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Quantum memristor with vacuum-one-photon qubits
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Quantum memristors represent a promising interface between quantum and neuromorphic computing, com-
bining the nonlinear, memory-dependent behavior of classical memristors with the properties of quantum states.
An optical quantum memristor can be realized with a vacuum-one-photon qubit entering a tunable beam splitter
whose reflectivity is adapted according to the mean number of photons in the device. In this work, we report
on the experimental implementation of a bulk quantum-optical memristor, working with single-rail coherent
superposition states in the Fock basis, generated via a resonantly excited quantum dot single-photon source.
We demonstrate that the coherence of the input state is preserved by the quantum memristor. Moreover, our
modular platform allows investigating the nonlinear behavior arising from a cascade of two quantum memristors,
a building block for larger networks of such devices toward the realization of complex neuromorphic quantum

architectures.

DOI: 10.1103/4kpy-xfq2
I. INTRODUCTION

Quantum computing and, in particular, the field of quantum
machine learning promise to improve the performances of
several tasks and algorithms [1-3]. In this context, paradigms
that mimic the learning process of the human brain with im-
portant advantages in terms of energy consumption, such as
reservoir computing, extreme learning machines, and, more
generally, neuromorphic computing, have recently found a
generalization in the quantum computing framework [4-8].
Indeed, such schemes require the information to be processed
via a fixed random nonlinear high-dimensional network that is
particularly suited to be mapped onto quantum channels or cir-
cuits [4,6]. Among the platforms taken into consideration for
the realization of quantum machine learning protocols, pho-
tons are an interesting candidate, especially because of their
compatibility with communication networks, fast information
processing, and integrated platforms for quantum compu-
tation [9-12]. Notably, photonic realizations of quantum
machine learning algorithms have already been demonstrated.
In particular, we mention works on proof-of-concept quantum
variational circuits [13-22], kernel estimation [23-25], neural
networks, and reservoir computing [26-29].

The theoretical proposals for photonic quantum machine
learning highlight the introduction of nonlinearities in optical
processing as a key element for the effective realization of
quantum neural networks [30-32]. One potential method for
introducing such nonlinearities is by incorporating measure-
ments with feedback in photonic circuits. In this framework,
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the Adaptive Boson Sampling schemes [23,33] propose mea-
suring a fraction of photons and applying accordingly adaptive
unitary transformations on the unmeasured photons. This
variation of the fully linear optical Boson Sampling enables
the exploration of the scheme for quantum machine learning
tasks, such as kernel estimation [23]. Alternatively, a way to
introduce a memory component in an optical circuit is through
a weak measurement with a feedback that depends on the past
evolution of the system. Examples of such architectures are
quantum memristors (QMs) [34-38], i.e., quantum devices
that, in the simplest case, are composed of a two-dimensional
quantum system, weak measurement, and feedback system.
Notably, a network of such systems [39,40] may be regarded
as a neuromorphic quantum architecture [41]. The original
idea of a QM originates from the classical memristor model,
which is an electrically variable resistor with some memory
properties [42—46]. Classical memristors have also been ap-
plied to optics, envisaging the use of active media [47]. In
such a context, the optical QM inserts a nonlinear memory
component in the optical processing of single-photon states.
In its original proposal, the QM is embodied by a tunable
beam splitter whose reflectivity is updated in time according
to a feedback function that depends on the mean number of
photons passing through the device [27,34]. A recent experi-
mental realization in a linear integrated circuit [27] adapted
such a scheme to dual-rail photonic qubits, at the cost of
using an additional ancillary optical mode [see Fig. 1(c)],
due to the challenge of generating single-rail photon-number
superposition states with linear optics [48]. Nonetheless, re-
cent significant efforts have been devoted to the investigation
of photon-number states for quantum information protocols
[49,50] and the generation of large entangled states [51-53].
In this work, we present the implementation of the orig-
inal proposal of the optical QM [34], which requires no
ancillary modes, since it is based on single-rail vacuum-
one-photon qubits [48] [see Fig. 1(d)]. We generate co-
herent photon-number qubits through quantum-dot-based
single-photon sources [54] that emit mixed or pure states in
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FIG. 1. Dynamics of a quantum memristor. (a) The dynamics
of a QM is defined by its state variable s(z), whose time behav-
ior depends on the input variable i and on its previous state s(¢'),
where t' < . (b) A QM shows different hysteresis loops depending
on the ratio between the input oscillation period Tis. and the QM
characteristic time T'. (c) Dual-rail encoding of vacuum-one-photon
qubits. A photon impinges on a beam splitter with tunable reflectivity
and only one output mode is sent through the quantum memristor,
while the other is directly sent to the circuit output [27]. The result-
ing state is an entangled state over two spatial modes in the form
Pin = a|01), + B|10),,. (d) Here, a laser pulse with pulse area A is
used to resonantly excite a semiconductor quantum dot and generate
coherent vacuum-one-photon superpositions [55] as input states to
the memristor.

