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Motivation

• Resonance fluorescence from artificial atoms   

• Building blocks for controllable, quantum-coherent structures

• Applications, e.g. as single- and entangled-photon  
sources  
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Figure 3 |Mollow triplet. Normalized emission spectra from QD2 at
different excitation powers (P0 = 0.2 mW). Lines are fits to equation (3)
with T1 = 149± 13 ps and T2 = 154±7 ps, and the Rabi energies are noted
on the plot. The inset shows that QD2 also shows oscillatory g(2)(⌧ ),
though the dip in the centre does not reach zero in this case. The full set of
g(2)(⌧ ) data for QD2 is shown in Supplementary Information, Fig. S2.

wheren1 is the steady-state population fromequation (1),1⌫ is the
detuning of the Fabry–Perot interferometer (FPI) from the resonant
frequency and the constants A and B are

A=⌦ 2 + (1/T1 �1/T2)/T1

B= 2⌦ 2(3/T1 �1/T2)�2(1/T1 �1/T2)2/T1

Similar to the correlation data from QD1, a single pair of T1, T2
values suffices to fit the triplet data for every power level. From
equation (3) it is clear that the width of the central peak is given by
2/T2, and if excitation-induced dephasing were present T2 would
decrease and the peak would broaden at higher powers. As the peak
width remains the same within the resolution of the detector for all
powers, we conclude that there is no excitation-induced dephasing.
For QD2, T1 = 149±13 ps and T2 = 154±7 ps, and the extracted
Rabi energies are labelled in the plots. Also acquired simultaneously
for QD2 are the second-order correlation functions like those for

QD1. One such deconvolved trace is shown as an inset in Fig. 3 for
the highest excitation power.

Mollow-triplet emission and an oscillatory second-order
correlation function are signatures of strongly driven resonance
fluorescence, which have been predicted but before now never
observed in a semiconductor system. In addition to providing the
first demonstration of these landmarks in a quantum dot, there
are important implications in the broader quantum information
sciences. Coherent manipulation combined with photon extraction
will enable many applications where incoherent excitation is
insufficient. The efficiency of a single-photon source may be
increased by Purcell enhancement of the emission rate22,28, but
in an incoherently excited source this results in a decrease of the
indistinguishability3. This drawback, however, does not exist for
coherent excitation such as resonance fluorescence3. Thus very
low background resonant excitation similar to that demonstrated
here could be used in a cavity with a high Purcell factor to create
a high-efficiency single-photon source with indistinguishability
greater than that possible with incoherent excitation.

Methods
The sample consisted of three layers of In0.35Ga0.65As QDs separated by 17 nm,
grown between two distributed Bragg reflector (DBR) mirrors formed by
alternating 1/4-wavelength layers of GaAs and AlAs with 18 periods on the bottom
and 11 periods on the top. The separation between the DBRs was 1.16 µm and
the QD layers were 0.54 µm from the bottom DBR. The main cavity mode was
located near 914 nm, with a full-width at half-maximum of about 5 nm. More
details can be found in ref. 29.

The sample was maintained at low temperature (10K) in a liquid-helium
cryostat, and a polarization-maintaining single-mode optical fibre, mounted
on a three-axis inertial walker, was brought close to the cleaved sample edge.
The fibre was oriented so the polarization axes were aligned with the sample
plane and sample normal. Through the fibre, the excitation laser was coupled
into the waveguide mode of the cavity. Some fraction of the QDs resonantly
coupled to a vertical mode of the cavity and the emission was collected by a
high-numerical-aperture microscope objective. The microcavity greatly suppressed
laser scattering because the laser was contained by total internal reflection
between the DBR mirrors.

The emitted photons were directed either into an HBT set-up to measure
g (2)(⌧ ), or into an imaging spectrometer with a two-dimensional CCD
(charge-coupled device) array to measure the emission intensity and wavelength.
Few spectrometers have the resolution necessary to distinguish the Mollow
triplet; therefore, a scanning FPI was placed in front of the spectrometer and the
transmitted intensity was recorded on the CCD as the FPI was scanned over the
emission wavelength. This combination gave rise to an effective energy resolution
of 1.2 µeV. The HBT set-up comprised a beamsplitter, two single-photon detection
modules from Micro Photon Devices and a PicoHarp 300 time-correlated
single-photon counting system.

