Neuromorphic binarized polariton networks

Supporting Information

Rafat Mirek, Andrzej Opala, Paolo Comaron, Magdalena Furman,
Mateusz Krél, Krzysztof Tyszka, Barttomiej Seredynski, Dario Ballarini,
Daniele Sanvitto, Timothy C. H. Liew, Wojciech Pacuski, Jan Suffczynski,
Jacek Szczytko, Michat Matuszewski,” and Barbara Pietka*

E-mail: mmatu@ifpan.edu.pl; barbara.pietka@fuw.edu.pl

Sample

The investigated system is a semiconductor
heterostructure consisting of two distributed
Bragg reflectors with 16 and 19 alternating
(Cd,Zn,Mg)Te/(Cd,Mg)Te layers, respectively,
separated by an approximately 600 nm thick
(Cd,Zn,Mg)Te layer, forming a microcavity of
quality factor 300. The microcavity contains
three pairs of quantum wells of 20nm with a
small concentration (about 0.5%) of manganese
ions each. The structure was grown on a (100)-
oriented GaAs substrate by molecular beam
epitaxy. The detailed scheme of the structure
is presented in Figure 1.

Polariton spectra

Figure 2 illustrates the typical dispersion ob-
served for a negative exciton-photon detuning.
The fitting of the two-level model to the re-
flectivity map reveals the energy of the un-
coupled exciton (1.614eV), uncoupled photon
(1.607 €V at zero wavevector) and Rabi energy
(10.4 meV). We observe the lower polariton with
a characteristic bottleneck at large momenta in
a photoluminescence map. The upper polari-
ton is very weakly occupied due to efficient re-
laxation to the lower polariton state. In Fig-
ure 3 we show the polariton spectra for a posi-
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Figure 1: The structure of the sample: six 20
nm-wide QWs (red) containing manganese ions
placed between 19 layers (bottom) and 16 layers
(top) of non-magnetic distributed Bragg reflec-
tors (alternating light blue and blue layers).
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Figure 2: Angle-resolved reflectivity (a) and
photoluminescence (b) maps for negatively de-
tuned position on the sample. Red curves indi-
cate the energies of polariton branches. The
energies of the bare exciton and photon ob-
tained from the fitting to the reflectivity map
are marked by the blue dashed curves.

tion on the sample where the all-optical XOR
gate was realised. We take advantage from the
fact that the nonlinear effects can be enhanced
in localised states! and we focus in the trap
formed due to the natural photonic potential
fluctuations. For low excitation power we ob-
serve the lower polariton branch with localised
states marked by the black lines. In the real-
ization of an XOR gate we use a spectral fil-
ter cutting off the emission above the first lo-
calised state. It is worth mentioning that the
filter is not perfectly sharp and decreases the in-
tensity of the lowest state. Above condensation
threshold additional states appear that are cut-
off by the spectral filter. In Figure 4 we present
the energy blue-shift and linewidth (FWHM)
of the lowest energy mode for increasing pulse
energy. We observe the increase of the mode en-
ergy due to polariton-polariton interactions up
to 2.5 meV. The FWHM decreases from 2 meV
to below 0.5meV as a consequence of the con-
densation process.

Experimental setup

The experimental setup is presented in Fig-
ure 5. A pulsed picosecond laser (Mira 900)
with 76 MHz repetition rate non-resonantly
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Figure 3: Angle-resolved photoluminescence
maps of negatively detuned (-7 meV) exciton-
polaritons below (a,b) and above threshold
(c,d). Right panels show photoluminescence
maps after the long pass filter (780 nm) rotated
at a small angle giving a cut-off at 1.605 eV.
Discrete energy states observed due to local-
ization in photonic potential are marked with
black lines.
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Figure 4: The energy shift and linewidth (full
width at half maximum, FWHM) of the lowest
energy mode for increased energy in the excita-
tion pulse.
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Figure 5: Experimental setup for the realization of all-optical XOR gate.

excites polariton condensates with ot po-
larised light at the energy FE.,.. = 1.724eV
(Aeze = 7191nm). The laser output is split into
two pulses and then coupled into fibers. The
time delay between the pulses can be tuned by
changing the position of the mirrors on a delay
line from 0 ps to 666 ps. To avoid interference
effects at exactly zero delay time, the small-
est delay between the pulses is set to 14 ps for
an experiment where both laser pulses excite a
single condensation site. Neutral-density filters
placed before the fiber couplers independently
control the excitation power of each pulse.