the vacuum-one-photon encoding [48,49,55]. An analogous
technique, based on the resonant excitation of a two-level
quantum system, was proposed for a quantum memristor with
trapped ions [56]. The QM here presented is represented
by a bulk Mach-Zehnder interferometer (MZI) encoded in
the polarization degree of freedom. We show that the so-
realized QM preserves the coherence of the quantum state.
Furthermore, we test the behavior of two cascaded memris-
tive devices, toward the realization of a network of quantum
memristors for quantum machine learning applications.

II. PHOTONIC QUANTUM MEMRISTOR

In electronics, a memristor was initially defined as the
fourth fundamental electrical component along with the resis-
tor, the capacitor, and the inductor, establishing a relationship
between the charge and the flux-linkage [42]. The name mem-
ristor derives indeed from the contraction of memory resistor,
as such a device behaves as a nonlinear resistor with a mem-
ory, or, as proposed more recently, as an electrically variable
resistor with the possibility to hold its current resistive state
under zero or some constant voltage bias (memory effect)
[45,46]. In the most general case, memristive systems are
defined by the following coupled equations [57]:

o= f(s,i,t)i, §=h(s,ir1), (1)

where i and o indicate the input and output variables, respec-
tively, while s is a state variable representing the memristor
state. All variables are assumed to also depend on time 7.

A similar idea has been applied to quantum systems, and
the concept of a QM is depicted in Fig. 1(a). A quantum state

is sent through a memristive device whose state is updated
through a suitable feedback system. The output state is still
quantum, and the relationship between the input and the out-
put state is nonlinear, as shown in Fig. 1(b). A linear regime
is approximated when the feedback timescale is comparable
with the input oscillation frequency.

The original proposal of an optical QM [34] considers a
single-rail vacuum-photon qubit [48,49] as input:

[V )in = a()]0) + B()I1), @

where the logical qubit states are encoded in the vacuum
and one-photon Fock states as |0); = |0) and |1); = |1). The
mean photon number of the state in Eq. (2) varies as (ni,(¢)) =
|B(¢)>. The QM can be then implemented as a tunable beam
splitter (BS) whose reflectivity varies through a feedback loop
updated as follows [27,34]:

(nou(t)) = (1 — R(®))(nin(7)),
R(t) = (nin(t)) = 0.5. 3

A solution for the update rule defined by Eq. (3) is the
following [27]:

R(t)=0.5+ 1 / ((nin(1")) — 0.5)dt’, )
T Jir

where T is an integration time window used to estimate the
mean photon number passing through the QM. The intro-
duction of the parameter T serves to avoid that the above
integral diverges and ensures that the reflectivity is bounded
in the interval [0, 1], as detailed in Ref. [27]. Specifically, it
keeps the memory of the memristor constrained in the time
interval [t — T, t]. This parameter is kept fixed throughout a
full experiment and, in practice, it contributes to the shape and
area of the hysteresis loop that is observed when a periodic
input signal is chosen. Note that necessarily (n;,(¢)) is itself
evaluated over a time window, which is the duration of the
single exposure 7. Hereafter, we refer to such a quantity as
(nin(t")). The hysteresis loop represented in Fig. 1(b), arising
when the output intensity is plotted versus a periodic input
intensity, is typical of the quantum-optical memristive be-
havior and can be interpreted as an optical bistability, i.e., a
property of optical devices to show two resonant states, both
stable and dependent on the input state [34]. To observe it, the
current device is fed with a periodic input signal, such as the
following:

(1)) = sin2< T t>, ©)
TOSC

where T, is the oscillation period. The function of the in-
put signal determines the shape and area of the memristor
hysteresis loop. It is noteworthy that the integral in Eq. (4)
vanishes for T = Tys.. Then, for any T > Ty, the memristor
will repeat the same dynamics as for T < Tys.. This is why it
is sufficient to analyze its behavior only in the range of one
period. With the input function in Eq. (5), the limit regimes
for T « Ty and T = Ty tend, respectively, to the following
behaviors:

(Mout () 71 = (Min()) — (min())?,
(Now(t)) 727, = 0.5(nin(1)), ©)
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FIG. 2. Experimental apparatus. (a) Single photons are generated through a neutral and a charged excitonic-based QD, excited through RF
[55]. (b) The implemented optical QM consists of two PBSs with a sequence of two half-wave plates (HWPs) rotated by 22.5° and an LC
in between. The feedback loop operates on the phase applied by the LC that controls the overall reflectivity of the QM. (c) Input states are
prepared through a variable optical attenuator (VOA) to modulate the laser pump power between 0 and 7 as in Eq. (5). The generated states
are collected through a cross-polarization scheme, by using HWPs and quarter-wave plates (QWP). The generated states enter a cascade of two
optical QMs, and the output is analyzed in a path-unbalanced MZI. Photons are measured through superconducting nanowire single-photon

detectors (SNSPDs).

where the second equation shows that the memristor behaves
linearly with constant reflectivity [see Fig. 1(b)]. Different
input functions are analyzed in Appendix E.

