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Electrical readout of a spin qubit without double occupancy
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We identify a mechanism to read out a single solid-state electron spin using an all-electrical spin-to-charge
conversion in a closed system. Our scheme uses three donors and two electron spins, one spin is the qubit, the
other is a reference. The population in the third, originally ionized, donor is monitored with an electrometer.
Energy-dependent tunneling of the reference spin to the ionized donor is used to determine the state of the
qubit. In contrast to previous methofks.g., B. E. Kane, Naturd_ondon 393 133(1998] we avoid double
electron occupancy of any site within the system, thereby eliminating the possibility of unwanted electron loss
from the system. The single spin readout scheme described here is applicable to both electron and nuclear spin
based quantum computer architectures.
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Understanding, observing, and manipulating the quantunfore essential to determine alternative readout methods that
coherent properties of individual spins is an important en-avoid theD™~ state problem. We present such an alternative
deavor for the physics community. Spin systems offer a suhere.
perb probe of fundamental quantum properties. As such, they Our method is an all-electrical spin-to-charge conversion
have been suggested and employed in various flavors as g{here an extra, unoccupied sitbe probe sitgis introduced
ements for quantum computdiQCs. It is believed by many  tg facilitate the readout. The arrangement is illustrated in Fig.
that one of the best systems for realizing a scalable and prag- There are three potential wells, which could be derived
tical spin-based QC is a solid-state system that is fully com¢om three donors, labelddr, andp, and two electrons. The
patible with existing technologies. This philosophy is encapgeciron inl is the qubit, the electron in is the reference
sulated in several proposals, including the Kane proposalg iy “andn is the probe site. The energies of the states are

which uses the nuclear spins of phosphorus in isotopicallyéontm”ed with shift gatesS, (@=1,r,p) and the tunneling
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pure°Si as the qubits; the Loss and DiVinceAapproach, ; . : .

where the qubits are electron spins in single-electron qua _nd_exchange interactions between sites are controlled with
arrier gates3, andB,,. Thelr system is strongly coupled

tum dots; and the electron-spin-resonance approach of Vrije
et al3 Progress towards realizing the Kane device has beefi"d therp system weakly coupled, so as to probe the
recently reviewed. dynamics. o _

The readout of a scalable spin-based QC relies on the Readout is via a SET monitoring the population of the
ability to sense the state of single spins. The search for efrobe site. Our scheme discriminates between singlet and
fective methods to measure single spins has involved relriplet states of thér system which is equivalent to measur-
searchers from many different disciplines. Numerous teching the spin ofl with knownr.* We use the energy difference
nigues have been suggested, including electrical spin-to-
charge conversioh® spin amplification using a paramagnetic
dot? spin valves, magnetic-resonance-force microscépy,
Raman transition$, far-infrared induced spin-to-charge
conversior, optical readouf,and the use of asymmetric con-
fining potentialst?

The original Kane proposal for spin to charge conversion
requires two phosphorus donors: the qubit and a reference.
First, the nuclear spin information is transferred to the
electron spins. Then spin-dependent tunneling between
the qubit and reference is used to determine whether the
two spins are aligned parallel or antiparallel. The tunneling
creates aD*D~ system, where thé®* state is an ionized
donor, and thé™ state a doubly occupied donor. The change
in the charge distribution between the neutral and the pg, 1. schematic showing the triple well potential with top

D*D” system is monitored with a single electron transistorgates and readout SET. The two leftmost wells are strongly coupled,
(SET).! Although the D*D™ state has been observed via providing for a significant exchange interaction, the third well is
far-infrared transmissiot?, under the conditions required further removed so as to act as a weakly coupled probe and is
to adiabatically form theD*D~ system in a top-gate con- ionized prior to readout. The electron in the leftmost well is the spin
trolled structure, it appears that the state will be quasiboundyubit, I, the electron in the central well is the reference spjrand
with a lifetime incompatible with SET readofiit is there-  the third well is the probe siten.
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between the singlet and triplet states of the combined qubit
and reference system to effect coherent tunneling into the
probe, and hence qubit readout.

We illustrate our method for the Kane quantum computer,
but the scheme is completely general and is applicable to
most solid-state spin quantum computing schefmesuding
those of Refs. 2, 3, and 13More generally, this scheme EL N
provides an alternative tool for examining spin properties in
guantum structures. lonicioiu and Popeddiave proposed a
different scheme using an ancilla charge state to read out a
spin qubit. %

Earlier, we presented a scheme for readout of a charge- 2
based QC using a probe sitéthree-site, one-electron case 5
Three-site two-electron models have been proposed for en-
tangled current formatiol Such schemes differ qualita- 30
tively from that discussed here. 200

Given the added complexity of fabricating a triple-donor
system over a more conventional two-donor system, and the -0 2 0 % 4 & B B
increased coherence times that will be required, it is wise to B
identify regimes where our scheme is advantageous. As men-

