggatﬁfthg Girface prior to exposing the gate patterns
on the surface. For example, a scanning near field optical microscope could
be used to detect the photoluminescence characteristic of the P donors in a
wavelength range that does not expose photoresist. After P detection and
proper positioning of the probe, the resist is exposed with a different light
15 wavelength. "Custom patterning” of the gates may prove to be necessary to
compensate for irregularities or defects in the placement of the donor array.
Many of the technical challenges facing the development of such
electron devices are similar to those facing the next generation of
conventional electronics; consequently, tremendous efforts are already
20 underway to overcome these obstacles.
' It will be appreciated by persons skilled in the art that numerous
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
invention as broadly described. The present embodiments are, therefore, to
25 be considered in all respects as illustrative and not restrictive.



exchange i.nteraction E-for the case the hyperfine interaction and Zeeman

energy (nuclear and electron spin two sites are equal.
(In 10 the figure, the magnitudelﬂm u"mm“ mEvel splitting is much
exagger at eq,oc [‘ed to the electron ceve splitting for t:?fAUBX/Pt) .4 f the
two electrons"are initially in their ground state [err] the two [owest -
energy nuclear spin levels evolve into t singlet state, while the two

hi ghest energy nucl ear |evels evolve int the triplet state. 15 | f
t he nucl ear spin degeneracy is broken because of A-gate biases, see figure
6, as was donglMIme- for el ectron spin, then whether or not t he system
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15  relationship which permits the movement;

the arrangement is such that detection of current flow, or even
movement of a single electron, in the device constitutes a measurement of a
single spin.

2. An electron device for single spin measurement according to claim 1,
20  where the motion of a single electron is detected by probing the system
capacitively.
3. An electron device for single spin measurement according to claim 1,
where the charge motion is detected by single electron tunnelling transistor
capacitance electrometry.
25 4. An electron device for single spin measurement, comprising:

a semiconductor substrate into which at least one donor atom is
introduced to produce a donor nuclear spin electron system having large
electron wave functions at the nucleus of the donor atom;

an insulating layer above the substrate;

30 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-
gate to generate a reservoir of spin polarised electrons at the interface
between the substrate and the insulating layer;

35 in use the donor atom is weakly coupled to the two reservoirs of
spin-polarized electrons, both reservoirs have the same polarisation, and a



35 and when the device is at |ow tenperature. WO 99/ 14614
PCT/ AU998/ 00778 13 For spin detection, designs can readily be 1nplenented,

including the three gate struct u’r Hﬂmmmnugule 3, where one of the
A-gates is also the island of a : HpLgislel ari o where the devices
di scussed whoygsed € used to neasure and initifal i ze Spi NS PAT/AQURMEE UM

conputer, many SETTs 5 would be necessary to neasure many spins

si mul t aneously. The capacitive coupling 4gechni que for spin neasurenment is
particularly attractive, since a two dinmensional array of spins could be
measured using el ectrodes out of the plane of the spins, and every spin in
the array couiegleelectronpwhaenspip ifdabadetermingd .6 banaddo deergones, theE- Thus,
this approacigatdd 36 bihsd@ soMEasdiraRAVill Sowdetweati theth, tbutfonly ifahbapie scal e

guant um conpu otnaﬁlleg{;,.m sg%sﬁgﬁgt%ggfl c?’i%.]qéa&&ylrpt}fé%péljvﬁgs a Si substrate

into which anarray o { ) [P are I ntroduced 200 A beneath
the surface. 5The ab@rilesiren deyise 4%Unglp SPiR Teasuemesy) ascosdng tRlaHg A gat es

are | ai g doWRylgdte gh&ieqre twb dionsts withrig-gatselocatedvabove@ath of et raxtdean each
A gat g . : :
028" 10 a2 8 AL £ o, ot

E-gates are lal I'n y ween each : (
nucl ear spi nshersedndonersornd thm@oBeTE ar$ 8P3fE lg?gfégosﬁrto'ea%f’f}?r in

whi ch quant urgorthef stetiremn tiaasfelr osraskchangaenigliig betveebnthém iygiassibignt r ol t he
resonance {1 equency, gt WS RHGLER pBhfalfBelShco tbb 1 12he GRIAS cON ol
the el ectlroon- m;:dl a de ! coupli _ng 10C ] en adj acen%i pHclear o both

gates and at some point it will become energetically favorable for bo:

electrons to become bound to the same donor, but only if the electrons are in

a mutual singlet state;

the signature of the singlet state, charge motion between donors as a
differential bias is applied to the A-gates, is then detected externally.

