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13.1 INTRODUCTION

The interfacing of discrete matter states and photons, the storage and retrieval
of single photons, and the mapping of quantum states between distant
entities constitute essential building blocks of future quantum communication
networks and quantum information processors [1]. Ideally, such systems are
composed of individual nodes acting as quantum gates or memories, with
optical links between them that allow for the entanglement or teleportation
of their quantum states, or for optical quantum information processing using
light traveling between the nodes [2]. With individual photons acting as
messengers in these networks, substantial efforts are being undertaken that
focus on the production and characterization of single photons. Applications
which rely on the availability of single photons include quantum cryptography,
optical quantum computing, light-matter entanglement, and atom-photon state
mapping. All of these have been successfully demonstrated.

For most of these applications, sources of single photons based on discrete,
isolated quantum system are ideally suited, given their capability of emitting
streams of indistinguishable photons on demand. Examples of a discrete
quantum system are a single atom or molecule, or an engineered system like
a quantum dot or a color center in a solid-state matrix. These systems are
inherently simple and robust, as they can only emit one single photon in a
de-excitation process. Here, we discuss both atomic and solid-state sources of
single photons on demand. We examine two atomic sources, single atoms and
single ions; and, two solid-state sources, strain-induced epitaxial quantum dots
and nitrogen-vacancy centers in diamonds. Important fundamental properties of
on-demand single-photon sources are analyzed for these four cases, including
single-photon purity and indistinguishability. The interactions of these matter
states with optical cavities is important for our fundamental understanding as
well as the development of improved single-photon emitters. These interactions
are examined in the context of cavity-quantum electrodynamic effects.

13.2 SINGLE PHOTONS FROM ATOMS AND IONS - A. KUHN

A large number of atomic species provide simple electronic level structures.
Therefore they can be excited in a way that one atom emits exactly
one single photon of well-defined frequency and polarization upon either
spontaneous or stimulated emission. With all atoms or ions of the same
isotope being identical, different photon sources based on the same species
can produce indistinguishable photons without further measures, provided the
same transitions are used and the electromagnetic environment is identical for
all atoms. This makes them ideal candidates for the implementation of large-
scale quantum computing networks. However, harnessing their emission into
one single optical mode, or holding a single atom or ion trapped in place, are both
challenging tasks that are not easy to meet. Here, we first discuss the emission
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of single photons from freely moving or trapped atoms or ions into free space
and then highlight a couple of major achievements, such as the entanglement
of remote entities. Second, we introduce the basic principles of cavity-quantum
electrodynamics (CQED), and show how to apply these to channel the photon
emission into a single mode of the radiation field, with the vacuum field inside
the cavity stimulating the process. Third, we elucidate how to determine and
control the coherence properties of these photons in the time domain and use
that degree of control for information encoding.

13.2.1 Emission into Free Space

In 1977, Kimble et al. [3] have been investigating the photon statistics of light
emitted from single atoms. Figure 13.1a and b illustrates their setup along with
their results. Sodium atoms in an atomic beam are excited on the 22S1/2(F = 2,
m F = 2) −→ 32 P3/2(F = 3,m F = 3) transition and behave like an effective
two-level system. The fluorescence from the excitation region is collected
with a lens of high numerical aperture and then directed to a pair of photon
counters in a Hanbury Brown-Twiss arrangement (c.f. Chapter 2) to measure
the g(2)(τ ) intensity correlation of the fluorescence light. A minimum around
zero detection-time delay is evident. This can be easily understood as the atom
is in its ground state immediately after a photon emission has taken place. Hence
the probability for emitting another photon drops instantly thereafter to zero and
then slowly rises again to the average photon-emission probability. For an ideal
single-photon emitter, one would expect to find g(2)(0) = 0. However, because
of the random distribution of atoms within the atomic beam, a somewhat larger
residual signal was found in this experiment.

The situation is different if one analyzes the light emerging from a single
trapped emitter, like a single ion in a Paul trap [4]. In this case, a deeper anti-
bunching dip where g(2)(0) = 0 is observed, see Fig. 13.1c. If the exciting laser
is sufficiently intense, the ion is furthermore subject to Rabi oscillations which
give rise to the noticeable modulation of the correlation function.

The above experiments [3,4] have in common that an effective two-level
system, i.e. atom or ion, is continuously driven. By consequence, one can neither
control the exact emission time, nor the number of successive photon emissions,
nor the exact time span between those. A straightforward remedy resolving these
issues is the application of a pulsed excitation scheme in a three-level atom. For
instance, with a laser π -pulse exciting |e〉 −→ |x〉 and the emission taking
place upon a transition from |x〉 to |g〉, the timing issue may be resolved. Also,
no further emissions from the same atom can happen until it is actively brought
back into its initial state |e〉. Monroe [5] and Weinfurter [6] successfully applied
such schemes to entangle the polarization of a single photon with the spin of
a single ion or atom, respectively. To do so, they realised an excitation scheme
leading to two possible final spin states of the atom, |g↓〉 and |g↑〉 upon emission
of either a σ+ or σ− polarized photon, thus projecting the whole system into
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FIGURE 13.1 Intensity correlation function g(2)(τ ) measured using a Hanbury Brown-Twiss
arrangement for two-photon coincidence counting (a). Such an arrangement has first been used
by Kimble et al. [3] to analyse the fluorescence of Sodium atoms in an atomic beam (b), panel
adapted from [3], Copyright (1977) by The American Physical Society. Thereafter, Diedrich and
Walther [4] have been using a similar arrangement to investigate the non-classical photon statistics
in the fluorescence of a single trapped ion (c), panel adapted from [4], Copyright (1987) by The
American Physical Society.

the entangled atom-photon state

|ψ+〉 = (|g↓,+〉 + |g↑,−〉)/√2. (13.1)

Projective measurements on pairs of photons emitted from two distant atoms
or ions have then been used for entanglement swapping, thus resulting in
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the entanglement and teleportation of quantum states [7]. Such photon-matter
entanglement has a potential advantage of adding memory capabilities to
quantum information protocols. In addition, this provides a quantum matter
light interface, thereby using different physical media for different purposes in
a quantum information application.

This success story impressively demonstrates the inherent potential of using
identical atoms or ions as single-photon emitters. The emission spectra are
all identical, and coupling different emitters is relatively easy as compared
to, e.g. solid-state sources, which need to be tuned individually. However, the
spontaneous emission of photons into all directions is an inherent limitation.
Even the best collection optics captures at most 25% of the photons [8], with
actual experiments reaching overall photon-detection efficiencies of ≈5×10−4

[6]. Combined with the spontaneous character of the emission, these sources
are rendered probabilistic and scaling is a serious issue. We shall see in the
following that the coupling of atoms or ions to optical cavities is one effective
solution to this problem. First, the direction of emission is imposed, with all
photons emitted into a single cavity mode, and second, the photon emission is
stimulated by the vacuum field of the cavity, with the driving laser allowing for
an unprecedented control of the emission process.

13.2.2 Cavity-Based Single-Photon Emitters

In the following, we closely follow, summarize and extend our review published
in Contemporary Physics [9] to introduce the concepts, characteristic properties,
and major implementations of state-of-the-art single-photon sources based on
single atoms or ions in cavities. These have all the potential to meet the
requirements of optical quantum computing and quantum networking schemes,
namely deterministic single-photon emission with unit efficiency, directed
emission into a single spatial mode of the radiation field, indistinguishable
photons with immaculate temporal and spatial coherence, and reversible
quantum state mapping and entanglement between atoms and photons.

Starting from the elementary principles of cavity-quantum electrodynamics,
we discuss how a single quantum system couples to the quantised field within
optical resonators. We then show how to exploit these effects to generate single
photons on demand in the strong-coupling regime and the bad cavity limit,
using either an adiabatic driving technique or a sudden excitation of the emitter.
To conclude, we discuss the most prominent experimental achievements and
examine the different approaches for obtaining single photons from cavities
using either atoms or ions as photon emitters.

13.2.2.1 Atom-Photon Interaction in Resonators
Here we discuss how a single quantum system, which shows discrete energy
levels like an individual atom or ion, couples to the quantized modes of the
radiation field in a cavity. We introduce the relevant features of cavity-QED



472 Single-Photon Generation and Detection

and the Jaynes-Cummings model [10,11], and extend these to three-level atoms
with two dipole transitions driven by two radiation fields. One of the fields is
from a laser, the other is the cavity field coupled to the atom (which stands in
here for any quantum system showing discrete energy levels). We furthermore
explain how the behavior of a coupled atom-cavity system depends on the most
relevant cavity parameters, such as the cavity’s mode volume and its finesse.

Field quantization in cavity QED: We consider a Fabry-Perot cavity with
mirror separation l and reflectivity R. The cavity has a free spectral range
�ωFSR = 2π × c/(2l), and its finesse is defined as F = π

√R/(1 − R). In the
vicinity of a resonance, the transmission profile is Lorentzian with a linewidth
(FWHM) of 2κ = �ωFSR/F , which is twice the decay rate,κ , of the cavity field.
Curved mirrors are often used to restrict the cavity eigenmodes to geometrically
stable Laguerre-Gaussian or Hermite-Gaussian modes. In most cases, just one
of these modes is of interest, characterized by its mode function ψcav(r) and
its resonance frequency ωcav. The state vector can therefore be expressed as
a superposition of photon-number states, |n〉, and for n photons in the mode
the energy reads �ωcav(n + 1

2 ). The equal energy spacing allows for an analog
treatment of the cavity as an harmonic oscillator. Creation and annihilation
operators for a photon, â† and â, are then used to express the Hamiltonian of
the cavity,

Hcav = �ωcav

(
â†â + 1

2

)
. (13.2)

This Hamiltonian does not account for any losses. In a real cavity, all photon-
number states decay until thermal equilibrium with the environment is reached.
In the optical domain, the latter corresponds to the vacuum state, |0〉, with no
photons remaining in the cavity.

Two-level atom: We now analyse how the cavity field interacts with a two-
level atom with ground state |g〉 and excited state |x〉 of energies �ωg and �ωx,
respectively, and transition dipole momentμxg. The Hamiltonian of the atom is

HA = �ωg|g〉〈g| + �ωx|x〉〈x |. (13.3)

The coupling to the field mode of the cavity is expressed by the atom-cavity
coupling constant,

g(r) = g0 ψcav(r), with g0 =
√
(μ2

xgωcav)/(2�ε0V ), (13.4)

where V is the mode volume of the cavity. As the atom barely moves during the
interaction, we can safely disregard its external degrees of freedom. Furthermore
we assume maximum coupling, i.e. ψcav(ratom) = 1, so that one obtains
g(r) = g0. In a closed system, any change of the atomic state goes hand-in-hand
with a corresponding change of the photon number, n. Hence the interaction
Hamiltonian of the atom-cavity system reads

Hint = −�g0

[
|x〉〈g|â + â†|g〉〈x |

]
. (13.5)
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FIGURE 13.2 (a) A two-level atom with ground state |g〉 and excited state |x〉 coupled to a cavity
containing n photons. In the dressed-level scheme of the combined atom-cavity system with the
atom outside (b) or inside (c) the cavity, the state doublets are either split by�cav or by the effective
Rabi frequency, 
eff, n, respectively.

For a given excitation number n, the cavity only couples |g,n〉 and |x,n − 1〉.
If the cavity mode is resonant with the atomic transition, the population then
oscillates with the Rabi frequency 
cav = 2g0

√
n between these states.

The eigenfrequencies of the total Hamiltonian, H = Hcav + HA + Hint, can
be found easily. In the rotating wave approximation, they read

ω±
n = ωcav

(
n + 1

2

)
+ 1

2

(
�cav ±

√
4ng2

0 +�2
cav

)
, (13.6)

where �cav = ωx − ωg − ωcav is the detuning between atom and cavity.
Figure 13.2 illustrates this level splitting. Two corresponding eigenstates get

split by 
eff,n =
√

4ng2
0 +�2

cav, which is the effective Rabi frequency at
which the population oscillates between states |g,n〉 and |x,n − 1〉. The cavity
field stimulates the emission of an excited atom into the cavity, thus de-exciting
the atom and increasing the photon number by one. Subsequently, the atom
is re-excited by absorbing a photon from the cavity field, and so forth. In
particular, an excited atom and a cavity containing no photon are sufficient

to start the oscillation between |x,0〉 and |g,1〉 at frequency
√

4g2
0 +�2

cav.
This phenomenon is known as vacuum-Rabi oscillation. On resonance, i.e.
for �cav = 0, the oscillation frequency 2g0 is therefore called vacuum-Rabi
frequency. To summarize, the atom-cavity interaction splits the photon-number
states into doublets of non-degenerate dressed states, which are named after
Jaynes and Cummings [10,11]. Only the ground state |g,0〉 is not coupled to
other states and is not subject to any energy shift or splitting.

Three-level atom: We now consider an atom with a �-type three-level
scheme providing transition frequencies ωxe = ωx −ωe and ωxg = ωx −ωg as
depicted in Fig. 13.3. The |e〉 ↔ |x〉 transition is driven by a classical light field
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FIGURE 13.3 (a) A three-level atom driven by a classical laser field of Rabi frequency 
,
coupled to a cavity containing n photons. (b) Dressed-level scheme of the combined system without
coupling, and (c) for an atom interacting with laser and cavity. The triplet is split by 
split =√

4ng2
0 +
2 +�2. In the limit of a large detuning �, the Raman transition |e,n − 1〉 ↔ |g,n〉 is

driven at the effective Rabi frequency 
eff = 1
2
(

split − |�|) ≈ (4ng2

0 +
2)/|4�|.

of frequency ωL with Rabi frequency 
, while a cavity mode with frequency
ωcav couples to the |g〉 ↔ |x〉 transition. The respective detunings are defined
as �L = ωxe − ωL and �cav = ωxg − ωcav. Provided the driving laser and the
cavity only couple to their respective transitions, the interaction Hamiltonian

Hint = �[�L|e〉〈e| +�cav|g〉〈g| − 


2
(|x〉〈e| + |e〉〈x |)

−g0(|x〉〈g|a + a†|g〉〈x |)] (13.7)

determines the behavior of the system. Given an arbitrary excitation number
n, this Hamiltonian couples only the three states |e,n − 1〉,|x,n − 1〉,|g,n〉.
For this triplet and a Raman-resonant interaction with �L = �cav ≡ �, the
eigenfrequencies of the coupled system read

ω0
n = ωcav

(
n + 1

2

)
and

ω±
n = ωcav

(
n + 1

2

)
+ 1

2

(
�±

√
4ng2

0 +
2 +�2

)
.

(13.8)

The previously discussed Jaynes-Cummings doublets are now replaced by
triplets,

|φ0
n〉 = cos
|e,n − 1〉 − sin
|g,n〉,

|φ+
n 〉 = cos� sin
|e,n − 1〉 − sin�|x,n − 1〉

+ cos� cos
|g,n〉,
|φ−

n 〉 = sin� sin
|e,n − 1〉 + cos�|x,n − 1〉
+ sin� cos
|g,n〉,

(13.9)
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where the mixing angles 
 and � are given by

tan
 = 


2g0
√

n
, tan� =

√
4ng2

0 +
2√
4ng2

0 +
2 +�2 −�

. (13.10)

We note that the interaction with the light lifts the degeneracy of the eigenstates.
However, |φ0

n〉 is neither subject to an energy shift, nor does the excited atomic
state contribute to it. Therefore it’s a “dark state” that does not decay by
spontaneous emission.

In the limit of vanishing 
, the states |φ±
n 〉 correspond to the Jaynes-

Cummings doublet and the third eigenstate, |φ0
n〉, coincides with |e,n − 1〉.

Also the eigenfrequency ω0
n is not affected by 
 or g0. Therefore transitions

between the dark states |φ0
n+1〉 and |φ0

n〉 are always in resonance with the cavity.
Cavity-coupling regimes: So far, we have been considering the interaction

Hamiltonian and the associated eigenvalues and dressed eigenstates that one
obtains whenever a two- or three-level atom is coupled to a cavity. We have
been neglecting the atomic polarization decay rate, γ , and the field-decay rate
of the cavity, κ (Note that the population decay rate of the atom is 2γ , and the
photon loss rate from the cavity is 2κ). It is evident that both relaxation rates
result in a damping of a possible vacuum-Rabi oscillation between states |x,0〉
and |g,1〉. Only in the regime of strong atom-cavity coupling, with g0 � {κ,γ },
the damping is weak enough so that vacuum-Rabi oscillations can occur. The
other extreme is the bad-cavity regime, with κ � g2

0/κ � γ , which results in
strong damping and quasi-stationary quantum states of the coupled system if it
is continuously driven.

