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Single-shot optical readout of a quantum bit using cavity quantum electrodynamics
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We propose a method to perform single-shot optical readout of a quantum bit (qubit) using cavity quantum
electrodynamics. We selectively couple the optical transitions associated with different qubit basis states to the
cavity and utilize the change in cavity transmissivity to generate a qubit readout signal composed of many
photons. We show that this approach enables single-shot optical readout even when the qubit does not have a
good cycling transition, which is required for standard resonance fluorescence measurements. We calculate the
probability that the measurement detects the correct qubit state using the example of a quantum-dot spin under
various experimental conditions and demonstrate that it can exceed 0.99.
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I. INTRODUCTION

The ability to projectively measure the state of a qubit with
high accuracy is crucial for nearly all quantum information
processing applications [1]. In the majority of applications,
these qubit measurements must be performed in a single
shot [2]. For example, quantum computing requires the ability
to read out the states of all output qubits after the quan-
tum algorithm completes [3-5], and quantum cryptography
requires readout of all transmitted qubits [6,7]. Single-shot
qubit readout also plays an important role in quantum error
corrections [8], quantum teleportation [9], and experimental
measurements of quantum nonlocality [10].

Resonance fluorescence spectroscopy is currently one of
the most effective ways to perform optical single-shot readout.
However, this approach requires a cycling transition where
an excited state optically couples to only one of the qubit
basis states. The cycling transition yields a large number of
resonance fluorescence photons for one basis state, enabling
strong optical signal even with poor detection efficiency,
while yielding very few photons for the other state. Previous
studies have demonstrated single-shot readout with resonance
fluorescence in a number of qubit systems, including cold
rubidium atoms [11-13], trapped calcium [14] and ytter-
bium [15] ions, nitrogen vacancy centers [16,17], quantum-dot
molecules [18], and singly charged quantum-dot spins with
a magnetic field applied parallel to their growth direction
(Faraday configuration) [19]. However, this readout method
does not work for qubit systems that lack a cycling transition
such as spins of singly charged quantum dots with a magnetic
field applied perpendicular to their growth direction (Voigt
configuration) [20], trapped aluminum ions [21], and fluorine
impurities in CdTe [22]. A method based on the dynamic
Stark shift has been proposed for quantum-dot spin qubits
to create a temporary cycling transition [23], but it predicts
limited readout fidelity and has not yet been demonstrated
experimentally.

Cavity quantum electrodynamics provides an alternative
approach to optically detect the qubit. This approach utilizes
the reflectivity or transmissivity of the cavity, which strongly
depends on the quantum state of the qubit due to their cou-
pling [24-29]. Several works have proposed cavity enhanced
single-shot qubit readout based on this principle [30-33].
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However, these proposals still assume that the qubit possesses
a good cycling transition.

In this paper, we propose a protocol based on cavity
quantum electrodynamics for single-shot optical readout of
a qubit that lacks a good cycling transition. We first describe
our protocol in terms of a general qubit system, which supports
A-type energy levels with two ground states forming a qubit
and an optically excited state. We then analyze our protocol
using the specific example of a singly charged InAs quantum
dot coupled to a nanocavity, which is very similar to those
studied in recent experiments [28,29]. The charged quantum
dot supports two excited states, referred to as the trion states,
giving rise to a level structure that is similar to a general
A-type qubit system. We show that the probability of detecting
the correct spin (which we refer to as the success probability)
can exceed 99% under realistic experimental conditions. In
addition, we demonstrate that the success probability is very
robust to emitter dephasing and spectral diffusion, which is
particularly important for solid-state qubit implementations.
Our protocol could serve as an important building block for
integrated quantum circuits and on-chip quantum computation.

The paper is organized as follows. Section II describes
the proposed protocol for single-shot qubit readout. In
Sec. III, we derive a formalism to calculate the success
probability of the qubit readout operation. In Sec. IV, we
numerically calculate the success probability under various
experimental conditions using the example of the quantum-dot
spin. In Sec. V, we analyze the effects of emitter dephasing
and spectral diffusion on the success probability.

II. PROTOCOL FOR SINGLE-SHOT QUBIT READOUT

Figure 1(a) shows a schematic of the proposed protocol,
which consists of an optically active matter qubit inside an
optical cavity. We assume that the qubit system has a A-type
energy structure as shown in Fig. 1(b). The two ground states
of the system form a qubit, and are denoted as |go) and |gy).
Each qubit basis state has an optical transition with an excited
state, denoted by o and w; respectively. When exciting one
of the two transitions, suppose (o, the emitter will emit no
photons when it is in the |g;) state, but emit N photons when it
isin the |go) state. In the ideal case where the linewidth of both
transitions is radiatively limited, N is given by the branching
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FIG. 1. (a) Proposed scheme for optical single-shot readout of
a qubit using cavity quantum electrodynamics. (b) Energy level
structure for a qubit system that lacks a cycling transition.

ratio N = y;/y1, where y, and y; are the spontaneous emission
rates for transitions |e) — |go) and |e) — |g1) respectively.
A qubit system has a good cycling transition if N > 1. In
contrast to resonance fluorescence techniques that require a
good cycling transition, here we are primarily interested in
the situation where the two optical transitions have similar
dipole strength so that the qubit system does not possess a
good cycling transition.

To perform optical readout, we consider the case where
optical transition p¢ is resonant with the cavity while transition
w1 is decoupled, either by a large detuning or by selection rules
if transition | emits a photon with a different polarization than
the cavity mode. In this configuration the coupling between the
atom and cavity depends on the qubit state. The cavity thus
exhibits spin-dependent reflection or transmission coefficients,
enabling qubit readout by optically probing the cavity. We
assume that the cavity couples equally to the reflection and
transmission modes.

We start the protocol by resonantly probing the cavity
transmissivity using a pulsed laser of a duration 7. We define
the incident photon flux as n'™ (in units of photons per second).
We assume n'" < 1/t where 7 is the modified lifetime of
the excited state. Thus, the system operates in the weak-
excitation regime [34]. In this limit, the average number of
transmitted photons is given by No(T) = nTrn"/(1 + C)? and
N(T) = nTn™, respectively [34], where No(T) and N(T)
represent the average number of collected photons when the
qubit is in state |go) and |g), respectively, and 7 is the photon
overall collection efficiency that accounts for the coupling
efficiency of the optics, imperfect spatial mode matching
between the incident photon and the cavity, and the quantum
efficiency of the detector. We define the atomic cooperativity
by C = 2g2/ky, where g is the coupling strength between the
cavity and transition o, « is the cavity energy decay rate,
and y is the decay rate of the excited state. Note that both the
reflection and transmission ports could in principle be used to
measure the qubit, but we are using the transmission port here
because it is less sensitive to mode matching.

