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We investigate the temperature dependence of photon coherence properties through two-photon
interference (TPI) measurements from a single quantum dot (QD) under resonant excitation. We show
that the loss of indistinguishability is related only to the electron-phonon coupling and is not affected by
spectral diffusion. Through these measurements and a complementary microscopic theory, we identify two
independent separate decoherence processes, both of which are associated with phonons. Below 10 K, we
find that the relaxation of the vibrational lattice is the dominant contribution to the loss of TPI visibility.
This process is non-Markovian in nature and corresponds to real phonon transitions resulting in a broad
phonon sideband in the QD emission spectra. Above 10 K, virtual phonon transitions to higher lying
excited states in the QD become the dominant dephasing mechanism, this leads to a broadening of the zero
phonon line, and a corresponding rapid decay in the visibility. The microscopic theory we develop provides
analytic expressions for the dephasing rates for both virtual phonon scattering and non-Markovian lattice

relaxation.
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Many recent developments in quantum information
processing rely on the use of solid-state qubits that can
emit indistinguishable single photons on demand [1,2].
However, maintaining the coherence between consecu-
tively emitted photons remains a true challenge for real-
izing a deterministic source of identical photons. A
promising candidate for the development of such a source
is that of self-assembled semiconductor quantum dots
(QDs) embedded in photonic nanostructures [3,4].

Despite impressive milestones in the development of these
devices, a QD naturally couples strongly to its surrounding
solid-state matrix, constituting an inherently open quantum
system. The excitonic degrees of freedom are heavily
influenced by the vibrational modes [5-8], fluctuating
charges [9], and nuclear spins [10] of the host material,
all of which lead to dephasing, thereby suppressing the
coherence properties of the emitted photons. Decoherence
may be reduced by enhancing the emission rate through the
Purcell effect, or by using resonant excitation to minimize
laser-induced dephasing, leading to bright single-photon
sources with near unity indistinguishability [11-15].

Still, there are a number of open questions regarding
the role of phonon processes on the coherence properties
of emitted photons. Recent experimental and theoretical
work has demonstrated the importance of a microscopic
model for understanding the role of phonons in the
emission properties of QDs [8,16-26]. Examples include
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excitation-induced dephasing of excitonic Rabi oscillations
[5,27], sideband linewidth in resonance fluorescence (RF)
[21,28,29], and temperature-dependent Rabi frequency
renormalization [6,21]. In the examples given, the excitonic
degrees of the QD are assumed to couple linearly to the
phonon environment, inducing thermalization in the QD
eigenbasis [7,8], leading to a broad non-Markovian side-
band in the QD emission spectra [30].

Here, we present a combined experimental and theoreti-
cal investigation of the coherence properties of photons
emitted by a quantum dot, allowing us, unambiguously, to
separate real and virtual decoherence processes due to
phonons and their temperature dependencies. To do so, we
take temperature-dependent measurements of two-photon
interference (TPI) in a Hong-Ou-Mandel (HOM) configu-
ration using strictly resonant excitation conditions. We
show that TPI measurements are not affected by spectral
diffusion due to fluctuating charges, as this process is slow
compared to the emission time interval between the two
interfering photons. Therefore, loss of indistinguishability
is attributed only to electron-phonon scattering. Through
temperature dependent TPI measurements, we demonstrate
that linear electron-phonon coupling is not sufficient to
capture the trend in TPI visibility. In order to describe the
behavior observed, we develop a microscopic model, based
on polaron theory, to include phonon-induced virtual
transitions to higher lying states in the QD [31,32]; this
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FIG. 1. (a) Scheme of the experimental setup. A tunable Ti:

sapphire (82-MHz) laser delivers 3-ps pulses and, for HOM
experiments, pairs of pulses separated by 3 ns. The laser is focused
by a microscope objective on the cleaved edge of one ridge, and the
RF is collected from the top surface by a second microscope
objective. The sample and the two objectives are inside a closed-
cycle He temperature-variable cryostat. The signal is coupled to a
fibered setup (FBS denotes the fibered beam splitters) for either
standard spectroscopy or Michelson interferometry (¢(")) or TPI
experiments (¢'?)) using a 3-ns unbalanced Mach-Zehnder inter-
ferometer. Single-photon avalanche diodes (SPAD1 and SPAD2)
collect the signal. (b) Scanning electron microscopy image of one
ridge, with the dots schematically drawn in the layer.

leads to temperature-dependent broadening of the zero
phonon line (ZPL). Our formalism allows us to derive
analytic forms for the dephasing due to both virtual phonon
processes and non-Markovian lattice relaxation. This pro-
vides novel insights into the dephasing mechanisms rel-
evant to QD based single-photon sources.