Two properties of the cavity can be used to distinguish between these
regimes: First the strength of the atom-cavity coupling, g0 ∝ 1/

√
V (dependant

upon the mode volume of the cavity), and second the finesse F = π
√

R/(1−R)
of the resonator, which depends on the mirror reflectivity R. The finesse gives the
mean number of round trips in the cavity before a photon is lost by transmission
through one of the cavity mirrors, and it is also identical to the ratio of free
spectral range �ωFSR to cavity linewidth 2κ . To reach strong coupling, a high
value of g0 and therefore a short cavity of small mode volume are normally
required. Keeping κ small enough at the same time then calls for a high finesse
and a mirror reflectivity R ≥ 99.999%.

13.2.2.2 Single-Photon Emission
For the deterministic generation of single photons from atom-cavity systems,
all schemes implemented to date rely on the Purcell effect [12]. The spatial
mode density inside the cavity is altered substantially, such that the spontaneous
emission rate can be either enhanced ( f > 1)or inhibited ( f < 1)by the Purcell



476 Single-Photon Generation and Detection

factor

f = 3Qλ3

4π2V
,

depending on the cavity’s mode volume, V , and quality factor, Q. More
importantly, the probability of spontaneous emission placing a photon into
the cavity is given by β = f /( f + 1). If the mode volume of the cavity is
sufficiently small, the emitter and cavity couple so strongly that β ≈ 1, i.e.
emissions into the cavity outweigh spontaneous emissions into free space. A
deterministic photon emission into a single field mode is therefore possible
with an efficiency close to unity. These effects have first been observed by
Carmichael et al. [13] and De Martini et al. [14]. Moreover, with the coherence
properties uniquely determined by the parameters of the cavity and the driving
process, one should be able to obtain indistinguishable photons from different
cavities. Note also that state mapping and entanglement between atomic spin
and photon polarization has recently been demonstrated in cavity-based single-
photon emitters [15–18]. Additionally the reversibility of the photon generation
process, and quantum networking between different cavities has been predicted
[19–21], and demonstrated [22–24]. We now introduce different ways of
producing single photons from such a system. These include cavity-enhanced
spontaneous emission and Raman transitions stimulated by the vacuum field
while driven by classical laser pulses. In particular, we discuss a scheme for
adiabatic coupling between a single atom and an optical cavity, which is based on
a unitary evolution of the coupled atom-cavity system [25,26], and is therefore
intrinsically reversible.

For a photon emission from the cavity to take place, it is evident that a finite
value of κ is mandatory, otherwise any light would remain trapped between
the mirrors. Moreover, as κ is the decay rate of the cavity field, the associated
duration of an emitted photon is typically κ−1 or more. We also emphasise that
γ plays a crucial role in most experimental settings, since it accounts for the
spontaneous emission into non-cavity modes, and therefore leads to a reduction
of efficiency. The relation of the atom-cavity coupling constant g0 and the Rabi
frequency
 of the driving field to the two decay rates can be used for marking
the difference between three basic classes of single-photon emission schemes
from cavity-QED systems.

Cavity-enhanced spontaneous emission: We assume that a sudden
excitation process (e.g. a short π pulse with 
 � {g0,κ,γ }, or some internal
relaxation cascade from energetically higher states) drives the atom suddenly
into its excited state |x,0〉. From there, a photon gets spontaneously emitted
either into the cavity or into free space. To analyse the process, we simply
consider an excited two-level atom coupled to an empty cavity. This particular
situation is the textbook example of CQED that has been thoroughly analysed in
the past. In fact, it was proposed by Purcell [12] and demonstrated by Heinzen
et al. [27] and Morin et al. [28] that the spontaneous emission properties of an
atom coupled to a cavity are significantly different from those in free space. For
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an analysis of the atom’s behavior, it is sufficient to consider the evolution of the
n = 1 Jaynes-Cummings doublet under the influence of the atomic polarization
decay rate γ and the cavity-field decay rate κ . Non-cavity spontaneous decay
of the atom and photon emission through one of the cavity mirrors both lead the
system into state |g,0〉, which does not belong to the n = 1 doublet. Therefore
we can deal with these decay processes phenomenologically by introducing
non-hermitian damping terms into the interaction Hamiltonian,

H ′
int = −�g0

(
|x〉〈g|â + â†|g〉〈x |

)
− i�γ |x〉〈x | − i�κ â†â. (13.11)

Figure 13.4a shows the time evolution of the atom-cavity system when κ > g0.
The strong damping of the cavity inhibits any vacuum-Rabi oscillation, since
the photon is emitted from the cavity before it can be reabsorbed by the atom.
Therefore the transient population in state |g,1〉 is negligible and the adiabatic
approximation ċg ≈ 0 can be applied, which gives

d

dt
cx = −γ cx − g2

0

κ
cx, (13.12)

with the solution

cx(t) = exp

(
−
[
γ + g2

0

κ

]
t

)
. (13.13)

It is straightforward to see that the ratio of the emission rate into the cavity, g2
0/κ ,

to the spontaneous emission probability into free space becomes g2
0/(κγ ) ≡ f ,

i.e. the Purcell factor. It equals twice the one-atom cooperativity parameter, C ,
originally introduced in the context of optical bistability [29]. Hence the photon-
emission probability from the cavity reads PEmit = 2C/(2C +1). Note that the
atom radiates mainly into the cavity if g2

0/κ � γ . Together with κ � g0, this
condition constitutes the bad-cavity regime.

The other extreme is strong coupling, with g0 � (κ,γ ). In this case vacuum
Rabi oscillations between |x,0〉 and |g,1〉 occur, with both states decaying at
the respective rates γ and κ . Figure 13.4b shows a situation where the atom-
cavity coupling, g0, saturates the |x,0〉 ↔ |g,1〉 transition. On average, the
probabilities to find the system in either one of these two states are equal, and
therefore the average ratio of the emission probability into the cavity to the
spontaneous emission probability into free space is given by κ/γ . The vacuum-
Rabi oscillation then gives rise to an amplitude modulation of the photons
emitted from the cavity.

Bad-cavity regime: To take the effect of a slow excitation process into
account, we consider a�-type three-level atom coupled to a cavity. In the bad-
cavity regime, κ � g2

0/κ � γ , the loss of excitation into unwanted modes of
the radiation field is small and we may follow Law et al. [30,31]. We assume that
the atom’s |e〉 − |x〉 transition is excited by a pump laser pulse while the atom
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FIGURE 13.4 Evolution of the atomic states and photon emission rate Rph = 2κρgg in different
coupling cases. (a) and (b) are for an excited two-level atom coupled to the cavity, showing
populations ρxx (solid) and ρgg (dotted) of the product states |x,0〉 and |g,1〉. (c) and (d) are for
a three-level atom-cavity system prepared in |e,0〉 and exposed to a pump pulse driving |e〉 − |x〉
while the cavity couples |x〉 and |g〉. The initial-state population ρee is dashed. (a) and (c) display
the bad-cavity regime with (g0,γ,κ) = 2π × (15,3,20) × 106 s−1, while (b) and (d) depict
the strong-coupling case with (g0,γ,κ) = 2π × (15,3,2) × 106 s−1. The pump pulses read

(t) = g0 sin (π t/200 ns) in (c), and
(t) = g0 × t/1 μs in (d). No transient population is found
in ρxx in the latter case. The overall photon-emission probability reads always PEmit = ∫

Rph dt .

emits a photon into the cavity by enhanced spontaneous emission. The cavity-
field decay rate κ sets the fastest time scale, while the spontaneous emission
rate into the cavity, g2

0/κ , dominates the incoherent decay of the polarization
from the excited atomic state. Provided any decay leads to a loss from the three-
level system, the evolution of the wave vector is governed by the non-Hermitian
Hamiltonian

H ′
int = Hint − i�κ â†â − i�γ |x〉〈x |, (13.14)

with Hint from Eq. (13.7). To simplify the analysis, we take only the vacuum
state, |0〉, and the one-photon state, |1〉, into account, thus that the state vector
reads

|�(t)〉 = ce(t)|e,0〉 + cx(t)|x,0〉 + cg(t)|g,1〉, (13.15)

where ce,cx, and cg are complex amplitudes. Their time evolution is given by
the Schrödinger equation, i� d

dt |�〉 = H ′
int|�〉, which yields

i ċe = 1
2
(t)cx

i ċx = 1
2
(t)ce + g0cg − iγ cx

i ċg = g0cx − iκcg,

(13.16)

with the initial condition ce(0) = 1,cx(0) = cg(0) = 0 and 
(0) = 0. An
adiabatic solution of (13.16) is found if the decay is so fast that cx and cg are
nearly time independent. This allows one to make the approximations ċx = 0
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and ċg = 0, with the result

ce(t) ≈ exp

(
−α

4

∫ t

0

2(t ′)dt ′

)
,

cx(t) ≈ − i
2α
(t)ce(t),

cg(t) ≈ − i
κ

g0cx(t),

(13.17)

where α = 2/(2γ + 2g2
0/κ). Photon emissions from the cavity occur if the

system is in |g,1〉, at the photon-emission rate Rph(t) = 2κ|cg(t)|2. This yields
a photon-emission probability of

PEmit =
∫

Rph(t)dt

= g2
0α

κ

[
1 − exp

(
−α

2

∫

2(t)dt

)]
−→ g2

0α

κ
. (13.18)

Note that the exponential in Eq. (13.18) vanishes if the area
∫

(t)dt of the

exciting pump pulse is large enough. In this limit, the overall photon-emission
probability does not depend on the shape and amplitude of the pump pulse.
With a suitable choice of g0,α, and κ , high photon-emission probabilities can
be reached [31]. Furthermore, as the stationary state of the coupled system
depends on 
(t), the time envelope of the photon can be controlled to a large
extend.

Strong-coupling regime: To study the effect of the exciting laser pulse in the
strong-coupling regime, we again consider a�-type three-level atom coupled to
a cavity. We assume that the strong-coupling condition also applies to the Rabi
frequency of the driving field, i.e. {g0,
} � {κ,γ }. In this case, we can safely
neglect the effect of the two damping rates on the time scale of the excitation.
We then seek for a method to effectively stimulate a Raman transition between
the two ground states that also places a photon into the cavity. For instance, the
driving process can be implemented in form of an adiabatic passage (STIRAP
process [25,26]) or a far-off-resonant Raman process to avoid any transient
population of the excited state, thus reducing losses due to spontaneous emission
into free space. An efficiency for photon generation close to unity can be reached
this way. Once a photon is placed into the cavity, it gets emitted due to the finite
cavity lifetime.

The most promising approach is to implement an adiabatic passage in
the optical domain between the two ground states [32,33]. In fact, adiabatic
passage methods have been used for coherent population transfer in atoms
or molecules for many years. For instance, if a Raman transition is driven
by two distinct pulses of variable amplitudes, effects like electromagnetically
induced transparency (EIT) [34,35], slow light [36,37], and stimulated Raman
scattering by adiabatic passage (STIRAP) [26] are observed. These effects
have been demonstrated with classical light fields and have in common that
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the system’s state vector, |�〉, follows a dark eigenstate, e.g. |φ0
n〉, of the

time-dependent interaction Hamiltonian. In principle, the time evolution of the
system is completely controlled by the variation of this eigenstate. However, a
more detailed analysis [38,32] reveals that the eigenstates must change slowly
enough to allow adiabatic following. Only if this condition is met, a three-level
atom-cavity system prepared in |φ0

n〉 stays there long enough to control the
relative population of |e,n −1〉 and |g,n〉 by adjusting the pump Rabi frequency

. This is obvious for a system initially prepared in |e,n − 1〉. As can be seen
from Eq. (13.9), that state coincides with |φ0

n〉 if the condition 2g0
√

n � 


is initially met. Once the system has been prepared in the dark state, the ratio
between the populations of the contributing states reads

|〈e,n − 1|�〉|2
|〈g,n|�〉|2 = 4ng2

0


2 . (13.19)

As proposed in [25], we assume that an atom in state |e〉 is placed into an empty
cavity, which nonetheless drives the |g,1〉 ↔ |x,0〉 transition with the Vacuum-
Rabi frequency 2g0. The initial state |e,0〉 therefore coincides with |φ0

1〉 as long
as no pump laser is applied. The atom then gets exposed to a laser pulse coupling
the |e〉 ↔ |x〉 transition with a slowly rising amplitude that leads to 
 � 2g0.
In turn, the atom-cavity system evolves from |e,0〉 to |g,1〉, thus increasing the
photon number by one. This scheme can be seen as vacuum-stimulated Raman
scattering by adiabatic passage, also known as V-STIRAP. If we assume a cavity
decay time, κ−1 much longer than the interaction time, a photon is emitted from
the cavity with a probability close to unity and with properties uniquely defined
by κ , after the system has been excited to |g,1〉.

In contrast to such an idealized scenario, Fig. 13.4d shows a more realistic
situation where a photon is generated and already emitted from the cavity during
the excitation process. This is due to the cavity decay time being comparable
or shorter than the duration of the exciting laser pulse. Even in this case, no
secondary excitations or photon emissions can take place. The system eventually
reaches the decoupled state |g,0〉 once the photon escapes. However, the photon-
emission probability is slightly reduced as the non-Hermitian contribution of κ
to the interaction Hamiltonian is affecting the dark eigenstate |φ0

1〉 of the Jaynes-
Cummings triplet (13.9). It now has a small admixture of |x,0〉 and hence is
weakly affected by spontaneous emission losses [32].

13.2.2.3 Single-Photon Emission from Atoms or Ions in Cavities
Many revolutionary photon generation schemes have recently been
demonstrated, such as a single-photon turnstile device based on the Coulomb
blockade mechanism in a quantum dot [39], the fluorescence of a single
molecule [40,41], or a single color center (Nitrogen vacancy) in diamond
[42,43], or the photon emission of a single quantum dot into free space [44–46].
All these schemes emit photons upon an external trigger event. However, the
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photons are spontaneously emitted into various modes of the radiation field,
e.g. into all directions, and they usually show a broad energy distribution. For
the same reason, the emission process cannot be described by a Hamiltonian
evolution. Hence the process is not reversible, and does not allow for coherent
quantum state mapping from source to photon and back. This does not prevent
one from using these photons for quantum cryptography and communication,
but it represents a major obstacle to many applications in quantum computing
or quantum networking. As discussed above most of these limitations can be
overcome by cavity-enhanced emission techniques into well-defined modes of
the radiation field. Here we focus on these.

Neutral atoms: A straightforward implementation of a cavity-based single-
photon source consists of a single atom placed between two cavity mirrors,
with a stream of laser pulses traveling perpendicular to the cavity axis to
trigger photon emissions. The simplest approach to achieve this is by sending
a dilute atomic beam through the cavity, with an average number of atoms in
the mode far below one. However, for a thermal beam, the obvious drawback
would be an interaction time between atom and cavity far too short to achieve
any control of the photon emission time. Hence cold (and therefore slow)
atoms are required to overcome this limitation. The author followed this route
[47,48], using a magneto-optical trap to cool a cloud of rubidium atoms below
100 μK beneath the cavity. Atoms released from the trap eventually travel
through the cavity, either falling from above or being injected from below
in an atomic fountain. Atoms enter the cavity randomly, but interact with its
mode for 20–200 μs. Within this limited interaction time, between 20 and 200
single-photon emissions can be triggered. Figure 13.5 illustrates this setup,
together with the excitation scheme between hyperfine states in 87Rb used
to generate single photons by the adiabatic passage technique discussed on
Section 13.2.2.2.