To determine the qubit state, we compare the number of
collected photons with a threshold photon number k. When the
number of collected photons is less than k the measurement
result reports a qubit state |go), otherwise it reports state
|g1). We define the probability of a successful qubit readout
operation as Py = maxy{qopo(k) + q1 p1(k)}, where g and ¢,
are the probabilities that the qubit occupies states |go) and
|g1), respectively, and po(k) and p;(k) are the probabilities of
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FIG. 2. Success probability of the qubit readout operation as
a function of probe-pulse duration for several different values of
cooperativity. Blue dashed line, C = 0.4; red dotted line, C = 4;
green solid line, C = 40.

getting a correct result using threshold photon number k£ when
the qubit is initially in states |go) and |g1), respectively. In the
Appendix we show that the success probability is given by

M
P(T) = % + % > LN e — [y (T e My,

Jj!
(1)
where

:{ Ni(T) — No(T) J
In[N(T)] — In[No(T)]

is the threshold photon number that gives the optimal success
probability, and | x| indicates the largest integer that is not
greater than x. In this derivation we have assumed gy = q; =
0.5, since in general one has no a priori knowledge about the
occupation probability of the two spin states.

Figure 2 shows the success probability of the qubit readout
operation as a function of 7 for several different values of the
cooperativity. The success probability grows monotonically
with T because we collect more photons. We are able to achieve
near-unity success probability as long as the probe pulse
duration is long enough, even for a very small cooperativity.
The ripples in the plot are because the optimal threshold photon
number can increase only by a discrete step of 1.

III. SUCCESS PROBABILITY IN THE PRESENCE
OF QUBIT FLIP

In the previous section we showed that the success probabil-
ity of the qubit readout operation monotonically increases with
the probe pulse duration and can eventually approach unity.
However, the probe pulse duration is fundamentally limited
by the laser-induced qubit flip which causes measurement
errors. Thus, to accurately calculate the success probability,
we need a model that incorporates both cavity transmissivity
modification and qubit flip errors.
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We still perform our calculation in the weak-excitation
regime. In this regime Eq. (1) remains valid, but we need to
derive the expressions for Ny(7T') and N{(T) in the presence of
qubit flips; they no longer hold a simple linear relationship with
T. We can calculate No(T) and N (T) by integrating the photon
output flux of the cavity over the time duration 7, given by

T
Noa(T) = 1 / (Trl/Kapo (O dt, ?)
0

where 4 is the photon annihilation operator for the cavity
mode, and pg(1y(?) are the density matrices of the system at time
¢t when the qubit is in states |go) and |g;) at# = 0O, respectively.

To calculate pg1)(#), we numerically solve the system
dynamics using the master equation given by dp/dt =
—(i/ h)[ﬁ,,o] + I:p, where H is the system Hamiltonian that
accounts for all unitary processes, and L is the Liouvillian
superoperator that accounts for all nonunitary Markovian
processes. We write the system Hamiltonian in a reference
frame with respect to the frequency of the incident field o,
given by H= Hy + Hmt + Hd, where

Hy = (0. — 0)a'a + (w, — w)le)(el, 3)
Hine = igh(ale) (gol — algo)(el), )
H, = h/ke@ + 4. (5)

In Egs. (3)-(5), w, is the frequency of the cavity mode, and
w, 1s the frequency of the transition |gg) <> |e).

The Liouvillian superoperator L. accounts for the decay of
the cavity field and the spontaneous emission of each optical
transition. This operator is given by

L = kD@) + yoD(Igo)(el) + 1 D(Igi)(e]).  (6)
where D(0)p = 0p0' — 1070p —
Linblad operator form for the collapse operator 0. The
transition linewidth can also be broadened due to trion

dephasing and spectral diffusion, which we will reconsider
in Sec. V.

10010 is the general

IV. ANALYSIS OF SUCCESS PROBABILITY

In this section, we perform numerical calculations on a
specific case of a charged quantum dot coupled to a photonic
crystal defect cavity. Both time-averaged [35,36] and single-
shot [19] spin readout have been experimentally realized for
a charged quantum dot with a magnetic field applied in the
Faraday configuration. However, realizing single-shot readout
operation in Voigt configuration is more desired because
this geometry is the prerequisite for all-optical coherent spin
manipulation [37,38]. This geometry has also enabled many
important applications, including fast optical cooling [39,40],
coherent population trapping [41], tunable Raman fluores-
cence [42—44], and spin-photon entanglement [45-48].

Figure 3(a) shows the energy level structure of the charged
quantum dot in the presence of a magnetic field applied in
the Voigt configuration [20]. It exhibits two ground states
denoted by |go) and |g;), and two excited states denoted by
leg) and |e; ), enabling four optical transitions, which is slightly
different from the three-level system depicted in Fig. 1(b). The
vertical transitions (|gg) <> |eg) and |g|) <> |e;)) and cross
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transitions (|gg) <> |e;) and |g) <> |ep)) couple to orthogonal
polarization components of an optical field, denoted V and H,
respectively. Although one might be able to selectively excite
any one of the four possible transitions, this qubit system does
not possess a good cycling transition because both excited
states decay to the two ground states with almost equal rate.
Therefore the branching ratio N is close to 1, which means the
system does not possess a good cycling transition.

