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Controllable Delay and Polarization Routing
of Single Photons

Julian Maisch,* Hüseyin Vural, Michael Jetter, Peter Michler, Ilja Gerhardt,
and Simone Luca Portalupi

Full control of single photons is important in quantum information and
quantum networking. In particular, controlling the photon–atom interaction
can be an appealing means to realize more complex quantum experiments. As
a matter of example, the storage of photons into atomic media represents one
key approach to memory-assisted quantum communication and computing.
Here it is shown that the propagation of single photons from a semiconductor
quantum dot can be deliberately controlled by an atomic vapor under the
application of an external magnetic field. The present results enable the use of
an atomic vapor as a precise and reliable wavelength selective delay and
allows for routing the single photons according to their polarization and the
external magnetic field. With an overall delay of 25 ns, it is possible to
fine-tune the arrival time of the photons by more than 600 ps which matches
the scale of the quantum dot’s lifetime. The experimental data are fully
reproduced by a theoretical model.

1. Introduction

Single photons are an essential ingredient in quantum informa-
tion processing. Indeed, encoding information into single pho-
tons will result in highly secure data transfer which becomes par-
ticularly appealing for the implementation of quantum cryptog-
raphy and communication schemes.[1] A strong improvement in
up-scaling the experimental complexity needs the generation of
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photons in a deterministic or turnstile way,
such that a single photon can be gener-
ated on-demand. This forms the key advan-
tage of single emitter based single photon
sources against so-called parametric down-
conversion sources. Typically on-demand
single photon sources originate from sin-
gle atoms[2] and ions, over molecules[3] to
defect centers[4] and quantum dots.[5] Since
quantum dots (QDs) are based on semicon-
ductor technology, they hold the promise to
be integrated onto chip-scale devices. Fur-
thermore, their potential to generate po-
larization entangled photons[6,7] opens the
route for a variety of quantum information
schemes, which are enabled by this quan-
tum phenomenon.
Current state-of-the-art QDs exhibit high

brightness, high indistinguishability,[8–10]

and entanglement fidelity.[11] Quantum dots therefore represent
a very appealing source of non-classical light. On the other hand,
in many quantum applications, such as quantum repeaters, the
implementation of a deterministic quantum memory is benefi-
cial. At present, the relatively short coherence times of the QD’s
spin may limit their performance as storage media. In contrast,
atomic systems with their high coherence and long storage times
could provide this option.[12] Still, the implementation of a full
storage experiment is a challenging task. For instance, the in-
tensity mismatch between single photons and the required high
power control fields complicate the experimental realization. An-
other limiting factor is the bandwidth mismatch, when, for ex-
ample, broad photons have to be stored in a spectrally narrow
medium. Before the realization of an efficient quantum mem-
ory, it is therefore of fundamental importance to fully under-
stand the physics behind the atom–photon interaction. For ex-
ample, it has been shown that photon propagation near atomic
transitions can result in an observable photonic delay. First re-
sults with laser pulses[13–16] have set the basis for more recent
experiments where single photons were slowed down within al-
kali vapors.[17–21] These experiments showed the potential of im-
plementing a hybrid quantum system combining single photons
from quantum dots with their atomic counterparts.
Here we report on the experimental implementation of a fine-

tunable delay with simultaneous photonic routing in a hot atomic
cesium vapor. While the control of the vapor temperature allows
for reaching high values of photonic delay[21] the simultaneous
use of a magnetic field results in a faster and more reliable knob
for controlling the photon arrival time. Controlling precisely this
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property is of relevance when performing two-photon interfer-
ence, that is, the basic building block of quantum operations,
where the arrival time of the photons on the beamsplitter needs
to be precisely synchronized.
Furthermore, the polarization-dependent control on the

single-photon propagation direction constitutes a proof-of-
principle demonstration which can have applications in pho-
tonic routing, or photon multiplexing.[22] The experiments are
conducted with a semiconductor quantum dot as an on-demand
source of single photons. The delay and the routing is imple-
mented by a 250 mm long Cs-vapor cell in a externally con-
trollable magnetic field. Depending on the external magnetic
field, the two polarization components of the light are affected
differently. This feature can be deliberately controlled and fine-
adjusted by the external magnetic field. All results are supported
by a theoretical model which additionally foresees the potentials
of improving the fine-tuning capabilities.

