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Optical detection of the spin state of a single nucleus in silicon
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We propose a method to optically detect the spin state dfRanucleus embedded in 4&Si matrix. The
nuclear-electron hyperfine splitting of tR& neutral-donor ground state can be resolved via a direct frequency
discrimination measurement of tH&P-bound exciton photoluminescence using single-photon detectors. The
measurement time is expected to be shorter than the optically modified lifetime of the nucledr4pgiraad
10T.
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[. INTRODUCTION bound exciton(BE) decays radiatively to a neutral impurity
state, its linewidth is characteristically narrow due to the lo-
The spin qubit embedded in a crystalline host is an attracealization of the excitof. If the hyperfine interaction be-

tive choice for solid-state quantum computation due to itsween the impurity nucleus and either the neutral-impurity-
long coherence time. The inevitable cost of the spin qubit'ssound carrier or the impurity BE is sufficiently strong, the
isolation from the environment is the difficulty of measuring nuclear state of the impurity can be determined via the BE
its quantum state. Recently, single-molecule optical spectroghotoluminescencéPL) energy. The particular case of the
copy has proven to be a successful way to detect individua$lp gonor in a28sSi matrix is treated below.
electronic states at a nitrogen-vacancy defect site in |5 5 magnetic field, the ground state of tA# BE, de-
diamond and individual nuclear resonances in molecular,qiaq (B,X), is split into four hole Zeeman levels. The
crystals” Spin states in semiconductors, however, have yetto o n 4 state of the neutral dondt B split into two electron
be measured, despite promising semiconductor-based qua(%

. >l ; eeman leveld’ These levels are illustrated in Fig. 1.
tum computation proposafé The ability to detect a single- We assume a large aoplied maanetic f 01 T) such
nuclear-spin state in a semiconductor, in particular silicon g€ app 9 ety

would be an important advance in this field where highly’that the electron-hole Zeeman interaction is much greater

developed fabrication techniques already exist and single imfh@n the hyperfine interaction.

purities can be placed with an accuracy up to 1°m. The P state is described by effective mass the@T),
Optical readout of the nuclear spin state is an attractivvhere the total wave functioi(r) of the donor electron is

alternative to previously proposed single-nuclear-spin meadiven by

surements. The proposal of Kah&jn which qubits are en-

coded as the spin state of single embedd#i nuclei, pro-

poses to solve the single-nuclear-spin measurement problem Pe(r)=

by adiabatically transferring the nuclear-spin state to the spin

of the electron bound to th&'P impurity and measuring the

electron’s spin-correlated charge state with a single-electro

transistor (SET). In practice, however, charge fluctuations " . X

produced(by ;Re SEEI)' couple back to tHe nu%leus via the _ silicon." Both the Bloch and envelope functions aréke,

electron’s strong hyperfine interaction, leading to a decohers© the dominant part of the hyperfine interaction is the Fermi

ence source that is not present in bulk silicon. Magnetic resgeontact terrr

nance force microscopy has approached single-electron-spin
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in which F; is the hydrogenic envelope function agd is
e Bloch function of thgth conduction band minimum in

sensitivity, but experimental results thus far have shown that mg=0 mp my
this probe induces spin relaxation more quickly than the Y +3/2¢ he1r2
needed measurement tirheasting doubts on proposals that 66 124 D — P12 o
seek its use for quantum computatﬁ)Tlhe use of ensembles 0 2¢p () (P aX)
of 2%Si nuclei in bulk silicon with no metallic gates has been o 320 ]ﬁ;”z
proposed, but this scheme replaces the measurement prob-
lem with the challenge of achieving high nuclear polarization me al b
in order to maintain scalability. In this paper, we propose an — h+172
all-optical method to determine the nuclear spin state of an 28 b-12 PO
isolated **P impurity in bulk silicon. This method’s incorpo- 12 @ — »-172
ration into silicon-based quantum computation architectures b+112
could ease these difficulties. Hyperfine Splitting

