
Chapter 11
Interfacing Single Quantum Dot Spins with
Photons Using a Nanophotonic Cavity

Shuo Sun and Edo Waks

Abstract The spin of a single electron or hole trapped inside a quantum dot offers
a promising quantum memory. These qubits are embedded in a host semiconduc-
tor material that can be directly patterned to form compact integrated nanophotonic
devices. These devices efficiently interconnect single solid-state qubits with photons,
a crucial requirement for quantum networks, quantum repeaters, and photonic quan-
tum computation. This chapter reviews recent experimental progress towards achiev-
ing strong spin-photon interactions based on coupled quantum dot and nanophotonic
cavity system. Especially we introduce a recent work that reports a coherent spin-
photon quantum switch operating at the fundamental quantum limit, where a single
photon flips the orientation of a quantum dot spin and the spin flips the polarization of
the photon. These strong spin-photon interactions open up a promising direction for
solid-state implementations of high-speed quantum networks and on-chip quantum
photonic circuits using nanophotonic devices.

11.1 Introduction

Interactions between single spins and photons play a central role in the field of quan-
tum information processing. Spin is a pristine quantum memory while photons are
ideal carriers of quantum information. Efficient interfaces between these systems are
essential for development of future quantum networks [1, 2] and distributed quantum
computers [3]. They also enable critical functionalities such as entanglement distri-
bution [4, 5], non-destructive qubit measurements [6–8], and strong photon-photon
interactions for photonic quantum computation [9, 10].
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The spin of a singly charged quantum dot has attracted significant interests for
implementing a spin-photon interface. This trapped spin system provides a promis-
ing quantum memory with microsecond coherence time [11, 12] and picosecond
timescale single-qubit gates [12–17], enabling a large number of quantum opera-
tions prior to qubit decoherence. Furthermore, the spin ground states of the charged
quantum dot are optically coupled to excited trion states that exhibit nearly radia-
tively limited emission [18]. These properties have enabled post-selected spin-photon
entanglement [19–22], spin-photon teleportation [23], and spin-spin entanglement
[24], which are essential capabilities for quantum networks.

Quantum dots are also embedded in a high dielectric solid-state substrate that
can be directly patterned to form nanophotonic cavities that enhance light-matter
interactions [25–28]. These devices can be integrated on-a-chip to attain a compact
architecture for quantum circuits [29, 30]. Tremendous experimental progress has
beenmade in the last decade using a quantum dot strongly coupled to a nanophotonic
cavity, including cavity reflectivity control [31], ultrafast optical switch [32–34], sin-
gle photon level nonlinearities [35–37], non-classical light generation [38, 39], and
spin-exciton quantum logic operations [40]. The effort to integrate quantum dot spins
with cavities has also experienced rapid progress. Several works demonstrated deter-
ministic loading of a spin in a quantum dot coupled to a nanophotonic cavity [41–43],
and more recently coherent control of the loaded spin [44] and spin-dependent Kerr
rotation of photons [45, 46]. Very recently, a coherent quantum switch between a
quantum dot spin and a photon has also been demonstrated [47].

In this chapter, we review recent experimental progress towards achieving strong
spin-photon interactions based on coupled quantum dot and nanophotonic cavity
system. This chapter is organized as follows. Section11.2 provides a theoretical
background for interfacing single spins and photons based on a cavity quantum elec-
trodynamics (QED) system. Section11.3 reviews the experimental efforts to integrate
quantum dot spins with different nanophotonic cavities, including micropillar cav-
ities and photonic crystal cavities. In Sect. 11.4, we focus on a recent experimental
work that demonstrates a coherent spin-photon quantum switch, where through the
mediation of a strongly coupled photonic crystal cavity, a single photon flips the
orientation of a quantum dot spin and the spin flips the polarization of the photon.
Section11.5 concludes our discussion and provides outlook for future works.

11.2 Theoretical Background

In this section, we provide theoretical background on using a cavity QED system to
interconnect an optical active qubit with photons. We focus our analysis on a generic
system consisted of an optical active qubit coupled to an optical cavity, as shown in
Fig. 11.1a. We assume that the qubit system has a λ-type energy structure as shown
in Fig. 11.1b, with two ground states that form a stable spin qubit, denoted as |↑〉
and |↓〉, and one excited state |e〉 that gives rise to spin-dependent optical transitions
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Fig. 11.1 Theoretical model for a generic cavity QED system composed of an optical active qubit
coupled to an optical cavity. aA schematic cavity QED system. b Energy level structure of a generic
optical active qubit system

μ↑ and μ↓ respectively. The spin-dependent optical transitions provide a mechanism
to interconnect the spin qubit with photons. This energy structure exists in many
qubit systems that are optically addressable, such as cold atoms, trapped ions, color
centers, and charged quantum dots, and therefore represents a generic model.

