
5, USA

PHYSICAL REVIEW B 69, 125306 ~2004!
Optical detection of the spin state of a single nucleus in silicon

Kai-Mei C. Fu,* Thaddeus D. Ladd, Charles Santori,† and Yoshihisa Yamamoto‡
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We propose a method to optically detect the spin state of a31P nucleus embedded in a28Si matrix. The
nuclear-electron hyperfine splitting of the31P neutral-donor ground state can be resolved via a direct frequency
discrimination measurement of the31P-bound exciton photoluminescence using single-photon detectors. The
measurement time is expected to be shorter than the optically modified lifetime of the nuclear spin at 4 K and
10 T.
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I. INTRODUCTION

The spin qubit embedded in a crystalline host is an attr
tive choice for solid-state quantum computation due to
long coherence time. The inevitable cost of the spin qub
isolation from the environment is the difficulty of measurin
its quantum state. Recently, single-molecule optical spect
copy has proven to be a successful way to detect individ
electronic states at a nitrogen-vacancy defect site
diamond1 and individual nuclear resonances in molecu
crystals.2 Spin states in semiconductors, however, have ye
be measured, despite promising semiconductor-based q
tum computation proposals.3,4 The ability to detect a single
nuclear-spin state in a semiconductor, in particular silic
would be an important advance in this field where high
developed fabrication techniques already exist and single
purities can be placed with an accuracy up to 1 nm.5

Optical readout of the nuclear spin state is an attrac
alternative to previously proposed single-nuclear-spin m
surements. The proposal of Kane,3,6 in which qubits are en-
coded as the spin state of single embedded31P nuclei, pro-
poses to solve the single-nuclear-spin measurement pro
by adiabatically transferring the nuclear-spin state to the s
of the electron bound to the31P impurity and measuring th
electron’s spin-correlated charge state with a single-elec
transistor ~SET!. In practice, however, charge fluctuation
produced by the SET couple back to the31P nucleus via the
electron’s strong hyperfine interaction, leading to a decoh
ence source that is not present in bulk silicon. Magnetic re
nance force microscopy has approached single-electron-
sensitivity, but experimental results thus far have shown
this probe induces spin relaxation more quickly than
needed measurement time,7 casting doubts on proposals th
seek its use for quantum computation.8 The use of ensemble
of 29Si nuclei in bulk silicon with no metallic gates has be
proposed,4 but this scheme replaces the measurement p
lem with the challenge of achieving high nuclear polarizat
in order to maintain scalability. In this paper, we propose
all-optical method to determine the nuclear spin state of
isolated31P impurity in bulk silicon. This method’s incorpo
ration into silicon-based quantum computation architectu
could ease these difficulties.

II. BOUND EXCITON HYPERFINE STATES

In semiconductors, free excitons can be bound to do
and acceptor impurity sites, forming bound excitons. Whe
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bound exciton~BE! decays radiatively to a neutral impurit
state, its linewidth is characteristically narrow due to the
calization of the exciton.9 If the hyperfine interaction be
tween the impurity nucleus and either the neutral-impuri
bound carrier or the impurity BE is sufficiently strong, th
nuclear state of the impurity can be determined via the
photoluminescence~PL! energy. The particular case of th
31P donor in a28Si matrix is treated below.

In a magnetic field, the ground state of the31P BE, de-
noted (P0,X), is split into four hole Zeeman levels. Th
ground state of the neutral donor P0 is split into two electron
Zeeman levels.10 These levels are illustrated in Fig. 1.

We assume a large applied magnetic field (@0.01 T) such
that the electron-hole Zeeman interaction is much gre
than the hyperfine interaction.

The P0 state is described by effective mass theory~EMT!,
where the total wave functionce(r ) of the donor electron is
given by

ce~r !5
1

A6
(
j 51

6

F j~r !w j~r !, ~1!

in which F j is the hydrogenic envelope function andw j is
the Bloch function of thej th conduction band minimum in
silicon.11 Both the Bloch and envelope functions ares like,
so the dominant part of the hyperfine interaction is the Fe
contact term12

FIG. 1. Energy diagram for the neutral donor (P0) and its bound
exciton (P0,X) in a magnetic field. The (P0,X) state is populated
via capture of a free exciton. The31P nuclear state can be dete
mined by the energy difference betweena andb.
©2004 The American Physical Society06-1
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HC52
m0