II. BOUND EXCITON HYPERFINE STATES FIG. 1. Energy dlagram for the neutral donOPXB.nd its bound

exciton (P,X) in a magnetic field. The (PX) state is populated
In semiconductors, free excitons can be bound to donovia capture of a free exciton. Th&P nuclear state can be deter-
and acceptor impurity sites, forming bound excitons. When anined by the energy difference betwegandb.
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HC__EQOMB ')’n? -Sé(r), (2 /n2 n; DBR
whereg, is the free-electron factor, v, is the 3P gyromag- A — A cavity
netic ratio,l is the nuclear spin operator, aBds the electron layer
spin operator. When an exciton is bound to the neutral-donor
site, the two electrons form an antisymmetric spin-singlet DBR
state®1* Consequently, the hyperfine splitting of the BE is
determined only by the spin of the bound hole. Since the

hole Bloch function ig-like, the Fermi contact term is neg-
ligible, and assuming that the envelope functios-ikke, the
orbital and dipolar terms will be much smaller than tHe P
contact hyperfine splitting. Thus, the energy difference be-
tween the transitiona andb of the (P, X) PL, shown in Fig.

1, is determined entirely by the hyperfine splitting of tife P
state. From Eq(2), this splitting is

Mo
AEur p= ?QOMB'}’nM(ﬁe(O)F- ©)

A hyperfine splitting of the 60 MHz site has been determined
via electron spin resonanée This splitting has also been
calculated with reasonable accuracy using a corrected enve- FIG. 2. (a) DBR planar cavity including &'P impurity at the
lope function to account for the discrepancy in the observedenter of the one-wavelength-thick optical cavity layd Two-
and EMT ionization energie]':,l:16 dimensional photonic crystal structure including ¥ impurity at
The (FQ,X) state in Si decays primarily via a nonradiative the central defect. The lattice spacingais 0.284A. The figure is
Auger process with a lifetime of 300 h5.However, there drawn to scal€Ref. 21).
exists a zero-phonon radiative channel with a lifetime of 2
msl’ If the PL linewidth of a single3*P donor impurity is  concentrates the emitted power in the normal direction. With
lifetime broadened, it would be approximately 3 MHz, which high and low DBR refractive indices;=3.0 andn,=1.5,
is much smaller than the hyperfine splitting of 60 MHz. Ex- the output coupling efficiencyA factor into a beam emitted
perimentally, the PL linewidth from an ensemble 3P im-  in a normal direction can be as high as 0.8 for a random
purities was measured to be less than 150 MHz at 2 K, whicldipole orientatiorf? This efficiency is achieved at the cost of
includes an inhomogeneous broadening effect and was lina decreased radiative decay rate by a factor GfThe over-
ited by the spectrometer resolutidrLacking any further all number of PL photons available for optical detection
knowledge of the actual homogeneous linewidth, we conwould then be 408 0.8/3~100 photons/s.
sider below the worst case situation in which the BE PL has Alternatively, a two-dimensiona(2D) photonic crystal
a homogeneous phonon broadened linewidth of 150 MHz. structure[Fig. 2(b)] can simultaneously enhance the output
coupling efficiency and the radiative decay rate. A detailed
IIl. OPTICAL MEASUREMENT analysis based on the finite-difference time dom@&DBTD)
o ~ method predicts that an optical mode volume of R/8()°, a
_ After Aug_er_recomblnatlon, the electron-hole repom_bl_na-Q value of 45000, a spontaneous emission decay rate en-
fuon energy is imparted to the second electron, which is ioNhancementPurcel) factor of 4000, and @ factor of 1 can
ized. To ensure a fast recapture process of the <_jonor electrefa achievedt Assuming a Purcell factor of 1000, the ex-
and _format|on of thg BE, one can optllcal_ly excite free CON-pected photon flux in this case is<40° photons/s.
dgctlon elt_ectrons with :_;lbove_—band excnanor!. Due to_Cqum— In order to find the measurement time needed to deter-
b!c attraction, free carriers will form free excitons which can mnine the nuclear spin state, we calculate the signal-to-noise
bind to the neutral donor. A modest pump power of less thaayig for direct frequency detection. In the scheme illustrated
100 W/cn? will create a bound exciton f_rom an |0n_|;ed do- by Fig. 3, the BE PL is collected and sent to inmubf a
nor in less than 1 n€-2° The hole spin will equilibrate
within the BE lifetimel® and in a magnetic field of 10 T at

