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Single-spin readout for buried dopant semiconductor qubits
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For qubits based on donor nuclear or electron spins in the solid state, single-spin detection for readout
remains a crucial unsolved problem. We analyze the Kane adiabatic scheme based on spin-dependent electron
tunnelling between individual donor atoms, detected electrically using a single electron tratSETr
Despite stabilization due to the presence of thig Ihe field strengths required place severe constraints on the
SET measurement time. We propose a new method based on resonant electron transfer at low field strengths,
and discuss various implementation issues.
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Solid-state qubit systems where the quantum informatiorprder Tge~1 us,*® and determines the required survival
is encoded by single donor degrees of freedom have been thigne of the doubly occupied state.
subject of intense activity in recent years since the seminal |n this paper we address this problem by carrying out
work of Kane: Indeed, advances in single-atom doping of detailed simulations of the device shown in Fig. 1. Our start-
semiconductors’ bring closer to reality the construction of jng point is a simple WKB calculation of the critical dc field
such a quantum computéQC) device based on single donor grength F* | corresponding to a “safe” D state dwell time
spin“* or charg@ qubits. Solid-state spin qubits are of wide "~10 s> Toer. This serves as the main constraint for

. > T fT
interest because of the nexus to scalable fabrication technq?ﬁe gpin-dependent transfer scheme. We then compute the dc

0gy, and the relatively long coherence times of donor nucleaﬁeld strengthF2% required for adiabatic spin transfer. Despite

and. elegtron SpIns. P rogress towards th.e fabr|ca_t|on of Suc‘llrclbilization effects from the electron—hole interaction in the
devices is reviewed in Ref. 6. The detection of a single dono +D~ system, which can be quite significant, we fiﬁQd

electron or nuclear spin remains a crucial problem, and & 4 for all b th der of itud
number of schemes have been propdsedThe direct mea- EXC€€US o Tor all cases by more than an order ot magnitude

surement of a few electron spins in SiBave been reported indica.ting that, even aI_Iowing for th.e. crude approximation
by Mamin et al’® A recent scheme proposed by Friesen“sed in the determination of the critical field strength, the

et al* for the resonant spin to orbital conversion for electronduPit will probably not survive adiabatic spin readout. We

spins in asymmetric quantum dots might also be applicabléhen myeshgate a resongnt traqffer readout scheme, similar
o that implied by Laroniowet al.** in the context of a D

to the buried dopant case with appropriate gating. In thij? X
paper we investigate the dynamics of the adiabatic indirecp@S€d quantum computer proposal. In this work, however,
we simulate the device shown in Fig. 1 with a rapidly vary-

single spin detection proposahnd as a direct consequence o : ; .
we develop a resonant transfer scheme suitable for both elef2d €lectric field applied to the gates. In this analysis the
tron and nuclear spin readout. local dc fields required for addressing individual qub|ts for

Indirect spin detection involves transfer of the spin infor- "€adout are shown to be much less thig. There is real
mation to charge degrees of freedom via a spin-dependeﬁpt?m'm for_th|s approach in that resonant transfer may be
tunnelling process, detected by a single electron transistgichieved with state-of-the-art FIR laser tech_n_oi’&ogya
(SET) as an ultrasensitive electromet®A realistic architec- claim supported by the fact that the transitior’dS
ture for spin-dependent charge transfer, applicable for elec=>D "D~ has been experimentally observed in spectroscopic
tron and nuclear spin readout, is shown in Fig. 1 for the case
of phosphorous dopants in silicon. The concept relies on the SET
adiabatic application of a dc electric fiek}, to induce tun- e
nelling of the qubit electron to a secondaspin polarized
“SET-donor,” forming a doubly occupied D donor state.
The detection of the charge distribution change by the SET is
effectively a measurement of the qubit spin state, as the tun-
nelling event BD°—D* D~ will be Pauli blocked if the qu-
bit and SET-donor electron spins are parallel.

A potential problem with this scheme is the possible de-
struction of the qubit through ionization since thé Btate

Gi() J() G(?)