III. EXPERIMENTAL SETUP

The experimental setup employed is depicted in Fig. 2.
It envisages two different eDelight Quandela semiconductor
quantum-dot-based single-photon sources, a charged (QD1)
and a neutral (QD2) one [54,55], excited in a resonance flu-
orescence (RF) regime [Fig. 2(a)]. The central wavelengths
for both sources and repetition rate of the employed laser
are reported in Appendix A. Ideally, such sources generate
vacuum-one-photon superposition states of the form [i) =
«|0) + B|1), with the one-photon population | 8| that depends
on the pump laser power. In fact, the emitted state is partially
mixed and can be modeled as p = P ppure + (1 — P)Pmixed>
where Ppue = [V)(¥], Pmixea = diag{|a|*, |8|*}, and P is
known as the conditional purity of the state [49,55]. The
procedure to evaluate the parameter P is through a self-
homodyne detection that is detailed in Appendix B. The QMs
[Fig. 2(b)] consist of a MZI acting on the polarization degree
of freedom. The reflectivity is controlled through a feedback
loop that updates the phase shift between the horizontal and
vertical polarizations inserted by the liquid crystal (LC), ac-
cording to the measured mean number of photons outgoing
the reflected arm of the second polarizing beam splitter (PBS).
The full setup is shown in Fig. 2(c) and further details are
given in Appendix A. The output of the transmitted arm of
the two QMs is analyzed first by measuring (noy(¢)) and, in a
second experiment, through a self-homodyne measurement in
a path-unbalanced MZI to quantify quantum coherence [see
Fig. 2(d) and Appendix A].

IV. SINGLE MEMRISTOR

For the characterization of the hysteresis loops of our QMs,
we used source QD1. The input signal is modulated as in
Eq. (5). The choice of the input oscillation period 7o is
limited by the feedback system latency (Tiaency = 200 ms in
our case). Consequently, in order to have Tiyeney < 0.05 T and
to observe the regime 7' < Tosc, We set the input oscillation
period to Ty, >~ 400 s and the exposure time for the single
value of (nj,(¢)); to T >~ 4 s. With these settings, we were
able to retrieve the expected memristive behavior, character-
ized by the hysteresis cycles observed when plotting (nout)
versus (ni,), as depicted in Figs. 3(a) and 3(b). In particu-
lar, we report the asymptotic regimes in Fig. 3(a) and the
integration time 7 = 0.3 Tys. in Fig. 3(b). Analogous plots
at other integration times are reported in Appendix D. In
Fig. 3(c), instead, we report the temporal shape of the input
and output counts, normalized to the single-photon counts
at the m pulse. The same results have been recovered also
by using the source QD2, which emits highly pure super-
position states of vacuum-one-photon, unlike source QD1
that generates mostly mixed states. Hence, the purity of the
input state does not affect the overall performance of the
memristor.

V. CASCADED MEMRISTORS

In what follows, we take a step further and investigate the
evolution of a quantum state passing through two cascaded
memristors, realizing a building block for a network of quan-
tum memristors (see Fig. 2 and Appendixes C and E). Each
memristor is updated according to the correspondent reflected
mean photon number. In this configuration, the input state
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FIG. 3. Experimental results compared with theoretical simulations. In panels (a)—(d), we show the results with a single memristor, while
in panels (e)—(h), the ones with two concatenated memristors. (a) Asymptotic regimes described in Eq. (6), i.e., T <K Tosc and T = T In the
first case we observe a quadratic response, while in the latter we observe a linear behavior. (b) Hysteresis loop of a single memristor. The period
of the input signal oscillation amounts to 75 & 400 s. (c) Experimental points and expected behavior for (n;,) and (n,,) in the time domain,
for the timescale shown in panel (b). Solid lines represent the theoretical trends. (e) Asymptotic regimes for two concatenated memristors
with the same integration windows. (f) Dynamics of two concatenated memristors with different integration times, as each memristor operates
independently. In the figure, we called (n;,) the input state of the first memristor and (n,,) the output state of the second memristor. (g)
Experimental points and theoretical expectations for two concatenated memristors in the time domain, for the timescale shown in panel (f).
Solid lines represent the theoretical trends. With (n,,4), we refer to the output signal of the first memristor, which is the input signal of the
second memristor. (d)—(h) Interference fringes at two single-photon detectors (respectively, green and orange) measured by sending the signal
outgoing from a single (d) or a concatenation of two (h) memristors to a path-unbalanced MZI. In the background, the corresponding value of
the input signal is reported (blue dots). The visibility of the fringes ranges in the interval [0, 1] depending on the one-photon component of the

input state.