4p
g0mB\gn

8p

3
I•Sd~r !, ~2!

whereg0 is the free-electrong factor,gn is the 31P gyromag-
netic ratio,I is the nuclear spin operator, andS is the electron
spin operator. When an exciton is bound to the neutral-do
site, the two electrons form an antisymmetric spin-sing
state.13,14 Consequently, the hyperfine splitting of the BE
determined only by the spin of the bound hole. Since
hole Bloch function isp-like, the Fermi contact term is neg
ligible, and assuming that the envelope function iss-like, the
orbital and dipolar terms will be much smaller than the0

contact hyperfine splitting. Thus, the energy difference
tween the transitionsa andb of the (P0,X) PL, shown in Fig.
1, is determined entirely by the hyperfine splitting of the0

state. From Eq.~2!, this splitting is

DEHF,P05
m0

3
g0mBgn\uce~0!u2. ~3!

A hyperfine splitting of the 60 MHz site has been determin
via electron spin resonance.15 This splitting has also bee
calculated with reasonable accuracy using a corrected e
lope function to account for the discrepancy in the obser
and EMT ionization energies.11,16

The (P0,X) state in Si decays primarily via a nonradiativ
Auger process with a lifetime of 300 ns.17 However, there
exists a zero-phonon radiative channel with a lifetime o
ms.17 If the PL linewidth of a single31P donor impurity is
lifetime broadened, it would be approximately 3 MHz, whi
is much smaller than the hyperfine splitting of 60 MHz. E
perimentally, the PL linewidth from an ensemble of31P im-
purities was measured to be less than 150 MHz at 2 K, wh
includes an inhomogeneous broadening effect and was
ited by the spectrometer resolution.9 Lacking any further
knowledge of the actual homogeneous linewidth, we c
sider below the worst case situation in which the BE PL h
a homogeneous phonon broadened linewidth of 150 MH

III. OPTICAL MEASUREMENT

After Auger recombination, the electron-hole recombin
tion energy is imparted to the second electron, which is i
ized. To ensure a fast recapture process of the donor elec
and formation of the BE, one can optically excite free co
duction electrons with above-band excitation. Due to Colu
bic attraction, free carriers will form free excitons which c
bind to the neutral donor. A modest pump power of less th
100 W/cm2 will create a bound exciton from an ionized d
nor in less than 1 ns.18–20 The hole spin will equilibrate
within the BE lifetime,10 and in a magnetic field of 10 T a
4 K, the probability for it to occupy the lowest Zeeman lev
is 80%. Thus, approximately 400 photons/s are emitted at
desired transitionsa andb in Fig. 1.

The extraction of an emitted photon out of the hig
refractive-index Si substrate as a well-collimated beam
optical detection is important. For this purpose, one can
corporate a planar distributed Bragg reflector~DBR! cavity,
as shown in Fig. 2~a!, at the center of which a31P impurity
is embedded. The cavity modifies the radiation pattern
12530
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concentrates the emitted power in the normal direction. W
high and low DBR refractive indicesn153.0 andn251.5,
the output coupling efficiency (b factor! into a beam emitted
in a normal direction can be as high as 0.8 for a rand
dipole orientation.22 This efficiency is achieved at the cost o
a decreased radiative decay rate by a factor of 3.22 The over-
all number of PL photons available for optical detecti
would then be 40030.8/3'100 photons/s.

Alternatively, a two-dimensional~2D! photonic crystal
structure@Fig. 2~b!# can simultaneously enhance the outp
coupling efficiency and the radiative decay rate. A detai
analysis based on the finite-difference time domain~FDTD!
method predicts that an optical mode volume of 0.8(l/n)3, a
Q value of 45 000, a spontaneous emission decay rate
hancement~Purcell! factor of 4000, and ab factor of 1 can
be achieved.21 Assuming a Purcell factor of 1000, the ex
pected photon flux in this case is 43105 photons/s.

In order to find the measurement time needed to de
mine the nuclear spin state, we calculate the signal-to-n
ratio for direct frequency detection. In the scheme illustra
by Fig. 3, the BE PL is collected and sent to inputa of a

FIG. 2. ~a! DBR planar cavity including a31P impurity at the
center of the one-wavelength-thick optical cavity layer.~b! Two-
dimensional photonic crystal structure including a31P impurity at
the central defect. The lattice spacing isa50.2847l. The figure is
drawn to scale~Ref. 21!.