Bursts of single photons are emitted from the cavity whenever a single atom
passes through the mode of the cavity, and strong antibunching is found in the
photon statistics, as shown in Fig. 13.5a. Sub-Poissonian photon statistics are
found when conditioning the experiment on the actual presence of an atom in the
cavity [49]. In many cases, this is automatically granted—a good example is the
characterization of the photons by two-photon interference discussed in section
(c.f. Chapter 2). For these experiments, pairs of photons are needed that meet
simultaneously at a beamsplitter. With just one source under investigation, this
is achieved with a long optical fiber delaying the first photon of a successively
emitted pair. With the occurrence of such photon pairs being the precondition
to observe any correlation and the probability for successive photon emissions
being vanishingly small without atoms, the presence of an atom is actually
assured whenever any photon-photon correlations are recorded.

Only lately, refined versions of this type of photon emitter have been realised,
with a single atom held in the cavity using a dipole-force trap. McKeever et al.
[50] managed to hold a single Cs atom in the cavity with a dipole-trapping beam
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FIGURE 13.5 Single-photon source based on atoms traveling through an optical cavity. (a)

Excitation scheme realised in 87Rb for the pulsed single-photon generation. The atomic states
labeled |e〉, |x〉 and |g〉 are involved in the Raman process, and the states |0〉 and |1〉 denote the
photon number in the cavity. (b) A cloud of laser-cooled atoms moves through an optical cavity either
from above [47], or from below using an atomic fountain [48]. Laser pulses travel perpendicular
to the cavity axis to control the emission process. The light is analysed using a Hanbury Brown &
Twiss (HBT) setup with a pair of single-photon avalanche photodiodes. (c) Intensity correlation of
the emitted light measured with the HBT setup, with atoms injected using an atomic fountain [48].

running along the cavity axis, while Hijlkema et al. [51] use a combination
of dipole-trapping beams running perpendicular and along the cavity to catch
and hold a single Rb atom in the cavity mode. As illustrated in Fig. 13.6, the
trapped atom is in both cases exposed to a sequence of laser pulses alternating
between triggering the photon emission, cooling, and repumping the atom to
its initial state to repeat the sequence. The atom is trapped, so that the photon
statistics are not affected by fluctuations in the atom number and therefore are
sub-Poissonian, see Fig. 13.6c. Moreover, with trapping times for single atoms
up to a minute, a quasi-continuous bit-stream of photons is obtained.
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FIGURE 13.6 Atom-cavity systems with a single atom at rest in the cavity mode. (a): The setup
by McKeever et al. [50] uses a dipole trap oriented along the cavity axis to hold a single Caesium
atom in the cavity. The cavity is symmetric, so that half the photons are directed toward a pair
of detectors for analyzing the photon statistics. (b): The Kuhn et al. uses a dipole trap oriented
perpendicular to the cavity axis to hold a single Rubidium atom trapped in the cavity [51]. The
cavity is asymmetric, and photons emitted through its output coupler are directed to a pair of photon
counters to record the second-order correlation function of the photon stream. In both cases, the
trapped atom is exposed to a sequence of laser pulses that trigger the photon emission, cool the
atom, and re-establish the initial condition by optical pumping. (c): Intensity correlation function
of the light emitted from a trapped-atom-cavity system, as found by the Kuhn et al. [51].

The major advantage of using neutral atoms as photon emitters in Fabry-
Perot type cavities is that a relatively short cavity (≈100 μm) of high finesse
(between 105 and 106) can be used. One thus obtains strong atom-cavity
coupling, and the photon generation can be driven either in the steady-state
regime or dynamically by V-STIRAP. This allows one to control the coherence
properties and the shape of the photons to a large extent, as discussed in Section
13.2.3.2. Photon generation efficiencies as high as 65% have been reported with
these systems. Furthermore, based on the excellent coherence properties, first
applications such as atom-photon entanglement and atom-photon state mapping
[15–18] have recently been demonstrated.

Apart from the above Fabry-Perot type cavities, many other microstructured
cavities have been explored in recent years. These often provide a much smaller
mode volume and hence boost the atom-cavity coupling strength by about an
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order of magnitude. However, this goes hand-in-hand with increased cavity
losses and thus a much larger cavity linewidth, which might conflict with the
desired addressing of individual atomic transitions. Among the most relevant
new developments are fiber-tip cavities, which use dielectric Bragg stacks at the
tip of an optical fiber as cavity mirrors [52,53]. Due to the small diameter of the
fiber, either two fiber tips can be brought very close together, or a single fiber
tip can be complemented by a microstructured mirror on a chip to form a high-
finesse optical cavity. A slightly different approach are ring-cavities realised
in solid state, guiding the light in a whispering gallery mode. An atom can be
easily coupled to the evanescent field of the cavity mode, provided it can be
brought close to the surface of the substrate. Nice examples are microtoroidal
cavities realised at the California Institute of Technology [54,55], and bottle-
neck cavities in optical fibers [56]. These cavities have no well-defined mirrors
and therefore no output coupler, so one usually arranges for emission into well-
defined spatio-temporal modes via evanescent-field coupling to the core of an
optical fiber.

Trapped ions: Although neutral-atom systems have their advantages for
the generation of single photons, such experiments are sometimes subject
to undesired variations in the atom-cavity coupling strength and multi-atom
effects. Also trapping times are still limited in the intra-cavity dipole-trapping
of single atoms. A possible solution is to use a strongly localized single ion
in an optical cavity, as was first demonstrated by Keller et al. [57]. In their
experiment, an ion is optimally coupled to a well-defined field mode, resulting
in the reproducible generation of single-photon pulses with precisely defined
timing. The stream of emitted photons is uninterrupted over the storage time of
the ion, which, in principle, could last for several days.

The major difficulty in combining an ion trap with a high-finesse optical
cavity comes from the dielectric cavity mirrors, which influence the trapping
potential if they get too close to the ion. This effect might be detrimental if the
mirrors become electrically charged during loading of the ion trap, e.g. by the
electron beam used to ionize the atoms. Figure 13.7a shows how this problem
has been solved in [57] by shuttling the trapped ion from a spatially separate
loading region into the cavity. Nonetheless, the cavity in these experiments is
typically more than 10–20 mm long to avoid distortion of the trap. Thus the
coupling to the cavity is weak, and although optimized pump pulses were used,
the single-photon efficiency in [57] did not exceed 8.0(1.3)%. This is in good
accordance with theoretical calculations, which also show that the efficiency can
be substantially increased in future experiments by reducing the cavity length.
It is important to point out that the low efficiency does not interfere with the
singleness of the photons. Hence the g(2) correlation function of the emitted
photon stream corresponds to the one depicted in Fig. 13.6c, with g(2)(0) → 0.
With an improved ion-cavity setup, Barros et al. [60] were able to reach a
single-photon emission efficiency of 88(17)% in a cavity of comparable length,
using a more favorable mode structure in the near-confocal cavity depicted in
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(a) (b)

FIGURE 13.7 Arrangement of ion-trap electrodes and cavity in (a) the experiment by Keller et al.
[57]. The ion is shuttled to the cavity region after loading. Upon excitation of the ion from the side of
the cavity, a single photon gets emitted into the cavity mode (Reprinted by permission from Nature
Publishing Group: Nature, Guthöhrlein et al. [58], Copyright 2001). The ion-cavity arrangement
and excitation scheme in 40Ca+ studied by Russo and Barros et al. [59,60] in Innsbruck (b) uses a
near-concentric cavity which leads to an increased density of otherwise non-degenerate transverse
modes (Panel b adapted with permission from Springer: Applied Physics B, Russo et al. [59],
Copyright 2009).

Fig. 13.7b and far-off-resonant Raman transitions between magnetic sublevels
of the ion.

13.2.3 Photon Coherence, Amplitude, and Phase Control

The vast majority of single-photon applications do not only rely on the
deterministic emission of single photons, but also require them to be
indistinguishable from one another. In other words, their mutual coherence is
often a key element whenever two or more photons are required simultaneously.
The most prominent example to that respect is linear optics quantum computing
(LOQC) as proposed by Knill et al. [2]. Furthermore, with photons used as
information carriers, it is common practice to use their polarization, spatio-
temporal mode structure or frequency for encoding classical, or quantum
state superpositions. To do so, the capability of shaping photonic modes and
controlling their coherence properties is essential. Several of these aspects are
discussed in the following.

13.2.3.1 Indistinguishability of Photons
At first glance, one would expect any single-photon emitter that is based
on a single quantum system of well-defined level structure to deliver
indistinguishable photons of well-defined energy. However, this is often not
the case for a large number of reasons. For instance, multiple pathways leading
to the desired single-photon emission or the degeneracy of spin states might lead
to broadening of the spectral mode or to photons in different polarization states,
entangled with the atomic spin [15]. Also spontaneous relaxation cascades
within the emitter result in a timing jitter of the last step of the cascade,
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which is the desired photon emission. Nevertheless, atoms coupled to cavities
have been shown to emit nearly indistinguishable photons with well-defined
timing. Their coherence properties are normally governed by the dynamics of
the Raman process controlling the generation of photons, and—surprisingly—
not substantially limited by the properties and lifetime of the cavity mode [61].

Probing photons for indistinguishability is normally done with a two-photon
interference experiment of the Hong-Ou-Mandel (HOM) type as discussed in
Chapter 2. For two identical photons that arrive simultaneously at different
inputs of a 50:50 beamsplitter, they bunch and leave as a photon pair into
either one or the other output port. Hence no correlations are found between
two detectors that monitor the two outputs. This technique has been well
established in connection with photons emitted from spontaneous parametric-
down conversion (SPDC) sources, with the correlations between the outputs
measured as a function of the arrival-time delay between photons.

For the cavity-based emitters discussed here, the situation is somewhat
different. The bandwidth of these photons is very narrow, and therefore their
coherence time (or length) might be extremely long, i.e. several μs(≈100 m).
The time resolution of the detectors is normally 3–4 orders of magnitude
faster than this photon length, so that the two-photon correlation signal is now
determined as a function of the detection-time delay, with the arrival-time delay
of the long photons deliberately set to zero [63,62]. This can be regarded as
a quantum-homodyne measurement at the single-photon level, with a single
local-oscillator photon arriving at one port of a beamsplitter, and a single signal
photon arriving at the other port.

Prior to the first photodetection, the two photons arrive simultaneously in
the input modes A and B at the beamsplitter and the overall state of the system
reads |1A1B〉. The first photodetection at time t1 in either output port C or D
could have been of either photon, thus the remaining quantum state reduces to

|ψ(t1)〉 = (|1A0B〉 ± |0A1B〉)/√2, (13.20)

where “+” and “−” correspond to the photodetection in port C and D,
respectively. We now assume that the second photodetection takes place �τ
later, at time t2 = t1 + �τ , with the input modes A and B having acquired a
phase difference �φ (for whatever reason) during that time span. Hence prior
to the second detection, the reduced quantum state has evolved to

|ψ(t2)〉 = (|1A0B〉 ± ei�φ |0A1B〉)/√2. (13.21)

By consequence, the probability for the second photon being detected in the
same port as the first photon is Psame = cos2 (�φ/2), while the probability
for the second photon being detected in the respective other beam-splitter port
reads

Pother = sin2 (�φ/2). (13.22)

The probability PCD for coincidence counts between the two detectors in the
beamsplitter’s output ports C and D is therefore proportional to sin2 (�φ/2).
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Any systematic variation of the phase difference �φ between the two input
modes A and B with time �τ leads to a characteristic modulation of the
coincidence function

g(2)CD(�τ) = 〈PC (t)PD(t +�τ)〉t

〈PC 〉〈PD〉 ∝ sin2 (�φ(�τ)/2). (13.23)

A good example is the analysis of two photons of different frequency. We
consider one photon of well-defined frequency ω0 acting as the local oscillator
arriving at port A at the beamsplitter, and another one of frequency ω0 + �ω

which we regard as the signal photon arriving simultaneously at port B. Their
mutual phase is undefined until the first photodetection at t1, but then evolves
according to�φ(�τ) = �ω×�τ . In this case, the probability for coincidence
counts between the beamsplitter outputs,

PCD(�τ) ∝ sin2 (�ω ×�τ/2), (13.24)

oscillates at the difference frequency between local oscillator and signal photon.
This phenomenon has been extensively discussed in [61,62] and is also
illustrated in Fig. 13.8. Furthermore, the figure shows the effect of random
dephasing on the time-resolved correlation function. For photons of 1 μs
duration, a 470 ns wide dip is found around�τ = 0. Thereafter, the coincidence
probability reaches the same mean value that is found with non-interfering
photons of, e.g. different polarization. In this case, we conclude that the dip-
width in the coincidence function is identical to the mutual coherence time
between the two photons. It is remarkable that it exceeds the decay time of
both cavity and atom by one order of magnitude in that particular experiment.
This proves that the photon’s coherence is to a large extend controlled by the
Raman process driving the photon generation, without being limited by the
decay channels within the system. We now use a similar system to generate
much shorter photons. These have no time to lose their mutual phase relation and
the integral two-photon coincidence probability drops to 20% of the reference
value found with non-interfering photons. This implies that the photons are
nearly indistinguishable and therefore well suited for many-photon interference
experiments in linear optics arrangements.

13.2.3.2 Arbitrary Shaping of Amplitude and Phase
From the preceding analysis (see Fig. 13.4) we have seen that the dynamic
evolution of the atomic quantum states determines the photon emission
probability and thereby also the photon’s waveform. This raises the question as
to what extent one can arbitrarily shape the photons in time by controlling the
envelope of the driving field. This is important for applications such as quantum
state mapping, where photon wavepackets symmetric in space and time should
allow for a time-reversal of the emission process [19]. Employing photons of
soliton-shape for dispersion-free propagation could also help boost quantum
communication protocols.
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FIGURE 13.8 Time-resolved two-photon interference of photons arriving simultaneously at a
beamsplitter (a). With photons emitted successively from one atom-cavity system, this has been
achieved using an optical delay line (b). Panel (c) shows the correlation function from [61] for
photons of 1.0 μs duration as a function of detection-time delay�τ . A pronounced dip at the origin
is found, with the dip-width indicating the photon coherence time. The dotted line shows correlations
found if distinguishable photons of perpendicular polarization are used, while the solid line depicts
the correlations found if the photon polarization is parallel. Panel (d) shows data from a more
recent experiment [48] with photons of 0.3 μs duration. The photons are nearly indistinguishable
and the integral two-photon coincidence probability drops to 20% of the reference value found with
non-interfering photons. Panel (e) shows data from [61,62] with interfering photons of different
frequency. This gives rise to a pronounced oscillation of the coincidence signal as a function of�τ
with the difference frequency �ω.

Photon shaping is normally addressed by solving the Master equation of the
atom-photon system, which yields the time-dependent probability amplitudes,
and by consequence also the wavefunction of the photon emitted from the
cavity [47,57]. Only recently, we have shown [64,21,48] that this analysis can
be reversed, giving a unambiguous analytic expression for the time evolution of
the driving field in dependence of the desired shape of the photon. This model
is not only valid for V-STIRAP in the strong-coupling and bad-cavity regime,
but it generally allows control of the coherence and population flow in any
Raman process. Designing the driving pulse to obtain photonic wavepackets of
any possible desired shapeψph(t) is straight forward [64,21]. Starting from the
three-level atom discussed on page 9, we consider only the states |e,0〉,|x,0〉,
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and |g,1〉 of the n = 1 triplet and their corresponding probability amplitudes
c(t) = [

ce(t),cx(t),cg(t)
]T , with the atom-cavity system initially prepared in

|e,0〉. The Hamiltonian (13.7) and the decay of atomic spin and cavity field at
rates γ and κ , respectively, define the Master equation of the system,

i�
d

dt
c(t) = −�

2

⎛
⎜⎝ 0 
(t) 0


(t) 2iγ 2g

0 2g 2iκ

⎞
⎟⎠ c(t). (13.25)

The cavity-field decay rate unambiguously links the probability amplitude of
|g,1〉 to the desired wavefunctionψph(t) of the photon. Furthermore, |g,1〉 only
couples to |x,0〉 with the well-defined atom-cavity coupling g, while the Rabi
frequency 
 of the driving laser links |x,0〉 to |e,0〉. Hence the time evolution
of the probability amplitudes and 
(t) can be written as

cg(t) = ψph(t)/
√

2κ, (13.26)

cx(t) = − i

g

[
ċg(t)+ κcg(t)

]
, (13.27)


(t)ce(t) = 2
[
i ċx (t)+ iγ cx (t)− gcg(t)

]
. (13.28)

We can use the continuity of the system, taking into account the decay of atom
polarization and cavity field at rates γ and κ , to get to an independent expression
for

|ce(t)|2 = 1−|cx (t)|2 −|cg(t)|2 −
t∫

0

dt
[
2γ |cx (t)|2 + 2κ|cg(t)|2

]
. (13.29)

For an Hamiltonian that does not comprise any detuning and assuming ψph
to be real, one can easily verify that the probability amplitude cx (t) is purely
imaginary, while ce(t) and cg(t) are both real. Hence with the desired photon
shape as a starting point, we get analytic expressions for all probability
amplitudes. These then yield the Rabi frequency


(t) = 2
[
i ċx (t)+ iγ cx (t)− gcg(t)

]
√

1 + c2
x (t)− c2

g(t)+ ∫ t
0 dt

[
2γ c2

x (t)− 2κc2
g(t)

] , (13.30)

which is a real function defining the driving pulse required to obtain the desired
photon shape.

