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Abstract We demonstrate quantum circuit simulations of the transverse field Ising model with longitudinal
fields, displaying salient features of glassy dynamics. The energy landscape and spin configurations of toy
models are considered, using the Variational Quantum Eigensolver to obtain the ground-state energies and
corresponding eigenstates for a 6 x 6 Ising lattice using 36 qubits and a 1-D Ising chain of length 25 using
25 qubits. The former showed disordered spin configurations for a specific mixture of values of the two
fields. These insights mirror catalytic processes, where disorder within a catalyst can lead to inefficient
reaction mechanisms. Results obtained from our proof-of-principle implementation make the case for kick-
starting more concentrated efforts in harnessing existing quantum computational tools for computationally
probing complex dynamical behavior arising in quantum matter. Our aim is to leverage tools from quantum
information processing to bring about a more nuanced understanding of the dynamics and structure of
glassy systems, ultimately informing the development of novel materials and technology.

1 Introduction

Efficient means of computationally tackling large-scale simulations of spin glasses are of vital importance for
enabling discoveries of exotic phases of matter in extreme settings [1, 2]. In addition to instigating technological
advancements, the ability to probe simulations of glassy systems of realistic complexity beyond what is currently
tractable via harnessing classical high-performance computing (HPC) and exascale techniques, could help us glean
deep insights into the nebulous underpinnings of glassy transitions [3-6] in quantum many-body physics contexts
and beyond. In particular, simulated emergence of disordered phases under transverse and longitudinal fields has
been validated in experimental studies on amorphous magnets and strongly correlated electron systems. Such
observations highlight the role of disorder-induced phase transitions and underscore the potential of quantum
simulations to aid in designing advanced materials with improved magnetic storage or catalytic performance
through revealing the underlying origins of glassy characteristics. Remarkably, glassy behavior also manifests in
systems atypical [7-11] of quantum matter, including, but not limited to, in complex biologic systems and in
meta-community models described by statistical mechanics [12—-14].

In this work, we explore the prospects of harnessing digital quantum simulation (DQS) techniques for uncovering
otherwise inaccessible novel phenomena in disordered spin configurations of a square lattice Ising model with trans-
verse and longitudinal fields. A hybrid quantum algorithm devised for simulating in particular the ground-state
energies of spin Hamiltonians, a crucial problem in quantum chemistry and condensed matter physics, is the Vari-
ational Quantum Eigensolver (VQE) [15-17]. We choose this technique since it was developed taking into account
the low-circuit depths and relatively high noise rates of existing quantum hardware platforms [15, 18—-23]. Classical
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Fig. 1 A schematic illustrating the proof-of-principle implementation

computational approaches, such as molecular dynamics and Monte Carlo simulations, face significant challenges
in managing the high computational complexity involved in simulating large glassy systems over extended peri-
ods [24-27]. In particular, they struggle with accuracy when modeling the complex electronic wavefunctions of
many-electron systems as these wavefunctions grow exponentially and become computationally intensive to handle
precisely [26, 28-30]. The VQE addresses this challenge by enabling the modeling of these complex wavefunctions
in polynomial time, significantly reducing the computational costs.

There is a lack of extensive literature on simulating glassy systems using quantum computational techniques,
which we seek to address. The transverse field Ising (TFIM) model with longitudinal field [31, 32] exhibits dis-
ordered spin systems [33, 34], where glassy dynamics have been found to be emergent [35]. The glassy behavior
in these models can be attributed to quenched spin disorder and relaxed spin-flip dynamics [36], and the disor-
dered phase in these models can in fact help model many near-optimal solutions to combinatorial optimization
problems, neural networks and minority games [37, 38]. These solutions refer to the local minima in the energy
landscape, thereby indicating meta-stability in its phases [39]. Glassy systems present rugged energy landscapes
characterized by numerous local minima, complicating the identification of the global minimum and the accurate
simulation of their dynamics [40]. Their dynamics involve extremely long relaxation timescales, which require
extensive computational resources to simulate over practical timescales (Fig. 1).

The inherent disorder and heterogeneity of glasses add further complexity to modeling efforts as they demand
meticulous attention to local variations in structure and dynamics [41]. Moreover, glasses typically reside in non-
equilibrium states, which require advanced simulation techniques to accurately capture their behavior over time,
particularly during state transitions [42]. Scrutinizing their underlying quantum spin systems [43] represents a
cornerstone in the study of condensed matter physics due to their rich emergent behaviors. This could play
a pivotal role in advancing our understanding of quantum phase transitions [44-46], and potentially informing
the discovery of exotic material properties in extreme conditions. Our motivation is to push the boundaries of
NISQ era computing applications by simulating the phases of spin glasses [12, 47, 48], which is why we propose
the incorporation of a future Qiskit [49] module that formulates problem Hamiltonians of interest based on the
number of spins and the geometry of a lattice encoding, and furthermore conduct benchmarking of an appropriately
reduced model on IBM quantum hardware.

