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Abstract. The ability to simulate physical systems is essential for an understanding of their physical properties
and advancing related technologies. However, simulating certain complex systems at scale, including
many-body spin models, is often a significant challenge for conventional computing approaches. Quantum
simulators, employing controlled quantum systems that mimic the dynamics of a target system, can offer
a more efficient approach. This work demonstrates the use of photonic circuits for quantum simulation of
disordered spin systems, where quantum properties such as superposition and interference can be
leveraged for a more efficient simulation. We fabricate and characterize a low-loss silicon-on-insulator
chip with a buried aluminum mirror and a reconfigurable interferometer, which is employed in conjunction
with two input photons to map the dynamics of a spin Hamiltonian with four-body interactions. Our results
demonstrate several characteristics associated with the target system, such as spin-degenerate ground
states and phase transitions, confirming the device’s functionality as a quantum simulator of the spin system.
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1 Introduction
Spin models can form excellent prototypes for the behavior of
complex physical systems. In particular, the spin glass univer-
sality class manifests a phenomenology that is representative
of many diverse complex systems, from brain functions1,2 to

quantum chromodynamics.3 However, their numerical simula-
tion becomes extremely challenging for conventional comput-
ing approaches in regimes where the system’s scale exceeds
a few tens of spins. Quantum technologies now offer new ave-
nues to simulate physical systems in, potentially, a more effi-
cient way. Analog quantum simulators—where the dynamics
of a target quantum system are mapped directly to the dynamics
of a controllable quantum system—have been realized on a vari-
ety of experimental platforms, including trapped ions,4,5 Rydberg-
atom arrays,6,7 superconducting circuits,8,9 and photonics.10,11
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In this context, the quantum photonics platform stands out
as a promising candidate for the simulation of a variety of
systems12 by controlling quantum states consisting of single-
photons using both linear-optical elements and light—matter-
mediated nonlinearities,13 with state-of-the-art demonstrations
showcasing the use of larger-scale photonic integrated circuits
for universal linear-optical control14 and the use of quantum
emitters to implement programmable nonlinear circuits.15 Here,
we make use of photonic integrated circuits (PICs) implemented
on the silicon-on-insulator photonics platform to simulate spin
systems.

The dynamics of spin systems in disordered configurations,
such as spin glasses, are characterized by complex energy
landscapes and disordered interactions, which make their
simulation using classical methods computationally intensive.
However, for spin models with two-body interactions, their
behavior can be mapped onto the statistics of classical light
interfering in a linear-optical interferometer, allowing for an
efficient photonic simulation of the system.16,17 Recently, this
capability has been theoretically expanded to spin models for
neural networks with associative memory with four-body or
higher interactions18–22 through the use of quantum photonic
circuits, i.e., multiphoton states propagating in a linear-optical
network.23 In this work, we demonstrate a proof-of-principle
simulation of a system of seven spins with four-body inter-
actions using a low-loss PIC on the silicon-on-insulator platform
processing a photon pair. The simulation results demonstrate the
ability to replicate specific dynamics, including phase transi-
tions between different regimes.

2 Concept and Fabrication
To simulate the spin system, we make use of a mapping similar
to the one proposed in Ref. 23, which maps the energy of an
N-spin system with 2P-body interactions to the output P-photon
flux at a subset k of the modes in an N-mode interferometer
consisting of two N-mode interferometers with unitary matrices
U and V and a phase screen ~ϕ. An illustration of the system and
mapping is shown in Fig. 1(a). In contrast to the platform pro-
posed in Ref. 23, we employ a random matrix (U) to couple
light to the phase control array. This enables the production
of an input state to the phase array that, with high probability,
has non-zero amplitudes in all the modes. This platform enables
us to simulate the four-body interaction Hamiltonian, often used
to represent spin-glass dynamics, defined as

H4 ¼
X

i;j;k;l

Ji;j;k;lσiσjσkσl; (1)

where Ji;j;k;l are the elements of the disorder matrix J, encoded
in the setup by the unitary transformations U and V, which de-
termines the coupling between spins, and where σi corresponds
to the state of the ith spin and can take values of �1. This
Hamiltonian is defined as the probability of the two-photon flux
times the number of modes (with the opposite sign).23

The photonic circuit used for the simulation consists of three
parts, as shown in Fig. 1(a): an initial matrix U, a phase screen
~ϕ, and a final matrix V. The matrix U is used to create an initial
superposition, whereas the matrix Vand the subset ~k used for the
flux measurement determine the disorder matrix of the spin sys-
tem J. The phase screen ~ϕ corresponds to the state of the simu-
lated spins ~σ. Each phase shifter in the phase screen corresponds

to a simulated spin, where a phase shift of 0 or π corresponds to
the spin being in the spin-up or spin-down state, respectively.
The two-photon flux recorded at the output corresponds to
the expectation value of −H4. We note that due to the negative
sign used in the mapping, a higher photon flux corresponds to a
lower-energy spin state.