Figure 13.9 compares some of the results obtained in producing photons of
arbitrary wavefunction. The driving laser pulse shown in Fig. 13.9g has been
calculated according to Eq. (13.30) to produce the photon shape from Fig. 13.9h.
From all the data and calculations, it is obvious that stronger driving is required
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FIGURE 13.9 Photons made to measure: (a–d) show photon shapes realised in several
experiments and their driving laser pulses. The histogram of the photon-detection time has been
recorded for several hundred single-photon emissions. The data shown in (a + b) is taken from
[47], with neutral atoms falling through a high-finesse cavity acting as photon emitters. The linear
increase in Rabi frequency is the same in both cases, and the difference in photon shape is caused by
variations in the coupling strength to the cavity. The data shown in (c + d) is taken from [57], with
a single ion trapped between the cavity mirrors. It shows that the photon shape depends strongly
on the driving laser pulse (Panels c + d adapted with permission from Nature Publishing Group:
Nature, M. Keller et al. [57], Copyright 2004). (e + f) show the Rabi frequency one needs to apply
to achieve symmetric single or twin-peak photon pulses with an efficiency close to unity. This is a
result from an analytic solution of the problem discussed in [64]. The latter scheme has been applied
successfully for generating photons of various arbitrary shapes [48], with examples shown in (g–i).

to counterbalance the depletion of the atom-cavity system. Therefore a very
asymmetric driving pulse leads to the emission of photons symmetric in time,
and vice versa, as can be seen from comparing Fig. 13.9c and e.

Among the large variety of shapes that have been produced, their possible
sub-division into various peaks within separate time-bins is a distinctive feature
that allows for time-bin encoding of quantum information. For instance, we
recently imprinted different mutual phases on various time bins of multi-peak
photons [65], and then successfully retrieved this phase information in a time-
resolved quantum-homodyne experiment based on two-photon interference.
The latter is illustrated in Fig. 13.10, with subsequently emitted triple-peak



491Chapter | 13 Single Emitters in Isolated Quantum Systems

photons from the atom-cavity system arriving simultaneously at a beamsplitter.
While the mechanism described above is used to subdivide the photons into
three peaks of equal amplitude, i.e. three well-separated time bins or temporal
modes, we also impose phase changes from one time bin to the next. The latter
is accomplished by phase-shifting the driving laser. Eventually, signal photons
get emitted from the cavity that are prepared in a W-state with arbitrary relative
phases between their constituent temporal modes,

|�photon〉 = (eiφ1 |1,0,0〉 + eiφ2 |0,1,0〉 + eiφ3 |0,0,1〉)/√3. (13.31)

We may safely set φ1 = 0, as only relative phases are of any relevance. Every
signal photon gets delayed in an optical fiber to arrive simultaneously with
a subsequently emitted local-oscillator photon at a beamsplitter. The local-
oscillator photon is not subject to phase shifts between its constituents, but
is otherwise identical to the signal photon. The time resolution of the photo
detectors C and D allows easy identification of whether photons are detected
during the first, second, or third peak. The probability for photon-photon
correlations is therefore governed by the phase change within the photons–
i.e. the probability for correlations between the two detectors monitoring the
beam-splitter output depends strongly on the timing of the photodetections. For
instance, the coincidence probability P(Ci,Dj) for detector C clicking in time
bin i and detector D in time bin j reads

P(Ci,Dj) ∝ sin2 ((φi − φj)/2). (13.32)

We explored this effect [65] with the experiment illustrated in Fig. 13.10,
using two types different signal photons. One with no mutual phase shifts, i.e.
φ1 = φ2 = φ3 = 0, and the other with φ1 = 0,φ2 = π,φ3 = 0. In the first case,
signal and local oscillator photons are identical. By consequence, no correlations
between the two detectors arise (apart from a constant background level due
to detector noise). In the second case the adjacent time bins within the signal
photon areπ out of phase. Therefore the probability for correlations between the
two detectors increases dramatically if the detectors fire in adjacent time bins,
but it stays zero for detections within the same time bin, and for detections
occurring in the first and third time bin. These new findings demonstrate
nicely that atom-cavity systems give us the capability of fully controlling
the temporal evolution of amplitude and phase within single deterministically
generated photons. Their characterization with time-resolved Hong-Ou-Mandel
interference used for quantum homodyning the photons then reveals these
phases again in the photon-photon correlations.

The availability of time bins as an additional degree of freedom to LOQC
in an essentially deterministic photon-generation scheme is a big step toward
large-scale quantum computing in photonic networks [66]. Arbitrary single-
qubit operations on time-bin encoded qubits seem straightforward to implement
with phase-coherent optical delay lines and active optical routing to either
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FIGURE 13.10 Qutrits, from [65]: (a) Pairs of triple-peak photons subsequently emitted are
delayed such they arrive simultaneously at a beamsplitter. Time-resolved coincidences are then
registered between output ports C and D. The signal photon carries mutual phases φ1 and φ2
between peaks, the local oscillator does not. (b) Time-resolved homodyne signal for photons of
perpendicular (dashed) and parallel (solid) polarization, with the signal photon having a phase shift
in the central time bin of φ1 = π (dotted). The solid traces result from summing all coincidences
found within a 60 ns wide interval around each point of the trace. For some of these data points,
the statistical uncertainty is shown. (c) Corresponding virtual circuit if the same experiment was
done in the spatial domain. The actual physical system, consisting of one beamsplitter and two
detectors, would then correspond to a six-detector setup. All time-resolved photodetections in the
real system can be easily associated with the corresponding virtual detectors firing. (d) Relative
coincidence probabilities between virtual detectors (diagonal: detections within the same time bin;
high columns: detections in successive time bins; outermost columns: detections two time-bins
apart).

switch between temporal and spatial modes, or to swap the two time bins.
Controlling the atom-photon coupling might also allow the mapping of atomic
superposition states to time-binned photons [21,17]; and the long coherence
time, combined with fast detectors, makes real-time feedback possible during
photon generation.

13.3 SINGLE PHOTONS FROM SEMICONDUCTOR
QUANTUM DOTS - G. S. SOLOMON

13.3.1 Introduction

Semiconductor III–V compounds, those made from columns three and five
elements of the periodic table, are important for a wide range of optical and
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electronic devices. For example, optical devices from these materials range from
lasers for telecommunications, for chemical sensing, and for cutting tools; a
wide variety of light-emitting diodes, such as those used for lighting; and solar
cells. While the success of Si-related devices in electronics is partly due to the
high-quality interface between Si and it’s insulating oxides, III-V devices owe
their success in optoelectronics to high-quality interfaces with compounds of
different band-gap energies; for example, AlGaAs and GaAs, and InGaAsP-
InP. These defect-free, high-quality interfaces allow for quantum confinement,
high-efficiency carrier transport through multiple interfaces and relatively low
non-radiative recombination rates.

Invariably, new device applications led researchers to push the accepted
boundaries of material combinations, and in the late 1980s this included the
highly lattice-mismatched material systems of Ge-Si [67] and InGaAs-GaAs
[68]. There has been excellent progress in both of these systems, but at the time
quantum wells (QWs) of Ge in Si and high alloy compositions of InxGa1−xAs in
GaAs showed troublesome thickness and compositional modulations, leading
to excessively broad QW emission and dislocation-induced low quantum
efficiency. It was realized that for very thin QWs the interfaces remained planar,
after which the QW material began to island and eventually form deleterious
dislocations. By the late 1980s and early 1990s groups [69,70] began to see
this transitional islanding regime as a route to the formation of fully three-
dimensionally confined regions, quantum dots (QDs), in the host crystal. In
the InAs-GaAs system, QDs of InAs and InGaAs have been developed as an
excellent source of discrete single photons. Single-photon emission from these
QDs will be discussed in this section.

13.3.2 InAs-Based Quantum-Dot Formation

In homoepitaxial crystal growth of cubic materials the (1 0 0) growth surface is
the lowest-energy facet plane [71]. If the growth temperature and flux rates are
appropriate, mobile atoms on the surface, called adatoms, attach to the growth
surface at atomic step edges of broad flat regions, for instance at kink and
ledge sites, or to the edges of flat island nucleation regions. Thus, the crystal
growth proceeds by lateral growth at kinks and ledges, or by the expansion
of flat, monolayer-scale high islands. Ideally, as one monolayer is filled, new,
monolayer-high nucleation sites are created, and the 2D (1 0 0) growth surface
propagates. In most cases, the surface is quasi-2D, extending a few monolayers,
yet still dominated by lateral growth through adatom attachment. In contrast,
during heterogeneous crystal growth, as more adatoms are deposited onto the
growing surface, this growth surface can go through structural changes such as
changes in surface reconstruction, surface roughness, or reduced abruptness of
a heterointerface [72–75]. In the case of InAs on GaAs, the lattice mismatch is
7.2%. Because of the large lattice mismatch, models generally poorly predict
the critical thickness for relaxation by dislocation generation and propagation;
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FIGURE 13.11 Photoluminescence (PL) of samples at 8 K containing equivalently planar InAs
thickness in GaAs that vary between 1.5 and 3.75 mls. There is a transition from planar growth to
quantum island growth between 1.75 and 2 mls. The photoluminescence intensity decrease between
3 and 3.75 mls is due to non-radiative recombination associated with dislocations.

estimates are between 0 and 15 InAs monolayers (mls) depending on the model
[76,77]. Because of the similar InAs and GaAs crystal structures, at least one
chemisorbed monolayer of InAs can be assumed to be stable on the GaAs sub-
strate. Below the critical thickness or after a chemisorbed layer, a metastable
phase can exist. This intermediate growth regime was reported by Stranski and
Krastanow in 1938 [78], and is called the Stranski-Krastanow (SK) growth
regime. In the SK growth of InAs on GaAs there is a thickness region where
the excess strain is partially accommodated by surface islanding. This growth
regime is a transitional growth mode between the compliant, planar growth
regime that characterizes ideal molecular-beam epitaxy (MBE) growth, and
plastically relaxed growth, since as islands grow and merge, the surface area
can no longer expand to accommodate the increasing strain energy. It was first
observed in semiconductor materials in the Ge-Si system by Eaglesham and
Cerullo[79].

Experimentally, as shown in Fig. 13.11, InAs QDs form as islands
after a little less than 2 mls of equivalently planar deposition. The islands
grow in size and density until about 3.5 mls, where when buried in GaAs,
dislocations are observed in transmission-electron microscopy (TEM) [80], and
the photoluminescence is diminished [81].

13.3.3 Exciton Energetics

InAs-based islands can be formed dislocation-free, and when subsequently over-
grown with a higher band-gap material such as GaAs, high-quality QDs are
created. These QDs retain the direct-bandgap character of InAs: conduction-
band and valance-band states have aligned minima and maxima in momentum
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FIGURE 13.12 The decay of the optically active biexciton state, |XX〉 to the vacuum state, |0〉,
through either of two intermediate single exciton states, |XH〉,|XV〉. The single exciton states are
ideally degenerate, but are often energetically split by δFS, leading to linearly polarized optical
emission, V,H. The relative energies of the two polarizations are switched between the |XX〉 decay
and the |X|〉 decay. For InAs QDs, the biexciton binding energy is larger than the exciton binding
energy (by EB ), so that in general both |XX〉 decays (left) are redshifted from the |X〉 decays (right).

space. In addition, conduction-band electrons and valance-band holes created
through an excitation process are naturally localized in the three dimensionally
confined QD. The single carrier description ignores the interactions between
such localized carriers, so a multi-particle (or local polarization) description—
the exciton description, is more appropriate. Many-body interactions described
by exciton states are important in many semiconductor processes, but because
of three-dimensional localization in QDs, they take on added significance—the
single particle, electron-hole description cannot be used in any meaningfully
way to described QD states. The canonical excitonic Hamiltonian includes the
individual free carrier terms described by the band structure within the single
particle approximation and two additional terms: a Coulomb term representing
the attractive or repulsive nature of the charged carriers, and an exchange term
representing the interactions of the constituent spins with each other and the
lattice atoms.

In bulk materials, the excitonic spectrum reflects optical transitions based on
the principle quantum numbers [82]. This is seen in ensemble measurements of
QDs [83], and in more detailed, single-QD spectroscopy [84]. However, because
of localization, multi-excitonic states, particularly the biexciton, is pronounced
in QD spectroscopy. The biexciton state (|XX〉) is a single state composed of
two electrons and two holes, where additional interactions make it energetically
lower than two single excitons. When excited to the optically active biexciton
ground state, the system decays optically through two channels to single exciton
states, and these optically decay to the vacuum state. See Fig. 13.12.

The single-particle basis states for excitons are based on the symmetry of
the crystal and the QDs. Because of quantum confinement, the heavy hole, with
its larger effective mass, is the highest occupied valence energy state at the
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reciprocal-space zone center (� point). The strain in InAs-based QDs breaks
the cubic symmetry (Space group T2

d − F43m) further separating the light- and
heavy-hole states (compressive strain). The energy splitting between the two
hole states is significant enough so as to neglect the light hole states. The light-
heavy hole mixing has been shown theoretically and experimentally to only be
on the order of a few percent [85,86]. In addition, the heavy hole-like states
also contain a small d-orbital character [87]. While small, the light-heavy hole
mixing, and hyperfine interaction of the electron with the nuclei, due to light
hole and d-orbital mixing, can relax the selection rules and result in weak but
sometime desirable transitions [88]. Thus, the excitons can be constructed from
heavy-hole angular moment states Jh = 3/2,Jh,z = ±3/2, and the conduction
state electron states Se = 1/2,Se,z = ±1/2, where z is aligned to [0 0 1], the
growth direction for all QDs discussed here.

Four excitons are formed from the heavy hole and conduction electrons
basis states. The [0 0 1] angular momentum projection is ±2 for two states,
and ±1—the optically active, bright states. Without spin they are degenerate.
Using the ±|2〉 and ±|1〉 states, the exchange Hamiltonian has block diagonal
form indicating the dark and bright states do not couple, and furthermore the
exchange interaction puts the dark states at lower energy than the bright states
by ≈150 μeV [89]. Within each block diagonal grouping there is off-diagonal
coupling. If the QD has cylindrical symmetry (D2d symmetry), the bright states
remain degenerate but the dark states couple, hybridizes into bonding and
anti-bonding states [90,91]. However, the usual case is an elliptical in-plane
symmetry where the bright states now couple, and the coupling between the dark
states can be further altered. The couplings of both the dark and bright states do
not produce as large of an energy splitting as the bright-dark separation. This is
schematically shown in Fig. 13.13. The optical polarization of these transitions
are circular without spin exchange, and the bright state decay remains so with

D2d < D2dNo Exchange

|2  -|-2

|2  +|-2

|2  -|-2

|2  +|-2

|1  +|-1

|1  -|-1
±|1

±|1
±|2

FIGURE 13.13 Schematic diagram of neutral ground state excitons in a QD. With no spin
exchange there are four degenerate states, where the two ± 1 angular momentum states are optically
active, and the two ± 2 angular momentum states are dark. With the inclusion of spin exchange
there is an energy splitting between bright and dark states, and the two dark states couple. If the QD
does not have cylindrical symmetry (<D2d ) the bright state also couples and the optical transitions
become linearly polarized (see Fig. 13.12).
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FIGURE 13.14 QD charged exciton decay to a single electron through two circularly polarized
transitions (a). Dotted lines indicate ideally forbidden transitions for purely heavy-hole states. (b)
In-plane (Voigt configuration) magnetic field splits the electron levels in energy and changes the
optical selection rules.

cylindrical symmetry. However, all the neutral exciton transitions are linearly
polarized when this symmetry is broken.