2. Theory

The refractive index in a hot atomic vapor is tied to the strong
absorption lines and the dispersion in the medium. This well-
known phenomenon is usually represented by a division into a
real and an imaginary part of the refractive index—the Kramers–
Kronig relation. The index can be divided as n = n′ + in′′. With
the electric susceptibility, 𝜒 , this is approximately equivalent to
n = 1 + 2𝜋𝜒 , where 𝜒 is represented as

𝜒 =
Ne2∕2m𝜔0

(𝜔0 − 𝜔) − i𝛾
. (1)

Here, N represents the number of involved atoms, e is the
electron charge, 𝜔0 represents the transition, and 𝜔 the laser fre-
quency. 𝛾 represents the radiative lifetime of the excited state.
Therefore, in other words, the refractive index is represented by
the two components

n′ = 1 + 𝜋Ne2

2m𝜔0𝛾

2(𝜔0 − 𝜔)𝛾
(𝜔o − 𝜔)2 + 𝛾2

(2)

n′′ = 𝜋Ne2

2m𝜔0𝛾

𝛾2

(𝜔0 − 𝜔)2 + 𝛾2
. (3)

The group velocity inside a medium of group index ng = n′ +
𝜔dn′∕d𝜔 is known to be given as cg = c∕ng .When the group index
is larger than unity “slow light” can be observed,[17,18,21] while for
an index below unity “fast light” is expected.[23,24]

Under the influence of a longitudinal magnetic field, the Zee-
man effect leads to a spectral splitting of the atomic lines. This
naturally influences not only the absorption but also the disper-
sive components of the refractive index. Both of the two split dis-
persion components act differently on circularly polarized light.
This holds consequently also for linearly polarized light, which
can be represented as a linear-combination of two circular fields.
In summary, this leads to an effective rotation of light which is
based on the Faraday effect.[25] This has been used in Faraday fil-
ters and the symmetry breaking allows to utilize this effect for
optical isolation on or close to the atomic resonance.[26]

Both schemes analyze the input of linearly polarized light and
rely on the effective rotation of the linear component by the
atomic medium. A linear analyzer behind a vapor cell, which is
orthogonally oriented to the input polarization to the vapor cell,
can be passed and the net rotation is quantified. Similarly, the
effect allows for laser locking by the individual analysis of the cir-
cular polarization components of the beam. This is known as a
dichroic atomic vapor laser lock (DAVLL, ref. [27,28]). Here, the
circular components are analyzed behind the cell by the combi-
nation of a quarter-waveplate and a polarizing beamsplitter. Each
of the two circular components shows a different spectral shift
and the difference of both signals forms dispersive lines for each
transition. The zero crossing is usually a reliable lock-point and
is used for laser locking.[29]

Naturally, also the group velocity of the light is affected by the
dispersion in the atomic medium. In the case of a monochro-
matic input field, it can be determined by calculating the effective
refractive indexes of the different atomic transitions and they can
be used to calculate the group velocity. Under broadband, that
is, non-monochromatic, illumination different spectral compo-
nents are affected differently. The resulting delay is represented
by an integration of the individual delays over the entire spec-
trum and is generally more complex than in the monochromatic
case.[30] When this is mathematically estimated it becomes clear
that a) the longer the delay, the longer a light pulse is delayed and
themore it smears out, b) these characteristic fingerprints can be
observed and the pulse shape is affected in a non-trivial way.[21]

The above description of slow light is not limited on a sin-
gle frequency light input. In addition, when a magnetic field is
applied to the hot atomic vapor, both circular components (even
when the light fields are of the same frequency) are influenced
differently. Therefore, in the following both polarization compo-
nents are analyzed.
The analysis is accompanied with theoretical calculations of

the delay. Aim of the simulation is to obtain the respective
shapes after propagation through the atomic medium. The cal-
culations assume a random-walk model of the spectral position
of the quantum dot.[21] Due to fluctuations of the electric and
magnetic field in the environment of a QD its energy levels
shift randomly—an effect which is often described as spectral
diffusion. Therefore, the carrier frequency of photons changes
over time between different emission events. This results in a
Gaussian frequency spectrum whereas in the Fourier limit a
Lorentzian shape is expected. In the simulation model each sin-
gle photon is assumed to be Fourier limited. That implies an ex-
ponential decaying temporal form and a Lorentzian frequency
spectrum. The integral of all single shapes with a respective sta-
tistical weight results in the profile of the photon ensemble. The
implementation of the conducted simulations follows this pic-
ture. The starting point for the propagation of one single photon
is the basic Fourier pair of an exponential decay in time domain
linked with a Lorentzian shape in frequency domain.The vapor is
regarded as linear medium which allows a full description of the
propagation via the complex refractive index. In this case the soft-
ware tool ElecSus[33] was utilized to provide the values of real and
imaginary part (n(𝜈) and 𝛼(𝜈)). With that it is possible to calculate
the spectrum after propagation through the vapor of length L