In our experiment, we make use of a PIC consisting of a
universal ten-mode interferometer constructed from directional
couplers, phase shifters, and grating couplers to route light into
and out of the chip. An illustration of the circuit is shown in
Fig. 1(b). The interferometer is constructed according to the
architecture introduced in Ref. 24, and consists of columns of
Mach–Zehnder interferometers (MZIs), each constructed from

(a)

(b)

Fig. 1 (a) Mapping of a spin-glass Hamiltonian into a photonic
circuit. The dynamics of a spin glass can often be captured by
its four-body interaction Hamiltonian H4. Such a Hamiltonian
can be mapped to the scattering of two photons in a photonic
circuit. The necessary photonic circuit is shown in the lower part
of the figure, where an interferometer U is used to create a super-
position state, which is sent to a screen of phase shifters, each of
which can induce a phase of 0 or π. The state is finally sent
through another interferometer V , which is used to simulate
the spin interactions. The phase of the phase shifters is directly
mapped to the state of the spins. (b) Three-dimensional repre-
sentation of the photonic chip used for the quantum simulation
experiment (illustrative only, not to scale). The interferometer
consists of a network of MZIs and external phase shifters, which
together create a 10-mode universal Clemens-style interferom-
eter.24 The left inset shows the scanning electron microscope
(SEM) image of the apodized photonic crystal grating coupler
used for light coupling. The middle inset shows the phase shifters
at the center of the chip, which apply the spin-mapped phases ϕi

as long as all of their neighboring MZIs are set to identity. The
right inset shows the packaged chip with a printed circuit board
(PCB) for electrical connections.
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two directional couplers (DCs) and two phase shifters (PSs),
with one PS placed before the first DC and one placed between
the DCs. In the experiment, the center column of MZIs is con-
figured to implement the phase screen ~ϕ by setting the internal
phase shifter such that the unitary transformation associated
with the two directional couplers and internal phase shifter is
equal to identity. The networks of MZIs before and after the
phase screen implement a Umatrix and a Vmatrix, respectively.
Although the full interferometer is universal, the subsets used
for U and V are not, and so in order to ensure sufficiently high
connectivity among the input, phase screen, and output, the
number of modes used in the simulation is reduced from ten
to seven.

The fabrication of a silicon-on-insulator (SOI) wafer with a
buried aluminum mirror was achieved using a flip-bonding
technique.25 The PIC was further fabricated using standard
silicon photonics nanofabrication processing, involving e-beam
lithography and inductively coupled plasma (ICP) etching to
form the silicon photonic components, followed by fabrication
of titanium microheaters and gold/titanium wires/pads with
maskless ultraviolet (UV) lithography, metal deposition, and
liftoff process. Detailed fabrication steps of achieving an SOI
wafer with Al mirror as well as silicon photonic integrated
circuits can be found in the supplementary. Finally, the chip
was cleaved and wire-bonded to a PCB.26 Detailed fabrication
process can be found in Fig. S1 in the Supplementary Material.

After fabrication, classical characterization of the photonic
chip revealed a total fiber-to-fiber insertion loss of 6.19 dB, in-
cluding fiber-to-chip coupling loss and the loss of the reconfig-
urable circuit. To set the chip up for the experiment, the MZIs
in the center column have to be programmed to implement a
phase screen, requiring characterization of the integrated phase-
shifters (see the Supplementary Material for details). For the
U and V matrices, we use the inherently random zero-voltage
offsets of the phase-shifter to implement randomized matrices.

Programming the chip to set up the experiment required an
additional characterization of the integrated phase shifters; see
the Supplementary Material for details.

3 Experiment and Results
In the experiment, two photons are injected into the fourth input
mode of the photonic circuit through a grating coupler. The
circuit consists of beam splitters, implemented as directional
couplers, and phase shifters, allowing for control of the trans-
formation applied to the photonic state.

The initial four columns of the interferometer prepare a
superposition that arrives at the phase screen corresponding
to the spins in the simulated spin system. After the phase screen,
the various parts of the superposition interfere in the latter part
of the interferometer, where the setting of the phase shifter in the
phase screen determines the interference pattern at the output,
leading to a higher or lower number of measured two-photon
coincidences at the two desired output modes. In the results
presented here, modes 4 and 6, counting from the top mode
on the right-hand side in Fig. 1(b), are chosen as output modes.

The dynamics of the spin system are simulated using a sim-
ple Monte Carlo Metropolis algorithm to randomly flip phase
shifters in the phase screen and accept the flips if they have
a higher two-photon flux, i.e., flipping spins in the simulated
system if they lead to a lower energy. Figure 2(a) shows how
the system reaches a maximum two-photon flux, i.e., a mini-
mum energy as the spin-state is optimized. As each run of the

Metropolis algorithm produces a single spin-state, it has to be
run many times to estimate the statistics of the simulated system.
The effect of temperature on the spin system can be simulated
by adding a finite probability to accept phase flips that lead to
a lower two-photon flux (i.e., higher energy). See the
Supplementary Material and Fig. S2 for details. Figure 2(b)
shows how the two-photon flux evolves as the spin state is
optimized for a high simulated temperature. More information
about the implementation of the Metropolis algorithm can be
found in the Supplementary Material.