The above discussion was for neutral excitons, where the number of
electrons and holes are equal; furthermore, it was limited to ground-state
excitons and biexcitons. QD emission can result from a variety of excitonic
configurations [92,84]. Of the many other types of excitons, the singly
charged, ground state exciton, often called a trion, is particularly important.
Non-resonantly optically pumping can create excitons, trions and biexcitons.
However, without the capture or loss of a charge from the QD, the biexciton—
exciton decay cannot yield a trion. The charged exciton can be used in a variety of
applications. The energy diagram of the negative trion is shown in Fig. 13.14. For
a negative trion with two electrons of opposite spin, there is no spin exchange.
The two allowed, optically active transitions are thus circularly polarized.
Because the ground state of the decay is an electron or hole, the trion is useful
in quantum information, as opposed to the ground state of the neutral exciton
manifold which is the vacuum state. When applying an in-plane magnetic field,
the degenerate trions are energetically split and the selection rules altered [91].
Thus, the system can be initialized into a particular ground by resonantly or
near-resonantly pumping one of the vertically polarized transitions [93]. For
instance, in Fig. 13.14, by pumping the lower energy vertical (V) transition, the
low-energy electronic ground state can be initialized through the horizontally
(H) polarized transition.

13.3.4 Optically Accessing Single Quantum Dots

The ensemble photoluminescence (PL) measurements shown in Fig. 13.11
represent emission from many QDs. To create discrete single photons, individual
QD states must be isolated. To resolve individual exciton states, two approaches
are used. One uses lithography, typically electron-beam lithography to make
etched structures, such as mesas, with dimensions in the 10’s to 100’s of
nanometers. When QD samples are cooled to near liquid He temperatures, the
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FIGURE 13.15 Photoluminescence of single QD emission with above-bandgap excitation at
4.2 K. (a) The pump power, P0 is varied and the corresponding spectra are vertically off set for
comparison. As the pump power increases the |XX〉 emission line increases. Notice at higher pump
power that the |X〉 emission intensity begins to decrease. (b) Log-log plot of pump power and PL
intensity on a different QD sample. There is a linear rise in |X〉 emission (circles) and a quadratic
rise in the |XX〉 emission (diamonds) with pump power.

smooth PL peaks in Fig. 13.11 fracture into many small spectral features—
evidence of individual QD state decay [94,89,95]. Another approach is to
produce samples with dilute QD densities and use near resolution-limited
focusing for the PL [96], sometimes with the aid of a solid-immersion
lens [97,98]. Often, especially in conjunction with low-mode volume optical
cavities, a combination of small structures and low QD density are used. This has
historically made the search for QD states aligned both spectrally and spatially
to a cavity mode random and time consuming; however, recent improvements
using in situ optical lithography has made this approach deterministic [99].

In Fig. 13.15 micropost cavities are used in conjunction with low density
QD growth for the isolation of single QD states, in a similar manner as in
[95,45]. Figure 13.15a shows spectra with above-bandgap excitation at various
powers. As the pump power rises the exciton emission intensity rises and the
biexciton begins to appear (at 22P0). At higher pump powers, the exciton
intensity decreases since, on average, the biexcition state population increases
in the QD. This is shown in Fig. 13.15b where the log-log plot of intensity
versus pump power is shown. The exciton emission saturates and drops, and
at the highest powers the biexciton emission intensity is larger than the single
exciton emission intensity.
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13.3.5 Single Photons From Single Quantum Dots

The lowest-energy excitonic manifold of the quantum dot, containing neutral-
exciton, charged-exciton, and biexciton states, has a discrete energy spectrum
because of various and strong Coulomb interactions among the confined
carriers. Photons result from those excitonic decays having ±1 changes in
angular momentum. These include the two bright excitons, the two charged
excitons for each of the positively and negatively charged states, and the bright
biexciton. Therefore, within the specific energy region of one of these bright
states, single photons will be produced. No more than one photon can be
produced at a time from the decay of one of these quasi-particles, and on average
one photon should be emitted during the radiative lifetime of the state.

Classical sources of light are from thermal sources where the photons in
an optical mode are grouped, or bunched; and lasers, where the photon arrive
randomly, i.e. a Poissonian distributed. A semiconductor example of a thermal
source is a LED, and an example of a Poissonian distributed source is the
semiconductor laser. A Poissonian light source can produce on average one
photon in a given time, but this is not our interest. For these light sources, no
matter how low their intensity there is always a possibility of having more than
one photon emitted.1 Here, we desire a single-photon source where there is only
one photon at a time.

The single-photon character of light can be measured using second-order
intensity correlation statistics. It is well-developed in Chapter 2. For time
difference τ = t2 − t1, between times t1 and t2, the second-order correlation
function, g(2)(τ ) is defined as

g(2)
(
τ
) = 〈I (t)I (t + τ)〉

〈I (t)〉〈I (t + τ)〉 = 〈E∗(t)E∗(t + τ)E(t + τ)E(t)〉
〈E∗(t)E(t)〉〈E∗(t + τ)E(t + τ)〉 , (13.33)

where I (t) and E(t) are the intensity and electric field at time t , and E∗(t) is
the complex conjugate of the field. 〈 〉 is the time average. While Eq. (13.33) is
second order in intensity, it is fourth order in the field. For single mode fields, the
quantum mechanical representation of g(2)(τ ), with photon creation operator,
a† and annihilation operator, a, is

g(2)
(
τ
) = 〈a†(t)a†(t + τ)a(t + τ)a(t)〉

〈a†(t)a(t)〉〈a†(t + τ)a(t + τ)〉 . (13.34)

The measurement is made by recording intensity on two detectors as a
function of time difference, τ . Note that g(2)(τ ) is not time dependent, but
only dependent of the time difference, t2 − t1. Because detectors have a finite

1 The Poisson number distribution is P(n) = (μn/n!)e−μ, where P(n) is the probability of the
distribution containing n photons, and μ is the mean photon number. For a mean photon number,
μ = 1 there is a finite probability of having zero or more than one photon.
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response time (or more specifically, dead time), this measurement is usually
made using a beamsplitter and two detectors. τ can be positive or negative, and
results are typically symmetric around τ = 0. For a coherent field such as a
laser, there is equal probability of detecting photons at t and t + τ , and thus
g(2)(τ ) = 1. For thermal light, there is a higher probability of detecting photons
in the same or nearby time windows—the source is bunched, and g(2)(0) = 2.
For single photons, coming from the decay of a single two-level system, like
a QD exciton, if a photon is detected, then another photon cannot be emitted
from the two-level decay until the upper level is repopulated. For pulsed laser
excitation, the upper level is populated only once per pulse. For CW excitation,
photon emission will on average occur within the radiative decay time. With
either excitation technique, the probability of detecting a photon on each of
the detectors at τ = 0 is ideally zero, and the single-photon source is called
anti-bunched. For more details, see Chapter 2.

An example of a g(2)(τ )measurement made with a cw pump source is shown
in Fig. 13.16. The measurement is made on colloidal QDs made from CdSe cores
with a surrounding shell of wider band gap ZnS [44]. The measurements were
at room temperature. The upper data were made from an ensemble of many
QDs, while the lower data were measured on a single CdSe/ZnS QD. The dip in
the coincidence counts gives g(2)(0) < 1. If g(2)(0) is below 0.5, the emission
can only be explained by a process involving a single emitter. However, for an
isolated two-level system emitting discrete single photons, g(2)(0) = 0. The
anti-bunching shown in Fig. 13.16 can be modeled with an exponential function

FIGURE 13.16 Second-order correlation counts (unnormalized) of CdSe/ZnS colloidal QDs
using cw pumping. (upper data) Measurements on an ensemble of CdSe/ZnS QDs showing no
second-order correlation (Poissonian light). (lower data) Measurements on a single QD showing
anti-bunching at τ = 0, where τ is the time difference t2 − t1. From [44]. Reprinted by permission
from Macmillan Publishers Ltd.



501Chapter | 13 Single Emitters in Isolated Quantum Systems

— —

FIGURE 13.17 Second-order correlation measurement of an InAs QD using a 76 MHz repetition
rate pump laser. The integrated counts in the time difference, τ = 0 window normalized to nearby
peaks is 0.09, which includes the non-zero background floor. Adapted from [100].

of the form g(2)(τ ) = 1 − e−(�+Wp)τ , where � is the radiative recombination
rate, and Wp is the pumping rate.

In many fundamental and application-oriented experiments, regulated
photons are desired, where by regulated we mean the creation of photons
synchronized with the pulsed cycle from the pump source. For a regulated
single-photon source, we desire just one photon per pulsed cycle. With a pump
repetition rate slower than the radiative excitonic decay rate, non-resonant
excitation can be used if the excitonic decay is the slowest decay in the total
decay process. This generally ensures that only one photon will be emitted
from the exciton in each pump cycle. An example of a second-order correlation
measurement made using a 76 MHz repetition rate pump laser is shown in
Fig. 13.17, where g(2)(0) � 0.5 is a clear indication of non-classicality, and
since g(2)(0) ≈ 0 this photon emission has very high single-photon purity.

Typically, early measurements of g(2)(τ ) on individual QD photons were
made using disk and post microcavities [101,45] where the three-dimensionally
confined optical modes improved the collection efficiency because of direc-
tional emission and the weak-coupling radiative decay enhancement.2 Now
these three-dimensional cavity—QD systems are used as bright MHz sources
of nearly pure single photons [102,103]. Over 80% of the emitted photons
are collected and g(2)(τ ) values below 0.15 are obtained [102]. As well, because
of improved measurement efficiencies, g(2)(τ ) on single QDs are now often
conducted on samples without these strongly confined cavities [100,104],
albeit with significantly less collection efficiencies, and often with poorer

2 For a more detailed development of two-level emitter—optical cavity coupling see Section
13.2.2.1 in this chapter.
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indistinguishability. As in Figs. 13.16 and 13.17, these experiments can be
pumped non-resonantly, which adds flexibility to single-photon sources; for
instance, by significantly simplifying experiments and devices, and allowing
different systems to be pumped simultaneously [105]. However, non-resonant
pumping also induces variation in the initiation of the exciton decay, leading
to reduced indistinguishability [106]. Resonant excitation using π -pulses has
been demonstrated, showing excellent g(2)(0) (0.012) and high photon count
rates (exceeding 200,000 s−1) [104]. While using a solid-immersion lens, the
experiments in Ref. [104] do not use a three-dimensional microcavity. They
collect ≈6% of the photons from the QD, which can be improved by an order
of magnitude with microdisk or micropost cavity [102].

13.3.6 Weak QD-Cavity Coupling

The QD exciton has a large oscillator strength; and modern GaAs-based crystal
growth, lithography and etching lead to high quality-factor, low mode volume
cavities; creating an ideal system to study cavity-quantum electrodynamics
(CQED) in a solid-state environment.

A significant body of successful and intriguing strong-coupling QD—
microcavity research exists, where the cavity and two-level system coherently
exchange energy. This is detailed in Section 13.2.2.1 of this chapter. The
weak-coupling regime of CQED is a significant component of QD-based
single-photon sources [95,107]. The enhanced spontaneous emission decay
rate increases the single-photon count rate and often improves the photon
indistinguishability. Light from the QD decay preferentially couples to the
discrete distribution of optical modes present in these cavities. The optical field
intensity of these modes is no longer uniform, and in many cases in these small
cavity structures the field intensity can be extremely large. These concepts are
also developed from an atom/ion perspective in Section 13.2.2.1 of this chapter.
Enhanced emission rates and collection efficiency result from orienting the
modes of the modified field to the excitonic dipole of the QD. The radiative
decay rate, γ is enhanced or suppressed from the isotropic rate, γ0 by the
spontaneous emission rate enhanced factor (the Purcell factor), f , defined as

f = γ

γ0
= 3Qλ3

c

4π2n3
e V
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)2
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∣∣2
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(
r
)
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)2

+ �.
(13.35)

Q is the cavity quality factor, λc is the wavelength of the cavity resonance, ne

is the effective index of refraction and V is the cavity mode volume. The three
bracketed terms are the spectral, spatial and polarization alignments of the QD
exciton with the cavity mode, where δλc andλe are the cavity linewidth and exci-
tonic emission wavelength; and E(r) is the electric field at the exciton and μ is
the electric dipole of the exciton. Here, we assume that the excitonic linewidth is
small compared toλc. � is the geometric coupling into loss modes. The radiation
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lost into these modes,γ0� is due to the geometry of these microcavities [95,108].
Emitted light incident on the microcavity edges at angles smaller than the critical
angle for total internal reflection will be lost, as well as light incident on the mir-
rors at an angle greater than the limit of the angular stopband [108]. γ0� has been
shown to be ≈0.3 for small microposts [95]. Besides the wavelength, position
and polarization detuning terms, this formulation of f differs from that in Sec-
tion 13.2.2.1 by the solid-state effective index ne of the cavity structure, and �.

The epitaxial growth process used to make strain-induced QDs is well suited
for the incorporation of optical microcavities. These microcavities are made by
varying combinations of epitaxial crystal growth and processing. For instance,
disk microcavities (Fig. 13.18) require a pedestal supporting a disk of typically
2.5–10 μm in diameter. The QDs are centered vertically in the plane of the
disk, and are distributed randomly in-plane throughout the disk. Only QDs
located near the disk in-plane perimeter couple efficiently to the whispering
gallery modes located there. For InAs-based QDs, these layers are made by
epitaxial growth and the disk is made by optical lithography. The pedestal
layer is usually a high AlAs alloy of AlGaAs so it can be selectively undercut
from the GaAs disk. Planar microcavities are also used. They are formed
from distributed Bragg reflector (DBR) mirrors separated by a cavity region
of Nλ/2n thickness, where N is an integer. Each DBR mirror is composed of
pairs of λ/4n-thick layers of contrasting refractive index material, so that when
many pairs are combined they form a mirror with large effective reflectivity.

FIGURE 13.18 Three different types of microcavities with InAs quantum dots. (Upper Left) Disk
microcavity where the cavity modes of interest are whispering gallery modes at the disk perimeter
(top view of the mode structure in the insert). (Lower Left) Photonic crystal cavity, where the cavity
is formed from three missing air holes (dark regions). Adapted from [109]. (Right) Post microcavity
formed from alternating AlAs/GaAs layers, lithography and dry etching. The cavity region is the
slightly wider, middle gray region. Reprinted by permission from Macmillan Publishers Ltd: [110].
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For example, GaAs and AlAs, or different alloys of AlxGa1−x As are often
used, where nGaAs = 3.5 and nAlAs = 2.9. The quality factors for GaAs
disk microcavities depend on the diameter, as well as processing. For 2.5 μm
diameter microdisks Q’s of 105 have been reported in transmission [111]. Often
the Q is measured through emission of the QD gain medium, and Q’s in the 104

range are reported [112,113]. Similarly, the single-mode quality factors of DBR
planar microcavities are also ≈105 [114]. The planar DBR microcavities have a
continuous distribution of modes that can be made into a discrete distribution by
providing in-plane optical confinement. This is conveniently accomplished by
etching posts from the planar DBR cavity, where the refractive index contrast
between the semiconductor and air provides the lateral optical confinement,
see Fig. 13.18. As discussed in Section 13.2.2.2, the fraction of photons created
from the exciton decay that coupled to a single optical mode can be described as

β = γ

γ0 + γ
= f

1 + f
. (13.36)

For no enhanced emission coupling β = 0.5, while if the emitter is completely
off-resonance with the mode, so that no coupling occurs, β = 0.3 Full three-
dimensional mode confinement is important, since within the bad cavity limit,
as f increases through larger Q and smaller V the single optical-mode coupling
increases, and hence light extraction increases. Besides the disk and post micro-
cavity, the photonic crystal cavity (PCC) is another three-dimensional micro-
cavity in common use (Fig. 13.18). The PCC has extremely small mode volume,
on the order of 1

2

(
λ/n

)3 [115], whereas for the post microcavity, V ≈ 2
(
λ/n

)3,

and for a disk microcavity, V ≈ 5
(
λ/n

)3. In these three types of microcav-
ities the spontaneous emission enhancement factors are in the range of 4–10
[95,101,115].