In order to induce strong spin-photon interactions, we selectively couple the opti-
cal transition μ↑ to a cavity mode, while decouple the other transition μ↓ to the
cavity, either by a large detuning or by selection rules if transition μ↓ emits a photon
with a different polarization than the cavity mode. In this configuration the coupling
between the atom and the cavity depends on the spin state. The cavity thus exhibits
spin-dependent reflection or transmission coefficients, enabling control of a reflected
or transmitted photon by the spin qubit. In our model, we assume that the cavity field
only couples to its reflective mode without loss of generality. In this case the spin
only modulates the reflection coefficient of the cavity. Double-sided cavities would
work similarly with minor modifications.

11.2.1 Calculation of Spin-Dependent Cavity Reflection
Coefficients

We calculate the cavity reflection coefficients using cavity input-output formalism
[48]. We define â as the bosonic annihilation operator for the cavity field, and âin and
âout as the operators for the cavity coupled incidence and reflection modes. These
operators are related by the cavity input-output relation

âout = âin − √
κex â, (11.1)

where κex is the cavity energy decay rate to the reflection mode of the cavity.
In order to calculate the reflection coefficients, we need an expression for the

cavity field operator â. We assume that the incident photon is quasi-monochromatic
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with a frequency of ω. We express the Hamiltonian for the coupled atom and cavity
system in the rotating reference frame with respect to ω, given by

H = �(ωc − ω)â†â + �(ωx − ω)σ̂†
−σ̂− + ig�(âσ̂†

− − σ̂−), (11.2)

where σ̂− is the lowering operator for transition μ↑, ωc and ωx are the resonance
frequencies of the cavity mode and transition μ↑ respectively, and g is the coupling
strength between the cavity mode and transition μ↑. In the weak excitation limit, the
Heisenberg-Langevin equations are [49–51]

dâ
dt

= −[
i(ωc − ω) + κ

2

]
â − igσ̂− + √

κex âin (11.3)

dœ̂−
dt

= −[
i(ωx − ω) + γ

]
σ̂− − igâ, (11.4)

where κ is the total cavity energy delay rate given by κ = κex + κi , κi is the intrinsic
loss rate of the cavity due to material absorption and coupling to undesired leaky
modes, and γ is the dipole decay rate of for transition μ↑.

We calculate the cavity field operator by taking the steady solution of (11.3) and
(11.4). When the spin is in spin-down state, we have 〈σ̂−〉 = 0, therefore the steady
solution for â can be calculated from (11.3) and is given by

〈â〉 =
√

κex 〈âin〉
i(ωc − ω) + κ

2

. (11.5)

When the spin is in spin-up state, the expression for 〈â〉 is given by

〈â〉 =
√

κex
[
i(ωx − ω) + γ

]

[
i(ωc − ω) + κ

2

][
i(ωx − ω) + γ

] + g2
〈âin〉. (11.6)

We calculate the cavity reflection coefficients r↓ and r↑ for both the spin-down
and spin-up cases by combining (11.5) or (11.6) with (11.1). For the spin-down case,
we obtain 〈âout〉 = r↓〈âin〉, where r↓ is given by,

r↓ = 1 − ακ

i(ωc − ω) + κ
2

, (11.7)

where α is the interference contrast given by α = κex/κ. For the spin-up case, we
obtain 〈âout〉 = r↑〈âin〉, where r↑ is given by

r↑ = 1 − ακ
[
i(ωx − ω) + γ

]

[
i(ωc − ω) + κ

2

][
i(ωx − ω) + γ

] + g2
. (11.8)
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11.2.2 Resonance Case: A Spin-Photon Quantum Switch

We focus on the resonance condition where ω = ωc = ωx . In this case, the cavity
reflection coefficients simplify to

r↓ = 1 − 2α (11.9)

r↑ = 1 − 2α

1 + C
, (11.10)

where C is the cooperativity of the system given by C = 2g2/κγ.
When α > 0.5 and C > 2α − 1, r↑ and r↓ have opposite signs. Thus, the spin

state conditionally shifts the phase of a reflected photon by π, implementing a quan-
tum phase operation. An ideal phase switch would be attained in the limit of large
cooperativity (C � 1) and a perfect single-sided cavity (α = 1) where the reflection
coefficient becomes r↓ = −1 and r↑ = 1.