15 6. An electron device for single nuclear spin measurement, comprising:

a semiconductor substrate into which at least one donor atom is
introduced to produce a donor nuclear spin electron system having large
electron wave functions at the nucleus of the donor atom; Co

an insulating layer above the substrate;

20 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-
gate to generate a reservoir of electrons at the interface between the
substrate and the insulating layer;

25 in use all the electron spins are polarized in the same direction, and
the donor is a nucleus with spin, coupled to the electrons by the hyperfine
interaction, and the E-gates are biased so that current will flow between
them, but only if the the nuclear spin is initially opposed to the electron
spins.

30 7. An electron device for single spin measurement according to claim 6,
where a current flow across the donor preserves nuclear spin polarisation,
and current flow is turned on or off depending on the orientation of the
nuclear spin on the donor.

8. An electron device for single spin measurement according to any

35 preceding claim, where the electrons are polarised by being at low

temperature in a large magnetic field. '



spins. In_operation, the device is cool ed to a tenmperature of T = 50 nK
Al so, a constant nagnetic field of mg to break the two-fold

spi n degeneracy. The conbi ned effe ctrons only occupy the

25 nondegenerate | owest spin energy ve *eCt I ons A in_in a
zero entroﬁ@’dﬂ fd state t hr oughout a conputatlon An eIectrPghg?gld -
applied at theA-gate to the el ectron-dongor systemshifts the el ectron wave
functi on envel ope away fromthe nucl eus 3fd reduces the hyperfi ne

i nteraction. A donor nucl ear spin-electron system30 close to an A-gate

functions as g vol t&‘ﬂ%lé%@x‘%r&ﬂvllé‘éjfo?%ﬁi 1é %Hmeﬁé’iﬁ"eﬂfeﬁ@@&fdrﬁfhg to 8§ 99/ 14614
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ency of the nuc

external ly, aHEFCseﬁ‘%‘l% i, B’%h?glcgf}fi}le‘é? gﬁag% f‘? %?Pfeigg%g%h%ﬁ%
external | y appdyeednaither sideiofgherdegate and genenate BFé?lﬂ}efkﬂQmP @}qcpon,gam I oW ng
g;?&;ﬁf%’ foga{ ﬂﬁqﬁtélpac}é%eﬁﬁéérpﬂf@%&&awqﬁld‘ﬂfé ﬁ@ﬁla‘iﬁigﬂay& Coupl i ng

wo danor - c i n_syste ar| s spin
exchange i nt elct | 0‘% \ﬁlau"ec?‘qunn evd%%é‘s”@%sgm e elh? J}&rg)t%cél ot her .
Si gni fi cant codpre @umﬁhegmammablweﬂlsodbéwn%@ﬁ et‘?@‘@érﬂi? PLESAL BBt ween
dotnor S It S abf%uﬁﬁ@ﬁ@f’ﬂ% cher artdm &h&ﬂié F&y&b&ﬂ&eﬁ% Mcﬂﬁhgseat the
interaction | owers ee n._singl et nergy with respect to
the triplets. epRrey 9 %g'f' %A%%%rauﬁléle e?lgct ron ground state will
be pol arised ilfl. [er Ap&lectmn demee for single spin measurement according to any

10  preceding claim, where the host contains only nuclei with spin I=0

12. An electron device for single spin measurement according to claim
11, where the host contains Group IV semiconductors composed primarily of
I=0 isotopes and purified to contain only /=0 isotopes.
13. An electron device for single spin measurement according to any
15  preceeding claim, where Si is the semiconductor host.
14. An electron device for single spin measurement according to claim
13, where the donor is 31p,
15. An electron device for single spin measurement according to any
preceeding claim, where the gates are formed from metallic strips patterned
20 on the surface of the insulating layer.
16. An electron device for single spin measurement according to claim
15, 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.
17. An electron device for single spin measurement according to any
25 preceeding claim, where the spin system is prepared by adiabatic changes to
the spin state energies before the measurement takes place, to ensure that
the measurement outcome is determined by the initial state of a given spin.
18. A quantum computer, comprising:
a semiconductor substrate into which donor atoms are introduced to
30 produce an array of donor nuclear spin electron systems having large
electron wave functions at the nucleus of the donor atoms;
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
35 donated electrons and the donor atoms’ nuclear spins, and hence the
resonance frequency of the nuclear spins of the donor atoms;