The sample is placed inside an optical cryo-
stat at the temperature of liquid helium. Laser
pulses are focused on the sample by objective
with high numerical aperture (of 0.68). The
position of each laser spot can be tuned sepa-
rately and the distance is set to 2 um for the
two coupled condensates scheme, or they com-
pletely overlap for the single condensate excita-
tion scheme. Emission from the sample is col-
lected by the same objective. Due to the limited
detection efficiency of our CCD camera, the sig-
nal is averaged over 200ms. As it was shown
experimentally, it is possible to perform single-
pulse measurements on exciton-polariton con-
densates.*

Degree of useful nonlinearity

The nonlinearity of the emission can be quan-
tified as the combination of the average inten-
sities, Al = <I()0> + <111> - <]01> — <Ilg>. For
a linear device, this quantity is equal to zero.
We define the useful nonlinearity as the ratio
of the nonlinear response to the amplitude of
noise present in the system: n = Al/ VV with
V = Voo + Vo1 + Vi + Vi1, where Vj; is the vari-
ance of intensity in the (i,7) input configura-
tion, Vj; = <([l - ([l))2> Variance is caused
mainly by the instability of the laser intensity
while fluctuations of the condensate intensity
are minor effects. If the degree of useful nonlin-
earity is high (nonlinear effects in polaritons are
more significant than the noise), there is very
little probability that the plane separating the
two regions in the feature space of Figure 1b in
the main text will give an incorrect prediction
due to the experimental noise. Note that in
Figure 2c in main text, we only plot the nonlin-
earity of one of the two features (emission from
one of the two spots), which is characterized by
a higher degree of nonlinearity, since the linear
classification is able to assign a higher weight
to the more useful feature.
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Figure 6: Real space emission of two spatially-separated polariton condensates excited with (a)
low/low, (b) low/high, (c) high/low and (d) high/high excitation powers. Color code corresponds
to the emission intensity. Left annotations in the panels describe the energy of the pulse applied to
the first (marked with red circle) and second (marked with yellow circle) condensate. Image size is

of 10 umx10 pm.

Opto-electronic machine

learning

In order to obtain a nonlinear logic gate we fo-
cus two laser pulses on the two condensation
sites separated in space by about 2 um. Both
laser pulses are exciting the sample at the same
time (with the delay time set to 0 ps). The four
logic states are obtained by changing pulse en-
ergy focused on each condensation site. Emis-
sion from the sample is collected by the CCD
camera (see Figure 6). In our experiment the
condensates are additionally weakly laterally lo-
calized in photonic potential traps. This as-
sures evanescent coupling between the conden-
sates.?% In general, this localization is not an
important condition and the same results can
be obtained for any optically created polariton
network as in Refs.”™?

The XOR classification task

The XOR gate can be realized in the three di-
mensional feature space composed of the two in-
puts, z—y plane, and a single additional feature,
represented by the z axis, as shown in Figure
1b in the main text. In principle this feature
can correspond to any physical quantity with
an arbitrary small nonlinearity. In the three
dimensional space it is always possible to find
a plane which contains three arbitrary points,
and the plane will contain the fourth point only

if they are linearly dependent. If the points are
not linearly dependent, the plane can be ad-
justed in such a way that the point correspond-
ing to the same class as the fourth point is on
the same side of the plane, while the two points
corresponding to the different class are on the
other side. This can be done by infinitesimally
small shifts of the plane, hence the nonlinearity
can be arbitrarily small. In a real system, the
output is noisy for all four input configurations
of the gate. In this case we need to separate
finite sized regions rather than infinitely small
points. Consequently, the nonlinearity has to
be larger than the noise present in the system.
The result of the XOR operation can be pre-
dicted from the sign of the expression defining
the plane wyxr + wey + w3z = b, where w; and
wy are the input weights, ws is the weight of
the nonlinear output feature and b is the bias.
We determine the weights using the linear re-
gression algorithm with no regularization. We
can also choose to set the weight w3 to unity
(for wy = 0, the problem is equivalent to the
two-dimensional case) and the other parame-
ters can be appropriately rescaled. In an ideal
case, with no noise in the system, it is sufficient
to measure each of the four input combinations
only once to determine optimal weights.
Importantly, in our hardware implementation
all weights have to be positive as they are im-
plemented with optical filters. It would not
be possible to find three positive weights if the
nonlinear feature was a monotonously growing



Figure 7: Real space emission of polariton condensate excited with (a) low/low, (b) low/high, (c)
high/low and (d) high/high excitation powers. Color code corresponds to the emission intensity.
Top annotations in the panels describe the energy of the first (left) and second (right) pulse applied
to the condensate. Delay time between the pulses was 17 ps to avoid interference effects between
the laser pulses. The response of the system was different in the cases when the pulse of high
energy was the first one ("10" configuration) and when the pulse of low energy was the first one

("01" configuration). Image size is of 6 umx6 um.

function of inputs. To demonstrate this, let
us consider the output of the gate given by
h = wyx + wey +wsz. For positive weights, the
"11" configuration would always give a higher
output value than both "10" and "01" configu-
rations, while the "00" configuration would re-
sult in a lower value. It is then important that
the nonlinear element provides a negative dif-
ferential response z(x,y) at least in the range
of excitation energies that is used to encode the
inputs.