The quantum phase switch allows one qubit to conditionally switch the other qubit
between its two orthogonal eigenstates. We consider the case where the polarization
state of the photon encodes quantum information. We assume that the cavity mode
has awell defined polarization direction ŷ. Therefore only a y-polarized photon expe-
riences spin-dependent phase shift upon reflection, whereas an x-polarized incident
photon does not couple to the cavity and gets directly reflected without a phase shift.
If the cavity mode does not have a well-defined polarization (i.e. the cavity supports
polarization degenerate modes), we could use a simple polarization interferometry
setup as illustrated in Fig. 11.2 to implement the similar idea.

We express the state of a photon incident on the cavity in the basis states |x〉
and |y〉, which denote the polarization states oriented orthogonal and parallel to the
cavity mode respectively. For a right-circularly-polarized incident photon |x〉 + i |y〉,
the reflected state is given by |x〉 + ir↑(↓) |y〉 (before renormalization). In the limit of
large cooperativity and perfect single-sided cavity, the state of the reflected photon
remains right-circularly polarized if the atom is in the spin-up state, but becomes
left-circularly polarized for spin-down. Similarly, a single control photon can flip
the state of the spin. If the spin is prepared in the state |↑〉 + |↓〉, then after a

Fig. 11.2 Schematic
setup to implement a
spin-photon quantum switch
where the polarization states
of the photon encode
quantum information

Mirror

xx
y

( )r y 

PBS
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y-polarized photon reflects from the cavity the spin-state transforms to |↑〉 − |↓〉,
but an x-polarized photon does not flip the spin.

We note that when α > 0.5 but C < 2α − 1, r↑ and r↓ have the same sign. Thus
the quantum phase operation is not available for a resonant photon if the system
cooperativity is too low.

11.2.3 Detuned Case: Spin-Dependent Kerr Rotation

The general expression for r↓ and r↑ are given by (11.7) and (11.8) respectively.
We can rewrite r↓(↑) as r↓(↑) = |r↓(↑)|eiφ↓(↑) , where φ↓(↑) represents the phase of
the reflection coefficient r↓(↑). Since in general φ↓ �= φ↑, the spin can still apply
spin-dependent phase shift on the photon. The phase difference between the spin-up
and spin-down state φ is given by φ = φ↓ − φ↑, which is typically nonzero but not
necessarily π any more.

The nonzero value of φ can be utilized to realize spin-dependent Kerr rotation of a
photon, as demonstrated in [45, 46]. Assuming the polarization of the incident photon
is in the state |x〉 + i |y〉, the reflected state becomes |P↑(↓)〉 = |x〉 + i |r↑(↓)|eiφ↑(↓) |y〉
(before renormalization). Therefore, the polarizations of the reflected photon are
different for the spin-up and spin-down cases, as long as 〈P↑|P↓〉 �= 1, which is
equivalent to φ �= 0.

Similarly, a single detuned photon can also rotate the state of the spin. If the spin
is prepared in the state |↑〉 + |↓〉, then after a y-polarized photon reflects from the
cavity the spin-state transforms to |r↑| |↑〉 + |r↓|eiφ |↓〉 (after taking out an overall
phase factor). If |r↑| 	 |r↑|, this operation corresponds to the rotation of the spin
Bloch vector by an angle φ along the equator of the spin Bloch sphere.