nucl ear singlet | 10 - 01) (spins 180[err] out of phase) is lowered in

energy with respect to | 10 + Q ' ' e). The other two triplet
states are higher and |l ower th ﬂl”“ﬂﬂlﬁ"ﬂll“ﬂ@ﬂ'ﬁS When t he vol t ages
of the A-gates is not equal the hucledr dpi i stnglets and triplets are no

| onger ei geasdoal@as, and the eigenstates of the central | emedzsussdor7sappr oach
| 10> and | 01) when the voltage difference is |arge enough. Control of the
E-gates, conbined with control of A-gategpand 20 application of B[err],
are sufficient to effect the controlled rotation operati on between two

adj acent spins. The action of A-gates anqd E-gates, together with B[err]
performal | of the GaBgactpgi-gaispendhe intulating lnysnbetweesygrisste furn on
Constructing &k offl Redtranmeditted sowfling between the nimleer spins of adjhcent bui | d
such el ectrondgﬁ&j&gﬁlsnust be al nost conpletely free of spin (I =/ 0

i sotopes) and charge Thpurities in_ order to prevent deghasin fluctuations

from ari sing withi iwheze. theidess sping,ef thedanon atamy [RepEE states
hundreds of Acbe&ftdtsh it vhislubfrace infbrmatioy jis stbredgmidemanipilatesdt ey al

di mensi ons an . < A s face,
registered t 09%1%%9‘2%%2 rlg&%(gﬁggtg _ﬁl é @ﬁ&egg-ﬁﬂzg? gﬁ?gggd%relee%g ﬁgtap ghé&lﬁé@

_ cus of
i ntense cur r eft theatliespating Magnpghs YP#ERI el d of seni conduct or

growt h and nanof abrambadditiondlly somesisargHn Heatren devieetibysiogletspanpr obl ens of
maki ng a nucl ' ' bdnisk big@n- An excel l ent indicator
S SRl SO Gk

of suitable sem congduct t 5 abilit 0 obserye integral
and fract #®nal®quan REtRIperEppier iaﬁc‘?raé‘?ﬁ tq ‘?'}%flbi %ﬂf}ﬁ,coﬂ@s&%:n
det ecti on t eclncapling medisi toguaiatdudhe egbstrade choled to a temperature
sufficiently low.
20. The quantum computer according to claim 18 or 19, further
comprising:
15 a source of constant magnetic field having sufficient strength to
break the two-fold spin degeneracy of the bound state of the electron at the
donor. .
21. The quantum computer according to claim 18, 19 or 20, further
comprising:
20 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.
22. The quantum computer according to claim 18, 19, 20 or 21, further
comprising:
25 means to selectively apply voltage to the A-and J-gates.
23. The quantum computer according to claim 18, 19, 20, 21 or 22,
where the E-gates are incorporated into the J-gates.

24. The quantum computer according to any one of claims 18 to 23,
where one of the A-gates is also be the island of a SETT.
30 25. A procedure for the preparation of spin states in a two electron

system, which comprises the following steps:
first, manipulate the A-gates so that a first spin has larger energy
than a second spin;
next, apply bias to the intermediary E-gate to turn on the exchange
35 coupling between the two electrons so that as the exchange coupling
increases, the lower energy state of the two states with a single spin pointing
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el ectrons can be fully épin ition which leads to

guanti sation of the Hall eff aml ‘E“ﬁ‘uum“gorrespondi ng to the spin gap.
This condition i S wel | sati s hsmobi lity GaAs/AI%%rr&]J%herr]As

het er ost r u¥PIPEEM where nucl ear spl n sensing el ectronics )
denonstrated. Absence of 1=0 5 isotopes, however, in these materials neans

t hat maki ng an el ectron device fromt henfts hi ghly unlikely. Recent
advances in Si/Si[err]Ce[err] heterostructures have led to materials