We assume the polarization of the cavity mode is parallel to
the V direction, which couples it to vertical transitions |gp) <>
leg) and |g1) <> |e;) with equal strength g and decouples it
from the cross transitions due to selection rules. We consider
the case where the transition |gg) <> |ep) is resonant with the
cavity mode and the probe laser, whereas the transition |g;) <>
le1) is detuned by A . In the limit where A, > 2g? /k, we could
effectively ignore the coupling between transition |g;) <> |e;)
and the cavity, and simplify the qubit system to the model
depicted in Fig. 1(b). We will reconsider this assumption in
the later part of this section. We set the cavity parameters to
g/2n =20 GHz and k2w = 6 GHz [49]. For the quantum
dot, we assume the spontaneous emission rate is 0.1 GHz for
both optical transitions (yy /2w = y,/2r = 0.1 GHz) [50]. We
set the incident photon field amplitude to ¢ = 1/0.01 x 2g?/k,
which corresponds to an average incident photon number of
0.01 per modified lifetime of transition |gg) <> |ep), to ensure
that we are operating in the linear weak-excitation regime.

The blue dashed line shown in Fig. 3(b) shows the success
probability as a function of laser pulse duration 7 for a photon
collection efficiency of n = 1%. The success probability
initially increases with T because we collect more photons;
this is similar to the results shown in Fig. 2. At even larger
T the success probability achieves a maximum and begins to
decline because the probing laser induces a spin flip. We define
the optimal success probability as P;’pt = max7{Py(T)}, which
achieves 0.995 with a time window of 7 = 153 ns.

We next investigate how a finite value of A, affects the
spin readout operation. In this case, we have to take into
account the coupling between transition |g;) <> |e;) and the
cavity by using the four-level model [Fig. 3(a)] instead of the
three-level model [Fig. 1(b)]. We follow the same procedure
described in Sec. III to calculate the success probability, with
slight modifications of the system Hamiltonian and Liouvillian
superoperator, We still write the system Hamiltonian as A=
Hy + Hine + Hy, but we modify Ho and H,m to

Hy = I, — ©)a'a + (o, — »)|e) (el
+ w, — A, — w)ler) (el (7
Hine = igh(dleo) (2ol — &'g0) (eo])
+ ighler)(gi] — &'lgi) (e ). ®)
We also modify the Liouvillian superoperator as
L =k D(@) + v D(Ig0)(eol) + y1 D(Ig1) (eo])
+ v2D(Igo) (e1]) + y3D(Ig1)(er), )

where y, and y;3 are the spontaneous emission rates for tran-
sitions |e;) — |go) and |e;) — |g1), respectively. We again
assume the spontaneous emission rate is 0.1 GHz for all optical
transitions (yp /27w = y1 /2w = y» /2w = y3/2m = 0.1 GHz).
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FIG. 3. (a) Energy level structure for a charged quantum dot in the Voigt configuration. (b) Success probability of spin readout as a function
of probe-pulse duration calculated using the three-level model (blue dashed line) and the four-level model (red solid line). (c) Red solid line,
optimal success probability of spin readout as a function of A,. Blue dashed line, optimal success probability calculated using a three-level

model.

The red solid line in Fig. 3(b) shows the spin readout success
probability as a function of laser pulse duration 7, calculated
using the four-level model. In the calculation we set A, 27w =
100 GHz, corresponding to a magnetic field of 9.4 T [29], and
keep all other parameters the same as in the calculations for
the blue dashed line. The success probability calculated using
the four-level model has a similar trend as a function of 7, with
an optimal success probability of 0.933. This value is lower
than the value calculated using the three-level model since the
cavity now couples to both spin states.

We further calculate the optimal success probability as
a function of A_, shown as the red solid line in Fig. 3(c).
When A, is small, the cavity couples almost equally to two
spin states, leading to a low value of success probability.
The optimal success probability monotonically increases with
A, and approaches the value calculated using the three-level
model (blue dashed line), because the coupling between the
transition |g;) <> |e;) and the cavity becomes negligible.

Finally, we analyze the optimal success probability as a
function of the overall photon collection efficiency 5. Figure 4
shows prt as a function of 1, where all other parameters are
set to be the same as in the red solid line shown in Fig. 3(b). The
success probability increases with the collection efficiency and
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FIG. 4. Success probability of qubit readout operation as a
function of photon overall collection efficiency 7.

eventually approaches 1. At a collection efficiency of 2.5% the
success probability achieves a value of 0.99. This efficiency is
achievable with multiple cavity structures including photonic
crystals [51-54] and micropillars [55], and is also within the
range of single-photon counters [56].

V. QUBIT DEPHASING AND SPECTRAL DIFFUSION

To this point, we have assumed a radiatively limited
linewidth for the optical transition of the qubit. In a realistic
situation, the transition can be homogenously broadened due
to dephasing, and inhomogeneously broadened due to spectral
diffusion, which might affect the success probability of the
qubit readout operation. To incorporate dephasing into our
model, we introduce an additional term I:d in the Liouvillian
superoperator, given by

A

Ly = 2yaD(|eo) (eol) + 2yaD(|er)(e1]). (10)

The above expression assumes the same pure dephasing rate
ya for both excited states |eg) and |e;). We calculate the system
dynamics using the master equation dp/dt = —(i/ WM, p] +
(I: + ﬁd)p, where L is given by Eq. (9). We still calculate the
success probability of the qubit readout operation using the
example of a quantum-dot spin.

The blue dashed line in Fig. 5 shows P,™ as a function
of trion dephasing rate y,;. We assume that n = 2.5%, which
achieves a success probability of 0.99 in the absence of qubit
linewidth broadening. We set all the other parameters to the
same values as the ones used in the red solid line of Fig. 3(b).
Increasing the trion dephasing rate reduces the cooperativity,
which degrades the success probability. For a typical trion
dephasing rate y,;/2mr = 1 GHz, we are still able to achieve a
success probability as high as 0.93.

We next consider the effect of spectral diffusion, which
could be caused by charge fluctuations [57,58], thermal
fluctuations [59], or nuclear spin noise [60,61]. All of these
mechanisms happen in a time scale that is slow compared to the
modified trion state lifetime, but fast compared to the repetition
time of a typical measurement. We can thus model it by setting
w) as w; = w(lo) + Aw, where a)(lo) is the average transition
frequency of |go) <> |lep), and Aw is a random variable
corresponding to the frequency shift of transition |gg) <> |ep),
which may be different for each measurement shot. Here we
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FIG. 5. Success probability of the qubit readout operation as a
function of quantum-dot homogeneously broadened linewidth y,
(blue dashed line) and inhomogeneously broadened linewidth y; (red
solid line).

account only for the spectral diffusion of transition |gy) <> |eg)
since the detuning between other transitions and the incident
laser is much greater than their inhomogeneously broadened
linewidth. We still assume the resonance condition where
w, = a)(lo) = w.