modulates the first reflectivity, and the first output state (Omiq)
is used as input to a second memristor. Interesting behaviors
appear when the integration times of the two memristors,
T, and T;, are different. In Fig. 3(e) we report the asymp-
totic behavior, while in Fig. 3(f), we show one hysteresis
loop of the two cascaded memristors with 77 # T, where
different nonlinearities arise in the two output states, visible,
for instance, in the pinched shape at the loop boundaries. In
Fig. 3(g), we show the reconstructed input signal, the signal
transmitted by the first memristor, and the one transmitted by
the last one. Further measurements of hysteresis loops with
different integration times of the two QMs are discussed in
Appendix D.

VI. COHERENCE PRESERVATION

To test the memristors’ ability to preserve quantum coher-
ence, we used the neutral exciton QD2. Indeed, this source
emits states characterized by a high conditional purity Pj, =
0.95+£0.01. The parameter P can be extrapolated via a
self-homodyne detection, by observing the dependence of
the fringe visibility on the one-photon population |B|> in
single-photon counts recorded when two vacuum-one-photon
states interfere in an unbiased beam splitter, as detailed in
the Appendix B. In particular, the parameter P is insen-
sitive to photon losses, i.e., to the presence of incoherent

vacuum components in the state [49,55]. Since each QM
introduces only incoherent vacuum terms such as R(#)|0) (0|
[27], we expect that it does not affect the conditional purity
‘P of the output states. The coherence in the state can be
assessed by observing Figs. 3(d) and 3(h), where we com-
pare the single-photon counts normalized to the sum of the
two output channels of the MZI, passing through one or
two memristors, respectively. The presence of fringes in the
output channels demonstrates that the quantum coherence is
preserved after each memristor. The coherence is quantified
by measuring the same parameter P of the output state after
the operation of the two QMs, through self-homodyne mea-
surements in a path-unbalanced MZI previously described.
It amounts t0 Pgjpgle = 0.99 £0.01 for the state outgoing
the first memristor and Pyoupie = 0.987 £ 0.003 for the state
outgoing the two-memristor cascade. The larger mean values
in the single- and two-memristor cases can be attributed to
the lower statistics contributing to the estimation of the con-
ditional purity in those two cases when |8|> — 0. Indeed,
the larger statistical fluctuations yield a larger angular co-
efficient of the linear fit and, therefore, a larger estimated
conditional purity. However, both values are compatible with
the purity of the input state within less than three standard
deviations. Therefore, this effect must not be interpreted as a
physical increase in the conditional purity of the state after
the memristor.
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Furthermore, we stress that the coherence between the
vacuum and one-photon components before and after the
memristor is a proof that the device is not destroying
the quantum nature of the input state [34,58]. This is what
characterizes a quantum memristor.

VII. DISCUSSIONS

We provided the experimental demonstration of the fun-
damental ingredients to implement the original proposal of
an all-optical QM by using quantum-dot-based single-photon
sources to generate superpositions of vacuum and one-photon
states on a single spatial mode. The QM here considered does
not affect the conditional purity of the output state, which is
fully preserved. Moreover, the proposed vacuum-one-photon
QM is versatile and modular, as we show by concatenating
two of them in a two-node network, and can be integrated
into different network topologies. Further characteristics of
the photonic QM here proposed are analyzed in the Ap-
pendixes, such as the memristive behavior for different input
functions, the effect of losses on the observed coherence, and
the topology of the network employed. The photon-number
encoding here used has the advantage of requiring no ancillary
modes and was recently shown compatible with the gener-
ation of photon-number entanglement [51-53] and quantum
information protocols [49,50]. On the other hand, the main
bottleneck in its usage resides in its high sensitivity to op-
tical losses. However, significant efforts are being directed
toward improving the extraction efficiency of single-photon
sources based on quantum dots [59,60] and single-photon
detection [61], which encourages the investigation of scalable
platforms supporting this encoding. We stress that the large
latency time needed to update the memristor at each step in the
current setup can be overcome by using a microprocessor or
an FPGA, which would be much faster. Indeed, cutting-edge
quantum-dot-based single-photon sources, as the ones used in
this work, allow for generation rates of the order on the MHz
(see Appendix A), implying that shorter integration times are
needed usually to carry out experiments, depending on the
desired application. Therefore, when using faster processing
circuits for the update of the reflectivity parameter, smaller
exposures would be enough to perform experiments with a
QM like the one here implemented. Indeed, QMs are suitable
to scale up quantum neural networks and quantum neuromor-
phic computing architectures, even compatibly with near-term
quantum devices as proposed in Ref. [41] and experimentally
investigated in Ref. [62].
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APPENDIX A: DETAILS ABOUT
THE EXPERIMENTAL SETUP