conposed enti ;8kyoldbs Ht6'4Re kiv pét%taetv&u&hhhleﬁ Elill RARNRE A0 Estl dhefBAS

het er ostruct ures. ‘Ege f.ractj orlg e\%u% % H}sa ffectkﬁh obser ed i pthese"
materials and spin i Hring,the A ggiss pagkintp &§° 5IHB P?éehsave al so
been fabri cate!demtmr@hetqwl ity Si/Si[err]CGe[err] heterostructures. Wile
the quality of Sl/%n@metag@aﬁ £6t% anglet bate! ectron systems confi ned t here

is less than o) |taX| nterglaces pttin re we

resol ved g %\% ré)gf‘g(ieg}lée or %PF&}taﬁa‘il%‘? §€$ IBzf?#{F%}n ﬁé%&ﬁ?e‘ﬁﬁmsl 2 over
15  Si/Si[ ersystsneceqrding tcleimn 25 wheny thestate of the fisst spity ismuigwowm

nanost ruct ur e&mpﬁﬁngltges»cegg o000 A or | ess. Leakage of el ectrons across the
barrier material, ree?%l Cgtwomeasure n\@L of c‘h{i a donor
state, is a source o er ence e 31%5%%“(?&058% e“P“f*?oP‘“ |oned
previ ousl y. E?eé‘-epécbﬁsu%qutb@splyﬂmgftheﬁmml across the barrier
during thepconputation. 20 Also, the ability of E-gates to vary the
exchange interaction over a |arge dynamc range wll inprove in devices
with large barrier heights. Technol ogi es bei ng devel oped for el ectronics
applications may result in structures with both the high interface quality
of Si/Si[err]Ce[err] and the |arger




tunnel barrier of SiJerr]. Because of charge fluctuations and disorder, it
is 25 likely that bulk and interface states in SiQ2 will need to be
reduced or elimnated if an electron device is to be fabricated using
SiJerr]. The nost obvious obstacle to building the el ectron devices
present ed WDA¥#46k& t he i ncorporation of the donor array PRTAUIHROTE |-ayer
beneath the barrier |ayer. Currently1se!rﬁ conductor heterostructures are
deposited layer 30 by layer. The [err]-doping techni que produces donors
lying on a plane in the material, with the donors randomy distributed
within the plane. The el ectron devices envisioned require that the donors .
be placed into an ordered array making it extrenely difficult to create the
array by using lithography and ion inplantation or by focused deposition.
Met hods 35 currently under devel opnent to place single atons on surfaces
using ultra high vacuum scanning tunnelling mcroscopy are likely

candi dates to be WO 99/ 14614

PCT/ AU98/ 00778 16 used to position the (;/ﬂl(lr array. Thi %pproach has been
used to place Ga atons dpn a Si surface. JA chall enge w }f| e to grow high
quality Si layers on :2 surface subseqlent to pl acerrzn/t; of the donors.
Because the donors in the array nust ghe 00 A apart in order for 5
exchange coupling betweepgd he el get*(# nelo be sig jficant, the gate
di mensi ons nust be <100 A =e=ittrotigh f = %bf arger if the
E-gates are biased positively to reduce the barrier between donors. In
addition, the gates nust be accurately registered to the donors beneath

t hem 4—\/T

FIG. 1a
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Scanned pr.obe |ithography techniques have the potential to sense the 10

| ocati on of the donors beneath the surface prior to exposing the gate
patterns on the surface. For exanple, a scanning near field optical

m cr oscope_goul e used to detect tze hot ol-um nescence oSt i C Of
the P donoy@#ﬂg%{gwavel ength range t a/tgdoes not expose pﬁgﬁ%?%?ia?ts. After
P detection and proper positioning of the probe, the resist is exposed with
a different light 15 wavel ength. "Custom patterning" of the gates nmay
prove to be necessary to conpensate for irregularities or defects in the
pl acenent of the donor array. Many of the technical challenges facing the.
devel opnent of such electron devices are simlar to those facing the next
generation of conventional electronics; consequentgy, tremendous efforts
are already 20 undengx_Lg_gMercone t hese_obstaclpE. will be

appreci ated by perso ERTFFéH"T?’FﬁE%?Ff”TBEF"ﬁUﬁEro Fvari ations and/ or

nodi fi cati ons may be nade to the Jon as shown in the specific

enbodi ments wi t hout departing fro spirit or scope of the invention as
broadl y described. The present enbofjnents are, therefore, to 25 be
considered in all respects as illustrative and n restrjctive. WO