4 K, the probability for it to occupy the lowest Zeeman level ; Bsz
is 80%. Thus, approximately 400 photons/s are emitted at the M2 pymp )
desired transitiona andb in Fig. 1. 7 e
The extraction of an emitted photon out of the high- 4 Bs1
refractive-index Si substrate as a well-collimated beam for BE PL—2 S M1
optical detection is important. For this purpose, one can in- (t\’/acuum)

corporate a planar distributed Bragg refleatdbBR) cavity,
as shown in Fig. @), at the center of which &'P impurity FIG. 3. Mach-Zender interferometer for frequency discrimina-
is embedded. The cavity modifies the radiation pattern andon of BE PL.
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Mach-Zender interferometer. The signal is split by the first IV. NUCLEAR RELAXATION
beam splitter into arms andd, which have a phase differ-
ence ofwr. Arms ¢ andd are recombined at the second . . X .
beam splitter, and the photons in outpatandf are detected tr_]e nuclear spin stat.e qnly if that state is stable over a suffi-
by single-photon detectors. The photocurrents are then suﬁleg‘lt number of excitation/luminescence cycles. In the case
tracted, and the resulting current is time integrated. of *P nuclei in silicon, it is known from electron spin reso-

We denote the mean frequency of the input statas Nance(ESR experiments thatg'ghe equilibrium nuclear spin
= wo+ Aw/2, wherew, is the hyperfine doublet-center fre- 'élaxation timeT, of isolated **P nuclei exceeds 10 h at

quency andiAw=AEep. Assuming a Lorentzian spectral 1.25 K and 0.8 T> Such a longT; of solid-state nuclei is _
line shape with full width at half maximuny, the average & combined consequence of the small number of nuclear in-

Sufficient integration of the luminescence signal measures

integrated single-photon current is proportional to teractions and a small density of states to which the nuclear
Zeeman energy may be transferred. Cross relaxation with the

(I.)=e "2coq w.7). (4)  phosphorous-bound electron, induced by the hyperfine inter-

. . . action with the emission of a phonon, is also a slow process.

The variance of the current is proportional to It was measured to be 5 h at 1.25 K and 0.8 T and should

2N 12\ N2 A eyt theoretically scale to 30 st@ K and 10 T?° Since the P
(A1) =(1) = (1) =1-e""cos(w.. 7). ® ground state only lasts nanoseconds before each optical re-
When the interferometer is biased so thajr=(m+3)w,  €xcitation in this scheme, these already long equilibrium re-
the sign of the average difference photocurrent is directljaxation times are negligible. The nucleus may only be ap-
correlated to the state of the nucleus. The difference in th@reciably destabilized by the rapid optical excitations we
integrated current between the nuclear states is the effectivetroduce.

signal amplitude, so the amplitude signal-to-noise ratio for We first argue that nuclear spin relaxation due to optically
such a frequency detection scheme is given by excited, delocalized conduction electrons is not expected to

be a significant effect. The number of conduction electrons
(1 _ 1 required for neutralization of the Auger-ionized donors in
sinl EA(D’T —sin| — EA(UT 1 ns is approximately 0 cm 3, assumig a 4 K electron
_ NIY: (6)  capture cross section of>410™* cn? .28 At this tempera-
1 ture, electrons are expected to thermalize quickly, in which
\/COSZ(—AwT +e’—1 case theT, theory described in Ref. 12 is applicable. This
2 theory predicts & ; greater than 10s. Even?°Si in heavily
in which A\ is the total number of photons collected. The doPed 10" dc_)nors/crﬁ)Ygglcon has a measurem, in ex-
maximum signal-to-noise ratio, corresponding to the delay*€SS of 200 min at 4 K?® the T, corresponding to '23
=2 ns, is 0.29 for one photon assuming a PL linewidth ofhuclei would only be shorter by a factor of abo)ﬁgépglp
150 MHz. If 100 photons per second are collected from &4, still leaving this time scale unimportant. An argument
DBR planar cavity, the minimum integration time needed forthat T, due to free excitons should also be negligibly long
a signal-to-noise ratio of unity is approximately 0.1 s. If we follows a similar reasoning, since only the spin of thkike
assume an enhanced spontaneous emission decay rate witBléctron interacts appreciably with the nucleus, and Boltz-
2D photonic structure mentioned above and a collection efmann statistics may still be assumed.
ficiency of 0.5, the minimum integration time is reduced to  Of greater concern is the probability of a nuclear spin flip
approximately 10° s. during the capture of a free electron following the Auger
If the 150 MHz linewidth of the bulk BE PL is due to process. Such a nuclear flip arises in second-order perturba-
inhomogeneous broadening, the situation improves signifition theory, in which a virtual electron capture and a virtual
cantly. In this case, the lifetime-limited linewidth of 3 MHz electron-nuclear spin flip-flop in the neutral-donor state oc-
is much narrower than the hyperfine splitting. The BE PLcur concurrently with the energy compensated by the real
center frequency for the isolated impurity can be experimenemitted phonon. To estimate the probability of such an event,
tally determined with this interferometer and the signal-to-we note that the energy cost of a hyperfine-induced electron-
noise ratio for a single photon would be 5. nuclear spin flip-flop(approximately the 1.2 meV Zeeman
Any practical detection scheme will suffer from detector energy of the neutral-donor spiis substantially smaller than
efficiency and dark count rates. However, negligible darkthe donor binding energd5 me\). We may therefore as-
count rates and a detection efficiency of 0.4 can be obtainesume that the density-of-states factors in Fermi’s golden rule
at 1.1xum with a superconducting transition edge sefisor are unchanged between the first- and second-order processes
(TES). The effect of finite detector efficiencyy is to de-  and that they are independent of the initial spin state. We also
crease the signal-to-noise ratio kg, extending the mea- assume that the optical excitation of free carriers is not spin
surement time. Alternatively, it may be possible for the sig-selective, and sinc&; for these carriers exceeds the capture
nal photons at 1.1 um to be upconverted to @M by a time, this implies that the initial spin polarizations are ap-
periodically poled LiNbQ waveguide and then detected by a proximately equal. It follows from these assumptions that the
Si avalanche photodiodéAPD).?* An overall efficiency probability ratio between the first- and second-order pro-