As the optical fields in these high f , three-dimensionally confined cavities
become increasingly localized, it is increasingly unlikely that a QD will be
spatially and spectrally aligned with the cavity mode. Thus, many cavity
structures need to be evaluated to find good exciton-cavity alignment. One
solution is to build the cavities around the QD and two approaches have been
used. Through detailed atomic-force microscopy (AFM) an isolated QD can
be found, and lithographic marking made to indicate its location. Then, the
cavity can be built around this located QD. This approach is useful when the
QD is close to the surface. Otherwise, if the QD is far below the surface, the
epitaxial growth front will planarize and QDs below cannot be imaged by AFM.
This AFM-based approach has been successfully used to align QDs with PCCs
[116]. A more recent approach spatially and spectrally images the QD at the near

3 Other definitions of β are in use. For instance, in [95,107], β ≈ 1 − γ0
γ . In this formulation,

when there is no decay-rate enhancement, then β = 0. For enhanced optical-mode coupling,
0 < β ≤ 1, and for suppressed mode coupling, β < 0.
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4K measurement temperature after the sample has been covered with optically
sensitive resist [99]. After finding exciton emission with good characteristics,
they expose the resist, and remove the sample to process post microcavities.
Once this lithography is completed, the sample is again cooled to measurement
temperature (≈4 K − 10 K ) to check the cavity-exciton spectral alignment. A
cycle of fine-tuned etching and measurement is repeated until spectral overlap
is achieved [99]. Various alternative approaches of patterning QDs in regular
arrays by processing the semiconductor sample before QD deposition are also
used [117–120], and occasionally this patterning has been incorporated into
fully confined microcavities [121].

13.3.7 Quantum-Dot Photon Indistinguishability

Photons emitted from quantum dots can be highly anti-bunched, and with the
aid of fully confined microcavities, they can be collected with high efficiency—
nearly 80%—and can be delivered with 106 repetition rate. Motivated by
both fundamental and applied perspectives, we now turn to the question of
indistinguishability of the QD photons. While in classical physics identical
entities can be distinguishable, in quantum mechanics identical states are
fundamentally indistinguishable (see, for example, [122]). Photons are bosonic,
and therefore, if a pair of photons are characterized by the same mode
of the electromagnetic field, or equivalently if the photons have identical
wavepackets, they will coalesce into a single multi-photon state if made to
interfere. With the notable exception of the BB84 quantum encryption scheme
[123], indistinguishable single photons are a resource critical to the success
of many quantum information processing applications [2,19]. The question of
indistinguishability is particularly interesting in QDs because of the rich solid-
state environment interacting with them.

When two classical fields interfere at a 50-50 beamsplitter, the visibility of
the interference seen in the second-order correlation cannot exceed 50% [124].
Since photons follow Bose-Einstein statistics, quantum mechanics says that
when identical single photons enter the two ports of a 50/50 beamsplitter, that
regardless of their histories, they bunch together, leaving from one of the two
output ports as a single two-photon state, rather than each of the two single
photons independently choosing an output port (see Chapter 2). As a result,
quantum mechanics predicts the probability of joint detection at the two ports
is zero, that is, the light is fully anti-bunched. Two-photon bunching was first
studied by Hong et al. [125]. It is a central concept in quantum optics and has
wide applicability, particularly in quantum information science.

In Fig. 13.19 two photons are incident on the two inputs of the beamsplit-
ter (A, B in the figure). Four outcomes are possible and are illustrated in the
figure. Of the four, two appear to produce identical results (t t and rr ); how-
ever, in each of these two cases the photons leaving each port have different
origins: The t t and rr cases are only identical when the two input photons
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FIGURE 13.19 When two photons are incident on a 50/50 beam splitter (A, B) assuming no
losses, there are four possible outcomes. If the two photons are indistinguishable then the (tt) and
(rr) cases cancel since transmission and reflection differ by a π/2 phase shift. The result is the
two-photon state, |�〉 = 1√

2

(|2,0〉 + |0,2〉).

are identical. Thus, coalescence probability hinges on the indistinguishabil-
ity of the photons involved. Since the transmission and reflection coefficients
differ by a π/2 phase shift, the t t and rr probabilities cancel for indistinguish-
able photons, the two single-photon states coalesce into a two-photon state,
|�〉 = 1√

2

(|2,0〉 + |0,2〉).
The original Hong et al. [125] experiment showed that when pairs of photons

produced by parametric-down conversion (PDC) interfere, the reduction in
output coincidence detection can be well below 50%, reaching zero for an ideal
source of indistinguishable photon pairs. It could be argued that the photons
in the PDC experiment have a common history, because they were emitted in
the same fluorescence process [126], which motivated efforts to demonstrate
indistinguishable photons from physically distinct processes and sources.
Indistinguishability measurements of photons from a QD exciton decay was
measured by Santori et al. [127]. Because of the enhancement of spontaneous
emission decay in the post microcavity, the photon indistinguishability is
improved as non-radiative dephasing processes are reduced. The pump laser
produces two QD photons from the same excitonic state in the same QD, but
separated in time by 2 ns (with a 76 MHz repetition rate). The photons enter
a Michelson interferometer with arms of unequal length, see Fig. 13.20a. The
difference in arm length is the same 2 ns time difference between the two QD
photons. With equal probability, photons can take the short or the long path.
There are four options, where photons do not temporally overlap, and one
option, represented by peak 3 in Fig. 13.20b where they do overlap. Classically,
the probabilities of outcomes represented by peaks 2 and 4 are the same, and
differ from peak 3 by a factor of two. However, in Fig. 13.20b the g(2)(t2 − t1)
at t2 − t1 = 0 for peak 3 has significantly lower integrated counts than the
nearby peaks, 2 and 4. This count suppression is due to the indistinguishability
of the two photons. Accounting for imperfections in the measurement system,
the two-photon overlap can be as large as 0.8 in [127]. The best results occur
with short spontaneous emission lifetimes (90 ps), indicating the importance of
the microcavity spontaneous emission enhancement.
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(a)

(b)

— — —

-

FIGURE 13.20 Two-photon interference from QD exciton photons. (a) Photons separated by
2 ns enter an interferometer, taking one of two paths of different lengths. They reflect at the
retroreflectors, again are incident on the beamsplitter, and are detected at photon counters, t1
and t2. (b) Five peaks are labeled corresponding to three types of coincidence events. Peak 3
corresponds to the first photon taking the long path and the second photon taking the short path,
thus simultaneously arriving at the beamsplitter before exiting the interferometer. The suppression
of peak 3 indicates a fraction of the single photons have coalesced into a two-photon state, exiting
the same port of the beamsplitter with probability greater than 50%. From [127].

The QD photon indistinguishability has also been measured for photons
from QD states in different samples. This is fundamentally intriguing because
these QD photons share less common history than in the previous single
QD experiment, although they still share a common nonresonant pump laser.
From an applications perspective, in a distributed quantum information system,
photons will likely be emitted from different sources and may even reply
on unrelated processes. This means that in many cases photons will require
significant manipulation to be made indistinguishable. Recently, Flagg et al.
observed the interference of photons emitted by two QDs, where each QD
is embedded in separate sample (see Fig. 13.21) [100]. This experiment was
subsequently done in the diamond NV center system (see Section 13.4).

Flagg et al. used different types of cavities for each QD sample. One sample
is a planar DBR microcavity with 15.5 lower (10 upper) DBR pairs of GaAs
and AlAs; the cavity mode is centered at λ = 920 nm. The other sample is an
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FIGURE 13.21 Schematic of a two-photon interference experiment using InAs QD photons from
two different samples [100]. Two cavities at 8 K are used to couple QD photons to the two-photon
interference set-up (Hong-Ou Mandel (HOM)-type). A λ

2 plate rotates the polarization of one input
arm to the HOM setup to make the photons completely distinguishable as a reference. Adapted
from [100].

open cavity comprising a lower DBR (35.5 pairs) and an upper external mirror
attached to an optical fiber described in [128]. The two types of cavities allow
the searching for similar QD states, and the tuning of these states to overlap
their emission frequencies. After finding a QD in the fiber-DBR cavity which
demonstrated significant anti-bunching and a narrow linewidth, denoted QD1 in
Fig. 13.21, the planar DBR microcavity is searched for a second QD, denoted
QD2 in Fig. 13.21, whose emission energy is within the ≈10 GHz tuning
range of QD1’s emission. The fiber cavity sample is glued to a piezoelectric
transducer (PZT) so that changing the voltage applied to the PZT strains the
sample and tunes the emission energy of the QD [129]. Using the PZT, they
align the frequencies of the photons emitted by QD1 and QD2.

Both samples are excited by a common mode-locked laser with a repetition
rate of 76 MHz (period ≈13 ns). The emission from the QDs is coupled through
optical fibers to gratings and polarizers, and interferes at the beamsplitter of the
g(2)(τ ) setup. The spectral and temporal overlaps for the excitonic photons are
shown in Fig. 13.22.

The voltage bias on the PZT of the fiber cavity allows for good overlap.
The photon fluxes for each QD are adjusted such that their emission intensities
are the same; thus the areas under both curves are equal. The coherence times
can be extracted from the linewidths; T (QD1)

2 = 580 ps and T (QD2)
2 = 390 ps.

The linewidths and lifetimes are not externally controlled. The lifetimes are
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FIGURE 13.22 (a) Spectral alignment of the photons from two QDs at 8 K using a voltage
on a piezoelectric transducer to strain-tune one of the QD states. (b) Temporal alignment of the
two-photon wavepackets. There is no external tuning in (b). Adapted from [100]

T (QD1)
1 = 610 ps and T (QD2)

1 = 950 ps. For both QDs, T2 < 2T1, i.e. the
coherence times are not lifetime-limited. Blocking the output from each of
the cavities one at a time, the g(2)(τ ) set-up can be used to measure the anti-
bunching properties of the individual photons. The g(2)(0) values for the two
QD-photons are below 0.1, indicating quite pure single-photon emission.

Despite differences between the QDs in coherence time and lifetime, their
photons still interfere. Figures 13.23a and b show the second-order correlation
of the light exiting the two output ports of the interferometer for orthogonal
and parallel polarizations, respectively. For parallel polarizations, the height
of the τ = 0 peak is lower than that for orthogonal polarizations (completely
distinguishable photons), indicating that photons from the two different QDs
have a non-zero coalescence probability. Figure 13.23c shows a close-up of the
center peak for both relative polarizations. While the total coincidence counts
in the τ = 0 peak is not influenced by the time response of the detectors, the
depth of the dip is reduced.

The central dip in Fig. 13.23c is caused by coalescence of the photons.
The probability of coalescence is given by Pc = A⊥−A‖

A⊥ , where A⊥,‖ is the

integrated number of counts in g(2)⊥,‖(τ ) during one repetition period around
τ = 0. From the data in Fig. 13.23 Pc = 18%. Residual counts in the τ = 0
peak remain because the QDs’ coherence time is not lifetime-limited [131].
Though the photons’ temporal extent is given by the QD lifetimes, T1, the time
over which they can interfere is given by the coherence times, T2. Thus, the
width of the peaks are determined by T1, and the width of the dip is determined
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FIGURE 13.23 (a) Correlation of the interference for orthogonal polarizations. (b) Correlation
of the interference for parallel polarizations. (c) Close-up of τ = 0 peak for orthogonal ( ) and
parallel ( ) polarizations. The dash curve in Fig. 13.23c is the result of a simulation based on [130]
and shows the shape expected if the detectors were infinitely fast and as expected the single-QD
g(2)(τ ) goes to zero at τ = 0. From [100]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this book.)

by T2. If the coherence times were lifetime-limited we would have T2 = 2T1
and the dip would be wide enough to nearly eliminate the τ = 0 peak. Some
residual counts would remain because the two-QD lifetimes are different.

One of the differences between the two-photon interference experiments
done by Santori et al. using photons from a single excitonic state and the exper-
iment done above on photons from two different states is likely the spontaneous
emission enhancement in the first example. Using the fully confined cavity, the
radiative lifetime is reduced to 90 ps in one case in the single QD experiment,
whereas in the two-QD experiment, fully confined cavities of low mode volume
are not used and there is negligible spontaneous emission enhancement.
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13.4 SINGLE DEFECTS IN DIAMOND - C. SANTORI

13.4.1 Introduction

Diamond contains hundreds of known optically active defects [132], a few
of which have been investigated for single-photon generation and for use as
spin-based quantum bits (qubits). Here, we begin by describing in detail the
optical and spin properties of the most thoroughly studied defect in diamond,
the nitrogen-vacancy (NV) center. While the NV center can be used simply as
a single-photon source, it is the possibility of obtaining a single-photon source
coupled to a long-lived matter qubit that makes this system exceptional, and of
great interest for potential quantum networking and computation applications.
We also discuss briefly some other known defects, which can act as brighter
single-photon sources, but may not be as useful as spin qubits. We then
describe current progress on coupling defects to optical structures such as solid-
immersion lenses and microcavities, and finally we describe recent work on
using single-photon emission, interference and measurement to entangle the
spins of spatially separated spins, a potential route toward scalable quantum
computing.

13.4.2 The Nitrogen-Vacancy Center

The nitrogen-vacancy center has, by now, been studied in great detail. This must
be in part because the NV center is quite common and easily seen in many types
of diamond. But more importantly, the NV center is exceptional in providing
an electron spin with long-lived coherence that can be individually addressed
at room temperature. These properties have enabled a number of pioneering
experiments, including experiments on single-photon generation and quantum
key distribution [42,43,133], optically detected magnetic resonance of single
electronic and nuclear spins [134–140], magnetometry using single spins as
probes [141,142], and most recently, remote entanglement of solid-state qubits
[143]. In this section, we review the basic properties of the NV center, the first
experiments on single-photon generation using this defect, and its capabilities
as a spin qubit. Recent experiments involving quantum communication between
NV centers are discussed later, in Section 13.4.5.

13.4.2.1 Structure and Formation
While the spectral signature of the NV center has long been known, the structure
of the corresponding defect was established in the 1960s and 1970s through
irradiation and annealing experiments combined with optical spectroscopy
[144]. As shown in Fig. 13.24a, the NV center consists of a substitutional
nitrogen atom next to a missing carbon atom (vacancy) in the diamond lattice.
The axis connecting the nitrogen atom to the adjacent vacancy can lie along any
of the four (1 1 1) crystallographic directions of the diamond lattice. Since either
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FIGURE 13.24 Structure of the nitrogen-vacancy center in diamond, as seen from (a) a low-
symmetry direction, (b) along [1 0 0], (c) along [1 1 0], and (d) along [1 1 1]. The yellow spheres, blue
spheres, and dashed circles represent carbon atoms, nitrogen atoms, and vacancies, respectively.

the nitrogen or vacancy can rest at a particular site, a total of eight configurations
are allowed. The NV center has trigonal symmetry (point group C3v) with a
threefold rotational symmetry about the N-V axis. As discussed below, the NV
center has two optical transitions with dipole moments orthogonal to the N-V
axis. As a result, the polarization of light emitted by an NV center depends both
on the orientation of the N-V axis, and on the direction of the light emission,
and hence on the crystal orientation of the polished surface. Figure 13.24b–d
illustrates this geometry for diamond samples polished along (1 0 0), (1 1 0), and
(1 1 1). For a (1 0 0) surface, the magnitude of the angle between the N-V axis
and the surface normal is the same for all orientations, but when collecting light
normal to this surface, one will observe preferential polarization along either
of two possible directions. For a (1 1 0) surface there are two orientations with
the N-V axis parallel to the surface, providing poor optical access, while the
other orientations, which are predominantly out-of-plane, have a more favorable
collection geometry. For a (1 1 1) surface, there are three N-V orientations with
poor optical access, but the fourth orientation has the N-V axis exactly normal
to the surface, so that both dipole transitions can be optimally excited, and the
emission most efficiently collected.
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FIGURE 13.25 Confocal microscopy images of NV centers. In (a, b), the dependence of the
emission intensity on laser polarization has been encoded into color. (a) NV centers in natural
diamond, imaged through a (1 1 1) surface. The four orientations are clearly distinguished through
their polarization dependence. Scan size: 12 μm. See Alegre et al., Ref. [145]. (b) NV centers in
synthetic diamond grown on a (1 1 0) surface, showing preferential out-of-plane orientation. Scan
size: 77 μm. See Edmonds et al., Ref. [146]. (c) NV centers made by nitrogen ion implantation
through lithographically defined nano-apertures. Image courtesy of David Toyli. See also Ref. [154].