The expected behavior of the system depends on the simu-
lated temperature as well as the system parameter α ¼ jΛj∕N2,
where jΛj is the number of configurations in which the two-
photon flux is measured and N is the number of spins.23

In our experiment, where we have N ¼ 7 simulated spins and
measured a single coincidence configuration at the output,
corresponding to a system parameter of α ¼ 1∕72 ¼ 1∕49. For
such a system, a retrieval regime, i.e., a regime where the system
converges to fixed points, is expected at low temperatures.23

To verify that the analog simulator behaves like a disordered
spin system, we look for two key signatures: a spin-degenerate
ground state, i.e., fixed points of convergence, and a finite-size
precursor of regime transition with increasing temperature. To
examine the ordering of the spin state, we calculate the inner
product between optimized spin states obtained from 20 runs
of the Metropolis algorithm with the same scattering matrix
V (dynamics of replicas). We define the inner product between
two spin states ~σ1 and ~σ2

1

N

XN

i¼1

σ1;i · σ2;i; (2)

where N is the number of spins. As the individual spins take
values of either −1 or 1, the inner product also takes values be-
tween −1 and 1, where the case of −1 corresponds to opposite
values for every spin in the two states, and 1 corresponds to
every spin being parallel. Figures 2(c) and 2(d) show histograms
of the values of inner products between all the final states at zero
temperature and at high temperature, respectively. In the zero-
temperature case, i.e., Fig. 2(c), the histogram shows two dis-
tinct peaks at −1 and 1, meaning that all final states have spins
that are either perfectly parallel or perfectly antiparallel to the
other final states. Thus, at zero temperature, the spin system has
two degenerate ground states related to each other by flipping all
spins. In the high-temperature case, i.e., Fig. 2(d), the histogram
more closely resembles a Gaussian distribution, meaning that
there is little ordering between final spin states. By examining
how the histogram of inner products changes as a function of
temperature, as shown in Fig. 2(e), we can see a clear phase
transition from the ordered two-peak histogram of a degenerate
ground state at low temperatures and the Gaussian distribution
associated with an unordered system at higher temperatures.

To verify that our results are consistent with theoretical sim-
ulations, we compare them with a simulated model system with
the same limited structure as our chip, the results of which are
shown in Fig. 2(f). The model implements randomly sampled
U and V matrices that yield the same spin states at zero temper-
ature, and we observe a phase transition at a temperature similar
to that in the experiment.

To examine how the dynamics depend on the disorder matrix,
we perform a zero-temperature simulation of randomized V
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Fig. 2 Results from the Metropolis algorithm with single-photon detectors connected to outputs 4
and 6. Panels (a) and (b) show how the measured two-photon flux changes as the phase shifters
representing the spin state are adjusted according to the Metropolis algorithm, with a normalized
temperature of 0 and 0.268, respectively. The temperature has been normalized with the maxi-
mum photon flux of the system, which is measured using a fixed reference state for each run of the
Metropolis algorithm to compensate for drifts in system efficiency. See the Supplementary Material
for more details. The different Metropolis algorithm runs, of which there are 20 for each temper-
ature, are shown in (c) and (d). Panels (c) and (d) display a histogram of the inner product values
obtained by taking the inner product between all pairs of final spin states obtained from the
Metropolis algorithm for temperatures of 0 and 0.268, respectively. The error bars have been
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matrices. We performed 15 runs of the Metropolis algorithm for
each of the 13 different randomized settings, with the results
shown in Fig. 3. The histograms show a varying degree of struc-
ture, as shown in Fig. 3, demonstrating that the behavior of the
system is highly dependent on the specific configuration of the
disorder matrix.

4 Conclusion
In this work, we have successfully demonstrated quantum sim-
ulation of a disordered spin system with four-body interactions
using a photonic integrated circuit on the SOI platform. Our
results show several key properties of spin systems, such as
degenerate ground states that are highly dependent on the
interactions between spins through the disorder matrix and
a temperature-dependent phase transition. Although this work
demonstrates a proof-of-principle capability, there are several
key improvements that can be made to the experiment and to
the setup. First and foremost would be to construct dedicated
universal interferometers for both the U and V matrices for
the quantum simulation of specific disorder matrices, which
would allow for the exploration of more complex disordered
spin systems with highly degenerate ground states and multiple

phase transitions. Scaling up such a device could yield mean-
ingful improvements in quantum simulation of spin glasses at
larger scales, providing deeper insight that could pave the
way for future photonic technologies targeted at studying dis-
ordered spin systems. The scalability of the current setup would
be limited by the optical loss. In this experiment, low-loss
grating couplers with Al mirrors are chosen for coupling light
between the fiber and chip, considering the convenience of
coupling with a standard single-mode fiber (SMF) array with an
expected coupling loss around 2 dB. More efficient edge cou-
plers, e.g., using polymer-based spot size converter27 or silicon
nitride coupler,28 would be used for further scaling of the quan-
tum photonic simulation system. Scaling up the number of spins
in the simulation would require the implementation of a higher
number of modes and would require larger interferometers to
implement the U and V transformations. Assuming a similar
interferometer architecture, each added mode would increase
the number of MZIs seen by each photon by one, increasing
the total insertion loss of the setup by the MZI insertion loss.
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