CW excitation was provided by a tunable Ti:sapphire ring laser; a 5 ps pulsed
Ti:sapphire laser was used to measure the IRF of the HBT set-up. The exact laser
intensity delivered to the QD varies between dots because the coupling efficiency
of the light into the waveguide and the slight divergence within the waveguide
are unknown. The powers noted in the figures are the amounts coupled into the
excitation fibre. The FPI used to measure the Mollow triplet had a free spectral
range of 30GHz (124 µeV) and a finesse of ⇠100, resulting in a transmission
bandwidth of 0.3 GHz (1.24 µeV).

The background in g (2)(⌧ ) was measured by simply tuning the laser
off-resonance and recording the count rate. Deconvolution was accomplished
in the Fourier domain by forming a modified Wiener filter out of the measured
IRF, multiplying the data with the filter, then transforming back into the time
domain30. The modified Wiener filter is the theoretically optimum linear filter for
data affected by additive Gaussian noise and an IRF. The filter function is given by
Y (!)= (⌧ (!)�o(!)/(|⌧ (!)|2�o(!)+�n(!))), where ⌧ is the Fourier transform of
the IRF, �o is the power spectrum of the ‘object’ or true function (approximated by
that of the raw data) and �n is the power spectrum of the noise, which, assuming
white noise, can be found easily from the Fourier transformof the raw data.

Received 11 July 2008; accepted 19 December 2008;

published online 25 January 2009

References
1. Kurtsiefer, C., Mayer, S., Zarda, P. & Weinfurter, H. Stable solid-state source

of single photons. Phys. Rev. Lett. 85, 290–293 (2000).
2. Michler, P. et al. Quantum correlation among photons from a single quantum

dot at room temperature. Nature 406, 968–970 (2000).

206 NATURE PHYSICS | VOL 5 | MARCH 2009 | www.nature.com/naturephysics

E.B. Flagg et al., 
Nat. Phys. 5,  
203 (2009)

   with quantum dots

less coupling efficiency to the line field, includ-
ing nonradiative relaxation. The maximal possible
power extinction (1 – |t|2) can reach 100% when
|r0| = 1. It takes place for h = 1 and G2 = G1/2,
that is, in the absence of pure dephasing, Gϕ = 0.
In such a case, the wave scattered forward by the
atom is canceled out because of destructive
interference with the incident wave (Isc = –I0).
Although Eq. 2 is obtained for the degeneracy
point (e = 0), it remains valid in the general case
of e ≠ 0 if the dipole interaction energy ħW is
multiplied by w0/wa.

The excitation energy of the atom was
revealed by means of transmission spectroscopy
(Fig. 1C). Owing to the broadband characteristics
of the transmission line, we swept the frequency
of the incident microwave in a wide range and
monitored the transmission. As shown in the inset
of Fig. 1C, the resonance is detected as a sharp dip
in the power transmission coefficient |t|2. At reso-
nance, the power extinction reaches its maximal
value of 94%, which suggests that the system is
relatively well isolated from other degrees of free-
dom in the surrounding solid-state environment
and behaves as a nearly isolated atom in open
space, coupled only to the electromagnetic fields
in the space. The resonance frequency wa is traced
as a function of the flux bias dF. By fitting the
data, we obtained w0/2p = 10.204 GHz at dF = 0
and the persistent current Ip = 195 nA.

The elastic response of the artificial atom
shows typical anomalous dispersion. Figure 2A
represents the reflection coefficient derived from
the transmission according to r = 1 – t and ob-
tained at dF = 0. Similarly to the case of a natural
atom, we can define the polarizability a = a′ +
ia″ as 〈f〉 ¼ aI0 and, therefore, a º ir. In the
vicinity of the resonance, Re(r) (ºa″) is pos-
itive and reaches maximum at the resonance,
whereas Im(r) (º–a′) changes the sign from
positive to negative.

With a weak driving field of W2/(G1G2) <<
1 (Fig. 2A, topmost curve), a peak in Re(r)

{Re(r) = hr0[1 + (dw/G2)
2]–1/2} appears.