99/ 14614 ;37 P 98/ 00778 17
CLAI Ms: - 1. An el ectron device for single spin neasurenent, conprising:

a seni conductor substrate into which at | east one donor atomis introduced
to produce a donor nuclear spin electron system having |arge
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5 electron wave functions at the nucleus of the donor atom an insulating
| ayer above the substrate; a first conducting gate on the insulating |ayer
above the donor atomto control the energy of the bound electron state at
t he donor; a second conducting gate on the insulating |ayer adjacent the
first- 10 wetsi4604 generate at | east ?17 gl ectron in the FEIAUBPETS | n use,
a single electron is bound to the dorior, and the donor atomis weakly
coupled to the at | east one electron in the substrate, the gates are bi ased
so that the at | east one electron in the substrate will nove to the donor,
but only if the spins of the at |eastgopgqgkgctron and the donor are in a
15 relationship which permts the venent; twe arrangenent is such that
detection of current flow or evey novenent of asingle electyon, in the

devi ce constitutes a meadlyenment/of  a Jr@ATE spi n\ 2. Air €] ectron device
for single spin measurgneg acéordichg im1l, 20 __wherfe e notion of a
single electron is detfected by prfobt the sysfem dapacitively. 3. An

el ectron device for_sipd e-smdeasutenent ackor di th Hatmil where the

charge notion is{ defecfed by Sipgl el eftron t ﬁ;gyfigg/tr si gf or

capaci tance eééc rypetry. .S elect pon vice f si-ngl g7¢dspi n
nmeasur enent , r¥si BURR/ERM cONdMCt of S -stnéte/fht-fmhi h at |gast one
donor atomis intrpdiced to prdduge asdondr cledr sdln £ ectrop/lsystem
havi ng | arge el eftrRg Waye NNynct Ngns Nt t e nudd eusof \Qg donor Ngtlonm  an

i nsul ating | ayer| aljov&it N& supst r ate; h: ——T—-\a conductgng ‘-?Q_—\ge on the

nsul ating | ayer| afqvee ono S e R A4
ONCONANNNNNAN
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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- gate to generate a
reservoir of spin polarised electrons at the interface between the

substrate @Rfbofihigsi Nsul ating |ayer; in use thepdORGdsndtRAM LS
weakly coupled to the two reservoi rs40¢f Bspi n- pol ari zed eI ect rons bot h
reservoirs have the sane pol arisation, and a WO 99/ 14614

PCT/ AU98/ 00778 18 single el ectron, whose spinis to be determ ned, is bound
to the donor, the E- gates are biased so that current will flow between
them but only if the spin on the donor is opposite to the spin

pol arization in the reservoirs. 5. An el ectron device for single spin
neasurenent according to claim4, 5 where there are two_donors with

exchange coupl i n
potential differl
wi || becone enerjgeti -
t he sanme donor, —<but only if
t he signature of
differential bi

6. An electrd

B sonme poi

ble for ctrons to become bound{ to
el*eéctrons are in a nutual singlet stat;
ingl et state, charge notion between donors as a
is applied to theA-gates, is then detected externallly. 15
n device for single nuclear spin neasurenent, conprising:

O
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a sem conductor substrate into which at |east one donor atomis introduced
to produce a donor nuclear spin electron systemhaving |arge el ectron wave
functions at the nucleus of the donor atom an insulating | ayer above the
substrate; 20 a conducting A-gate on the insulating |ayer above the
donor- at orW®8/Hét#t rol the energy of the bound el ectron sPET/AVAXFe donor;
a conducting E-gate on the insulBtymgg |ayer on either side of the A- gate
to generate a reservoir of electrons at the interface between the substrate
and the insulating |layer; 25 in use all the electron spins are

pol ari zed in the same direction, and the donor is a nucleus with spin, _
coupled to the electrons by the hyperfine interaction, and the E-gates are
bi ased so that current will flow between them but only if the the nuclear
spinis initially opposed to the electron spins. 30 7. An el ectron
device for single spin neasurenent according to claim®6, where a current

fl ow across the donor preserves nuclear spin polarisation, and current flow
is turned on or off depending on the orientation of the nuclear spin on the