Spin dependent tunnelling detected by SET:

binding energy is only about 1.7 meV. The question is Ie.ez)=%[lu)—|”)] - tunnelling allowed
; X 2
whether the D state will tunnel to the conduction band un-
|e|e2)=|TT> or; |'“'> : tunnelling suppressed

der the application of the dc field destroying the qubit system
during the SET measurement. For the small charge levels to
be measuredq<0.0%) single-shot RF SET readout oper-  FIG. 1. Spin-dependent charge transfer scheme for single-spin
ating near the quantum limit requires measurement times atadout based on dopant atoms in semiconductors.
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FIG. 2. Energy level diagrams for separatidtis 20 and 30 nm

as a function of the dc field strengthg.
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TABLE I. The dc field strengths: corresponding to the level
crossing E5), adiabatic transition BD°—D "D~ (F3%, and 10us
D*D~ dwell time (F}). All values are quoted in Ry .

R (nm) Fe Fad F3
20 0.0737 0.1740 0.0087
30 0.0540 0.0630 0.0058

out scheme is most easily carried out in the envelope ap-
proximation. Further improvements using a Bloch structure
of the donor electron wave functions are possible, however,
to illustrate the basic principles, our approach is quite ad-
equate. We use the following wave functions to describe this
basis:

dLL(ri,r) =N (e” e Fa+e e *2)(1+\ryy),
GLr(r1,r2)=N g(e e Il Rt e ln—Rigmrz),

drr(r1.T2)=Ngp(e ri~Rlig=Alr=Rly g=Alri—Rlg=elr2—Rl)
X (1+N\rq),

where theN;; are normalization constants. For the case of the
doubly occupied states we have taken the Chandrashakar
wave function—well known to give a good account of the
H™ ion—wherea, B, and\ are variational parametera
controls the electron correlation strengtifhe wave func-
tions are evaluated with standard parameters appropriate for
donors in Si, i.e.ag=2 nm, andm=0.2m, (the scheme

studie$® of bulk-doped Si:P. Finally, we analyze the resonantcan be readily reworked for other substrate:dopant systems
readout scheme for the case of nuclear spin readout invohand we scale the Rydberg energy to th& dround state:
ing a pre-readout preparation stage, where the nuclear spihRy=45.5 meV.

information is transferred to the electron spin.

When a dc fieldr, is applied to the shallow D one of

The ungated two-donor Hamiltonian in the
{|LL),|LR),|RR)} basis is formed by computing overlap in-

the electrons can tunnel to the conduction band through theegrals for various donor separations. For large donor sepa-
relatively low barrier formed. The field tunnelling dwell time rations the eigenstates arg¢;)~|LR),|¢,~[|LL)

Tp- (Fo) for such states is notoriously sensitive to the field =|RR)]/ /2. An electric field is included along the interdo-
strengthF, indicating the difficulty in calculating this quan- nor axis of the formF(t)=Fq+F;sinwt. To investigate

tity. To set a reference scale for this initial analysis, we use adiabatic transfer we séi(t)=F, and compute the energy
straightforward estimate for tunnelling through a Coulomblevel diagram as a function d¥, for donor separation®

potential

in the standard one-dimensional

1-D WKB =20 nm and 30 nniFig. 2). As R is increased, several ob-

approximation:” At 100 mK we solve the condition servations can be made: the level crossing pB§(R) be-
To-(F5)=10us in the device configuration shown and ob- tween the ground and excited states moves to lower values of

tain F5[D~]=0.00037 Ry4g . In itself this is a small value,

Fq, the gap at the crossing narrows, and the binding energy

and would seem at first sight to be very discouraging. How-of the I’D° state at zero field decreases. Fy<F§, the
ever, in the case of the D~ system there will be stabiliza- energy gapAE=E,—E,; decreases with increasirig, as
tion due to the electron—hole interaction. In order to computeexpected and has residuRldependence in its slope.
F¢ for the D'D™ system and compare with the field strength  The single electron binding energy is computed by sub-
Fa9for adiabatic transfer, we must solve the nontrivial donortractingEp+p- from the single electron state energy- o,
molecular problertf in the presence of an electric field for giving the effective barrier height for the WKB tunnelling
the process BD°—~D*D™.
For the typical donor separations we will be consideringsummarized in Table 1. As a measure of the adiabatic field
(R>20 nm), the natural choice for a basis of states in theequired we defing=3, where the transitiodLR)— |LL)