Fitting by using Eq. 2 with h = 1 gives G1 =
6.9 × 107 s–1 (G1/2p = 11 MHz) and G2 = 4.5 ×
107 s–1 (G2/2p = 7.2 MHz). From the expression
for G1, the mutual inductance between the atom
and the transmission line is estimated to be M =
12 pH. Although our assumption of h = 1 has
not been checked experimentally, it may be rea-
sonable because (i) all the line current should
effectively interact with the atom and (ii) the
possible relaxation without emission measured
for isolated atoms is weak, being typically less
than 106 s–1 (28). In a case of imperfect coupling
(h < 1), the actual G1 could be slightly higher.

The nonlinearity of the atom manifests in the
saturation of the atom excitation. With increasing
the power of the incident microwave W0, |r|
monotonically decreases, and in the Smith chart
(Fig. 2B) the shape of the trajectory changes from
a large circle to a small ellipse. As a single two-
level system, the atom is saturated at larger
powers and can have large reflectance only for
the weak driving case. Again, the nearly perfect
agreement between the calculations and the mea-
surements supports our model of a two-level atom
coupled to a single 1D mode. Any artificial me-
dium built of such “atoms” (29) will also have a
strongly nonlinear susceptibility.

So far, we have investigated elastic Rayleigh
scattering in which the incident and the scattered
waves have the same frequency. However, the rest
of the power W ′

sc ¼ W0ð1 − jtj2 − jrj2Þ is scat-
tered inelastically and can be observed in the
power spectrum. The spectrum was measured at
the degeneracy point (dF = 0) under a resonant
drive with the power corresponding to W/2p ≈
57 MHz (Fig. 3A). It manifests the resonance
fluorescence triplet, also known as the Mollow
triplet (19–23). In the case of a strong driving
field (W2 >> G2

1), the expression for the in-
elastically scattered power simplifies to W ′

sc ≈
ðG2

1=W
2ÞW0, which is independent of the in-

cident power and can be rewritten as W ′
sc ≈

ℏwG1=2: The atom is half populated by the strong
drive and spontaneously emits with rate G1.
Assuming h = 1, the spectral density measured in
one of the two directions is expected to be

SðwÞ ≈ 1
2p

ℏwG1

8
gs

ðdwþWÞ2 þ g2s
þ

 

2gc
dw2 þ g2c

þ gs
ðdw − WÞ2 þ g2s

!

ð3Þ

where half-width of the central and side peaks are
gc = G2 and gs = (G1 + G2)/2, respectively. The red
curve in Fig. 3A is drawn by using Eq. 3 without
any fitting parameters. The good agreement with
the theory indicates the high collection efficiency
of the emitted photons, which is due to the 1D
confinement of the mode. The shift of the side
peaks, TW, from the main resonance depends on
the driving power. The intensity plot in Fig. 3B
shows how the resonance fluorescence emission
depends on the driving power. The dashed white
lines mark the calculated position of the side
peaks as a function of the driving power, showing
good agreement with the experiment.

The demonstrated resonance wave scattering
from a macroscopic “artificial atom” in an open
transmission line indicates that such supercon-
ducting quantum devices can be used as building
blocks for controllable, quantum-coherent mac-
roscopic artificial structures, in which a plethora
of effects can be realized from quantum optics of
atomic systems.
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Fig. 3. Resonance fluo-
rescence triplet: spectrum
of inelastically scattered
radiation. (A) Linear fre-
quency spectral density
[S = 2pS(w)] of emission
power under a resonant
drive with the Rabi fre-
quency ofW/2p =57MHz
corresponding to the in-
cident microwave power
of W0 = –112 dBm or
6.3 × 10−15 W. Experi-
mental data are shown
by the open circles. The
red solid curve is the
emission calculated from
Eq. 3 with no fitting pa-
rameters. A schematic of the triplet transitions in the dressed-state picture
is presented in the inset: The atomic levels split by W because of strong
driving, and transitions with frequencies w0 –W, w0, and w0 +W (marked by
colored arrows), give rise to three emission peaks. (B) Resonance fluorescence

emission spectrum as a function of the driving power. The dashed white lines
indicate the calculated position of the side peaks shifted by TW/2p from the
main resonance. The split peak was used for calibration of the field amplitude
at the atom.
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is a key requirement to ensure efficient optical spin-state readout.
Finally, the triple requirement of avoiding fluorescence quenching,
polarizing the nitrogen nuclear spin and operating with a large
parametric coupling strength compete in determining the best
location in space where to operate the experiment.