Following the same procedure as described in Sec. III,
we calculate the success probability P(T,Aw) as a func-
tion of probe-pulse duration 7 for different values of Aw.
We define the average success probability as Py(T) =
[%2, PAT, Aw)G(Aw)d Aw, where G(Aw) is the probability
distribution of the random variable Aw. Spectral diffusion is
often modeled as a Gaussian distribution [59], given by

2 [In2 [ (Aa))z:|
G(Aw) = —,/—exp|—4In2{ — , (11
T Vi

Vi

where y; is the inhomogeneously broadened linewidth. We
define the optimal success probability as Py*" = maxz{P,(T)}.

The red solid line in Fig. 5 shows P{™ as a function of
inhomogeneously broadened linewidth y;. In this calculation
we ignore the effect of trion dephasing (y; = 0), and we
set all other parameters the same as the ones used in the
red solid line of Fig. 3(b). The success probability remains
very robust to the inhomogeneously broadened linewidth, in
contrast to the case with homogenously broadened linewidth.
This result might be surprising at first, since with larger
inhomogeneous linewidth, the contributions from those cases
where the transition |gp) <> |ep) and the cavity are detuned
become more significant. For these detuned cases, the contrast
of photon collection rate between the spin-up and spin-down
states is lower than in the resonant case, which might degrade
the success probability. To explain the robustness, we note
that the detuned contributions also suppress the laser-induced
spin flips. The robustness of the success probability over the
emitter spectral diffusion makes this protocol very appealing
for experimental realizations in the quantum-dot system, since
spectral diffusion is the dominant term in the quantum-dot
linewidth in several reported experiments [25,58].

PHYSICAL REVIEW A 94, 012307 (2016)

VI. CONCLUSIONS

We have proposed a protocol for single-shot optical
readout of a qubit that does not possess a cycling transition.
This protocol is broadly applicable to many qubit systems,
including quantum-dot spins [20], trapped aluminum ions [21],
and fluorine impurities in CdTe [22], and may also be useful
for many additional and emerging qubit systems that are still
underdeveloped. In particular, we have shown the feasibility
of implementing this protocol on a charged quantum dot in
the Voigt configuration, which could simultaneously enable
all-optical coherent spin manipulation [37,38] and single-
shot optical readout of the quantum-dot spin, an important
step towards quantum-dot-spin-based quantum information
processing [62,63]. Our protocol shows how tailoring light-
matter interactions opens up further possibilities for processing
quantum information with higher speed and accuracy.
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APPENDIX: DERIVATION OF SUCCESS PROBABILITY
OF THE QUBIT READOUT OPERATION

We use two random variables X, and X; to denote the
number of collected photons when the qubit is initially in
states |go) and |g;), respectively. We assume that the dominant
noise mechanism is shot noise and thus X, and X; obey
Poisson distributions with average photon numbers Ny and Ny,
respectively. This assumption is valid in the weak-excitation
regime provided the detector dead time is short compared to
the photon arrival rate. In this limit, we can calculate po(k)
and p; (k) (defined in Sec. II) to be

k J
polk) = p(Xo <y = Y S0, (A1)
=0 I*
k Nj
P =pi>k=1-3 —re™. (A2

j=0

We calculate the success probability following its definition
Py = maxi{qopo(k) + g1 p1(k)}. Since in general one has no a
priori knowledge about the occupation probability of the two
spin states, we assume go = q; = 0.5. Substituting py(k) and
p1(k) into this definition, we obtain that

k

> (e = e
j=0 7"

P, = — 4+ —max

22 & (A43)

It is straightforward to calculate that the maximum is
achieved at the largest integer k that yields N(’je_NO -
Nfe=™ > 0. This directly leads to the final results shown
in Eq. (1) in Sec. II.

012307-5



SHUO SUN AND EDO WAKS

[1] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cambridge,
2010).

[2] D. P. DiVincenzo, The physical implementation of quantum
computation, Fortschr. Phys. 48, 771 (2000).

[3] L. Grover, A fast quantum mechanical algorithm for database
search, in Proceedings of the 28th Annual ACM Symposium
on the Theory of Computing (ACM Press, New York, 1996),
pp. 212-219.

[4] D. R. Simon, On the power of quantum computation,
SIAM J. Comput. 26, 1474 (1997).

[5] P. W. Shor, Polynomial-time algorithms for prime factorization
and discrete logarithms on a quantum computer, SIAM J.
Comput. 26, 1484 (1997).

[6] A. K. Ekert, Quantum Cryptography Based on Bell’s Theorem,
Phys. Rev. Lett. 67, 661 (1991).

[7] C. H. Bennett and G. Brassard, Quantum cryptography: Public
key distribution and coin tossing, Theor. Comput. Sci. 560, 7
(2014).

[8] D. A. Lidar and T. A. Brun, Quantum Error Correction
(Cambridge University Press, Cambridge, 2013).

[9] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and
W. K. Wootters, Teleporting an Unknown Quantum State via
Dual Classical and Einstein-Podolsky-Rosen Channels, Phys.
Rev. Lett. 70, 1895 (1993).

[10] B. Hensen et al., Loophole-free Bell inequality violation using
electron spins separated by 1.3 kilometres, Nature (London)
526, 682 (2015).

[11] J. Bochmann, M. Miicke, C. Guhl, S. Ritter, G. Rempe, and
D. L. Moehring, Lossless State Detection of Single Neutral
Atoms, Phys. Rev. Lett. 104, 203601 (2010).

[12] R. Gehr et al., Cavity-Based Single Atom Preparation and High-
Fidelity Hyperfine State Readout, Phys. Rev. Lett. 104, 203602
(2010).

[13] A. Fuhrmanek, R. Bourgain, Y. R. Sortais, and A Browaeys,
Free-Space Lossless State Detection of a Single Trapped Atom,
Phys. Rev. Lett. 106, 133003 (2011).

[14] A. H. Myerson, D. J. Szwer, S. C. Webster, D. T. C. Allcock,
M. J. Curtis, G. Imreh, J. A. Sherman, D. N. Stacey, A. M.
Steane, and D. M. Lucas, High-Fidelity Readout of Trapped-Ion
Qubits, Phys. Rev. Lett. 100, 200502 (2008).