For the detuned case, we do not require the cooperativity to be greater than
2α − 1 in order to induce spin-dependent phase shift. Indeed [45] demonstrated
spin-dependent Kerr rotation of a photon with a coopeartivity of C = 0.2. However,
there is still significant difference between the regimeC > 2α − 1 andC < 2α − 1.
Figure11.3 shows numerically calculated phase shift φ as a function of the detuning
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Fig. 11.3 Phase shift φ as a function of the detuning Δc and Δx . a C = 0.2. b C = 2
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Δc and Δx , where we define Δc = ω − ωc and Δx = ω − ωx . In both Fig. 11.3a, b,
we use the following parameters from a realistic quantum dot based cavity QED sys-
tem [47]:α = 0.8,κ/2π =36GHz, γ/2π =3GHz. Figure11.3a shows the casewhere
we set g/2π = 10.4GHz so that the cooperativity isC = 2 and satisfiesC > 2α − 1.
Figure11.3b shows the case where we set g/2π = 3.3GHz so that the cooperativity
is C = 0.2 and does not meet the condition C > 2α − 1. For the case of C = 2, we
are able to tune the phase shift φ to an arbitrary value between −π and π, by simply
controlling the detuning Δc and Δx . However, when the cooperativity is small, we
can only tune the phase shiftφ between−φmax andφmax , whereφmax < π is an upper
limit that is determined by the system cooperativity. As an example, in Fig. 11.3a we
have φmax = 0.1π.

11.3 Quantum Dot Spins in a Nanophotonic Cavity

Charged quantum dots exhibit spin-dependent optical transitions. As described in
Sect. 11.2, by selectively coupling the spin-dependent optical transitions of a charged
quantum dot to a cavity mode, one can induce strong interactions between the quan-
tum dot spin and a photon. In this section, we review the experimental efforts to inte-
grate quantum dot spins with different nanophotonic cavities, including micropillar
cavities and photonic crystal cavities.

11.3.1 Micropillar Cavities

Amicropillar cavity is formed by two Bragg reflectors, which are made of alternative
layers GaAs and AlAs. The diameter of the pillar is typically in the order of several
micron meters, which lead to a highly localized mode with mode volume in the order
of 10(λ/n)3. One can engineer the cavity transmittance and reflectance by designing
the number of layers for the top and bottom Bragg reflector. For example, a single
sided cavity can be created by introducing a highly reflective bottom mirror with
more layers and an outcoupling top mirror with less layers.

In 2009, Rakher et al. firstly reported integration of a charge tunable quantum
dot with a micropillar cavity [41]. The reported device achieves a cooperativity of
C = 2, which enables significant cavity reflectivity modulation when an extra charge
is loaded into the quantum dot. Spin-dependent coupling between a charged quantum
dot and a micropillar cavity is reported in [45, 46]. Both works utilized a device with
low cooperativity (C < 0.2), and observe spin-dependent Kerr rotation of a reflected
photon with a polarization rotation degree of ∼6◦.

Micropillar cavities enable efficient coupling between an incident field and the
cavity mode, because the cavity mode is well matched to a Gaussian mode in the
far field. Recent works have demonstrated an input coupling efficiency of exceeding
95% [52], which is a very promising property for achieving deterministic spin-photon
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interactions. However, coherent optical manipulation of the quantum dot spin in a
micropillar cavity is yet to be demonstrated.

11.3.2 Photonic Crystal Cavities

Photonic crystals are periodic nanostructures fabricated on a dielectric material,
which lead to periodic modulation of the refractive index in the length scale of
an optical wavelength. In a photonic crystal, the motion of a photon obeys optical
Bragg scattering, very similarly as the way an electron propagates in ionic lattices. In
addition, one can engineer photonic crystals to open a photonic band gap, analogous
to an electronic band gap in semiconductors, which prohibits the propagation of
photons for certain directions within some frequency range.

Defects in a photonic crystal can support highly localized cavity modes within the
photonic band gap, referred as photonic crystal cavities. These cavities support small
mode volume (in the order of (λ/n)3) and high quality factor, which enable strong
light-matter interactions with an embedded quantum emitter [25, 28]. In addition,
the properties of a photonic crystal cavity, such as the resonant frequency, mode
profile, and polarization can be easily controlled by tailoring the geometry of the
photonic crystals or the shape of the defect areas. Photonic crystal cavities can also
be easily integrated with other cavities or waveguides using the scalable photonic
crystal architecture [33, 53–56]. These assets make the photonic crystal cavity a very
attractive platform for realizing integrated photonics.

Several groups have reported deterministic charging of a quantum dot embedded
in a photonic crystal cavity [42, 43]. In 2013, Carter et al. firstly demonstrated
coherent control of a quantum dot spin embedded in a photonic crystal cavity [44].
This work operated far in the weak coupling regime where the quantum dot produced
a spin-dependent cavity reflectivity with contrast of less than 1%. In 2016, Sun et
al. firstly demonstrated strong coherent spin-photon interactions based on a strongly
coupled charged quantum dot and a photonic crystal cavity [47]. The device has a
cooperativity of C = 2, enabling a quantum switch between a quantum dot spin and
a photon. We will review this work in details in Sect. 11.4.