The experimental platform reported in Fig. 2 envisages two
semiconductor quantum-dot-based single-photon sources, a
charged (QD1) and a neutral (QD2) one [55]. In particular, we
employ commercial InGas quantum dots embedded in elec-
trically controlled microcavity (eDelight Quandela sources)
[54]. A neutral semiconductor quantum dot emits photons
due to the recombination of a neutral exciton, i.e., a bound
state of an electron and a hole, while a charged one has an
additional electron or hole, forming charged excitons. Both
QDs are optically excited by a resonant pulsed laser that
matches the cavity wavelength, in detail, ; = 927.5 nm and
Xy = 928.05 nm [Fig. 2(a)]. In Fig. 4, we report the obser-
vation of the typical Rabi oscillation for the two sources that
demonstrates the ability to control the vacuum population in
the state. Ideally, such an excitation scheme would enable the
generation of pure vacuum-one-photon superposition states of
the form [) = «|0) 4+ B|1), with the one-photon population
|8|%> depending on the pump laser power. In a realistic setup,
the emitted state is a mixed state 0 = P ppure + (1 — P)Pmixed>
where ppue = [¥) (Y| and Pmixea = diag{|a|?, |8|*}. The one-
photon population |B|? is linked to the fringe visibility v
measured via self-homodyne detection in a path-unbalanced
MZI and to the conditional purity parameter P according to
the following formula [49,55]:

v =P = 181V Viom,

where the parameter Vyom indicates the Hong-Ou-Mandel
visibility [63] of two-photon interference. Hence, by measur-
ing the fringe visibility for different values of the pump power
ranging from O to 77, one can evaluate the purity parameter P.
The linear fit performed to extract this value for QD2 is shown
in Fig. 4(b). The purity of QD1 is approximately 0, which
means it emits Ppixed States. We employ QD2 to demonstrate
that the quantum memristor preserves the coherence of the
input quantum state, while QD1 is used to demonstrate the
memristive behavior of the device.

Source QD1 emits photons at the count rate of 5 MHz when
excited by a pulsed laser with a repetition rate of 79 MHz.
The typical single-photon purity of this source, measured as
the second-order correlation function, is g(lz)(O) ~ 3.4% and
the indistinguishability of the photons is around Vhom ~
80%.

Source QD2 is a neutral exciton having a typical single-
count rate of 7 MHz, g(zz)(O) ~ 0.65%, photon indistinguisha-
bility Vuoma ~ 91.5%, and a high conditional purity of
vacuum-one-photon qubits P ~ 95% (see Fig. 4).

The QM consists of an MZI encoded in the polarization
degree of freedom. More in detail, as visible in Fig. 2(b),
this consists of a PBS to prepare a horizontal state, an HWP
rotated at 22.5°, a liquid crystal with the optic axis paral-
lel to the horizontal polarization, and finally another HWP

(AD)

043131-5



SIMONE DI MICCO et al.

PHYSICAL REVIEW RESEARCH 7, 043131 (2025)

Rabi oscillation QD 1
1.0 A ,"‘\

0.8 1

0.6 1

0.4 1

Normalized counts

0.2 1

0.0

0 m 2n
Pulse area [0 (xm)]

Rabi oscillation QD 2

1.01 oo
e® %

o o o
=y [=)] o]
,

[ )
[ ]
[}

Normalized counts
°

o
)
N
o

0.0 becaseoe®®

Pulse area [0 (xm)]

Vhom =0.915 | P=0.95+0.01

1.0

0.8 1

Visibility
©
e

o
>
!