FIG. 3. Mach-Zender interferometer for frequency discrimin
tion of BE PL.
6-2
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Mach-Zender interferometer. The signal is split by the fi
beam splitter into armsc andd, which have a phase differ
ence ofvt. Arms c and d are recombined at the secon
beam splitter, and the photons in outputse andf are detected
by single-photon detectors. The photocurrents are then
tracted, and the resulting current is time integrated.

We denote the mean frequency of the input state asv6

5v06Dv/2, wherev0 is the hyperfine doublet-center fre
quency and\Dv5DEHF,P0. Assuming a Lorentzian spectra
line shape with full width at half maximumg, the average
integrated single-photon current is proportional to

^I 6&5e2gt/2cos~v6t!. ~4!

The variance of the current is proportional to

^DI 6
2 &5^I 6

2 &2^I 6&2512e2gtcos2~v6t!. ~5!

When the interferometer is biased so thatv0t5(m1 1
2 )p,

the sign of the average difference photocurrent is dire
correlated to the state of the nucleus. The difference in
integrated current between the nuclear states is the effe
signal amplitude, so the amplitude signal-to-noise ratio
such a frequency detection scheme is given by

S

N
5

UsinS 1

2
Dvt D 2sinS 2

1

2
Dvt D U

Acos2S 1

2
Dvt D 1egt21

AN, ~6!

in which N is the total number of photons collected. Th
maximum signal-to-noise ratio, corresponding to the de
t52 ns, is 0.29 for one photon assuming a PL linewidth
150 MHz. If 100 photons per second are collected from
DBR planar cavity, the minimum integration time needed
a signal-to-noise ratio of unity is approximately 0.1 s. If w
assume an enhanced spontaneous emission decay rate
2D photonic structure mentioned above and a collection
ficiency of 0.5, the minimum integration time is reduced
approximately 1025 s.

If the 150 MHz linewidth of the bulk BE PL is due to
inhomogeneous broadening, the situation improves sig
cantly. In this case, the lifetime-limited linewidth of 3 MH
is much narrower than the hyperfine splitting. The BE
center frequency for the isolated impurity can be experim
tally determined with this interferometer and the signal-
noise ratio for a single photon would be 5.

Any practical detection scheme will suffer from detect
efficiency and dark count rates. However, negligible d
count rates and a detection efficiency of 0.4 can be obta
at 1.1mm with a superconducting transition edge senso23

~TES!. The effect of finite detector efficiencyhd is to de-
crease the signal-to-noise ratio byAhd, extending the mea
surement time. Alternatively, it may be possible for the s
nal photons at 1.1 um to be upconverted to 0.7mm by a
periodically poled LiNbO3 waveguide and then detected by
Si avalanche photodiode~APD!.24 An overall efficiency
higher than 0.6 with dark count rates of 100 counts/s is th
retically possible with this detector.
12530
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IV. NUCLEAR RELAXATION

Sufficient integration of the luminescence signal measu
the nuclear spin state only if that state is stable over a su
cient number of excitation/luminescence cycles. In the c
of 31P nuclei in silicon, it is known from electron spin reso
nance~ESR! experiments that the equilibrium nuclear sp
relaxation timeT1 of isolated 31P nuclei exceeds 10 h a
1.25 K and 0.8 T.25 Such a longT1 of solid-state nuclei is
a combined consequence of the small number of nuclea
teractions and a small density of states to which the nuc
Zeeman energy may be transferred. Cross relaxation with
phosphorous-bound electron, induced by the hyperfine in
action with the emission of a phonon, is also a slow proce
It was measured to be 5 h at 1.25 K and 0.8 T and sho
theoretically scale to 30 s at 4 K and 10 T.25 Since the P0

ground state only lasts nanoseconds before each optica
excitation in this scheme, these already long equilibrium
laxation times are negligible. The nucleus may only be
preciably destabilized by the rapid optical excitations
introduce.