11.4 Experimental Demonstrations of a Spin-Photon
Quantum Switch

In this chapter, we discuss experimental demonstrations of a spin-photon quantum
switch using a strongly coupled charged quantum dot and a photonic crystal cavity.
We utilized a negatively charged quantum dot containing a single electron. In the
presence of a magnetic field applied in the Voigt geometry, the energy structure of the
quantum dot is shown in Fig. 11.4. The states of the dot include two ground states,
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Fig. 11.4 Energy level
structure of a charged
quantum dot with an external
magnetic field applied in the
Voigt configuration

V VH
σ1 σ3σ2 σ4

corresponding to the two electron spin orientations, and two excited trion states that
optically couple to the ground states via four optical transitions denoted as σ1 − σ4.
The energy level structure consists of two λ-systems and is slightly different from the
single λ-system described in Fig. 11.1b. However, we can still induce spin-dependent
cavity reflectivity by resonantly coupling only transition σ1 with the cavity mode,
and decoupling all other transitions from the cavity by a large magnetic field induced
detuning. Thus, the quantum dot resonantly couples to the cavity only when it is in
the spin-up state, inducing a spin-dependent reflection coefficient. As described in
Sect. 11.2.2, we are able to realize a quantum switch by utilizing the spin-dependent
reflection coefficients.

11.4.1 Device Characterization

To characterize the device, we mount the sample in a closed-cycle liquid-helium
cryostat and cool it down to 3.6K. The sample mount is placed inside the bore of
a superconducting magnet that can apply magnetic fields up to 9.2T. The sample is
oriented such that themagnetic field is in the in-plane direction (Voigt configuration),
and the cavity axis is approximately 45◦ with respect to the magnetic field. Sample
excitation and collection is performed with a confocal microscope using an objective
lens with numerical aperture of 0.68. The coupling efficiency for this configuration
is measured to be 1% by measuring the Stark shift of the quantum dot under cavity-
resonant excitation [57].

We identify a charged quantum dot coupled to the cavity from the photolumi-
nescence spectrum of the device under a magnetic field applied in the Voigt config-
uration. Figure11.5a shows the photoluminescence spectrum from the device used
in our measurements when excited using an 860nm continuous wave laser. At 0T,
the emission spectrum shows a bright peak due to the cavity (labeled as CM) and a
second peak due to the quantum dot (labeled as QD), which is red-detuned from the
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Fig. 11.5 Device characterization with photoluminescence. a Photoluminescence spectrum. The
blue lines show the spectra at various magnetic fields ranging from 0 to 5T. The red line shows the
spectrum at 6.6T, where transition σ1 is resonant with the cavity. b Cavity photoluminescence as a
function of the magnetic field

cavity resonance by 0.19nm (67GHz). As we increase the magnetic field, the quan-
tum dot splits into four peaks corresponding to the four optical transitions shown in
Fig. 11.4.

To demonstrate strong coupling between the quantum dot and the cavity, we
finely tune the magnetic field over the range of 4.5–8.5T and measure the cavity
photoluminescence. Figure11.5b shows the photoluminescence spectrum near the
cavity resonance as a function of magnetic field. In this range, transition σ1 tunes
over the cavity resonance and exhibits an anti-crossing, indicating that the system
operates in the strong coupling regime.

11.4.2 Spin-Dependent Cavity Reflectivity

To demonstrate that the spin can flip the state of the photon, we use the polarization
interferometry set-up shown in Fig. 11.6. We excite the cavity with right-circularly
polarized light, and measure the reflected signal along either the left-circularly or
right-circularly polarized component. Figure11.7 shows both the cross-polarized
(red diamonds) and co-polarized reflection spectrum (blue circles) when the quantum
dot is detuned from the cavity so that the two systems are decoupled. By fitting the
reflection spectrum to a Lorentzian lineshape (blue and red solid lines), we determine
the cavity energy decay rate to be κ/2π = (35.9 ± 0.7) GHz and the interference
contrast to be α/2π = 0.81 ± 0.01.