NV centers can be created in several ways. For diamond of a given purity, NV
centers created during diamond growth appear to have the best low-temperature
optical linewidths and spin coherence properties. Figure 13.25a shows an optical
confocal microscopy image of single NV centers in a natural diamond sample.
Since the surface of this sample is polished along (1 1 1), the four orientations
of NV centers can be uniquely determined through the excitation polarization
dependence alone [145]. It has recently been found [146] that in synthetic
diamond grown by chemical vapor deposition (CVD) on a (1 1 0) surface, NV
centers can be grown preferentially in the two out-of-plane orientations, [1 1̄ 1̄]
and [1̄ 1 1̄], as shown in Fig. 13.25b. As mentioned above, if the NV center is
excited non-resonantly, or at room temperature, the resulting mixture of light
emitted from the two dipole transitions can be collected more efficiently for
this geometry than for NV centers below a (1 0 0)-polished surface. It has also
been shown that NV centers with good properties can be obtained in thin films
grown by CVD [147–149].

To obtain a higher density of NV centers, or to obtain a useful density in ultra-
pure diamond with nitrogen concentrations in the part-per-billion range, various
implantation and irradiation techniques have been developed. For example,
nitrogen ions may be implanted with depths ranging from a few nanometers to
a few microns, depending on the chosen accelerating voltage. The sample is
then annealed in an oxygen-free environment at temperatures ranging typically
from 600 to 1000 ◦C, where vacancies become mobile and can combine with
nitrogen impurities to form NV centers [150–152]. The efficiency of converting
an implanted nitrogen atom into an NV center is typically only in the ≈5%
range, but may be increased using co-implantation with carbon to increase the
number of vacancies [153]. The ion implantation may be performed through
a lithographically defined mask [154], as shown in Fig. 13.25c, or through a
scanned aperture [155,156], to control the positions where NV centers will
form to within a few tens of nanometers. The optical and spin properties of
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NV centers formed by nitrogen ion implantation and annealing are typically
degraded, compared with as-grown NV centers in the same material. This is
thought to result from interactions between the NV center and other defects in
its vicinity resulting from implantation damage. Additional high-temperature
annealing steps have been developed to recover better properties [157].

One can also convert existing nitrogen into NV centers using MeV electron
irradiation to create vacancies, followed by annealing [144,158,159]. While this
method, by itself, does not provide control over the position of the NV centers
(the electrons can travel for millimeters through the crystal at the energies
required to create vacancies), NV centers created by this method can have
properties as good as those of NV centers created during crystal growth [160].
Implantation with other particles such as protons, neutrons, helium ions, and
gallium ions may also be used [161–164].

None of the methods demonstrated to date can deterministically create a
single NV center at a precise location and with a controlled orientation. Even
deterministic ion implantation [165,166] would not be sufficient, since the
conversion efficiency from an implanted ion to an NV center is low using
existing techniques.

13.4.2.2 Optical Transitions and Level Structure
Our current understanding of the NV center is the result of a number of
experiments performed over the last few decades that have revealed the detailed
level structure. The electron-spin resonance (ESR) signal from spin-triplet states
was first reported by Loubser and van Wyk [167]; they also proposed the six-
electron model for the negatively charged NV center that is still considered
correct. Later, optically detected magnetic resonance (ODMR) [168] and
spectral hole-burning [169] experiments established that the spin-triplet states
are the ground states of NV−, and revealed some information about the excited-
state structure.

The basic level structure of NV− is shown in Fig. 13.26. The ground states,
denoted 3A2, are formed from a single orbital state with three electron-spin
sublevels. Due to a spin-spin interaction, the ms = ±1 spin sublevels are
approximately 2.88 GHz higher in energy than the lowest-energy ms = 0 spin
sublevel. These ground states are connected by optical transitions to a set of six
excited states, denoted 3Ex and 3Ey , formed from two orbital states and three
spin sublevels. The dipole moments of these optical transitions are orthogonal to
the N-V axis (defined here to be the z-axis) and to each other. The spontaneous
emission lifetime of these excited states is approximately 12 ns. In addition,
the black arrows between the 3Ex and 3Ey orbital states represent phonon-
assisted population relaxation between them, which becomes faster than the
spontaneous decay to the ground states at temperatures above ≈20 K [170].
The excited states may also decay through a set of spin-singlet states, denoted
1A1 and 1E. This decay path affects primarily the ms = ±1 spin sublevels of
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FIGURE 13.26 Schematic energy level diagram of the negatively charged NV center, showing

the ground-state spin triplet levels (3A2), the optically excited triplet levels (3Ex and 3Ey ), and spin
singlet levels (1A1 and 1E), along with the πx - and πy -polarized optical transitions and additional
decay channels.

the excited states [171], and is important for spin polarization and readout of the
NV center, as discussed below. This decay path includes a recently discovered
optical transition at 1042 nm [172,173]. The lowest-energy singlet state has a
relatively long lifetime of ≈200–400 ns, depending on temperature [173,174].
Thus, while the radiative efficiency from the ms = 0 excited states has been
estimated to be>0.7 [175], the presence of this fairly long-lived shelving state
decreases the overall efficiency of the NV center as a single-photon source.

Figure 13.27 shows typical photoluminescence (PL) spectra from NV
centers under various conditions. The spectrum in Fig. 13.27a was obtained
from a dense ensemble of NV centers under non-resonant excitation (532 nm)
at liquid-helium temperature. The main features that can be seen are the zero-
phonon lines (ZPL) from NV− and NV0 at 637 nm and 575 nm, respectively,
and the associated phonon sidebands (PSB). The dominant emission here
is from NV−, as is often seen in samples with a high concentration of
nitrogen impurities. The phonon sideband features arise because of a strong,
linear electron-phonon coupling term. Within the Franck-Condon picture, the
electronic ground and excited states of the NV center each include a set of
vibronic sublevels, corresponding to different motional states of the nuclei near
the NV center. If the NV center begins in its electronic excited state and vibronic
ground state, and transitions to its electronic ground state and vibronic ground
state by emitting a photon (the zero-phonon process), the frequency of the
emitted photon is well-defined. On the other hand, if the NV center transitions
to an excited vibronic state, one or more phonons are created, and since these
phonons have a continuum of energies, the emitted photon has a large spectral
bandwidth. The Debye-Waller factor, which measures the fraction of the total
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FIGURE 13.27 Typical optical spectra of NV centers: (a) Low-temperature photoluminescence
spectrum from a dense ensemble under 532 nm excitation, showing predominantly NV− emission.
Only a few percent of the total emission occurs through the narrow zero-phonon line (ZPL)
at 637 nm, with the remainder occurring through broad phonon sidebands (PSB) at longer
wavelengths. (b) Low-temperature photoluminescence spectrum of a single NV center under
532 nm excitation, showing both NV− and NV0 emission, along with the familiar diamond Raman
features of the surrounding crystal. (c) Low-temperature (6 K) photoluminescence excitation
spectrum of a single NV center in high-purity diamond containing ≈1 ppb nitrogen, showing
a nearly lifetime-broadened single-scan linewidth, with spectral diffusion of ≈100 MHz between
scans. In this measurement, an intense 532 nm repump pulse was applied after each scan. Greyness
from light to dark represents increased photon emission intensity. (d) Typical room-temperature
spectrum from a single NV center, showing a broadened zero-phonon line.

photon emission occurring through the zero-phonon line, is determined by
the lattice wavefunction overlap between the ground and excited states, which
depends on the strength of the electron-phonon coupling. For NV−, the Debye-
Waller factor is only about 3%, a serious drawback for quantum communication
applications requiring spectrally indistinguishable photons.

Figure 13.27b shows a typical PL spectrum obtained from a single NV center
under intense (≈1 mW excitation at 532 nm). Even for single NV centers, one
typically sees both NV0 and NV− emission under such excitation conditions,
which cause the charge state to fluctuate rapidly in time. The photo-ionization
process driving this charge fluctuation process has recently been studied in
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detail [176,177]. The ratio between the NV− and NV0 ZPL intensities shown
here is typical for high-purity diamond with nitrogen concentration in the part-
per-billion range.

The most commonly used technique for measuring the low-temperature
linewidth of the zero-phonon transitions is photoluminescence excitation (PLE)
spectroscopy. In this technique, a laser is scanned across the zero-phonon
lines near 637 nm while the photoluminescence intensity through the phonon
sidebands is measured. Figure 13.27c shows such a measurement performed on
a single NV center in high-purity diamond. In this measurement, each laser scan
lasted 10s, and was followed by an intense repump pulse at 532 nm to reset the
charge state. This is necessary to reverse photoionization that occurs eventually
under resonant excitation. However, the repump pulse is also the main cause of
the spectral jumps of the ZPL frequency that are seen to occur from scan to scan.
The single-scan linewidth in this sample is below 20 MHz, close to the Fourier
transform limit of 13 MHz [178]. In a simple PLE measurement, one usually
sees only a single line, corresponding to excitation from the ms = 0 ground
state to the ms = 0 spin sublevel of the upper orbital branch in the excited states.
The other transitions are normally hidden due to optical pumping effects, but
can be revealed by using either optical modulation [179,180] or microwave
excitation [180,181] to reverse optical pumping.

At room temperature, the zero-phonon line becomes much broader, as shown
in Fig. 13.27d. The phonon sidebands remain qualitatively similar, the most
noticeable change being the appearance of anti-Stokes emission on the blue side
of the ZPL in emission. Also, at room temperature, phonon-assisted population
relaxation between the excited orbital states occurs so rapidly that these states
are effectively “averaged” together, as far as the spin properties are concerned
[182–184]. For single-photon generation, another consequence is that photons
are emitted with random polarization, πx or πy , regardless of the excitation
polarization.

The excited-state structure at low temperature has been studied in detail,
experimentally [144,169,186,187,178,180,171,181,188,189], theoretically
[190–194], and computationally [195,196]. Under perfect C3v symmetry, the
excited-state energy levels are determined by a combination spin-orbit and spin-
spin interactions. These levels, denoted E1,2 (twofold degenerate), Ex,y (twofold
degenerate), A1, and A2, are shown in Fig. 13.28a. However, the random
electric fields or strains present even in the best-quality diamond material are
typically sufficient to split the energies of the orbital states by ≈10 GHz, an
amount that is at least comparable to the strength of the spin-orbit and spin-spin
interactions. Thus, NV centers with nearly perfect C3v symmetry are usually
found only by extensive searching [181,188] or by applying external fields
[178,160,185] to cancel the built-in fields. Figure 13.28b shows an example of
using an externally applied electric field to change the orbital splitting. Here,
the orbital splitting is seen in emission spectroscopy, using a high-resolution
grating-based spectrometer and non-resonant excitation at 532 nm. Under such
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FIGURE 13.28 (a) Theoretical excited-state level structure as a function of electric field, in this
case applied normal to the N-V axis and perpendicular to a reflection plane. (b) High-resolution
photoluminescence spectra from a single NV center, plotted as a function of voltage applied
across microfabricated electrodes on a diamond surface. An orbital splitting of up to 300 GHz
is observed. A satellite peak appears in the lower orbital branch at intermediate electric field
strengths, corresponding to non-spin-conserving optical transitions. From Acosta et al., Ref. [185].
Copyright 2012 by The American Physical Society.

excitation conditions, the spin of the NV center is polarized predominantly into
the ms = 0 state. However, for a range of orbital splittings, non-spin-conserving
transitions occur in the lower orbital branch, allowing a satellite emission line
to appear, corresponding to a transition to the ms = ±1 ground states.

By varying the electric and magnetic fields applied to an NV center, a rich
variety of energy level structures can be obtained, which can simultaneously
include spin-conserving (cycling) transitions and non-spin-conserving transi-
tion. It has been shown that the cycling transitions can be used for single-shot
readout of the electron spin [189]. The non-spin-conserving transitions can be
used for spin initialization [189], to generate spin-photon entanglement [188],
for coherent spin manipulation [297], and for electromagnetically induced trans-
parency [298,187,299], with possible applications including quantum memo-
ries [200] and magnetometry [299].

13.4.2.3 Single-Photon Generation
The NV center was one of the first solid-state systems to show stable emission
of single photons at room temperature. Initial demonstrations of photon anti-
bunching under cw excitation at 532 nm [42] (Fig. 13.29a) or 514 nm [43]
were followed by the demonstration of a triggered single-photon source using
pulsed laser excitation [133] (Fig. 13.29b). In these room-temperature demon-
strations, most of the spectral bandwidth, including the phonon sidebands, was
collected in order to obtain a high enough total count rate of ≈20,000 s−1 for
pulsed operation. Thus, the bandwidth of the single photons was ≈100 nm
or more. Nevertheless, a proof-of-principle demonstration of BB84 quantum
cryptography was performed successfully using this source [201].
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FIGURE 13.29 (a) Early photon antibunching demonstration using an NV center in bulk diamond,
excited by a continuous-wave laser, from C. Kurtsiefer et al., Ref. [42]. Copyright 2000 by The
American Physical Society. (b) Pulsed single-photon generation from an NV center in a diamond
nanocrystal, from Beveratos et al., Ref. [133]. With kind permission of The European Physical
Journal (EPJ)

As discussed below, nonresonant optical structures have been used to increase
the count rate at room temperature by approximately a factor of ten. Diamond
nanocrystals also allow for higher collection efficiency since they avoid the
problem of total internal reflection at the diamond-air interface. Electrically
driven single-photon generation from an NV center in a diamond diode struc-
ture has even been demonstrated [260]. The highest reported single-photon
count rates from NV centers are now approaching 106 s−1 [189,202]. Resonant
structures can also be used to increase the fraction of light emitted through
the narrow zero-phonon line at low temperature to >75% of the total emission
[203]. Nevertheless, the NV center appears to have a low overall efficiency, most
likely a result of singlet-triplet and charge-state dynamics. Therefore, if one is
interested only in generating single photons for applications such as quantum
cryptography or linear-optics quantum computation [2], other defects, such
as those discussed below, may provide a more ideal two-level structure with
correspondingly higher efficiency. The main motivation now for single-photon
generation with NV centers is for quantum communication with the long-lived
spin states associated with this defect.

13.4.2.4 Spin Properties
Since the first optically detected magnetic resonance (ODMR) experiments
were performed on single NV centers [134], it has been realized that the NV
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FIGURE 13.30 Optically detected magnetic resonance (ODMR) experiments: (a) Free-induction
decay signals from single NV centers in bulk diamond with natural isotopic abundance (top curve),
and in isotopically purified diamond (bottom curve). The complicated pattern results from hyperfine
coupling between the electronic spin and the nitrogen nuclear spin of the NV center. From G.
Balasubramanian et al., Ref. [204]. Reprinted by permission from Macmillan Publishers Ltd:
Nature Materials, Copyright 2009. (G. Balasubramanian et al., Nat. Mater. 8, 383–387 (2009).) (b)
ODMR spectrum showing hyperfine coupling to a nearest-neighbor 13C nucleus. From Popa et al.,
Ref. [205]. Copyright 2004 by The American Physical Society.

center offered a special combination of long-lived spin coherence and individual
addressability. The NV center is particularly well suited for ODMR at room
temperature because, as noted above, non-resonant optical excitation results
in a high degree of spin polarization into the ms = 0 ground state, ≈0.8
[174]. Furthermore, because of the long shelving time in the singlet states, the
photoluminescence intensity will initially be higher if the NV center begins in
the ms = 0 state, so the PL signal can be used for spin-state readout. Recently,
it has been shown that higher initialization fidelities, as well as single-shot
readout, can be obtained using resonant excitation at low temperature [189].