Qubit dynamics in presence of coherent mechanical motion.
Having thus fully characterized the static properties of the system,
we now investigate the qubit dynamics in presence of coherent

mechanical motion, generated by a modulated piezoelectric-
driving force. We first restrict our analysis to one single
mechanical mode (m¼ 2) by positioning the gradient source at a
location allowing a large parametric coupling strength along the
e2 orientation and tuning the external drive frequency Od/2p to
the resonance of the second eigenmode (6.29 MHz). The qubit is
initialized in its ground state with laser illumination while the
MW power is adjusted so that OREOd. The subsequent Rabi
evolution of the population sz(t) is shown in Fig. 3a, in absence
(top) and in presence (bottom) of the coherent mechanical drive.
The corresponding Fourier transforms are shown in Fig. 3b.
While first a single decaying oscillation is observed, a longer-
lasting beating signal can be observed when the qubit is coher-
ently oscillating in space, presenting a characteristic triplet
spectrum, whose central component coincides with Od, revealing
the synchronization of the spin on the oscillator dynamics.
Increasing the oscillation amplitude dr[Od] from 0 to 9 nm results
in a linear increase of the triplet separation, see Fig. 3c, up to
do0E2p" 5 MHz, corresponding to a 0.5 MHz nm# 1 para-
metric coupling strength (20,000 T m# 1 equivalent magnetic
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…hybrid spin-nanomechanical 
systems

• Observation of the resonance fluorescence triplet from artificial atoms 



Motivation
• Spectral correlation measurements with artificial atoms 
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III. TWO-PHOTON SPECTRUM

In order to record the TPS associated with the QD scattered
light, photon arrival times were histogrammed for a matrix
of filter frequencies (ω1,ω2), using a fixed filter bandwidth
#1 = #2 = #. The QD resonance frequency will be denoted
by ω0 while the laser frequency will be denoted by ωL.
We define the laser detuning as δ = ωL − ω0. Figure 1(d)
shows the results of the TPS measurement under coincidence
detection, i.e., for a correlation time τ = T2 − T1 = 0, and

with δ = 0 and #/2π = 0.5 GHz. For each filter frequency
pair the recording time was identical and equal to 165 s, which
together with various delay times make the total exposure time
equal to about 42 hours for each map (29 × 29 grid). Only the
Rabi frequency was changed between each panel (increasing
from left to right). The theoretical one-photon spectrum is
plotted above the TPS for ease of comparison and identification
of spectral features. Figure 1(e) shows several sample raw
correlation functions from which the images were constructed.
Table I provides a summary of typical rates involved in the TPS

TABLE I. Summary of raw quantities associated with the data of Fig. 1(e).

(ω1 − ωL, ω2 − ωL)/2π Aver. det. count rate Raw coinc. rate Raw coinc. rate stat. error
(GHz) (counts/s) (counts/s) (counts/s) g(2)(0) g(2)(0) stat. error

(0,0) 8.2 × 105 158.01 0.95 1.214 0.007
(−2.2, − 2.2) 2.3 × 105 3.83 0.23 0.33 0.021
(−3,3) 3.7 × 104 1.55 0.05 3.18 0.108
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Single atom resonance fluorescence
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Spectral detection
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physical spectrum

Spectral detection
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Conditioned state: broadband detection
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Conditioned state: narrowband detection



VNS, S. Ya. Kilin, Opt. Commun. (2000)
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Non-Markovianity?
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Trace distance [H.-P. Breuer, E.-M. Laine, J. Piilo, PRL (2009)]
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Trace distance of the conditioned state
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Conclusion

• Spectral detection is an indispensable tool in  
resonance fluorescence 

• Spectral detection introduces memory effects 

• Memory effects can be observed in measurements 
of temporal cross correlations between filtered and  
unfiltered photons