𝜒in(𝜔) → 𝜒out(𝜔) = 𝜒in(𝜔) ⋅ e
inckL (4)
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Figure 1. Experimental setup for time-correlated single photon counting (TCSPC). The quantum dot (QD) is resonantly excited. Through the polarizer
(Pol) the single photons enter the cesium vapor cell linearly polarized. A variable magnetic field can be applied parallel or anti-parallel to the propagation
direction. Behind the vapor cell the quarter wave plate (𝜆∕4) projects the circular polarizations onto orthogonal linear components. These are separated
onto the two APDs via the polarizing beamsplitter (PBS). The signals are recorded by time-tagging.

with nc = n(𝜔) + i
2k

𝛼(𝜔). (5)

Then, an inverse Fourier transformation provides the tempo-
ral form of the propagated photons. This procedure is repeatedly
performed for an ensemble of photons where each one is as-
sumed to be Fourier limited with a certain carrier frequency. This
carrier frequency is drawn from a random Gaussian distribution
which can be chosen according to the measurement result of
the emission spectrum.

3. Experiment

The experimental configuration is shown in Figure 1. The input
light was linearly polarized and the light was analyzed in its cir-
cular components with the aid of a quarter wave plate and a polar-
izing beamsplitter. For the initial alignment a laser and commer-
cial photo diodes with variable gain were used, while the atomic
cell was at a low temperature, or the laser was several tens of GHz
spectrally detuned from the atomic resonance. The light was sup-
plied to the experiment with a single mode fiber.
The atomic vapor cell for these experiments was made of

borosilicate glass and has a length of 250mm. The cell was heated
by four round copper blocks which were approximately equally
spaced along the length of the cell. The two most outer copper
blocks heated the cell windows and prevented condensation of
the atomic cesium on them. The coldest spot of the cell was
aligned with the filling stem of the cell by a piece of aluminum
foil which touched the colder parts of the coil from the inside.
When the atomic vapor was heated, an atomic transmission

spectrum with Doppler broadened lines was observed. The ce-
sium D1-line shows the well-characterized ground state splitting
of 9.192 GHz, plus the excited state splitting of 1.2 GHz. Since
the latter is larger than the Doppler broadening of the vapor—at
least under ambient conditions—usually four lines are observed.
At higher temperatures, the excited state transitions merged and
only two dominant absorption features were observed. Between
them, the transmission window showed the typical 1∕𝛿𝜈2 detun-
ing frequency dependence and a small window was kept open,
which was used to perform the experiments below. This was also
the window where slow light could be efficiently observed, since
there the effective group index dn∕d𝜔was approximately twice as
large as besides the atomic transitions.[31]

It was possible to apply a magnetic field to the cell, such that
the Zeeman components were split. This was realized with a long

solenoid of enameled copper wire (0.8 mm ∅). The solenoid was
thermally isolated with Teflon supports from the cell heater. After
some hours of heating a stable temperature was reached. It is
worth mentioning that the current through the coil also heated
the system, which in turn affected the temperature during the
application of a magnetic field. This fact became relevant when
the magnetic field was changed.
The single photon source used here was a strain-tunable

In(Ga)As/GaAs quantum dot which was grown by metal-organic
vapor-phase epitaxy.[32] The light-extraction was facilitated by two
distributed Bragg reflector (DBR) layers: the quantum dot layer
was in themiddle of a GaAs 𝜆-cavity surrounded by the DBRs (20
pairs bottom, 4 pairs top). The quantum dot distribution ranged
from 885 to 910 nm, making it possible to find dots emitting in
the vicinity of the Cs-D1 transitions. To allow the precise match-
ing of the atomic lines, the sample was thinnedmechanically and
glued on a piezo actuator, providing wavelength tuning via strain.
A pulsed laser with a repetition rate of approximately 13 MHz
(by pulse picking a standard 80 MHz Ti:Sapphire laser) excited
the quantum dot resonantly at the 𝜋-pulse, while a weak, non-
resonant second laser stabilized the transition. Simultaneously, it
prepared a charged exciton transition by exciting charge carriers
which initially charged the QD. For single-photon detection two
standard single photon counting modules were utilized (Exceli-
tas SPCM-AQRH), in combination with time-tagging electron-
ics (Swabian Instruments “Time Tagger 20”) to evaluate the pho-
ton statistics.
First, the vapor was investigated spectroscopically with an ap-