0.2 1

Linear fit
t Exp

0.0 T T
0.0 0.2 0.4

0.6 0.8 1.0

FIG. 4. In the two upper figures, we report the emitted single-count rates of QD1 (left) and QD2 (right) normalized to their maximum
as a function of increasing excitation power. Resonant excitation yields a Rabi oscillation in the two-level artificial atom represented by the
quantum dots. With this plot, we show that we are able to generate genuine vacuum-one-photon superposition states when increasing the pump
power from O to the m pulse (green area). In the lower figure, we characterized the fringe visibility of the state generated by QD2 through
self-homodyne measurements in a path-unbalanced MZI, as a function of the one-photon population.

and a PBS to measure the horizontal and vertical compo-
nents of the state. Overall, this system acts as a BS with
tunable reflectivity, depending on the external voltage ap-
plied to the LC, which fully controls the inserted phase
shift and, consequently, the fraction of horizontal and vertical
components exiting the PBS. The feedback loop works as
follows. A time-to-digital converter interfaced with an SNSPD
keeps track of the mean number of photons reflected by the
MZI. Then, a routine computes the new reflectivity R(¢) ac-
cording to Eq. (4) and updates the voltage applied to the LC.
We program a VOA to modulate in time the power of the
excitation pulses between 0 and 7, at frequency TL, in such
a way that the quantum dot source generates singie-photon
states with a mean photon number varying as in Eq. (5). The
so-generated states enter two cascaded QMs that are updated
according to the reflected mean photon number they record
individually. The output of the transmitted arm of the QM

is analyzed through self-homodyne measurements in a path-
unbalanced MZI [see Fig. 2(d)] where the optical delay t
applied to one arm is equal to the pulse separation of the laser

pump.

APPENDIX B: EXPERIMENTAL IMPERFECTIONS
AND CONDITIONAL PURITY OF THE OUTPUT STATE

In the following calculations, we show that the interference
fringe visibility recorded in a self-homodyne detection for
a state outgoing a QM does not depend on the reflectivity
caused by the quantum memristor and, therefore, the condi-
tional purity is unchanged. By conditional purity, we mean the
purity measured upon the detection of single photons. Further-
more, we consider the effects of experimental imperfections
such as losses and imperfect photon indistinguishability in
this model.
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FIG. 5. Purity of the state outgoing the memristor. Linear fit of the fringe visibility as a function of the one-photon population of the state

outgoing one memristor (left) and two cascaded memristors (right).

Let us consider two vacuum-one-photon qubits generated at two consecutive excitations at times t = 0 and t = 7:

|W)in

where f is real, for simplicity. After the quantum memristor,

[¥) = (& + Be®(VTal + VRal)), ® (a + B(vTa] + VRa}))|0),

= (o + Be'al), ® (a + Bal)l0),

(B

(B2)

where we have defined the reflectivity and trasmissivity of the QM as R = R(¢) and T = 1 — R(¢) for brevity. After the first BS

of the MZI,

|[y) = (oe + Be? (@(ui + a;) + «/§a§>> ® <a + :3(\/;(“; + az) + \/Eag)> |0).
T 0

After T delay on mode 2,

|w>=(a+ﬂel’¢(/§<ah+a;2f>+ﬁa§,f)> (a+ﬁ<\f(alo+a2f>+fa3o))lo

After second BS of the MZI,

(B3)

(B4)

T .
V) = (“ + ﬂ<f(a1 ot azo + az T aI,r) + ﬁaé,o)) ® (0‘ + Be? (_(a1 o a2 o a2 2t a;zr) + \/Ea;,r>) |0)

When using threshold detectors, the probability of
detecting a photon in mode 1 at time 7 is given by,

4
P(1LT) = ol IBPT sin@/2)" + LLE

+ glﬂl“Tz. (B6)

The visibility v of such a trace is
_P(LOM™ — P, )M 4418
T P(1, M 4 P(1, T)Min 4 — |B2T
However, when considering an overall photon collection effi-

ciency 7, the probability of detecting one photon at time T to
the fringes becomes

(B7)

|BI*RT
) n

P(1,7) =|a*|BI*T sin(¢/2)*n +

1 1
+ Zlﬂl“Tzn + §|5I4T2n(2 - 1), (B8)

(B5)

(

where the last term refers to the bunching contribution.
When n — 0, as in our case (photon extraction efficiency
~0.15 and photon detection ~0.85), the visibility tends to
the linear function v = 1 — |B|>. When also considering the
conditional purity of the quantum states emitted by the source
and the photon partial distinguishability, estimated through
the HOM visibility, the expected fringe visibility amounts
to v =P2(1 — |B1>)v/Virom. as in the case without memris-
tor. The last two sources of imperfections can be included
as follows. The partial indistinguishability is simulated by
modeling the creation operator as a| — /xa] + /T — xa? 1
where x = +/Viyom and a; |, corresponds to the creation in the
same path of one photon in a perfect orthogonal state in the
other internal degrees of freedom, e.g., polarization or time ar-
rival. The imperfect conditional purity reflects the fact that the
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(b) Double QM: T; =T, = 0.3Tysc, Viom = 0.93, P=0.97
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FIG. 6. Visibility of interference fringes after quantum memristors in imperfect apparatuses. (a) single QM case in the ideal lossless
scenario 7 — 1 (blue) and in the experimental losses condition (red). (b) Same study for the two concatenated QMs. All curves take into
account the typical photons indistinguishability and conditional purity of the states emitted by QD?2.