We first argue that nuclear spin relaxation due to optica
excited, delocalized conduction electrons is not expecte
be a significant effect. The number of conduction electro
required for neutralization of the Auger-ionized donors
1 ns is approximately 1013 cm23, assuming a 4 K electron
capture cross section of 4310211 cm2 .26 At this tempera-
ture, electrons are expected to thermalize quickly, in wh
case theT1 theory described in Ref. 12 is applicable. Th
theory predicts aT1 greater than 106 s. Even29Si in heavily
doped (.1017 donors/cm3) silicon has a measuredT1 in ex-
cess of 200 min at 4 K;27,28 the T1 corresponding to31P
nuclei would only be shorter by a factor of aboutg

29Si

2 /g
31P

2

54, still leaving this time scale unimportant. An argumen
that T1 due to free excitons should also be negligibly lo
follows a similar reasoning, since only the spin of thes-like
electron interacts appreciably with the nucleus, and Bo
mann statistics may still be assumed.

Of greater concern is the probability of a nuclear spin fl
during the capture of a free electron following the Aug
process. Such a nuclear flip arises in second-order pertu
tion theory, in which a virtual electron capture and a virtu
electron-nuclear spin flip-flop in the neutral-donor state
cur concurrently with the energy compensated by the r
emitted phonon. To estimate the probability of such an ev
we note that the energy cost of a hyperfine-induced elect
nuclear spin flip-flop~approximately the 1.2 meV Zeema
energy of the neutral-donor spin! is substantially smaller than
the donor binding energy~45 meV!. We may therefore as
sume that the density-of-states factors in Fermi’s golden
are unchanged between the first- and second-order proce
and that they are independent of the initial spin state. We a
assume that the optical excitation of free carriers is not s
selective, and sinceT1 for these carriers exceeds the captu
time, this implies that the initial spin polarizations are a
proximately equal. It follows from these assumptions that
probability ratio between the first- and second-order p
cesses is well approximated by the ratio between their ma
elements. The second-order matrix element for an elect
6-3
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nuclear flip-flop process, assuming without loss of genera
that the nucleus begins in theu⇓& state, may be written as

uVP1↑⇓→P0↓⇑
(2) u25U^P1↑⇓uHNuP0↑⇓&^P0↑⇓uHCuP0↓⇑&

EP0↓⇑2EP0↑⇓
U2

,

~7!

in which uP1↑⇓& describes the ionized donor anduP0↑⇓&
describes the neutral donor with electron spin up and nuc
spin down. These states are the only important ones
nuclear destabilization, since theuP0↓⇓& state is unperturbed
by HC. The unperturbed eigenenergy difference between
intermediate and final state,EP0↓⇑2EP0↑⇓ , is a sum of the
electron Zeeman term, the nuclear Zeeman term,
DEHF,P0; the electron Zeeman term dominates this sum. T
Hamiltonian termHN refers to the interaction leading to th
capture of the free electron; thus, a first-order matrix elem
for a neutralization process without a flip-flop is written a

uVP1↑⇓→P0↑⇓
(1) u25u^P1↑⇓uHNuP0↑⇓&u2. ~8!

We assume that this Coulombic process has no spin sele
ity. It follows that the probability per transition of a flip-flop
may be written as

uVP1↑⇓→P0↓⇑
(2) u2

uVP1↑⇓→P0↑⇓
(1) u21uVP1↓⇓→P0↓⇓

(1) u21uVP1↑⇓→P0↓⇑
(2) u2

'
1

2U^P0↑⇓uHCuP0↓⇑&

EP0↓⇑2EP0↑⇓
U2

5
1

2 S DEHF,P0

gmBB0
D 2

. ~9!

This probability can be seen from an alternative viewpoint
we use second-order time-independent perturbation theo
calculate the mixing of theuP0↑⇓& and uP0↓⇑& states due to
the flip-flop terms ofHC and presume that capture rates
these perturbed states are the same as to the unpert
states, the same probability is obtained.

The free-exciton-capture process leads to a sim
second-order probability for nuclear randomization. In t
case, however, the binding energy of the free exciton to
neutral donor is only somewhat larger than the electron Z
man energy, so the density-of-states factors in the trans
rates can become important. However, we do not expect
correction to alter the per-transition probability by more th
a factor of order unity. We thus estimate that at 10 T,
probability of a nuclear flip for each free-exciton-capture a
free-electron-capture process is approximately twice the
sult of Eq.~9!: (60 MHz/280 GHz)25531028. The conse-
quences of this probability will be discussed shortly.