Experiment.—In contrast to previous temperature-
dependent TPI measurements [33], our geometry (see
Fig. 1) [34] allows us to use strictly resonant (s-shell)
excitation removing dephasing due to relaxation from
higher excited states and time jitter [35]. Furthermore,
the only filtering used in our measurements is due to a low-
Q cavity, which increases the collection efficiency. We
present results on three different self-assembled InAs/GaAs
QDs from different samples (labeled QD1, QD2, and QD3
hereafter) excited with resonant z pulses. Depending on the
QD under study, an additional very weak (few nanowatt)
He-Ne laser is added to enhance or recover the RF, as
reported previously [15,36,37]. Experimental details can be
found in the Supplemental Material [38].

The coherence time 75, which corresponds to the width
of the RF line, can be measured by Fourier transform (FT)
spectroscopy using a Michelson interferometer. The con-
trast of the interference fringes is adjusted by a pseudo-
Voigt profile, with an inhomogeneous contribution 7 (see
Ref. [38]) that is usually attributed to spectral diffusion
effects [39]. In Table I we give the values of the measured
radiative lifetime 7'; of  and the ratio T, /2T for the three
QDs. The corresponding FT spectra for the three QDs are
given in Fig. 2 of the Supplemental Material [38].

TABLE 1. Values of the experimental parameters (see the text
for definitions) for the three QDs under resonant excitation. V is
the expected TPI visibility from 7| and T, measurements,
assuming random dephasing processes (see the text).

T,(ps) n T,/2T, ggéT Vrer v
QD1 1100 0.45 0.35 0.12 0.79 0.33
QD2 750  0.55 0.23 0.11 0.83 0.22

QD3 670 0.10 0.71 0.07 0.83 0.68
Errors 2% £0.1 10%-15% +£0.02 +£0.04 10%-15%

Second-order correlation measurements have been per-
formed, allowing a characterization of the single-photon
emission purity and indistinguishability. Figure 2 shows the
results obtained for QD1 at 4 K. Single-photon interfer-
ences in a Hanbury Brown-Twiss (HBT) experiment
[Fig. 2(a)] clearly show an antibunching with a low
multiphoton probability gg])sT; the values are given for
the three QDs in Table I. We attribute the background
correlations at 0- and +3-ns delay to the remaining
scattered laser. The unusual shape of the histogram of
coincidences is explained by the fact that the single photons
pass through the two arms of the Mach-Zehnder interfer-
ometer used for the HOM setup [see Fig. I(a) and
Ref. [38]]. A multiexponential decay fit (the red line) is

used to extract the value of 95{21)3? taking into account the
overlapping of the different peaks. Figure 2(b) shows
the raw histogram of the TPI coincidences for QD1 at
4 K. The signature of the indistinguishability of two
successively emitted photons corresponds to the small area
of peak 2 compared to peaks 1 and 3. The TPI visibility
Vrpr (see Table I) is deduced from the second-order
correlation function at zero delay 91(42())1\/1 corrected by the
remaining scattered laser and by the experimental imper-
fections (contrast of the Mach-Zehnder interferometer and
not perfect 50:50 fibered beam splitters) [38,40].

In the literature, it is commonly accepted that the visibility
of TPI experiments can be obtained from the ratio 7, /2T,
assuming random dephasing processes by phonons

and charges [41], and this visibility is labeled V hereafter.
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FIG. 2. Second-order correlation measurements for QD1 at 4 K
for a 1-hr acquisition time. (a) Coincidences histogram for the
HBT experiment. We extract gI%T = 0.12 + 0.02. (b) Coinciden-
ces histogram for the TPI experiment. After correction by the
remaining laser background, we obtain Vyp; = 0.79 £ 0.03.
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The values of V are given in Table I and correspond to a poor
degree of indistinguishability. This is in striking contrast to
the results obtained by TPI experiments, where Vp; ~ 0.80
for all QDs at 4 K. The significant difference can be
explained by recognizing the distinct characteristic time
scales of the two kinds of experiments, which probe different
physical dephasing processes [11,12,33,42.43]. Indeed,
because of the long acquisition time (seconds) during 7',
measurements, the visibility 1% integrates the interaction
processes with the acoustic phonon bath (picosecond range)
and the electrostatic environment (microsecond range [44]).
By contrast, TPI experiments have a characteristic time scale
defined by the nanosecond time delay between pulses;
therefore, only the QD-acoustic phonon interactions are
probed, thus leading to a much higher visibility. This is
corroborated by the inhomogeneous contribution #, which is
large when the interaction between the QDs and the charges

is dominant [39] and corresponds then to a low value of V. At
variance with our results, it has been recently reported that
TPI experiments probe both charge fluctuations and pho-
non-induced dephasing [11,33]. However, in these experi-
ments a nonresonant excitation has been used, explaining a
probable laser-induced dephasing. Moreover, very recently,
Wang et al. [45] have also shown, by increasing the time
delay between the emission of the two photons, that spectral
diffusion has no effect (in the nanosecond range) on the
visibility when the QD is resonantly pumped.