[15] S. Olmschenk, K. C. Younge, D. L. Moehring, D. N. Matsuke-
vich, P. Maunz, and C. Monroe, Manipulation and detection
of a trapped Yb(+) hyperfine qubit, Phys. Rev. A 76, 052314
(2007).

[16] P. Neumann et al., Single-shot readout of a single nuclear spin,
Science 329, 542 (2010).

[17] L. Robledo et al., High-fidelity projective read-out of a solid-
state spin quantum register, Nature (London) 477, 574 (2011).

[18] A. N. Vamivakas et al., Observation of spin-dependent quan-
tum jumps via quantum dot resonance fluorescencel, Nature
(London) 467, 297 (2010).

[19] A. Delteil, W.-b. Gao, P. Fallahi, J. Miguel-Sanchez, and A.
Imamoglu, Observation of Quantum Jumps of a Single Quantum
Dot Spin Using Submicrosecond Single-Shot Optical Readout,
Phys. Rev. Lett. 112, 116802 (2014).

[20] M. Bayer, G. Ortner, O. Stern, A. Kuther, A. A. Gorbunov,
A. Forchel, P. Hawrylak, S. Fafard, K. Hinzer, T. L. Reinecke,
S. N. Walck, J. P. Reithmaier, F. Klopf, and F. Schafer, Fine
structure of neutral and charged excitons in self-assembled

PHYSICAL REVIEW A 94, 012307 (2016)

In(Ga)As/(Al)GaAs quantum dots, Phys. Rev. B 65, 195315
(2002).

[21] T. Rosenband, P. O. Schmidt, D. B. Hume, W. M. Itano,
T. M. Fortier, J. E. Stalnaker, K. Kim, S. A. Diddams, J. C.
J. Koelemeij, J. C. Bergquist, and D. J Wineland, Observation
of the Sy; — Py3 Clock Transition in Al*?’, Phys. Rev. Lett.
98, 220801 (2007).

[22] Y. M. Kim, D. Sleiter, K. Sanaka, Y. Yamamoto, J. Meijer, K.
Lischka, and A. Pawlis, Semiconductor qubits based on fluorine
implanted ZnMgSe/ZnSe quantum-well nanostructures, Phys.
Rev. B 85, 085302 (2012).

[23] E. B. Flagg and G. S. Solomon, Optical spin readout method in a
quantum dot using the ac Stark effect, Phys. Rev. B 92, 245309
(2015).

[24] A. Reiserer, S. Ritter, and G. Rempe, Nondestructive detection
of an optical photon, Science 342, 1349 (2013).

[25] H. Kim, R. Bose, T. C. Shen, G. S. Solomon, and E. Waks,
A quantum logic gate between a solid-state quantum bit and a
photon, Nat. Photon. 7, 373 (2013).

[26] A. Reiserer, N. Kalb, G. Rempe, and S. Ritter, A quantum
gate between a flying optical photon and a single trapped atom,
Nature (London) 508, 237 (2014).

[27] T. G. Tiecke et al., Nanophotonic quantum phase switch with a
single atom, Nature (London) 508, 241 (2014).

[28] C. Arnold et al., Macroscopic rotation of photon polarization
induced by a single spin, Nat. Commun. 6, 6236 (2015).

[29] S. Sun, H. Kim, G. S. Solomon, and E. Waks, A quantum
phase switch between a solid-state spin and a photon, Nat.
Nanotechnol. 11, 539, (2016).

[30] C.Y.Hu, A. Young, J. L. O’Brien, W. J. Munro, and J. G. Rarity,
Giant optical Faraday rotation induced by a single-electron spin
in a quantum dot: applications to entangling remote spins via a
single photon, Phys. Rev. B 78, 085307 (2008).

[31] A. Young et al., Cavity enhanced spin measurement of the
ground state spin of an NV center in diamond, New J. Phys.
11, 013007 (2009).

[32] M. Sugita, S. Machida, and Y. Yamamoto, Quantum nondemo-
lition measurement of a single electron spin in a quantum dot,
arXiv:quant-ph/0301064.

[33] S. Puri, P. L. McMahon, and Y. Yamamoto, Single-shot quantum
nondemolition measurement of a quantum-dot electron spin
using cavity exciton-polaritons, Phys. Rev. B 90, 155421 (2014).

[34] E. Waks and J. Vuckovic, Dipole Induced Transparency in Drop-
Filter Cavity-Waveguide Systems, Phys. Rev. Lett. 96, 153601
(2006).

[35] A. N. Vamivakas, Y. Zhao, C.-Y. Lu, and M. Atatiire, Spin-
resolved quantum-dot resonance fluorescence, Nat. Phys. 5, 198
(2009).

[36] C.-Y. Lu, Y. Zhao, A. N. Vamivakas, C. Matthiesen, S. Falt, A.
Badolato, and M. Atatiire, Direct measurement of spin dynamics
in InAs/GaAs quantum dots using time-resolved resonance
fluorescence, Phys. Rev. B 81, 035332 (2010).

[37] J. Berezovsky, M. H. Mikkelsen, N. G. Stoltz, L. A. Coldren, and
D. D. Awschalom, Picosecond coherent optical manipulation of
a single electron spin in a quantum dot, Science 320, 349 (2008).

[38] D. Press, T. D. Ladd, B. Zhang, and Y Yamamoto, Complete
quantum control of a single quantum dot spin using ultrafast
optical pulses, Nature (London) 456, 218 (2008).