emitted state is a mixed one like p = P ppure + (1 — P)Pmixed>
where Ppure = |¥)(¥| and Pmirea = diag{|a|?, ||*}. Then, the
conditional purity of the output quantum states after the QM
can be therefore extracted from the linear fits shown in Fig. 5.
The same arguments hold for the two concatenated
memristors. This time the state in Eq. (B2) becomes

V) = (a + B (VTiTa! + R} + VTiR2a))),

® (¢ + B(VTiTad} + VRia} + VTiRaa))|0),
(B9)
where ] is the feedback channel of the second memristor.
After the evolution in the MZI, the probability of detecting
one photon at time 7 at one of the two outputs is
|BI*R\Ti T

P(L, T)goute = la*|BI*Ti T> sin(¢/2)* + 5

AR, TPT 3
4 PRI S GBI (B10)
The visibility of the fringes will be
4 —4|p?
e = ——PT_ B11
Vdouble = g (B11D)

The dependence on the QMs’ reflectivity vanishes again
in the condition of high losses as it was in the case
of a single memristor. Then, for n — O that reflects the
experimental conditions and for imperfect photon indistin-
guishability and conditional purity P, we expect Vgouble —
P2(1 — |B*)~/Viom. Such a behavior is confirmed in the
measurements reported in the right panel of Fig. 5. The value
of P estimated from the linear fit is in accordance with those
observed with a single memristor and without any memristor.

Note that even in a lossless scenario, the concatenation of n
QMs would lead to an average total trasmissivity of the setup
T =[], T; — 0 that brings the fringes’ visibility to behave
as in a lossy scenario. This is analyzed in the simulation

carried out in Fig. 6. Moreover, Egs. (B7) and (B11) show that
in lossless conditions the visibility displays a small hysteresis
loop that vanishes in a lossy apparatus as the experimental
one or in the presence of several concatenated QMs. This
can be observed by the curves for n — 1: one of the two
concatenated memristors displays a smaller hysteresis loop
as expected by the calculations carried out in this section. In
fact, as also discussed in the main text and in Ref. [27], the
effect of the QM on v when tracing on the feedback channel
is analogous to the one of a loss.

APPENDIX C: BUILDING BLOCK FOR A NETWORK
OF QUANTUM MEMRISTORS

We show here how a linear concatenation of two quantum
memristors can be interpreted as a different network topology,
and that is compatible with different encodings. Specifically,
we show the probabilistic equivalence between the series of

(a) Single QM

(b) Double QM

A

FIG. 7. Equivalence between cascaded memristors in the time-
bin encoding and parallel memristors in the spatial encoding in
the (a) single and (b) double cases. Sending two consecutive states
through a chain of (a) one or (b) two QMs is equivalent to let
them pass independently through two parallel copies of the same
memristor series.
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T=0.01T, T=0.1T, T=03T,
1 osc 1 osc 1 osc
.é 0.5 .E 0.5 .é 0.5
0 i 0 i 0 :
0 0.5 1 0 0.5 1 0 0.5 1
(Nin) (nin) (Nin)
. T=0.5 Tou . T=0.7 Tos . T=1To
5§ 0.5 é 0.5 é 0.5
0 T 0 T 0 T
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FIG. 8. Dynamics of a memristor. We show the experimental hysteresis loops when plotting the average number of photons at the transfer
mode of the memristor vs the average number of photons at the input mode. The experimental data are compared with the theoretical
expectations, represented with smooth lines, when the input signal is modulated through the function in Eq. (5), and the reflectivity is updated
using Eq. (4). When the integration time T < Ty, the quantum memristive behavior approximates (rq,) ~ (ni,) — (ni,)> while, when the
integration time is comparable with the input signal period T = T, the behavior becomes linear and equal to (n10y) & 0.5(n;,). The period of
the input signal oscillation is Ty, & 400 s, while the time window for the single exposure is T = 4 s.

two memristors presented in the main text and a configura-
tion with parallel memristors. A detailed scheme is shown in
Fig. 7. In detail, the time-bin encoding of two consecutive
pulses that pass through a chain of memristors can also be

seen as two pulses encoded in spatial modes and traveling
along parallel rails. However, we stress that, in our setup,
this equivalence is probabilistic and conditioned on correct
routing at the BS. Such an assumption could be dropped by

T=0.01Tys T=0.1Tys T=0.3Tosc

(n)
(n)

(n)

0 100 200 300 0 100 200 300 0 100 200 300
time [s] time [s] time [s]