Because carbon and silicon consist primarily of isotopes with zero nuclear
spin (12C has 98.9% natural abundance and 28Si has 92.2% natural abundance),
paramagnetic impurities and defects in these materials can potentially have
long-lived electron-spin coherence, provided that the concentration of other
paramagnetic impurities is sufficiently low. Figure 13.30a, from Ref. [204],
shows two examples of free-induction decay signals obtained from NV centers
in high-purity diamond, either with natural isotopic abundance, or isotopically
enriched. In such an experiment, the spins are first polarized into the ms = 0
state using a laser pulse, typically of ≈1 μs duration. A microwave π/2 pulse
is then applied to create a superposition between the ms = 0 and ms = 1
states. After a variable delay, a second microwave π/2 pulse is applied, which
rotates the state to a new superposition of ms = 0 and ms = 1, with probability
amplitudes varying sinusoidally with the delay. A final laser pulse is used to
read out the resulting ms = 0 population.

Currently, the best achievable free-induction decay lifetimes measured for
single NV centers in isotopically purified materials are T ∗

2 ≈ 50 − 100 μs
[147]. Using a Hahn echo pulse sequence, in which an additional microwave
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π -pulse is applied in between the two π/2-pulses to cancel magnetic noise that
fluctuates on very long timescales, the coherence lifetime can be extended into
the millisecond range [204]. Using dynamical decoupling sequences consisting
of many microwave pulses, spin coherence lifetimes as long as 0.5 s have been
reported [206].

One of the most spectacular achievements using NV centers has been the
demonstration of controlled coupling between the electronic spin and one or
more nuclear spins. This was first demonstrated using an NV center for which
one of the nearest-neighbor carbon atoms is 13C, which has nuclear spin of 1/2
and a 130 MHz hyperfine coupling with the electronic spin of the NV center.
As shown in Fig. 13.30b, from Ref. [205], this hyperfine interaction is easily
resolved in an ODMR spectrum, and thus it was possible to implement two-
qubit gates between the electronic and nuclear spins [135]. More recently, it
has been shown that the spin of the NV center can be controllably coupled to
more distant 13C nuclear spins [136,137], or to the nuclear spin of the nitrogen
atom of the NV center [138–140]. Thus, the NV center can serve as a quantum
“register” in which the electronic spin is used to control or detect several longer-
lived nuclear spins. Recently, it has been shown that repeated probing of the
electronic spin of an NV center at room temperature can allow single-shot
readout of the nitrogen nuclear spin [207]. By combining these capabilities
with single-photon generation, it is hoped that quantum repeater systems [208]
and methods for scalable computation [209] may be developed.

13.4.3 Other Defects

While the nitrogen-vacancy center is quite interesting as a single-photon source
coupled to a long-lived matter qubit, its slow radiative decay, small Debye-
Waller factor, and apparently low overall efficiency due to shelving dynamics
make it less than ideal if one is interested purely in single-photon generation.

A number of other defects in diamond have recently been investigated which,
in some cases, have superior properties for single-photon generation. Much of
this work has been summarized in two recent review articles [210,211], but
here we briefly summarize some recent developments:

● Silicon-vacancy centers: these have an emission line at 738 nm, and are
believed to consist of a silicon atom positioned between two vacancies. The
first experiment reporting single-photon emission from this defect used a
diamond crystal that was implanted with silicon ions and annealed [212].
This experiment reported a short photoluminescence lifetime of 1.2 ns, but
very low count rates of ≈103 s−1. However, count rates up to 4.8 × 106 s−1

were recently reported for silicon-vacancy centers in nanodiamonds grown
on an iridium substrate [213]. This is apparently the highest single-photon
count rate measured to date for any defect in diamond. The Debye-Waller
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factor was ≈0.8, the room-temperature linewidth was 0.7 nm, and the low-
temperature linewidth was 0.17 nm.

● Suspected chromium-related defects: defects with emission lines in the
748−760 nm range have recently been discovered in diamond nanocrystals
grown on sapphire [214], and in single-crystal diamond implanted with
chromium and oxygen ions [215]. Single-photon count rates up to 3.2 ×
106 s−1 were reported [214], with an 11 nm optical linewidth and a 3.7 ns
excited-state lifetime.

● Nickel-related or other defects emitting in the near-infrared: Single-photon
emission at 802 nm, with a count rate up to 7.5×104 s−1, was reported from
a defect identified as the NE8 center [216], thought to consist of a nickel
atom next to four nitrogen atoms. Pulsed operation has also been achieved
[217]. More recently, an unknown defect was found to emit at 734 nm, with
a single-photon count rate as high as 1.6 × 106 s−1 [218].

● TR12 color center: This defect, thought to consist of an interstitial carbon
atom within the diamond lattice, was recently used for single-photon
generation at 470 nm wavelength [219]. The defects were produced through
high-energy ion implantation of a diamond crystal.

While the study of these numerous defects in diamond continues, several
impurities and defects in materials other than diamond have recently shown
promise as single-photon emitters, including defects in silicon carbide [220]
and zinc oxide [221], and rare-earth ions in crystals (Pr3+:YAG) [222].

13.4.4 Optical Structures in Diamond

Diamond has a fairly high refractive index of n ≈ 2.4, and for a dipole emitter
placed below a planar diamond-air interface, one theoretically expects only
≈4.4% of the emitted light to escape into air when Fresnel losses are included. If
immersion oil with n = 1.5 is used, the theoretical escape fraction can increase
to ≈12%. Of course, the efficiencies are further reduced for actual microscope
objectives with limited collection angles. Furthermore, for defects such as the
NV center, only a small fraction of the total emission occurs through the zero-
phonon line, which is the only part of the emission that can have a linewidth
approaching the Fourier transform limit at low temperature, as needed for
quantum communications schemes based on optical interference. Thus, there is
a strong motivation to place defects such as the NV center into optical structures,
both to increase the photon collection efficiency, and to increase the strength of
the zero-phonon emission.

Making optical structures in diamond has been difficult because, unlike
in III–V semiconductors, it is difficult to grow single-crystal diamond on
other materials, and unlike in silicon, one cannot readily obtain a highly
uniform, thin layer of diamond bonded to another transparent material with
lower refractive index. Nevertheless, several types of optical structures in
diamond have been successfully implemented, and some examples are shown in
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Fig. 13.31. The first demonstration of spontaneous emission rate enhancement
was achieved by coupling NV centers contained inside diamond nanoparticles
to gold nanoparticles [225], shown in Fig. 13.31a. In this work, the spontaneous
emission rate was increased by a factor up to 9. Other structures that can
increase the collection efficiency by a factor of ≈10 without using narrowband
resonances include diamond nanopillars [226] made by reactive-ion etching
(Fig. 13.31b), and solid-immersion lenses [223,189] made using a focused
ion beam (Fig. 13.31c). The solid-immersion lenses have been particularly
successful. They do not require tuning, they can be accurately positioned relative
to a pre-selected NV center [227,189], and perhaps most importantly, the NV
center can be many microns away from any etched surfaces, and thus can have
a high degree of spectral stability.

Figure 13.31d–f show examples of all-dielectric (in these cases diamond)
microcavity structures that can support modes with high quality factors and
small mode volumes; and thus, can be used to selectively enhance the zero-
phonon emission. Figure 13.31d shows a microring cavity [228] coupled to a
waveguide [224] for efficient light extraction. In such a device, the zero-phonon
emission collected from one of the grating couplers was approximately 25 times
as bright as a typical zero-phonon signal from an NV center in the unpatterned
membrane. This geometry is especially appealing for the long-term goal of
building integrating photonic networks [229]. Figure 13.31e shows a two-
dimensional photonic crystal cavity [203]. In a similar device, a spontaneous
emission enhancement factor as high as 70 was estimated when the cavity was
tuned into resonance with an NV center. The fraction of emission occurring
through the zero-phonon was estimated to be 75%, compared with ≈3% for
bulk diamond. Figure 13.31e shows a nanobeam photonic crystal cavity made
using a newly developed angle-etching technique [230]. This approach seems
promising for reducing strain and simplifying the fabrication process.

The examples discussed above represent only a small subset of the
approaches that have been tried. Other approaches include photonic crystal
cavities made from single-crystal diamond grown on a silicon/Ir/YSZ substrate
used to enhance emission from SiV centers [231], structures made using
various combinations of focused-ion-beam and reactive-ion etching [232–234],
structures made from polycrystalline diamond [235,236], gallium-phosphide
structures coupled evanescently to bulk diamond [237–239], and diamond
pillars coupled to silica microspheres [240], and diamond nanoparticles
coupled to silica microspheres [241–243], silica microdisks [244], and gallium
phosphide cavities [245–247].

Despite the significant progress that has been made in coupling single defects
to cavities with small mode volumes, spectral diffusion of the optical transitions
continues to be an obstacle for the use of these structures in quantum networking
applications. In interference-based schemes, the visibility scales as γrad/γtot,
where γrad is the natural linewidth, and γtot is the total linewidth including
spectral diffusion. In some cases, the increased spectral diffusion linewidth
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FIGURE 13.31 Optical structures used to enhance NV emission: (a) Gold nanoparticles next to
diamond nanoparticles. Reprinted with permission from S. Schietinger, M. Barth, T. Aichele, and
O. Benson, Nano Lett. 9, 1694–1698 (2009) [225]. Copyright 2009 American Chemical Society. (b)
Diamond nano-pillars. Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotech.
T.M. Babinec, B.J.M. Hausmann, M. Khan, Y. Zhang, J.R. Maze, P.R. Hemmer, and M. Loncar,
Nat. Nanotechnol. 5, 195–199 (2010) [226], Copyright 2010. (c) Diamond solid-immersion lenses.
Courtesy of Sebastian Knauer, J.P. Hadden and Antony C. Stanley-Clarke; see also Ref. [223]. (d)
A diamond micro-ring resonator coupled to a waveguide with grating couplers, from Faraon et al.,
Ref. [224]. (e) A 2D photonic crystal cavity in diamond, from Faraon et al., Ref. [203]. Copyright
2012 by The American Physical Society. (f) A nanobeam photonic crystal cavity made by angled
reactive-ion etching of diamond. Reprinted with permission from M.J. Burek, N.P. de Leon, B.J.
Shields, B.J. Hausmann, Y. Chu, Q. Quan, A.S. Zibrov, H. Park, M.D. Lukin, and M. Loncar, Nano
Lett. 12, 6084–6089 (2012) [230]. Copyright 2012 American Chemical Society.

caused by proximity to an etched surface can completely offset any gain in
collection efficiency. Realizing the full potential of these types of structures
will require a combination of materials processing improvements, improved
repump methods [176,177] and dynamic compensation [185]. Alternatively,
there remains much room to explore structures with larger mode volumes, in
which the dipole emitter can be farther from any surfaces.
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13.4.5 Quantum Communication

While single NV centers have shown great promise as optically addressable spin
qubits, a major challenge in this system (as well as other solid-state defects)
is how to connect many qubits together to form scalable networks. Using a
photonic network for this purpose could, in principle, allow for nanosecond
gate times and micron-scale devices.

At present, numerous schemes have been proposed for quantum-optical
networks, including deterministic [19] and nondeterministic (measurement-
based) [249,208,250,209] approaches involving single photons. Recent
developments suggest that measurement-based approaches may be applied
successfully to solid-state defects such as the NV center, if certain technical
challenges can be overcome. In Ref. [188], it was shown that if an NV center
with nearly ideal C3v symmetry is prepared in its A2 excited state, the two decay
paths, to the ms = ±1 ground-state spin levels, emitted photons with orthogonal
circular polarization. As a result, the polarization of the emitted photon becomes
entangled with the final spin state of the NV center. Separately, as shown in Fig.
13.32, (reprinted from Ref. [248]), two-photon interference was demonstrated
for photons emitted by two separate NV centers. Since this can only be observed
using the zero-phonon portion of the emitted light, the recent development of
solid-immersion lenses in diamond was crucial in obtaining sufficient count
rates to perform this experiment. Most recently, two-photon interference from
resonantly excited NV centers was used to demonstrate measurement-based
entanglement formation between two distant NV centers [248]. The coincidence
count rates were such that hours of integration were required to perform this
experiment. Nevertheless, this is the first demonstration of its kind in any
solid-state quantum system operating at optical frequencies, and represents a
significant milestone in the field of solid-state quantum optics.

FIGURE 13.32 Demonstration of two-photon interference for light emitted by two different NV
centers at low temperature. The drop in coincidences near τ = 0 indicates an interference visibility
of 66 ± 10%. From Bernien et al., Ref. [248]. Copyright 2012 by The American Physical Society.
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Scaling such measurement-based schemes to more than two qubits, or
achieving technologically useful entanglement formation rates, will not be easy.
As discussed above, the use of resonant cavities to selectively enhance the zero-
phonon emission could allow for much higher efficiencies of indistinguishable
photon generation. However, resonant structures have their own difficulties:
their resonance frequency usually needs to be tuned (experiments so far have
used gas condensation inside of a cryostat for tuning), and the spectral stability
for NV centers close to an etched structure tends to be degraded. Spectral
broadening in turn requires more spectral or temporal filtering to achieve a
desired level of photon indistinguishability, and hence lower final count rates.
On the other hand, the use of integrated optical networks could allow for
stable path lengths (and hence phases) between components. Then, schemes
that require only single-photon detection [249,208], but that also require
interferometric stability, could be attempted.

13.4.6 Summary

As discussed above, diamond contains a number defects that can be used as
optically pumped single-photon sources. Typically, these can operate stably at
room temperature, though the spectral linewidth improves with cooling. Some
of these defects have yielded single-photon count rates exceeding 106 s−1. These
may be further improved with the continued development of optical structures
and resonators in diamond for enhancing the photon collection efficiency. The
NV center is of particular interest because it provides a long-lived spin qubit
that is optically addressable at the single-center level. In this system, single-
photon emission is a promising route toward quantum communication among
a network of spatially separated NV centers, an area of current active research.

13.5 FUTURE DIRECTIONS

We have discussed a variety of ways for producing single photons from simple
quantum systems. A large fraction of these photon-production methods lead to
on-demand emission of narrowband and indistinguishable photons into a well-
defined mode of the radiation field, with efficiencies that can be very close to
unity. Therefore these photons are ideal for all-optical quantum computation
schemes, as proposed by Knill, Laflamme, and Milburn [2]. These sources are
expected to play a significant role in the implementation of quantum networking
[19] and quantum communication schemes [251].

The atom- and ion-based sources have already shown to be capable of
entangling and mapping quantum states between atoms and photons [15,16].
Processes like entanglement swapping and teleportation between distant atoms
or ions, that have first been studied without the aid of cavities [5,252,6,253,254]
are beginning to profit enormously from the introduction of cavity-based
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techniques [24,17,18], as their success-probability scales with the square of
the efficiency of the photon generation process. The high efficiency of cavity-
based photon sources also opens new routes toward a highly scalable quantum
network, which is essential for providing cluster states in one-way quantum
computing [255] and for the quantum simulation of complex solid-state systems
[256].

The QD system has benefited from a well-established and well-controlled
fabrication process used in the semiconductor industry. This sources are highly
efficient, showing nearly 80% efficiency in the emission of single photon out
of the device [102], and like single atoms and ions, have excellent single-
photon purity. Without employing optical cavities, these sources currently
show less than adequate indistinguishability properties. However, based on
techniques developed for planar microcavity quantum well devices; for instance,
the vertical-cavity surface-emitting laser (VCSEL), the indistinguishability
properties become very good [45]. Two-photon-number states have been
produced from photons from separate QD states, as well as from a QD and PDC
states [100,105]. More recently, entanglement of a spin state (from a QD charged
exciton) and a photon has been demonstrated by three groups [257–259]. Like
the development of photon sources from NV centers in diamond, this system is
less mature than the single atoms and ions, yet progress is coming quickly, and
we expect that more advanced demonstrations are on the near horizon.

Finally, diamond hosts a number of defects that can serve as stable single-
photon emitters even at room temperature. The NV center in diamond is of
particular interest since it provides a long-lived, optically addressable electronic
spin coupled to a small number of nuclear spins that can serve as an excellent
solid-state memory. This capability, and its potential application to quantum
networks, motives the continued development and characterization of devices
for efficient single-photon emission in this system.
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Yamamoto, J.J. Vuc̆ković, “Controlling the Spontaneous Emission Rate of Single Quantum
Dots in a Two-Dimensional Photonic Crystal,” Phys. Rev. Lett. 95, 013904–013907 (2005).

[116] K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatüre, S. Gulde, S. Fält, E.L. Hu, A.
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