[39] C. Emary, X. Xu, D. G. Steel, S. Saikin, and L. J. Sham, Fast
Initialization of the Spin State of an Electron in a Quantum

012307-6


http://dx.doi.org/10.1002/1521-3978(200009)48:9/11%3C771::AID-PROP771%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3978(200009)48:9/11%3C771::AID-PROP771%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3978(200009)48:9/11%3C771::AID-PROP771%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3978(200009)48:9/11%3C771::AID-PROP771%3E3.0.CO;2-E
http://dx.doi.org/10.1137/S0097539796298637
http://dx.doi.org/10.1137/S0097539796298637
http://dx.doi.org/10.1137/S0097539796298637
http://dx.doi.org/10.1137/S0097539796298637
http://dx.doi.org/10.1137/S0097539795293172
http://dx.doi.org/10.1137/S0097539795293172
http://dx.doi.org/10.1137/S0097539795293172
http://dx.doi.org/10.1137/S0097539795293172
http://dx.doi.org/10.1103/PhysRevLett.67.661
http://dx.doi.org/10.1103/PhysRevLett.67.661
http://dx.doi.org/10.1103/PhysRevLett.67.661
http://dx.doi.org/10.1103/PhysRevLett.67.661
http://dx.doi.org/10.1016/j.tcs.2014.05.025
http://dx.doi.org/10.1016/j.tcs.2014.05.025
http://dx.doi.org/10.1016/j.tcs.2014.05.025
http://dx.doi.org/10.1016/j.tcs.2014.05.025
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1038/nature15759
http://dx.doi.org/10.1038/nature15759
http://dx.doi.org/10.1038/nature15759
http://dx.doi.org/10.1038/nature15759
http://dx.doi.org/10.1103/PhysRevLett.104.203601
http://dx.doi.org/10.1103/PhysRevLett.104.203601
http://dx.doi.org/10.1103/PhysRevLett.104.203601
http://dx.doi.org/10.1103/PhysRevLett.104.203601
http://dx.doi.org/10.1103/PhysRevLett.104.203602
http://dx.doi.org/10.1103/PhysRevLett.104.203602
http://dx.doi.org/10.1103/PhysRevLett.104.203602
http://dx.doi.org/10.1103/PhysRevLett.104.203602
http://dx.doi.org/10.1103/PhysRevLett.106.133003
http://dx.doi.org/10.1103/PhysRevLett.106.133003
http://dx.doi.org/10.1103/PhysRevLett.106.133003
http://dx.doi.org/10.1103/PhysRevLett.106.133003
http://dx.doi.org/10.1103/PhysRevLett.100.200502
http://dx.doi.org/10.1103/PhysRevLett.100.200502
http://dx.doi.org/10.1103/PhysRevLett.100.200502
http://dx.doi.org/10.1103/PhysRevLett.100.200502
http://dx.doi.org/10.1103/PhysRevA.76.052314
http://dx.doi.org/10.1103/PhysRevA.76.052314
http://dx.doi.org/10.1103/PhysRevA.76.052314
http://dx.doi.org/10.1103/PhysRevA.76.052314
http://dx.doi.org/10.1126/science.1189075
http://dx.doi.org/10.1126/science.1189075
http://dx.doi.org/10.1126/science.1189075
http://dx.doi.org/10.1126/science.1189075
http://dx.doi.org/10.1038/nature10401
http://dx.doi.org/10.1038/nature10401
http://dx.doi.org/10.1038/nature10401
http://dx.doi.org/10.1038/nature10401
http://dx.doi.org/10.1038/nature09359
http://dx.doi.org/10.1038/nature09359
http://dx.doi.org/10.1038/nature09359
http://dx.doi.org/10.1038/nature09359
http://dx.doi.org/10.1103/PhysRevLett.112.116802
http://dx.doi.org/10.1103/PhysRevLett.112.116802
http://dx.doi.org/10.1103/PhysRevLett.112.116802
http://dx.doi.org/10.1103/PhysRevLett.112.116802
http://dx.doi.org/10.1103/PhysRevB.65.195315
http://dx.doi.org/10.1103/PhysRevB.65.195315
http://dx.doi.org/10.1103/PhysRevB.65.195315
http://dx.doi.org/10.1103/PhysRevB.65.195315
http://dx.doi.org/10.1103/PhysRevLett.98.220801
http://dx.doi.org/10.1103/PhysRevLett.98.220801
http://dx.doi.org/10.1103/PhysRevLett.98.220801
http://dx.doi.org/10.1103/PhysRevLett.98.220801
http://dx.doi.org/10.1103/PhysRevB.85.085302
http://dx.doi.org/10.1103/PhysRevB.85.085302
http://dx.doi.org/10.1103/PhysRevB.85.085302
http://dx.doi.org/10.1103/PhysRevB.85.085302
http://dx.doi.org/10.1103/PhysRevB.92.245309
http://dx.doi.org/10.1103/PhysRevB.92.245309
http://dx.doi.org/10.1103/PhysRevB.92.245309
http://dx.doi.org/10.1103/PhysRevB.92.245309
http://dx.doi.org/10.1126/science.1246164
http://dx.doi.org/10.1126/science.1246164
http://dx.doi.org/10.1126/science.1246164
http://dx.doi.org/10.1126/science.1246164
http://dx.doi.org/10.1038/nphoton.2013.48
http://dx.doi.org/10.1038/nphoton.2013.48
http://dx.doi.org/10.1038/nphoton.2013.48
http://dx.doi.org/10.1038/nphoton.2013.48
http://dx.doi.org/10.1038/nature13177
http://dx.doi.org/10.1038/nature13177
http://dx.doi.org/10.1038/nature13177
http://dx.doi.org/10.1038/nature13177
http://dx.doi.org/10.1038/nature13188
http://dx.doi.org/10.1038/nature13188
http://dx.doi.org/10.1038/nature13188
http://dx.doi.org/10.1038/nature13188
http://dx.doi.org/10.1038/ncomms7236
http://dx.doi.org/10.1038/ncomms7236
http://dx.doi.org/10.1038/ncomms7236
http://dx.doi.org/10.1038/ncomms7236
http://dx.doi.org/10.1038/nnano.2015.334
http://dx.doi.org/10.1038/nnano.2015.334
http://dx.doi.org/10.1038/nnano.2015.334
http://dx.doi.org/10.1038/nnano.2015.334
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1103/PhysRevB.78.085307
http://dx.doi.org/10.1088/1367-2630/11/1/013007
http://dx.doi.org/10.1088/1367-2630/11/1/013007
http://dx.doi.org/10.1088/1367-2630/11/1/013007
http://dx.doi.org/10.1088/1367-2630/11/1/013007
http://arxiv.org/abs/arXiv:quant-ph/0301064
http://dx.doi.org/10.1103/PhysRevB.90.155421
http://dx.doi.org/10.1103/PhysRevB.90.155421
http://dx.doi.org/10.1103/PhysRevB.90.155421
http://dx.doi.org/10.1103/PhysRevB.90.155421
http://dx.doi.org/10.1103/PhysRevLett.96.153601
http://dx.doi.org/10.1103/PhysRevLett.96.153601
http://dx.doi.org/10.1103/PhysRevLett.96.153601
http://dx.doi.org/10.1103/PhysRevLett.96.153601
http://dx.doi.org/10.1038/nphys1182
http://dx.doi.org/10.1038/nphys1182
http://dx.doi.org/10.1038/nphys1182
http://dx.doi.org/10.1038/nphys1182
http://dx.doi.org/10.1103/PhysRevB.81.035332
http://dx.doi.org/10.1103/PhysRevB.81.035332
http://dx.doi.org/10.1103/PhysRevB.81.035332
http://dx.doi.org/10.1103/PhysRevB.81.035332
http://dx.doi.org/10.1126/science.1154798
http://dx.doi.org/10.1126/science.1154798
http://dx.doi.org/10.1126/science.1154798
http://dx.doi.org/10.1126/science.1154798
http://dx.doi.org/10.1038/nature07530
http://dx.doi.org/10.1038/nature07530
http://dx.doi.org/10.1038/nature07530
http://dx.doi.org/10.1038/nature07530