We next apply a magnetic field of 6.6T that tunes transition σ1 onto cavity res-
onance via a Zeeman shift. We excite the quantum dot with a narrowband tunable
laser to optically pump the spin state [58, 59]. We first tune the optical pumping
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Fig. 11.6 Measurement
setup. OL, objective lens;
QWP, quarter wave plate;
P, polarizer; BS, beam
splitter; M, mirror; SMF,
single mode fiber; CCD,
charged coupled device
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Fig. 11.7 Co-polarized
(blue circles) and
cross-polarized (red
diamonds) cavity reflection
spectrum with no magnetic
field. Blue and red solid lines
show the calculated spectrum
(color figure online)
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laser to transition σ4 to prepare the quantum dot in the spin-up state. The blue circles
in Fig. 11.8a show the cross-polarized reflection spectrum with the optical pump-
ing laser, which exhibits a vacuum Rabi splitting. When we turn off the pumping
laser, we observe a reduced contrast due to random spin fluctuations (red diamonds).
In contrast, when we optically pump transition σ2 to initialize the quantum dot to
the spin-down state, we observe a spectrum that closely resembles a bare cavity
(Fig. 11.8b). This spin-dependent reflection spectrum is one of the essential proper-
ties of the phase switch.
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Fig. 11.8 Spin-dependent cavity reflectivity. a Cavity reflection spectrum under a 6.6T magnetic
fieldwith (blue circles) andwithout (red diamonds) an optical pumping laser resonantwith transition
σ4. The blue solid line shows the calculated spectrum for the case where the optical pumping laser
is turned on. With the pumping laser, we observe a suppression of the cavity response at the σ1
resonance due to strong coupling. We also observe a Fano-resonant lineshape at 27GHz detuning,
corresponding to the coupling between transition σ2 and the cavity mode. b Cavity reflection
spectrum when the pump laser is resonant with transition σ2. The blue circles show the measured
spectrum, and the solid line shows calculated spectrum. The center wavelength is 927.48nm for all
panels (color figure online)

11.4.3 Coherent Control of Cavity Reflectivity

To demonstrate control of a reflected photon using a coherently prepared spin state,
we use all-optical coherent control to manipulate the spin. We fix the magnetic
field at 6.6T. A narrowband continuous-wave laser tuned to transition σ4 performs
spin initialization and circularly polarized picosecond optical pulses generate an
effective spin rotation [13, 14]. We perform spin rotations using 6 ps rotation pulses
with center frequencies detuned by 520GHz from the cavity resonance (equal to 15
cavity linewidth). To rotate the spin over the Bloch sphere, we utilize the Ramsey
interferometry setup illustrated in Fig. 11.9a, which generates a pair of rotation pulses
separated by a time delay τ . A third laser pulse probes the cavity reflectivity a time
Δt after the second rotation pulse. We attenuate this laser so that a single pulse
contains an average of 0.12 photons coupled to the cavity to ensure a low probability
of two-photon events. We set the power of the continuous-wave optical pumping
laser to 30nW. At this power we measure a spin initialization time of (1.27 ± 0.09)
ns, which is slow compared with τ and Δt , but fast compared with the repetition
time of the experiment (13ns).

Figure11.9b shows the reflected probe intensity as a function of rotation pulse
power P and delay τ , where we set Δt to 140ps. We observe Ramsey oscillations in
the reflected probe intensity as a function of both P and τ . Figure11.9c plots the emis-
sion intensity of the quantum dot at transition σ2 for the same measurement, which
provides a second readout of the spin state. We observe the same Ramsey oscillation
pattern in the quantum dot emission signal, confirming that the reflection modu-
lation shown in Fig. 11.9b is induced by coherent spin manipulation. Figure11.9d
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Fig. 11.9 Ramsey interference measurements. a Experimental setup for generating the Ramsey
pulse sequence. The delay time τ between the two rotation pulses is controlled by a movable retro-
reflector mounted on a computer-controlled translation stage. BS, beam splitter; R, retro-reflector.
b Reflected probe intensity as a function of rotation pulse power P and the delay time τ . c Intensity
of the quantum dot emission at σ2 transition frequency as a function of rotation pulse power P and
the delay time τ . dCalculated spin-down state population as a function of peak rotation pulse power
and the delay time τ . We express the rotation pulse as a classical time-varying Rabi frequency with
a Gaussian pulse shape and peak powerΩ2. eReflected probe intensity as a function of delay time τ

shows the numerically calculated value for the population of the spin-down state for
comparison, which exhibit good agreement with experiments.