higher than 0.6 with dark count rates of 100 counts/s is theoeesses is well approximated by the ratio between their matrix
retically possible with this detector. elements. The second-order matrix element for an electron-

Zlw
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nuclear flip-flop process, assuming without loss of generalityo the BE hyperfine coupling is smaller by the approximate
that the nucleus begins in thé) state, may be written as  factor (2 MHz/60 MHz§~10 3. Nuclear spin flip due to
the P hyperfine coupling during radiative decay has a simi-
(P*TUIHNIPOTUXPOTHIHCIPOMT)‘ 2 lar order to that during free-electron capture, but since radia-
' tive decay is 16 times less frequent than Auger recombina-
tion for the DBR planar cavity and 10 times less frequent for
(7) h _ : . >
e photonic crystal, respectively, this probability may also
in which |P*1[) describes the ionized donor an’1ll)  be neglected.
describes the neutral donor with electron spin up and nucleus It is unfortunate that the predominant decay mechanism is
spin down. These states are the only important ones fafionradiative, since each Auger process increases the prob-
nuclear destabilization, since the°| ) state is unperturbed ability of nuclear randomization without providing a signal
by Hc. The unperturbed eigenenergy difference between thghoton. After 2x 10° excitations, at which point the prob-
intermediate and final stat&po —Epoyy, is @ sum of the ability of nuclear randomization exceeds 1/10, we can only
electron Zeeman term, the nuclear Zeeman term, andxpect to have collected and detected 25 photons>ot®
AEyg p; the electron Zeeman term dominates this sum. Thehotons with a DBR planar cavity or a 2D photonic crystal,
Hamiltonian termH, refers to the interaction leading to the respectively. This still yields a usable signal-to-noise ratio of
capture of the free electron; thus, a first-order matrix element.5 or 65 for the respective geometries. Thus, we expect the
for a neutralization process without a flip-flop is written as measurement-induced lifetime of the single nuclear spin to
be long enough to allow for the measurement of the nuclear

(2) 2_
Ve poyql =

Epojy—Epoyy

IVE,pory 2= (P TU PP D). 8 spin state.
We assume that this Coulombic process has no spin selectiv-
ity. It follows that the probability per transition of a flip-flop V. DISCUSSION

may be written as .
y The optical method proposed here could be scaled to mea-

v 2 sure individual®'P nuclei in a long array. For example, if a

PTIU—POIT magnetic field gradient is parallel to the nuclear chain, dif-

VS0t PHIVER o P IV, o4l ferent nuclei can be distinguished optically by the BE PL
) frequency shift due to the®Rand (P, X) electron-hole Zee-