The clear separation of time scales described above
means that TPI measurements effectively isolate the pho-
non processes from other dephasing mechanisms. Thus,
through temperature-dependant TPl experiments per-
formed on a resonantly driven single QD, we can directly
assess the importance of phonon processes on the coher-
ence properties of subsequently emitted photons. The
measured Vrp; as a function of the temperature for QD1
is presented in Fig. 3, where a clear loss of indistinguish-
ability around 10 K is observed. To describe this behavior
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FIG. 3. Plot showing the visibility of the measured TPI for QD1
as a function of temperature (the black points). The data are fitted
with Eq. (2); the full expression is used to produced the solid red
curve, which fits accurately over the full temperature range. The
dashed purple curve shows only the effect of the phonon sideband
on the TPI visibility.

below, we develop a theoretical model which fully captures
the observed trend in visibility.

Microscopic model.—In principle, the many-body elec-
tron-phonon interaction Hamiltonian contains all possible
electronic configurations of the QD [46]. However, when
calculating the effect of phonons on the exciton dynamics,
the energy separation between the s and p orbitals of the
QD is typically a few tens of meV, and it is thus
significantly higher than the average phonon energies in
low temperature experiments. With this in mind, any
transitions from the first excited to another electronic state
of the QD must be virtual in nature. Following Muljarov
and Zimmermann [31] we derive an effective Hamiltonian
theory [47], treating the charge density operator as a
perturbation, with the first- and second-order terms captur-
ing real and virtual phonon transitions, respectively, as
shown schematically in Fig. 4.

We start by explicitly considering the ground state |0) and
the single exciton in the s shell denoted |X), with excitonic
splitting wy. By using an effective Hamiltonian theory [47],
we can eliminate off diagonal transitions to higher
lying phonon states [31], yielding the Hamiltonian, H=
Ho+|X)(X|(V+V,). Here, Hy = ox|X)(X| + S ticbp by
is the free Hamiltonian of the QD and phonon environment,
where by is the annihilation operator of a phonon with wave
vector k and frequency vy. The electron-phonon interaction
has two contributions: the first is the standard linear
electron-phonon coupling V = 3", gi (by. + by ), describ-
ing the displacement of the lattice due to the change in
charge configuration of the QD [8]. The coupling strength is
quantified through the matrix element g = >, ;ML\,
where for deformation potential coupling,

.. 1% .
Ml =\ [rasPu [ i ow(r)e
N

is the matrix element corresponding to the phonon-induced
transition between the ith and jth electronic states. Here,
o is the mass density, ¢, is the speed of sound in the material,
and V is the phonon normalization volume. This matrix
element is dependent on the wave function y; , ,(r) of the

Temperature
— 3K

-=- 23K
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FIG. 4. (Left panel) Schematic of real and virtual transition in a
QD. (a),(b) The impact of these transitions on the QD spectra.
Virtual transitions give a broadening of the ZPL as in (a). Real
transitions lead to the broad phonon sideband illustrated in (b).
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confined electron (e) or hole (h), and the corresponding
deformation potential D,,.

The second term is quadratic in phonon operators [31]
Vo =Sk fuw (b + b)) (bl + by), and it describes
virtual phonon transitions between the first exciton state
and higher lying excited states. The effective coupling
strength for the quadratic coupling takes the form fy » =

Damen 2ojo1 Mtll-,’kMQk, (0% — w$]~!, where 0" is the
energy of the mth electron or hole energy level.

To model the impact of the phonon processes on the
photon indistinguishability, we make use of the polaron
transformation [8,16,18,48] through the operator, U =
10)(0] + |X)(X|eS, where S =3\ gx(by — by)/vk. This
transformation leads to a state dependent displacement
of the phonon environment, removing the linear electron-
phonon coupling. Applying this transformation to
our quadratic Hamiltonian, we obtain Hy = UTHU =
(@x + V)| X)(X| + Sk viby by . Notice the residual quad-
ratic electron-phonon coupling, and that the QD resonance
is shifted, @y = wy + > kg2 /vk. From this Hamiltonian
we may derive a master equation for the reduced density
matrix of the QD in the polaron frame, y, which takes the
simple pure dephasing form

(1) = —idoyloo. y ()] + TL ()] + 2rpalyro[x(1)].

where ¢ = |0)(X| is the dipole transition operator and
Loly] = Oy0"—{070,x}/2. Here, T is the radiative
recombination rate of the QD. If we consider only virtual
transitions between the lowest exciton states and the next
highest states [49], we may find an analytic form for the pure
dephasing rate due to the virtual phonon transition [38]:

70,2/,{ ® 10 —20% V2 d 1
Yoo =i [ Ve ‘n(v)(n(v) + dv, (1)

where n(v) = [¢™ —1]7'. a and u describe the electron-
phonon coupling strength and the probability of virtual
phonon processes, respectively. The cutoff frequency, v, is
directly related to the QD confinement length.