singlet sector ar€| ¢;)}={|LL),|LR),|RR)} (whereL andR

analysis. The results for the various critical field strengths are

has occurred with Pr¢b_L)]>0.99 in the final(ground

refer to the position of the electrons on left and right donorsstate. The results, albeit for a different parameter set, agree

respectively. The system is initially in thgLR)=|D°D°)

qualitatively with the calculations of Fanet all® for the

state. A first-order quantitative analysis of the adiabatic readadiabatic transition. Clearly, in comparison to the isolated
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caseF5[D~]=0.00037 Ry4g, the D" stabilizes the sys- Simulation results: R = 30nm, 4E = 36.2 meV
tem to a large extent against field-induced tunnellisigbi-

lization of the D' DP state was also taken into accourMear Prob.
the avoided level crossing;,>0.040 RyAg, the D'D™ 1.0
state dwell time decreases to less than ®1@s. Although

larger separations seem to be favored, the requirerlﬁ%dnt

<F§ for qubit survival of the adiabatic transfer process is
clearly not satisfied.

Of course, these conclusions depend on not only the ve
racity of the WKB calculation ofF} , which will receive
corrections from transverse momentdut also the extent to
which electron—hole stabilization leads tB5[D"D™]
>F§[D™]. This statement is dependent on the complexities
of the molecular description o_f the tvyo-donor fs,ystem;How- ~ Fi pulse, 98ps i
ever, given the order of magnitude differenceFH[D*D™]
and FS", it would seem unlikely that improvements in the  FIG. 4. Simulation results for the time-dependent state prob-
calculations will change the overall picture that adiabaticabilities during resonant transfer between donors.
single spin readout, at the very least, severely tests the realm

of current SET technology. _ o _In Fig. 4 we show the results of a time-dependent calcu-
As an alternative we turn our attention to indirect spin|ation. in this case an example of the transitipoR)
detection through resonant electron transfer, and switch on_>||_|_> for R=30 nm, occurring in the g,-2p.. band. The

the ac componerf; with a small dc offseF,<Fj . If the local dc field was kept well belowF: at Fq

oscillating field is set resonant with the gafE(F) Rabi  _ o1 RyAg . At t=20 ps the ac component was pulsed to
oscillations|LR)« |LL) occur over a time scale controlled F,=0.002 RyAg and held at that value oVeFg,,=98 ps
by the field amplitudd=, . After the Rabi timeT gy, the [LR) during which the transitiofLR)— |LL) takes place. Similar
component goes to zero and the ac component of the field i3 ,its were found foR= 20 nm, although in avoiding the

switched off, leaving on the dc component. Since the offseLjgie donor levels, slightly higher dc field strengths are re-
dc field merely allows for qubit selection, the valueFgf can

ILL)

Fy=0.001 Ry/ag = 22.5 kV/m
F1=0.002 Ry/ag = 45.0 kV/m

time

. o . - quired.
be quite small, giving rise to a long enough Btate dwell Single dopant implantation technology has a reached the
time for SET measurement to take place. _ stage where the device shown in Fig. 1 can be fabriated

The parameter regime for the proces$DB—D"D™ IS \ith a twin rf SET capability allowing for signal correlation
shown in Fig. 3. The energy gap for the process has beeghq noise rejectio® Unfortunately, the ac-gated version of
calculated as a function of dc field strendth for two donor  eadout based on resonant transfer is probably not experi-
separations and plotted with respect to the single donor levyentally viable as it requires voltage pulse timing at frequen-
els. The B-2p, and 1s-2p. transitions with a nonzero di- ¢jes~10 THz. However, this analysis does contain all the
pole matrix elementsolid horizontal linesserve as natural ggsential ingredients for an optically based resonant transfer
boundaries for the resonant charge transfer processRFor scheme where individual qubits are brought into resonance
=20nm the transition is mainly below thesp, line,  ith a field tuned to the gapE(F,,R) using the local dc
while for R=30 nm it occurs almost entirely in thepg-2p.  gates, and thus selectively read out. Advances in FIR tech-
gap. nology are bringing this wavelength regime into reatb-
servations of the PD°—D*D~ transition for bulk doped