) ; e — ;
tioned above, if th(_e lifetime of th® D. system is less than. function of the energy of the probe statg,, for constant Zeeman
th,e SET readoqt time, two-donor Sp'n't,o'Char,ge ConVers'o'gl,plitting and exchange interaction. The states with occupancy in
will th be pra(?t'cal' Our scheme, combined W'_th 'Fhe C_harge(he third site migrate upwards in the figure. Anticrossings at biases
shelving described below, circumvents such lifetime issuegq responding to resonance with the singlet and triplet states signify
by avoiding theD~ state. Note that for spins in quantum charge transfer to the third well. All triplet anticrossings appear
dots’ there are no problems due to double occupancy of thg; the sameE,, indicating that one cannot resolve the individual
states, but there may be utility in the present proposal due tgiplet states.(b)~(d) Transient bias spectroscopy showing the
the lower required transfer potentials. We also require th@eadout variables as a function of./J and time(in units of 7r7/J
following inequalities to be satisfiedd/n>Q,~1/TF,  for B'/13=0.4,Q,,/J=0.1,E=E,=0 and various initial conditions;
whereJ is the exchange interaction strength between elect) singlet statejc) any of the triplet states; an@) p(0)=|T | ),
trons on sites andr where we have assumée> J,,, Jjp, () which is a superposition of a singlet and one of the triplet
is the coherent tunneling rate on thg transition with  states.

0,=0, and 177 is the (electrostatit dephasing rate of
charge motion on thep transition. This inequality will be- H=S
come clearer below, however these inequalities are compat-" =~ [
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FIG. 2. (a) Eigenvalues for the two-spin, three-well case as a

> Eb/ b, +hQ, (b by, +H.C)

ible with the current thinking on lifetimes of spin and charge hrLEre

qubits. + Q0] by .+ H.c.)] +41 > SS+gusB X 5,
We assume the SET functions as a weak measurement L=l i=lrp

device, described by an effective, time acting on the (1)

basis states of electron occupation of the probe donor. A ) o )
full quantum treatment SET readout of a charge qubit hagvhgrebiq is the _ann|h|Iat|on operator fo_r an electron on site
been performed by Wisemaet all’ We further assume | With spina, B is the magnetic fieldE; is the electrostatic
that thisT, time is slow compared with the other time scales€n€rgy of an electron on site §=bf by, §=(1/2)(b] /by
of the system, except for th&; time and is therefore —bjbi), and we defineB’=gugB as the Zeeman energy
not treated in our discussions. These assumptions are physiplitting.
cally realistic for Si:P spin qubits, but more detailed calcula- The eigenvalues of the system as a function Ef
tions must be performed to quantitatively determine theare illustrated in Fig. @) where we have choseB =J/5
dynamics. and ), =5J, so the singlet-triplet submanifolds are well re-
Detailed analyses of the effects of top gates on the spigolved and the symmetric and antisymmetric manifolds
states of coupled two-site, two electron systems have beewith p occupied[(|a*B)*|*aB))/\2,a,p=1, ] similarly
performedt®1° These treatments perform calculations to de-well resolved. Anticrossings in the evolution of the eigenval-
rive couplings in realistic systems. We make no attempt taies indicate where the states change their character. If
replicate these important results, rather assumehe exis-  the system is initially prepared with electrons in sitesnd
tence of appropriate interactions to illustrate the concepts aof, then an anticrossing for adiabatically swepf corre-
our scheme. sponds to electronic transfer fromto p. There are two
To understand the mechanism for transfer, we analyzsets of diagonal lines, corresponding to the final state of
the Hamiltonian for the two-electron, three-site problem onthe electron in thdr system being in either the symmetric
the basis of statedapBe), |a*B), |*aB) for «,B=|,7  (lower energiesor antisymmetrichigher energysuperposi-
where the ordering i$, r, p, and « denotes an unoccupied tions. Within each set, there are two biases where charge
site, transfer anti-crossings occur, which correspond to the
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transfer of an electron from the singlet stateEgt= (),

—-3J, and from the triplet states d,=+(), J. Note that

all three triplet states within the same charge symmetry
submanifold anticross at the same bias, suggesting that
this scheme is not able to resolve the individual triplet

components.

To determine the expected readout, we take the trace of et . X0
the density matrixp, over all states with a population in the 0 1 2 3 4 5 6 7 8 9 10
probe dotp, which we termS. We perform a transient analy- time [2/Jy]
sis of S by solving the density matrix equations of motion,
p:(—llﬁ)[ﬂ,p], for various initial conditions as a function various initial conditions(a) shows (), (left axis) and E, (right
of probe bias. , _ _ axis) as a function of time for the AFP sequende). showssS as a

Results showingS as a function of bias and time are fynction of time for thel-r system in the singlet statgolid line),
presented in Figs.(B)-2(d). The figures show coherent 0s- yiplet state(long dashes and a superposition of singlet and triplet
cillations in S, peaking at the resonance bias, with the oscil-states(short dashes The singlet readout has been multiplied by 50
lation frequency increasing away from resonance. Figurgo be visible on this scaleS migrates smoothly to the required
2(b) shows the bias spectroscopy when the system is initialvalue suggesting this is an appropriate mechanism for performing
ized in the singlet staté1/2)(|T | *)—|| T*)). Populationis  readout.
transferred to the probe whel,=+(),,—-3J. Figure Zc)
shows S for the system initialized in either of the triplet — omayq _
states|17¢), (L/\2)(|T [ *)+|] T+)), and|||+). This state has Oy = 0711 = cO82mt/tna) V2, @

a different spectroscopic signature, with readout observed athere  Q#=0.3) /%,  ty,=0, ,=10), /A, and
E,=%Q, +J, with the individual triplet states unresolvable. tma=1077/J;. To illustrate this, Fig. @) showsQ,,(t) (left