SINGLE-SHOT OPTICAL READOUT OF A QUANTUM BIT ...

Dot in the Voigt Configuration, Phys. Rev. Lett. 98, 047401
(2007).

[40] X. Xu, Y. Wu, B. Sun, Q. Huang, J. Cheng, D. G. Steel, A. S.
Bracker, D. Gammon, C. Emary, and L. J. Sham, Fast Spin State
Initialization in a Singly Charged InAs-GaAs Quantum Dot by
Optical Cooling, Phys. Rev. Lett. 99, 097401 (2007).

[41] X. Xu et al., Coherent population trapping of an electron spin
in a single negatively charged quantum dot, Nat. Phys. 4, 692
(2008).

[42] G. Fernandez, T. Volz, R. Desbuquois, A. Badolato, and A
Imamoglu, Optically Tunable Spontaneous Raman Fluores-
cence from a Single Self-Assembled InGaAs Quantum Dot,
Phys. Rev. Lett. 103, 087406 (2009).

[43] Y. He, Y.-M. He, Y.-J. Wei, X. Jiang, M.-C. Chen, F.-L. Xiong,
Y. Zhao, C. Schneider, M. Kamp, S. Hofling, C.-Y. Lu, and
J.-W Pan, Indistinguishable Tunable Single Photons Emitted by
Spin-Flip Raman Transitions in InGaAs Quantum Dots, Phys.
Rev. Lett. 111, 237403 (2013).

[44] T. M. Sweeney et al., Cavity-stimulated Raman emission from
a single quantum dot spin, Nat. Photon. 8, 442 (2014).

[45] K. De Greve et al., Quantum-dot spin-photon entanglement
via frequency downconversion to telecom wavelength, Nature
(London) 491, 421 (2012).

[46] W. Gao, P. Fallahi, E. Togan, J. Miguel-Sanchez, and A.
Imamoglu, Observation of entanglement between a quantum
dot spin and a single photon, Nature (London) 491, 426 (2012).

[47] J. R. Schaibley, A. P. Burgers, G. A. McCracken, L.-M. Duan,
P. R. Berman, D. G. Steel, A. S. Bracker, D. Gammon, and
L.J. Sham, Demonstration of Quantum Entanglement Between
a Single Electron Spin Confined to an InAs Quantum Dot and a
Photon, Phys. Rev. Lett. 110, 167401 (2013).

[48] K. De Greve et al., Complete tomography of a high-fidelity
solid-state entangled spin-photon qubit pair, Nat. Commun. 4,
2228 (2013).

[49] Y. Arakawa, S. Iwamoto, M. Nomura, A. Tandaechanurat, and
Y. Ota, Cavity quantum electrodynamics and lasing oscillation
in single quantum dot-photonic crystal nanocavity coupled
systems, IEEE J. Sel. Top. Quantum Electron. 18, 1818 (2012).

PHYSICAL REVIEW A 94, 012307 (2016)

[50] D. Englund, D. Fattal, E. Waks, G. Solomon, B. Zhang,
T. Nakaoka, Y. Arakawa, Y. Yamamoto, and J. Vuckovic,
Controlling the Spontaneous Emission Rate of Single Quantum
Dots in a Two-Dimensional Photonic Crystal, Phys. Rev. Lett.
95, 013904 (2005).

[51] S. Combrié and A. De Rossi, Directive emission from high-Q
photonic crystal cavities through band folding, Phys. Rev. B 79,
041101 (2009).

[52] S. L. Portalupi et al., Planar photonic crystal cavities with far-
field optimization for high coupling efficiency and quality factor,
Opt. Express 18, 16064 (2010).

[53] H. Takagi et al., High QH1 photonic crystal nanocavities with
efficient vertical emission, Opt. Express 20, 28292 (2012).

[54] T. G. Tiecke et al., Efficient fiber-optical interface for nanopho-
tonic devices, Optica 2, 70 (2015).

[55] O. Gazzano et al., Bright solid-state sources of indistinguishable
single photons, Nat. Commun. 4, 1425 (2013).

[56] R. H. Hadfield, Single-photon detectors for optical quantum
information applications, Nat. Photon. 3, 696 (2009).

[57] H. D. Robinson and B. B. Goldberg, Light-induced spectral
diffusion in single self-assembled quantum dots, Phys. Rev. B
61, R5086 (2000).

[58] A. Majumdar, E. D. Kim, and J Vuckovic, Effect of photo-
generated carriers on the spectral diffusion of a quantum dot
coupled to a photonic crystal cavity, Phys. Rev. B 84, 195304
(2011).

[59] D. Englund et al., Controlling cavity reflectivity with a single
quantum dot, Nature (London) 450, 857 (2007).

[60] I. A. Merkulov, A. L. Efros, and M Rosen, Electron spin
relaxation by nuclei in semiconductor quantum dots, Phys. Rev.
B 65, 205309 (2002).