meV E. (45.5) g ;-3 )
S Si:P (1.7 10" cm~3) shows a broad IR absorption peak at
10 R=30nm R=200m 2p: (39.1) about 30 meV¥® which agrees with our results fdf,=0
' \ 25 (35.5) given that the mean donor separation for that dopant density
AR AR RSN ...,‘1““H 200 34.1) is about 10 nm. Photoipnization, over a time schlgy,can
30¢ Po % be neglected by selectirfg, to ensureT ppoi> Trabi-
Finally, we consider the preparation stage for the case of
20| nuclear spin readout, wherein the transfer of nuclear spin
1s (13.1) information to electrons takes place using the exchange in-

teraction controlled by thé gate. The original Kane proposal
Fy R=30nm) | £’ (R=200m) palls fo_r the ability to adlabatlcally increase the exchange
\ N Fo (Ry/ag) interaction between qubit and SET donors abodg
. =0.058 meVZ° The two-donor spin system exhibits energy
level crossings of a number of eigenstated at WhenJ is
FIG. 3. Energy level diagrarrelative to the donor ground state increased adiabatically throughl; anti level-crossing
showing the BD°—D*D~ (|LR)—|LL)) transition energy as a behavior maps the system eigenstd&@e,)® |n,n,) as fol-
function of F, for R=20 nm (diamond$ and R=30 nm(squares  lows: || [} 1D —|] [)|11), [| [)|10)—||)|sn), |1 1)|01)
and low-lying single donor leveléhorizontal lines. —lag)|11), |1 1)|00)—|ac)|a,). Here|s) and |a) refer to

10}

0.002 0.004 0.006 0.008 0.01
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dominates the fidelity of the process. Recent measurefients
in isotopically pure?®Si give 7.>60 ms at 7 K.
A calculation of the exchange couplinjusing Kohn—
Luttinger-type wave functions deformed by a surface bias
Readout Preparation Error Rate applied to aJ-gate was carried out in Ref. 23. For a bias of
1.0 V applied to a surface gate above donors in the geometry
of Fig. 1, the exchange coupling was found to be 0.030 meV
for R=20 nm. At face value, this would be insufficient to
10%<e<10? access the desired level crossing, however, the voltage-
5 5 dependent exchange coupling calculation is the subject of
107 <e<10 ongoing work by a number of groups, and we would not
102<e<10" claim this to be the last word. We note here also that the
i relevant spin information could be transferred using nuclear
e e 107 E spin-dependent Rabi flipping of the donor electron. Let
10% 103 101 104 102 Ez: (Ez) denote the Zeeman energy of the donor electron
when the nuclear spin is uglown). The magnetic field fre-
quency resonant with thE;, transition and the maximum
FIG. 5. Fidelity of adiabatically transferring nuclear spin infor- 1€1d strength such thdz, is off resonance can be calculated
mation to the electrons of a two-donor system for a range O,fromflEZlEO..ﬂG meV andEz —Ez =4A (where A=1.2
dephasing times;, , 7. X10"" meV is the nucleus—electron hyperfine interaction
energy. For a rf field of magnitudéB,J=10"* T, we ob-
tain a relatively fast electron flipping time of 0.}&.
symmetric and antisymmetric states, respectively. Note that |n summary, we have analyzed the adiabatic single spin
if |ny) is in the|1)=||) state the electrons remain spin readout scheme and found that within the approximations
down, whereas ifn;)=|0) the two-electron state is mapped employed the condition for qubit survivaid’<F¥ is not
to |ae). The final|e;e,) state is thus dependent on the statesatisfied for typical donor separations. However, the resonant
of |[n,) and readout of this spin proceeds according to thescheme was found to be a viable alternative involving dc
spin-dependent tunnelling scheme. In order to determine thield strengths much less than the critical field.
feasibility and fidelity of the preparation stage, time-
dependent simulations of this process were carried out with ACKNOWLEDGMENTS
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