plied magnetic field. Figure 2a shows the setup where the light
enters the vapor horizontally polarized. The light polarization
was altered due to the Faraday effect and was detected by a pair
of photodiodes behind a polarizing beamsplitter. The resulting
polarization-dependent transmission was exemplarily shown for
T = 80 ◦C and B= 8mT in Figure 2b. The spectra of both compo-
nents show oscillating modulations besides the well-known ab-
sorption profile. The transmission oscillated between zero and
the maximal transmission, dictated by the overall vapor absorp-
tion. The observed frequency-dependent polarization rotation
was a consequence of a phase difference between the circular po-
larization components of the light, due to the circular birefrin-
gence induced by the magnetic field. The same effect caused a
polarization-dependent delay in measurements with pulsed light
as observed with laser light on ref. [14,15].
Then, the experiment was performed with single pho-

tons. Figure 3a shows the measured pulsed second-order
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Figure 2. a) Setup for measuring the Cs-D1 absorption spectra of the polarization components. The polarizer (Pol) ensures that the light enters the vapor
cell linearly polarized. The polarizing beamsplitter (PBS) separates the orthogonal polarization components at the two detectors. b) and c) Measured
(dotted lines) and calculated (solid lines) spectra for the Cs-D1 absorption in a 250 mm long vapor cell at temperature of 80 ◦C and a longitudinal
magnetic field of 8 mT. The two panels show the separated polarization components: b) horizontal and c) vertical.
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Figure 3. a) Intensity auto-correlation of the single photons. b) High resolution resonance fluorescence spectrum of the QD under investigation (blue)
and the Gaussian fit (light blue, solid line). For comparison, the calculated absorption spectrum of the Cs-D1 line is shown in the background (orange).

correlation function of the emission. The vanishing central peak
(g(2)(0) = 0.03 ± 0.01) clearly proves the single-photon nature of
the emission. The evaluation of the g(2)-histogram was done by
integrating the coincidences within each laser repetition, that is,
determining the peak areas. Figure 3b shows the spectrum of the
QD. The solid line represents a Gaussian fit to the data. A nearly
Gaussian profile with 3 GHz width was observed: these were
the data utilized in the theoretical modeling. This well-known
shape can be attributed to the presence of spectral diffusion.
As comparison, the Cs absorption at 130 ◦C is depicted, the
temperature at which the cell was kept during the single-photon
experiments. The width of the QD emission was on the same
scale as the width of the transmission window.
Due to dispersion in the vapor, the group velocity of photons

inside the medium was reduced. Therefore, slow light was ob-
served. In the absence of a magnetic field, the delay through the
heated atomic vapor amounted to ≈ 25 ns. It was noteworthy that
this delay was similarly observed in a previous work [21].
When amagnetic field was applied, it influenced the two circu-

lar components of the propagating light differently. This resulted

in different refractive indices and consequently in different
group velocities for both components. This opened the possibil-
ity to fine-tune the delay. In the given TCSPC setup (Figure 1) a
fine-tuning range at the scale of the QD’s lifetime 𝜏 ≈ 500 ps was
aimed at. The polarizer before the vapor cell ensured that the pho-
tons entered horizontally polarized. Afterward a 𝜆/4-plate and a
polarizing beamsplitter projected the both circular components
(𝜎+ and 𝜎-) onto two separate APDs. The recorded signals of slow
light under different magnetic fields are shown in Figure 4a–c.
While both signals overlapped for zero magnetic field (b), the
altered delay if a magnetic field of B= +16 mT was applied was
clearly observed (a). Reversing the orientation of the magnetic
field (i.e., B = −16 mT was applied (c)), simultaneously inversed
the delay of the two polarization components. Due to the complex
absorption spectrum, the lines were differently affected. For the
maximal magnetic field a gap of ≈ 600 ps between both compo-
nents was reached. Thismatched the targeted order ofmagnitude
of the QD’s lifetime. However, the two wave packets were not
entirely separated. This was due to the vapor dispersion which
caused distortions of the photons resulting in an elongated decay.
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Figure 4. TCSPC measurements with the setup in Figure 1. Three configurations of the magnetic field: a) parallel to the direction of propagation, b)
without magnetic field, and c) anti-parallel. d–f) show the corresponding simulation results.