donor. 8. An el ectron device for single spin neasurenent according to
any 35 preceding claim where the electrons are polarised by being at | ow
tenperature in a | arge nagnet%c field. WO 99/ 14614
PCT/ AU98/ 00778 19 ,
////T}f> |f;+‘f) ,
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9. An el ectron device for single spin neasurenent according to any
preceedi ng claim where conducting E-gates are |ocated on the insulating

| ayer on either side of the A-gate and generate a 2-Di nensional el ectron
gas at thewogidiace between the substrate and the insul agdmgudsayes. 5 10.
An el ectron device for single spin @g#dgrenent according to claim9, where
in use, the E-gates are biased so that only [err] electrons are present on
both sides of the donor atom and the A-gate are biased so that EF |lies at

the energy of the two electron bound state at the donor. 11. An el ectron
device for single spin neasurenent according to any 10 preceding claim
where the host contains only nuclei with spin |1=0. 12. An el ectron device

for single spin nmeasurenent according to claim1ll, where the host contains
G oup |V sem conductors conposed prlnarlly of 1=0 isotopes and purified to
contain only I=0 isotopes. 13. An elecuron device for single spin

nmeasur enment according to any 15 Freceedlng claim where Si is the

sem conduct or host. 14. An el ectron device for single spin measurenent
according to claim 13, where the donor igq [err]P. 15. An el ectron device
for single spin nmeasurenment accorfing tolany preceeding claim where the
gates are forned fromnetallic st fbﬁﬂﬁatterned 20, on the surface of the
i nsulating |ayer. 16. 70 e for | e spi n nmeasur enent
according to claim 15, tep in he insul ating | ayer over

| ocal i se the gates_el ric fields in the vicinity
for single spin nmeasurenent
re£V36”Hp|n systemis prepared

bles-before-t-he nmeasurenent

of the donor atoms. 17.
according to any 25

by adi abatic changes _t
t akes place, to ensure that

FIG. 7a

CONDUCTION

FIG. 7b

BLOCKADE

FIG. 7c
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t he. neasurenent outcone is determned by the initial state of a @itEusAIITR
18.. A'quantum conputer, conprising: a sem conductor subst r af&eivBd P4 XhHiICIB99
donor atonms are introduced to 30 produce an array of donor nuclear spin

el ectron systens having |arge el ectron wave functions at the nucleus of the
donor atons; an insulating |ayer above the gubstrate; conducting A-gates on
the insulating | ayer above respective donor atons to control the strength

of the hyperfine interactions between the 35 donated el ectrons and the

donor atons' nuclear spi rELEGTHON DEVICES FORCSINGEEE of the

nucl ear spins of the dondr a : DT/ ALO81007 23 20 (eorduct i ng J- gat es
. . A v, [} ! A IJ! A

on the insulating |ayer betvwees NUCLEAR, SPIN MEAR o+ el ectron

™9 U Cl U CA U
medi at ed coupling between the nucl ear spins of adjacent donor atons; where,
t he nucl ear spi.#}ﬁm%?ltﬁﬁl@onor atons are the quantum states or "qubits" in

rma

whi ch binary info lon Is stored and, mani pul at ed b%( chl ectif;/e a Rll-j cation
of voltage to the AFElgatrongandsomenyelel posyessguantized angkokang
al ternating nmagRetdtufd ealted Bpile Thbsinventionatshaeids elewtedd gdevimepfosi ng an
el ectron device for si n%le pi n .measur enent accortdi ng to any preceeding
claim 19.  THBSGEIREY @Hﬁp‘iﬁ‘ﬂ‘élpaﬁﬁgﬁlrmeﬁﬁufeénﬂ aim18, further
conprising: a cooling neBhes |Té) nataticr is useel betestorrepaesend|the elestson spin
tenperature state, and the |01) notation the nuclear state. For simplicity, normalization
constants are omitted.

In two electron systems, the electron spins may be aligned (total spin
angular momentum =1) in triplet states (dy, |, and [N+ or
opposed (total spin angular momentum=0) in a singlet state (-4,
Similarly the nuclear spins may be aligned or opposed. In the [{411) state,
all spins point in the same direction.

Background Art

In the laboratory, large numbers (=10*) of electron and nuclear spins
are regularly probed using traditional magnetic resonance techniques.