To calculate the visibility of two-photon interference,
we must associate the excitonic degrees of freedom in
the QD to the emitted field. In the polaron frame, one
obtains the Heisenberg picture field operator £(f) =
/I'/2no(t)B_(t), where the standard expression for a
dipole emitter is modified by the phonon displacement
operator B, (1) = e*5() [24,26]. With this expression we
obtain the polaron frame first-order correlation function,
gV (t,7) = (T/27)(B(t)B_){c'(t 4+ 7)o(t)). The second
term in this equation describes emission through the ZPL.
The first term is the phonon correlation function, which
takes the form (B, (7)B_) = B?exp[p(r)], where B =
exp[—¢(0)/2] is the Franck-Condon factor, and ¢(7)=
a [$evexp(—v?/v?)[coth(Br/2)cos(vt) —isin(vr)|dv. This

function decays on a time scale related to the inverse of
the cutoff frequency, which is typically on the order of
picoseconds, leading to a broad phonon sideband in the
spectra of the system. A detailed derivation of this
expression is given in the Supplemental Material [38].

Following Ref. [26], we obtain an analytic form for the
indistinguishability including the phonon sideband contri-
bution [38]:

_ T |h(0)[*B> :
I_r+2ypd (|h(0)|2B2+]~'(1—B2)> ’ )

where |h(0)|* = (k/2)*(8* + (x/2)*)~", with « being the
cavity width and 6 the QD-cavity detuning. The first factor
gives the contribution of photons emitted through the ZPL,
while the second describes the reduction of the indistin-
guishability from photons emitted through the phonon
sideband. The temperature-dependent factor, F, quantifies
the unfiltered fraction of the phonon sideband extracted
from the low-Q cavity [50].

We use the above expression to fit the experimental
data given in Fig. 3, using a least mean squared fitting.
We find an optimum fit for parameters a = 0.0082 ps?,
v, =79 ps7!, and u = 4.4 x 107 ps’>. a and u depend
only on the material parameters, and reasonable agreement
is found upon comparison to the theoretical values. The
cutoff frequency gives a characteristic confinement length
on the order of 1 nm, which is the right order of magnitude
for typical self-assembled QDs. The fit captures the
qualitative and quantitative behavior of the data.
Furthermore, from the simple form of the expression given
in Eq. (2), we can analyze the contributions to the
indistinguishability due to the phonon sideband, and the
virtual transitions to higher lying QD states. Similar results
have been obtained for QD2 and are presented in the
Supplemental Material [38].

Below 10 K, the average energy of phonons kg7 is not
sufficient to induce virtual transitions (yp,q << I). If we use
the extracted parameters to consider only the sideband
contribution (the dashed curve), we observe a good fit at
low temperatures, with an ~10% reduction in the indis-
tinguishability, suggesting that emission via the phonon
sideband is the principal cause for the reduction of TPI
visibility. However, above 10 K the data demonstrate a
rapid decrease in the indistinguishability not captured by
the sideband theory. At these temperatures, kz7 is suffi-
cient to induce virtual transitions between the s and p states
of the QD, leading to pure dephasing of the ZPL (y,q ~ I')
and, consequently, a suppression of the indistinguishability.

The fact that real and virtual phonon processes occur on
separate temperature scales is of vital importance to the
development of solid-state single-photon sources. Although
the phonon sideband is a persistent problem at low temper-
atures, it may be easily removed through spectral filtering, or
use of a high-Q cavity [26]. Though this could reduce the

233602-4



PRL 118, 233602 (2017)

PHYSICAL REVIEW LETTERS

week ending
9 JUNE 2017

efficiency of the source, transform limited photons may be
obtained as ypq ~ 0 at low temperature. By contrast, the
broadening of the ZPL cannot be removed through simple
filtering; instead, one must rely on Purcell enhancement to
reduce its influence. However, the sensitivity of virtual
phonon processes to temperature will place significant
limitations on the operating regimes of QD systems.

In summary, through temperature-dependent TPI mea-
surements, we have demonstrated that both real and virtual
phonon transitions, occurring on very different time scales,
play a role in reducing the indistinguishability of photons
emitted from QDs under resonant excitation. Using a
rigorous microscopic theory, we provide analytic expres-
sions for the dephasing due to these mechanisms, providing
new insights into potential operating regimes of QD single-
photon sources. Furthermore, we expect such a general
microscopic approach could be used to describe other
specific discrete quantum systems coupled to a bosonic
IeServoir.
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