In Fig. 2(d) we present results obtained when the initial stateaxis) and E, (right axig. Note that in keeping with conven-
was|[]+). This state corresponds to a superposition of thdional AFP schemes, the scheme is fairly insensitive to the
singlet state and the symmetric state, ijg.|*)=(1/v2)  exactform of(},. S as a function of time is presented in Fig.
X1 Loy+|L TeN+( 1 L*y=|] T+»)]. Because of this super- 3(b) for the three cases of ther system being initially in the
position, we observe two sets of bias@me per submani- Singlet state(solid line), triplet state(long dashes and su-
fold) where charge transfer to the probe donor is observed?€rposition stat¢f |+) (short dashes

and this is C|ear|y seen in the Spectroscopic Signature pre- With the addition of gate noise and deCOherence, nonadia-
sented in Fig. &l). Unlike the charge-qubit readdfitand  batic techniques would only be expected to transfer on aver-
optical casé there is no interference between the features irfg€ half an electron to the probe site. By contrast, the AFP
Fig. 2(d). This is because there are no shared final states ificheme will transfer a full electrofto arbitrary precision

the spin readout scheme, and therefore no interferenc€ven in the presence of gate errors. Therefore this scheme is
The inclusion of a measurement inducési here will tend ~ compatible with single-shot readout, whereas the nonadia-
to wash out the oscillations in all cases shown in Fig. 2batic scheme is not, yielding only a statistical result.
a||owing S to evolve to a Steady state in a time commensu- Until now we have deliberately concentrated on an arbi-
rate withT,. trary system to highlight the generality of our readout

For single-shot readout for a QC, we propose imp|ememmechanism. We conclude by turning our attention specifi-
ing a form of adiabatic fast pass@§€AFP) on therp tran-  cally to a readout of a Kane-type GCor Ir donor spacing
sition. This is analogous to an earlier suggestion for singleof ~15 nm, the potential on & gate required to shift the
shot readout of a charge-qubit in the superposition Hésis. €xchange coupling frond=0 to J~0.1 meV is 1 V*° At
The advantages of AFP over bias spectroscopy include insefl€se separations, we would expet~1 meV. To achieve
sitivity to coherent oscillations on thep transition and ro- the bias sweep necessary for our AFP protocol, we would
bustness to gate errors. Although we do not discuss decoheieed to vary E, smoothly from E,=1.2 meV to
ence in this work, it is important to realize that the minimum Ep=1.0 meV. TCAD modeling’ suggests that a8 gate to
|ength of time to imp|ement an AFP gate sweep will be Ofthe I’Ight of the donor for a Charge qult will shift the poten-
order 1G7%/J. Thus the decoherence time should be longtial by ~4 meV for a change in the gate potential of 1 V.
compared to this time scale. Given the already demandindghis implies that th&S gate potential must be controlled to of
requirements for dephasing in Q&si.e., that the decoher- order tens of mV, which is achievable using conventional
ence time should be #3610 times the coherent oscillation technology. The requirement fér;;**~ 0.33, would imply a
time, 72/J, then if weassumethat the construction of a scal- spacing between andp of around 25 nm, again achievable
able qubit is possible, the added overhead of implementiny/ith current technology. Other QC schemes will have quite

FIG. 3. Adiabatic fast passag&FP) trajectories and readout for

the AFP sweep is negligible. different site-gate couplings due to different geometries. One
To effect the AFP gate sweep, we vay andQ,, accord- would normally expect larger couplings for schemes where
ing to the quantum sites are extended structyeeg., GaAs quan-

tum dots, where quantum coherence has been stptiran
for the single donors envisaged here.
Ep= Q) + 23, (1 —ttad, In summary, we have presented a high-fidelity, single-shot
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scheme for performing readout of a spin qubit, making use ofechniques should be applicable to a wide range of different
a reference qubit and an empty probe site. The energy diffesspin-based quantum computing schemes.

ence between the singlet and triplet states of the spin-

reference System iS probed using bias Spectroscopy to the The authors would like to thank G. Milburn, F. Green, and
probe site, and the Change in Charge on the probe is mont- J. Wellard for useful discussions. This work was sup-
tored with a SET. This constitutes a form of spin-to-chargeported by the Australian Research Council, the Australian
conversion and charge shelving, where the spin informatiogovernment, and by the U.S. National Security Agency
is transferred to the charge of a long-lived probe site. ThigNSA), Advanced Research and Development Activity
enables the use of a measurement device where the measu¢@RDA), and the Army Research Offi¢dRO) under Con-
ment time is longer than the coherence time of the qubit. Outract No. DAAD19-01-1-0653.
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