There are important applications for devices and techniques that can
measure a single electron or nuclear spin. For example, magnetic resonance
experiments could be performed on a single atom or molecule and the local
environment (electric and magnetic fields) could be measured with great
precision. Alternatively, single electron or nuclear spins could be used as
qubits in a quantum computer. Single spin measuring devices would be
required in the computer to initialize and to measure the single-spin qubits.

Summary of the Invention

A first aspect of the invention is an electron device for single spin
measurement, comprising:

A semiconductor substrate into which at least one donor atom is
introduced to produce a donor nuclear spin electron system having large
electron wave functions at the nucleus of the donor atom.

An insulating layer above the substrate.

A first conducting gate on the .insulating layer above the donor atom
to control the energy of the bound electron state at the donor.
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sufficiently [ow 20. The quantum conputer according to clai m IEcHaAUd 00778
further conprising: a source of constant magnetic field havi n@esdivelii1giapai 1999
strength to break the two-fold spin degeneracy of the bound state of the

el ectron at the donor. 21. The quantum conputer a 18, 19
or 20, further conprising: a source of alteggating mmﬂ”ﬂg"mﬂmmﬂl
sufficient force to flip the nuclear spin of donor atons resoi he
field, and nmeans to selectively apply the alternating nmagnetic field to t he

substrate. 22. The cﬁﬂaﬁbuﬁg QR o thee vl tirgg 1ayee batwediB A-gates B tum &M,

2 garcs. 25 SOt AR € ?#S' 7 t'vei%aséf’e%&teéqb%iﬁ%léa% 9"8 b fiftognt,

22, where the Hdoyeir@tomse i ncorporated into the J-gates. The quantum
conput er according t %@ﬂge ﬁaﬁﬁﬁn@tggges
WiER Eﬁmﬁ-engéleﬁi'gg proceg a‘f&ﬁ% I

Is also the island of a' or th pre of spin
states in a tworéqubitsd in which fhinayHigf %F@@W%é‘ %Fé’é‘iﬂf EP ey éhi@/t
claims 4, 6, 7.5efbctiid affblichionofoiRigetosthe Xeand! ( lgatdsnghds sedpstivé apphca’uon

o e e bbb e e LB 1o Y, a8 Sacone
coupl i ng between t he andoadditionatlysconeptisizg mebh&oaﬁmﬁg&rm@blay@n
measurement according to any preceeding claim.
19. The quantum computer according to claim 18, further comprising:
a cooling means to maintain the substrate cooled to a temperature
sufficiently low.
20. The quantum computer according to claim 18 or 19, further
comprising:

a source of constant magnetic field having sufficient strength to
break the two-fold spin degeneracy of the bound state of the electron at the
donor.

21, The quantum computer according to claim 18, 19 or 20, further
comprising:

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.

22. The quantum computer according to claim 18, 19, 20 or 21, further
comprising:

means to selectively apply voltage to the A-and J-gates.

23. The quantum computer according to claim 18, 19, 20, 21 or 22,
where the E-gates are incorporated into the J-gates.

24. The quantum computer according to any one of claims 18 to 23,
where one of the A-gates is also the island of a SETT.
25. A procedure for the preparation of spin states in a two electron

system using a device according to any one of claims 4, 6, 7, 9 and 10, which
comprises the following steps:

first, manipulate the A-gates so that a first spin has larger energy
than a second spin;

next, apply bias to the intermediary E-gate to turn on the exchange
coupling between the two electrons so that as the exchange coupling
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PCT/ AU98/ 00778 Received 14 April 1999 20(a) increases, the |ower ®Aeka¥s/00778
state of the two states with  a single spin pointing WO 99/&4&;‘,%14”- 1999
PCT/ AU98/ 00778 21 up evolves into the singlet state which at large E WIH
have the | owest energy; then, bri n_gogqhe A-gat es back into bal ance so that
the ground state is an exact singlet; and, neasuring for a singlet state. 5
26. A procedure for the preparation of spin states in a two el ectron
system according to claim25, where the state of the first, spin js unknown,
conpri si ng t hénsteapss, dhe lpwet enetgystataoohthestve siateswith a & ERlIHPOK{INg
spins, with the second beginning wwth a spin flip of the first spin. 10

N e v
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