All-optical XOR operation

In this experiment two laser pulses are focused
on the same position on the sample. The de-
lay time between the pulses was set to 14 ps to
avoid unnecessary interference effects between
the laser pulses. The all-optical linear classi-
fication of the output data is realized through
mixing of the input and output signals. First,
before coupling the laser pulses into the fibers,
we split each of them and apply weights w; and
wo through neutral density filters. Second, we
overlap these additional laser pulses with the
output signal from the sample directly on the
detector. In this configuration we are able to
control and measure both inputs and outputs.
Long-pass spectral filter cutting off the emis-
sion above 1.605eV ensures negative differen-
tial response of the system. Above a certain
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Figure 8: Three dimensional feature space re-
alized for XOR gate operation. Intensity of the
(a) input 1 and (b) input 2 signals creating
x—y plane (depicted in Figure 1b of the main
text). ¢) Measured filtered emission intensity
for all four combinations of inputs (blue) and
the output intensity of all-optical XOR gate
(dark blue), which consists of the emission com-
bined with the weighted inputs (w;=0.16 and
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Figure 9: a Decay of polariton reservoir for excitation 50 uW, below the condensation threshold.
b Decay of polariton condensate excited with 160 uW. Fit is a convolution of excitation gaussian
pulse with FWHM = 7.7ps and exponential decay with time 7. ¢ Two polariton condensates

excited by two 100 uW beams delayed by 460 ps.

energy of the pulses blue shifted emission is get-
ting weaker in intensity. In the experiment, the
energy of both pulses is changed independently
to realize different logic states. Total emission
integrated in time is collected by the CCD cam-
era. Figure 7 shows four logic realizations of all-
optical XOR observed in photoluminescence.

In Figure 8 we show practical realization of
the XOR classification task. We measure on
the CCD camera intensity of the first (a) and
the second (b) input in the low and high state.
Then, we measure emission from the sample for
all four input configurations (light blue curve
on (¢)). The PL signal is integrated in energy
and spatially from the region enclosed in the
circles marked in the insets. Finally, we can
find weights allowing for XOR gate operation.
In this case obtained weights were: w;=0.16
and wy=0.03, and we set wz=1. The resulting
signal (dark blue) is the sum of the weighted
inputs and the emission.

Ultra-fast XOR gate

To confirm the ultra-fast operation of our XOR
logic gate we used a streak camera to detect the
gate output in real-time with high temporal res-
olution. First, we observe that in response to
a single laser beam with mean power (50 uW)
below the condensation threshold the emitted
output intensity decays with time 7 = 155 ps
(Figure 9a). This value corresponds to the life-
time of the polariton reservoir. In this case,

the photoluminescence is still visible even above
400 ps. In contrast, for the input pulse with
mean power above the threshold, the emission
decay is faster and corresponds to the shorter
lifetime, of about 13 ps, of polariton condensate
(Figure 9b). The emission vanishes after 100
ps. To demonstrate the ultra-fast operation we
used two 100 uW laser pulses delayed in time by
460 ps and incident on the same condensation
site. We observed two response pulses, which
exhibit the same intensity and decay time and
correspond to subsequent emission from two in-
dependent condensates, as shown in Figure 9c.
Based on these results, we can confirm that a
single XOR operation can be completed in less
than 500 ps for non-resonant excitation.

Teaching the network for the
MNIST handwritten digits
classification task

In the handwritten digits recognition task, we
use a supervised learning method based on soft-
max regression. The softmax regression is a
generalization of logistic regression in the mul-
tiple classes case. In the MNIST classification
problem, softmax regression returns the sep-
arate probabilities for each digits class (0-9).
To perform classification we use a simple lin-
ear mapping method: f(x;, W,b) = x;W + b,
where x; is a vector of input states, W is the
weights matrix and b is a bias vector. Before



the training process, the weights matrix is ran-
domly distributed. The weights are obtained by
training the system, minimizing the loss func-
tion given by the cross-entropy. The minimiza-
tion of the loss function is executed using Adam
optimizer. The software algorithms are imple-
mented with Tensorflow!? platform on a stan-
dard PC with GeForce RTX 2070 Graphics Pro-
cessing Unit.
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