[61] B. Urbaszek et al., Nuclear spin physics in quantum dots: An
optical investigation, Rev. Mod. Phys. 85, 79 (2013).

[62] D. Loss and D. P. DiVincenzo, Quantum computation with
quantum dots, Phys. Rev. A 57, 120 (1998).

[63] C. Kloeffel and D. Loss, Prospects for spin-based quantum
computing in quantum dots, Annu. Rev. Condens. Matter Phys.
44, 51 (2013).

012307-7


http://dx.doi.org/10.1103/PhysRevLett.98.047401
http://dx.doi.org/10.1103/PhysRevLett.98.047401
http://dx.doi.org/10.1103/PhysRevLett.98.047401
http://dx.doi.org/10.1103/PhysRevLett.98.047401
http://dx.doi.org/10.1103/PhysRevLett.99.097401
http://dx.doi.org/10.1103/PhysRevLett.99.097401
http://dx.doi.org/10.1103/PhysRevLett.99.097401
http://dx.doi.org/10.1103/PhysRevLett.99.097401
http://dx.doi.org/10.1038/nphys1054
http://dx.doi.org/10.1038/nphys1054
http://dx.doi.org/10.1038/nphys1054
http://dx.doi.org/10.1038/nphys1054
http://dx.doi.org/10.1103/PhysRevLett.103.087406
http://dx.doi.org/10.1103/PhysRevLett.103.087406
http://dx.doi.org/10.1103/PhysRevLett.103.087406
http://dx.doi.org/10.1103/PhysRevLett.103.087406
http://dx.doi.org/10.1103/PhysRevLett.111.237403
http://dx.doi.org/10.1103/PhysRevLett.111.237403
http://dx.doi.org/10.1103/PhysRevLett.111.237403
http://dx.doi.org/10.1103/PhysRevLett.111.237403
http://dx.doi.org/10.1038/nphoton.2014.84
http://dx.doi.org/10.1038/nphoton.2014.84
http://dx.doi.org/10.1038/nphoton.2014.84
http://dx.doi.org/10.1038/nphoton.2014.84
http://dx.doi.org/10.1038/nature11577
http://dx.doi.org/10.1038/nature11577
http://dx.doi.org/10.1038/nature11577
http://dx.doi.org/10.1038/nature11577
http://dx.doi.org/10.1038/nature11573
http://dx.doi.org/10.1038/nature11573
http://dx.doi.org/10.1038/nature11573
http://dx.doi.org/10.1038/nature11573
http://dx.doi.org/10.1103/PhysRevLett.110.167401
http://dx.doi.org/10.1103/PhysRevLett.110.167401
http://dx.doi.org/10.1103/PhysRevLett.110.167401
http://dx.doi.org/10.1103/PhysRevLett.110.167401
http://dx.doi.org/10.1038/ncomms3228
http://dx.doi.org/10.1038/ncomms3228
http://dx.doi.org/10.1038/ncomms3228
http://dx.doi.org/10.1038/ncomms3228
http://dx.doi.org/10.1109/JSTQE.2012.2199088
http://dx.doi.org/10.1109/JSTQE.2012.2199088
http://dx.doi.org/10.1109/JSTQE.2012.2199088
http://dx.doi.org/10.1109/JSTQE.2012.2199088
http://dx.doi.org/10.1103/PhysRevLett.95.013904
http://dx.doi.org/10.1103/PhysRevLett.95.013904
http://dx.doi.org/10.1103/PhysRevLett.95.013904
http://dx.doi.org/10.1103/PhysRevLett.95.013904
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1364/OE.20.028292
http://dx.doi.org/10.1364/OE.20.028292
http://dx.doi.org/10.1364/OE.20.028292
http://dx.doi.org/10.1364/OE.20.028292
http://dx.doi.org/10.1364/OPTICA.2.000070
http://dx.doi.org/10.1364/OPTICA.2.000070
http://dx.doi.org/10.1364/OPTICA.2.000070
http://dx.doi.org/10.1364/OPTICA.2.000070
http://dx.doi.org/10.1038/ncomms2434
http://dx.doi.org/10.1038/ncomms2434
http://dx.doi.org/10.1038/ncomms2434
http://dx.doi.org/10.1038/ncomms2434
http://dx.doi.org/10.1038/nphoton.2009.230
http://dx.doi.org/10.1038/nphoton.2009.230
http://dx.doi.org/10.1038/nphoton.2009.230
http://dx.doi.org/10.1038/nphoton.2009.230
http://dx.doi.org/10.1103/PhysRevB.61.R5086
http://dx.doi.org/10.1103/PhysRevB.61.R5086
http://dx.doi.org/10.1103/PhysRevB.61.R5086
http://dx.doi.org/10.1103/PhysRevB.61.R5086
http://dx.doi.org/10.1103/PhysRevB.84.195304
http://dx.doi.org/10.1103/PhysRevB.84.195304
http://dx.doi.org/10.1103/PhysRevB.84.195304
http://dx.doi.org/10.1103/PhysRevB.84.195304
http://dx.doi.org/10.1038/nature06234
http://dx.doi.org/10.1038/nature06234
http://dx.doi.org/10.1038/nature06234
http://dx.doi.org/10.1038/nature06234
http://dx.doi.org/10.1103/PhysRevB.65.205309
http://dx.doi.org/10.1103/PhysRevB.65.205309
http://dx.doi.org/10.1103/PhysRevB.65.205309
http://dx.doi.org/10.1103/PhysRevB.65.205309
http://dx.doi.org/10.1103/RevModPhys.85.79
http://dx.doi.org/10.1103/RevModPhys.85.79
http://dx.doi.org/10.1103/RevModPhys.85.79
http://dx.doi.org/10.1103/RevModPhys.85.79
http://dx.doi.org/10.1103/PhysRevA.57.120
http://dx.doi.org/10.1103/PhysRevA.57.120
http://dx.doi.org/10.1103/PhysRevA.57.120
http://dx.doi.org/10.1103/PhysRevA.57.120
http://dx.doi.org/10.1146/annurev-conmatphys-030212-184248
http://dx.doi.org/10.1146/annurev-conmatphys-030212-184248
http://dx.doi.org/10.1146/annurev-conmatphys-030212-184248
http://dx.doi.org/10.1146/annurev-conmatphys-030212-184248