Figure 5. a) Simulated delay of photons with 𝜎+- and 𝜎−-polarization versus the applied magnetic field. The temperature T = 130 ◦C corresponds with
the experimental conditions in Figure 4. The dashed line indicates the operating point in the presented experiment. b) Delay difference between 𝜎+- and
𝜎−-components over the vapor temperature. Circles (orange) indicate experiments (as in Figure 4) at various temperatures for an applied magnetic field
of 16 mT. The blue (light blue) solid line indicates simulated delay differences over temperature for a magnetic field of 16 mT (100 mT).

The dispersion also caused the modulations on top of decays.[21]

In the experimental signals these modulations occured blurred.
The reason was thermal fluctuations which were induced by the
coil around the vapor cell. The current through the windings pro-
duced additional heat which affected the vapor temperature when
the maximum current of ±1 A was applied. On the other hand,
the overall acquired delay was almost insensitive to these temper-
ature fluctuations. Nevertheless, the simulations fit the data very
well (as described in the theory section above). Furthermore, they
reproduced the observed modulations. These modulations can
be explained due to the frequency jitter of the emitted photons
(i.e., spectral diffusion) which propagate through themedium.[21]

The elongation of the wave packets was also directly connected
to the presence of a rather broad spectrum (as described in [21]).
In case of a narrow emission, the decay would be less distorted
meaning that a fine-tuning at the scale of the QD’s lifetime could
lead to an entire separation of the polarization components.
Furthermore, the theoretical analysis allowed to investigate

magnetic fields which exceed our experimental limitations. The
results are shown in Figure 5a for the vapor temperature T =
130 ◦C which is equivalent to the one in the experiment. For
zero magnetic field, all photons had the same arrival time at the
single photon detectors. For increasing magnetic field the plot
shows the increasing separation of arrival times. The working

point of the experiment is marked. As already observed in the ex-
perimental results in Figure 4, the wavepackets still overlapped
there. On the contrary, with a larger magnetic field up to 100 mT
it would be possible to separate even this currently elongated pho-
tonwavepackets. This realisticmagnetic field strength will be fea-
sible in future experiments.
Finally, similar measurements were performed as in Figure 4,

for different vapor temperatures. To better compare with the sim-
ulations in Figure 5a, the delay difference between 𝜎+- and 𝜎−-
components was plotted directly in Figure 5b. The data agreed
very well with the simulated curve at 16 mT (solid blue line). As
predicted, larger delay differences for every vapor temperature
were expected for a magnetic field of 100 mT (solid light-blue
line). This confirmed the role of temperature and magnetic field
as tuning knobs for the delay.

4. Conclusion and Outlook

In conclusion, we have shown the extended control of the sin-
gle photon propagation by an atomic vapor under the application
of a magnetic field. In this study, two tuning knobs were used
to control the photonic delay: vapor temperature and magnetic
field. The latter becomes very interesting in order to achieve a
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fine-tuning of the single photon delay. Indeed, applying a mag-
netic field can be done much faster than controlling the vapor
temperature. Additionally, the combined use of vapor dispersion
and magnetic field also results in an active routing of light, ac-
cording to its polarization. Rather than previous studies, con-
ducted with classical light, here we show that also single-photons
can be routed via their interaction with an atomicmedium.While
current results only allowed a time separation between 𝜎+ and
𝜎− components of the order of the emitter’s decay time, the the-
ory predicts that much larger separation is achievable for higher
magnetic field intensities. For the same reason, while current ex-
perimental setup allows for a slow change of the magnetic field
orientation, faster equipments would allow the use of the de-
scribed experiment for a fast photon multiplexing.
The shown results of the polarization and frequency selective

photon routing is closely related to laser frequency locking. The
introduced technique with the detection of two different circu-
lar polarization components of the quantum dot’s emission is
closely related to the “dichroic atomic vapor laser lock” (DAVLL).
This allows, for example, for stabilizing a single quantum dot to
an atomic transition. This is further discussed in ref. [29]. There,
the particular delay would not be required, but rather the differ-
ence of the spectra of the two circular polarization components.
Pinning the emission frequency to a universal reference is an
important feature in the implementation of quantum networks,
where multiple distinct sources need to be used (and matched in
frequency).[34]
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