1 {(PPTU|H PP 1/AEep 2 man splitting. Magnetic field gradients on the order of

~5 m ) gusBo © 1 T/um can be obtained using a ferromagnetic

micromagnet® For 3'P nuclei spaced 200 A apdrthe BE
This probability can be seen from an alternative viewpoint: ifPL from neighboring nuclei will be separated by 200 MHz.
we use second-order time-independent perturbation theory ®ince every>'P will emit at a different frequency, it will not
calculate the mixing of th¢P°7|l) and|P°| ) states due to be possible to use the Mach-Zender interferometer. Instead,
the flip-flop terms ofH: and presume that capture rates tothe photoluminescence from a single nucleus can be filtered
these perturbed states are the same as to the unperturbfedm neighboring nuclei using an interference filter such as a
states, the same probability is obtained. Fabry-Perot alon. In addition, the transmitted intensity
The free-exciton-capture process leads to a similathrough the filter will vary with the spin state of the nucleus,
second-order probability for nuclear randomization. In thisproviding a method to determine the nuclear spin state. In
case, however, the binding energy of the free exciton to thaddition, the signal-to-noise ratio will depend slightly on the
neutral donor is only somewhat larger than the electron Zeeauclear spin states of neighboring nuclei whose PL will be
man energy, so the density-of-states factors in the transitiopartly transmitted through the filter. In Fig(a}, the PL fre-
rates can become important. However, we do not expect thiguency spectrum for an arbitrary set of nuclear spin states is
correction to alter the per-transition probability by more thanshown by the dark black line. The gray line indicates the
a factor of order unity. We thus estimate that at 10 T, thefrequency spectrum when thigh nuclear spin is flipped and
probability of a nuclear flip for each free-exciton-capture andit is evident that light transmitted through theaken will be
free-electron-capture process is approximately twice the redifferent for these two states. For randomly distributed
sult of Eq.(9): (60 MHz/280 GHz§=5x10 8. The conse- neighboring nuclear states, the signal-to-noise ratio for a
guences of this probability will be discussed shortly. single photon will vary between 0.14 and 0.16 for the filter
A nuclear spin flip can also occur in a similar mannershown in Fig. 4 in the ideal detection limit. A reasonable
during a free-exciton capture or BE Auger decay due to thesignal-to-noise ratio during the spin lifetime is possible if
BE (hole-nuclear hyperfine interaction. This process is less spontaneous emission is sufficiently enhanced in a photonic
important because the BE hyperfine interaction is muctband-gap cavity for a line defect. In order to illustrate that
weaker. The magnitude of this interaction, which includesthe signal is relatively unaffected by neighboring nuclear
both dipolar coupling and any contribution due to a smallspin states, in Fig. ) we have plotted the two spectra cor-
s-like component of the hole’s Bloch wave function, may beresponding to the twéth nuclear spin states with neighbor-
estimated as 2 MHz from the results of muon spin resonancig nuclear spins averaged over all possible states.
experiment$? Since the BE Zeeman energy is comparable to  Alternatively, in the photonic band-gap cavity case, spa-
that of the bound electron, the probability of a spin flip duetially resolved excitation and collection may also be feasible
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Intensity Intensity
FIG. 4. PL intensity for &P array in a mag-
netic field gradient(a) Dark solid line: PL spec-
\ q trum for randomly oriented'P nuclei. Gray line:
V\/\W\/V\/\ PL with ith nuclear spin flipped, but neighboring
i Iy spin states unchanged. Dashed line: transmission
Fabry-Perot Etalon 200 MHz ! \‘Fab,y_perot Etalon function of Fabry-Perof talon used to read the

200 MHz E
'l 'I i I/,’l oo II II | I»”I L) spin state ofi nuclear spin.(b) Neighboring
| R B Y Y B N B B nuclear spins are averaged over all possible spin
Wig Wi O O Wijg Mg O O O Mg states.

(a) (b)

using a scanning near-field optical microscofNOM) tectors. We have analyzed only one type of BE in Si, chosen
which can achieve resolution down to a few tens offor its experimentally observed strong hyperfine coupling
nanometers! Both experimental schemes—SNOM and theand narrow PL linewidths. However, bound excitons exist in
use of a magnetic field gradient—would require the design ohbundance in most semiconductors. Thus, this technique
a photonic band-gap crystal which would enhance the emiszould be applied to many more systems if the crystal quality
sion of a line defect instead of a point defect. Another chalis sufficiently high and the hyperfine coupling and photon
lenge facing large-scale optical detection, especially in thélux are sufficiently large. We believe this technique holds
field gradient scheme, is the minimization of the optical dis-promise for state readout in quantum computers utilizing
turbance on neighboring spins during readout. nuclear qubits in semiconductors.
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