A nuclear spin flip can also occur in a similar mann
during a free-exciton capture or BE Auger decay due to
BE ~hole-nuclear! hyperfine interaction. This process is le
important because the BE hyperfine interaction is mu
weaker. The magnitude of this interaction, which includ
both dipolar coupling and any contribution due to a sm
s-like component of the hole’s Bloch wave function, may
estimated as 2 MHz from the results of muon spin resona
experiments.29 Since the BE Zeeman energy is comparable
that of the bound electron, the probability of a spin flip d
12530
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to the BE hyperfine coupling is smaller by the approxima
factor (2 MHz/60 MHz)2;1023. Nuclear spin flip due to
the P0 hyperfine coupling during radiative decay has a sim
lar order to that during free-electron capture, but since rad
tive decay is 104 times less frequent than Auger recombin
tion for the DBR planar cavity and 10 times less frequent
the photonic crystal, respectively, this probability may a
be neglected.

It is unfortunate that the predominant decay mechanism
nonradiative, since each Auger process increases the p
ability of nuclear randomization without providing a sign
photon. After 23106 excitations, at which point the prob
ability of nuclear randomization exceeds 1/10, we can o
expect to have collected and detected 25 photons or 53104

photons with a DBR planar cavity or a 2D photonic cryst
respectively. This still yields a usable signal-to-noise ratio
1.5 or 65 for the respective geometries. Thus, we expect
measurement-induced lifetime of the single nuclear spin
be long enough to allow for the measurement of the nuc
spin state.

V. DISCUSSION

The optical method proposed here could be scaled to m
sure individual31P nuclei in a long array. For example, if
magnetic field gradient is parallel to the nuclear chain, d
ferent nuclei can be distinguished optically by the BE P
frequency shift due to the P0 and (P0,X) electron-hole Zee-
man splitting. Magnetic field gradients on the order
1 T/mm can be obtained using a ferromagne
micromagnet.30 For 31P nuclei spaced 200 Å apart,3 the BE
PL from neighboring nuclei will be separated by 200 MH
Since every31P will emit at a different frequency, it will not
be possible to use the Mach-Zender interferometer. Inst
the photoluminescence from a single nucleus can be filte
from neighboring nuclei using an interference filter such a
Fabry-Perot e´talon. In addition, the transmitted intensit
through the filter will vary with the spin state of the nucleu
providing a method to determine the nuclear spin state
addition, the signal-to-noise ratio will depend slightly on t
nuclear spin states of neighboring nuclei whose PL will
partly transmitted through the filter. In Fig. 4~a!, the PL fre-
quency spectrum for an arbitrary set of nuclear spin state
shown by the dark black line. The gray line indicates t
frequency spectrum when thei th nuclear spin is flipped and
it is evident that light transmitted through the e´talon will be
different for these two states. For randomly distribut
neighboring nuclear states, the signal-to-noise ratio fo
single photon will vary between 0.14 and 0.16 for the filt
shown in Fig. 4 in the ideal detection limit. A reasonab
signal-to-noise ratio during the spin lifetime is possible
spontaneous emission is sufficiently enhanced in a phot
band-gap cavity for a line defect. In order to illustrate th
the signal is relatively unaffected by neighboring nucle
spin states, in Fig. 4~b! we have plotted the two spectra co
responding to the twoi th nuclear spin states with neighbo
ing nuclear spins averaged over all possible states.

Alternatively, in the photonic band-gap cavity case, sp
tially resolved excitation and collection may also be feasi
6-4
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FIG. 4. PL intensity for a31P array in a mag-
netic field gradient.~a! Dark solid line: PL spec-
trum for randomly oriented31P nuclei. Gray line:
PL with i th nuclear spin flipped, but neighborin
spin states unchanged. Dashed line: transmiss
function of Fabry-Perot e´talon used to read the
spin state of i nuclear spin.~b! Neighboring
nuclear spins are averaged over all possible s
states.
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pl.
using a scanning near-field optical microscope~SNOM!
which can achieve resolution down to a few tens
nanometers.31 Both experimental schemes—SNOM and t
use of a magnetic field gradient—would require the design
a photonic band-gap crystal which would enhance the em
sion of a line defect instead of a point defect. Another ch
lenge facing large-scale optical detection, especially in
field gradient scheme, is the minimization of the optical d
turbance on neighboring spins during readout.

VI. CONCLUSION

In summary, we have proposed utilizing the sharp BE
lines for single-nuclear-spin measurement. We have dem
strated that it is theoretically possible to measure a sin
donor impurity spin in silicon using currently available tec
nology: a semiconductor microcavity and single-photon
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