In Fig. 11.9e we plot the reflected probe intensity over a larger time range of
1ns. We fix the power of each rotation pulse to 40µW, which corresponds to a
π/2-rotation. From the decay of the fringe visibility, we calculate a T �

2 time of
(0.94 ± 0.02) ns. This coherence time is limited by inhomogeneous broadening due
to a slowly fluctuating nuclear spin background [11], along with decoherence due
to continuous optical pumping during the rotation pulse sequence. We could reduce
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Fig. 11.10 Time-resolved cavity reflection spectrum. a and b, Reflected probe intensity as a func-
tion of probe detuning at the rotation condition indicated by point a and point b in Fig. 11.9b
respectively. Blue circles are Δt = 140ps; red diamonds are Δt = 13ns. Solid lines are the calcu-
lated spectra. The center wavelength is 927.48nm for both spectra (color figure online)

these effects by turning off the pump laser during the measurement process and using
a nuclear field locking [11] or spin echo technique [12], which has been shown to
improve the coherence to up to 2.6µs.

To characterize the fidelity of the spin state preparation, we tune the probe laser
across the cavity resonance while setting P and τ to the conditions indicated by
the circles in Fig. 11.9b. The resulting cavity spectra are plotted in Fig. 11.10. In
Fig. 11.10a the two pulses arrive in-phase with the Larmor precession of the spin, and
the quantum dot rotates to the spin-down state. The cavity spectrum (blue circles)
is thus similar to the bare cavity Lorentzian lineshape. Figure11.10b shows the
case where the two rotation pulses arrive out-of-phase and the quantum dot rotates
back to the spin-up state. The cavity (blue circles) now exhibits a strongly coupled
spectrum. We also plot the measured spectrum when Δt = 13ns (red diamonds) for
comparison. At this condition the spin is re-initialized to the spin-up state in both
cases.

11.4.4 Controlling a Spin with a Photon

The previous measurements demonstrate that the spin state of the quantum dot
induces a conditional phase shift on the photon. A quantum phase switch would
also exhibit the complementary effect, where reflection of a single photon rotates the
spin state. To demonstrate this phase shift, we use the experimental configuration
shown in Fig. 11.11a. We again perform a Ramsey interference measurement but we
inject a weak laser pulse that serves as the control field before the second rotation
pulse arrives. We generate the control pulse in the same way as the probe pulse in the
previous measurement, with pulse duration of 63ps. When a control photon couples
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Fig. 11.11 Photon-induced spin phase switch. a Pulse timing diagram showing the relative time
delays between the rotation pulses and the control field. b Occupation probability of the spin-down
state as a function of the delay time τ , in the absence of control pulse (black squares), conditioned on
detecting a reflected control photon polarized along the cavity axis (blue circles), and in the presence
of the control field but not conditioning on the detection of a control photon (red diamonds). The
control field is resonant with the σ1 quantum dot transition. c Same as b, except that the control
field is blue detuned from the σ1 quantum dot transition (color figure online)

to the cavity, it imposes a phase shift on the spin-down state, which shifts the phase
of the Ramsey fringes.

Weperform statistical spin readout bymonitoring the emission at theσ2 frequency.
The blue circles in Fig. 11.11b show the occupation probability of the spin-down state
conditioned on the detection of a control photon, as a function of delay between the
two rotation pulses. These data are obtained by performing a two photon correla-
tion measurement. The blue solid line is a numerical fit to a sinusoidal function. We
compare this curve to the occupation probability of the spin-down state when we
block the control field (black squares with black line as a numerical fit). The inter-
ference fringe conditioned on detecting a single control photon is shifted in phase by
(1.09 ± 0.09)π radians relative to the case where there is no control photon, demon-
strating that a single control photon applies a large phase shift to the spin.We attribute
the degraded visibility of the Ramsey fringe conditioned on a control photon to finite
cooperativity, intrinsic cavity losses and occasional two-photon incidence events.
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We can tune the phase shift imparted on the spin by a control photon by introduc-
ing a frequency detuning between the control field and transition σ1, which enables
us to apply arbitrary controlled phase shifts. Figure11.11c shows the same measure-
ment for a blue detuned control field. The conditioned data (blue circles) show a
(0.59 ± 0.05)π radian phase shift, which corresponds to a detuning of 7.3GHz. We
also plot the occupation probability of the spin-down state in the presence of the
control field but without conditioning on the detection of the control photon (red
diamonds in Fig. 11.11b, c). These curves are very similar to the case where the
control field is blocked, which indicates that the average number of control photons
per pulse coupled to the cavity is much smaller than one.