T =0.5Tosc

T=0.7Tpsc T=1Tosc

0 100 200 300 0 100
time [s]

200 300 0 100 200 300
time [s] time [s]

FIG. 9. Temporal shapes. In the figure, we show the average number of photons in the time domain for both the input and transmitted
mode of the memristor for different integration times 7. The experimental data (dots) are compared with the theoretical expectations, which

are depicted with smooth lines.
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Without memristor
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FIG. 10. Interference fringes in the time domain. In the figure, we show the interference fringes obtained by making interfere two
subsequent state outings from the transfer mode of the memristor in a self-homodyne scheme. In order to make them interfere, we sent
them to a path-unbalanced MZI. The smooth lines represent the signals measured at the two output channels of the MZI, while the dots
represent the input signal reconstructed by using the reflected component of the memristor and the current value of reflectivity and the value
of the transmitted component of the memristor. For the reconstruction of the input signal, it was imposed a control in such a way that the value
does not surpass the unit. In case it did, (n;,) was set to 1.

using a fast optical switcher that deterministically routes the  tion, where cascaded memristors are used jointly with the
two pulses. In this way, one would be able to use the two  time-bin encoding, and temporal-to-spatial demultiplexing is
pulses exiting the quantum memristors independently as input applied after the cascade, can also be useful to reduce the
to subsequent independent nodes. Moreover, this configura- number of memristors that would be required if using only

(a)1T1 =0.01 Tose; T2=0.01 Tosc (b)l T1=0.3 Tosc; T2=0.3 Tosc (C)1T1 =0.45 Tosc; T2=0.07 Tosc

0 0.5 1 0 05 1 0 0.5 1
(Nin) (nin) (Nin)

(d)1 T1=0.5Tpse; T2=0.5 Tosc (e)lrl =0.7 Tosc; To=0.01 Tosc (f)1 T1=1Tosc; T2=1Tosc

0.5 1

(Nout)

0.5 5§ 0.5

(Nout)

0 05 1 0 05 1 0 0.5 1
(nin) (nin) (nin)

FIG. 11. Dynamics of concatenated memristors. We show the experimental hysteresis loops of two concatenated QMs. As the memristors
operate independently, we could feature them with the same integration time or with different integration times. The experimental data (dots)
are compared with the theoretical expectations (smooth line). The period of the input signal oscillation is kept at the value Tosc = 400 s.
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FIG. 12. Temporal shapes. In the figure, we show the average number of photons in the time domain for the input mode of the first
memristor ({(n;,)), the output mode of the first memristor ({n4)), and the transmitted mode of the second memristor ({n,,)) for different
integration times 7; and 75, for an oscillation period T, =~ 400 s. The experimental data (dots) are compared with the theoretical expectations

(smooth lines).
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FIG. 13. Dynamics of a memristor with different input signals. We show the simulated dynamics of a memristor taking four different input
signals. In the upper row the temporal shape are reported, while in the bottom row there are the correspondent hysteresis loops.
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FIG. 14. Dynamics of variable number of concatenated memristors with increasing integration times in reverse. We show the simulated
dynamics of a chain of concatenated memristors with increasing time integration fractions with respect to the period of the input signal. For
example, in the first plot with two memristors, the first memristor has a characteristic integration time 7" = 0.87, and the second 7" = 0.9T
while, in the last plot with nine memristors, the first memristor has 7 = 0.17, the second T = 0.2T,, and so on, until the last one having

T = 0.9T5.

spatial encoding. The configuration here proposed is equiva-
lent to having both cascaded and parallel memristors, but it
could inspire different topologies where, for instance, pulses
at 0 and at t have different polarizations and thus experi-
ence different reflectivities. In this sense, such an architecture
might serve as a building block for a network of quantum
memristors.

APPENDIX D: QUANTUM MEMRISTOR EFFECT
AT DIFFERENT INTEGRATION TIMES

In Figs. 8-12, we report the hysteresis loops that charac-
terize the effect of a single and two cascaded memristors, at
different configurations of the integration times.

APPENDIX E: SIMULATION WITH DIFFERENT
INPUT FUNCTIONS

In Fig. 13, we report the simulated memristive dynamics
when the one-photon population of the input state oscillate
differently than the square sine.

APPENDIX F: STUDY OF THE MEMRISTIVE DYNAMICS
OF N CONCATENATED MEMRISTORS

In Fig. 14, we analyze through numerical simulations the
evolution of the hysteresis loop of a chain of N memristors
when adding them progressively, with integration times vary-
ing from two to nine memristors. Considering that the area of
a memristive hysteresis loop is linked to its memory capacity
[36], simulations of this kind can be helpful to maximize this
quantity by suitably varying the QM characteristic time.
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