11.5 Discussions and Outlooks

In this chapter, we reviewed recent experimental progress on interfacing a single
quantum dot spin and a single photon using a nanophotonic cavity QED system.
Especially, we introduced an experiment that demonstrated a spin-photon quantum
phase switch, which achieves strong coherent interactions between a single quan-
tum dot spin and a photon. The strong light-matter coupling strength of quantum
dot based cavity QED devices enables a quantum switch operating at unprecedented
bandwidths,where the spin can switchphotonwavepackets as short as tens of picosec-
onds [47]. Perhaps the most intriguing aspect of the spin-photon quantum switch is
that it monolithically combines spins with strongly interacting nanophotonic struc-
tures on a single semiconductor chip, which may have many beneficial properties
for future integration and scalability.

The demonstrated spin-photon quantum switch could enable lots of applications in
quantum information processing. Recent theory works have showed the potential to
deterministically generate spin-photon entanglement based on a similar quantum dot
based cavity QED system [60], which is an important step towards solid-state imple-
mentations of quantum repeaters and quantum networks. The spin-photon quantum
interface might also enable single-shot optical readout of a quantum dot spin in
the Voigt configuration [61], an extremely challenging task for quantum dot based
quantum information processing. The ultimate direction for this research direction
is to construct integrated quantum photonic circuits and on-chip quantum processors
using nanophotonic platform with solid-state spins embedded.

Another important aspects of the future works is to improve the performance of
the cavity device. Cavity designs with smaller mode-volume could improve the sys-
tem cooperativity [62, 63], thus enable higher switching fidelity. Using delta-doping
layers [14] or active charge stabilization [44] could further improve the spin state
preparation fidelity. The spin-photon quantum switch results can also be directly
applied in waveguide integrated devices that are more conducive to on-chip inte-
gration and can exhibit similar strong light-matter interactions [54]. In such on-chip
implementations, waveguide losses create further challenges by degrading the cav-
ity quality factor, which would reduce the cooperativity. Waveguide-coupled devices
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would therefore require higher bare cavity quality factor to ensure that the light
remains on the chip. Past work has demonstrated a quality factor exceeding 50,000
using GaAs photonic crystal cavities operating at near-infrared wavelengths [64],
and quality factor exceeding 250,000 in cavities operating at a longer wavelength
[65], which could potentially enable both efficient on-chip coupling and high cooper-
ativity. Employing regulated quantum dot growth techniques [66, 67] in conjunction
with local frequency tuning [57] could further open up the possibility to integrate
multiple quantum dot spins on a single semiconductor chip.

References

1. J.I. Cirac, P. Zoller, H.J. Kimble, H. Mabuchi, Quantum state transfer and entanglement distri-
bution among distant nodes in a quantum network. Phys. Rev. Lett. 78(16), 3221 (1997)

2. H. Jeff Kimble, The quantum internet. Nature 453(7198), 1023–1030 (2008)
3. J.I. Cirac, A.K. Ekert, S.F. Huelga, C. Macchiavello, Distributed quantum computation over

noisy channels. Phys. Rev. A 59(6), 4249 (1999)
4. J. Cho, H.-W. Lee, Generation of atomic cluster states through the cavity input-output process.

Phys. Rev. Lett. 95(16), 160501 (2005)
5. S. Ritter, C. Nölleke, C. Hahn, A. Reiserer, A. Neuzner, M. Uphoff, M. Mücke, E. Figueroa,

J. Bochmann, G. Rempe, An elementary quantum network of single atoms in optical cavities.
Nature 484(7393), 195–200 (2012)

6. J. Volz, R. Gehr, G. Dubois, J. Estève, J. Reichel, Measurement of the internal state of a single
atom without energy exchange. Nature 475(7355), 210–213 (2011)

7. A. Reiserer, S. Ritter, G. Rempe, Nondestructive detection of an optical photon. Science
342(6164), 1349–1351 (2013)

8. T.G. Tiecke, J.D. Thompson, N.P. de Leon, L.R. Liu, V. Vuletić, M.D. Lukin, Nanophotonic
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