2 Methods

To simulate glassy dynamics on a quantum computer, we have primarily consider the Ising model with trans-
verse and longitudinal fields, with the spins having nearest-neighbor interactions along the horizontal and vertical
directions. Hence, the interactions along the diagonal directions are not present in our model. The ground-state
energies of the models were found using the VQE [15].
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2.1 Variational Quantum Eigensolver

VQE builds on the variational principle of quantum mechanics, which states that for any Hamiltonian H and any
trial wave function |¢(0)) parametrized by variables 8, the expectation value of H is denoted by (1(6)|H|¢(0)).
This is expressed by the inequality Ey < ((0)|H|1(0)), where Ey is the lowest eigenvalue of H. Succinctly, one
can describe the steps in VQE as follows:

1. Prepare ansatz [1(0)) on a quantum computer.

Measure expectation value H(0) = (¢(0)|H | (0)).

3. Based on the measurements, use a classical optimizer to vary the 6 such that (y(0)|H|¢(6)) becomes smaller
till it converges to the minimum value.

o

The algorithm iteratively optimizes the parameters 6, a crucial step in fact performed classically, which is why it
is described as a hybrid-quantum [50] algorithm. In essence, the circuits run natively on quantum hardware, but
with circuit parameters optimized on a classical computer.

2.2 The TFIM with longitudinal field

The Hamiltonian H of the TFIM in the presence of a longitudinal field is expressed using tensor products of Pauli
operators. It encapsulates the energy of a system of spins arranged on a lattice and is given by [33]

H:JZanerl—BwZGf—BzZUf, (1)

where the Pauli operators ¢* and ¢* represent the z and z components of the spin, respectively. The coupling
constant J governs the strength of the spin—spin interaction along the z-axis, with a ferromagnetic tendency
indicated by a negative J. The term —B, ), 07 corresponds to the transverse magnetic field which induces
quantum fluctuations, leading to spin flips in the z direction. On the other hand, —B. ), o7 represents the
longitudinal magnetic field’s effect on the alignment of spins along the z-axis. In essence, each spin is mapped onto
a qubit, allowing for the representation of spins in superposition states [51]. The the value of J is standardized to
1, thus normalizing the energy scales associated with the spin interactions and magnetic field effects [48].

For the 1-D case, we considered an Ising chain of length n = 25. The Hamiltonian H is so constructed using a
custom-coded utility that prints out the Hamiltonian using elementary Pauli operators [32]. This 25-qubit Hamilto-
nian is then fed into the VQE protocol. The specific trial wavefunction, or ansatz, employed in this implementation
of the VQE algorithm is known as the TwoLocal ansatz. This ansatz comprises two types of rotation blocks, R,
and R,, which correspond to rotations about the z and y axes on the Bloch sphere, respectively. In this setup, the
ansatz is intentionally designed without entanglement between qubits [52]. While entanglement is a quintessential
quantum resource that frequently enables quantum algorithms to surpass classical performance, certain problem
structures may be adequately addressed with a non-entangled [53-56] ansatz, thus reducing the resources required
to simulate the quantum circuit, but not necessarily to the extent that it becomes readily simulable classically.
Optimization of ansatz parameters is performed using the COBYLA optimizer, a numerical optimization method
that is particularly apt for scenarios with noisy or computationally intensive objective functions, common in quan-
tum circuit evaluations [57]. The optimizer is set to perform up to 25,000 iterations, meticulously adjusting the
ansatz parameters to minimize the expectation value of the Hamiltonian, to converge to the system’s ground-state
energy [58, 59]. Computational resources required to implement VQE are considerable as the state space scales
exponentially with the number of qubits. To manage this, we use the Qiskit Aer_gpu backend, optimized for
execution on Graphics Processing Units (GPUs) [23, 49, 60].

We look at the 2-dimensional Ising model as the behavior of the entire system changes due to the variations in
the number of neighbors and the interactions between spins [61, 62]. For spins on the corner of the 2-D lattice, we
have two interactions. Spins on each edge have three interacting spins. In general, spins throughout the lattice have
4 interacting spins, when considering the 2-D case. The Ising model was constructed on a square lattice of 6 x6. The
Hamiltonian H is so constructed using a custom-coded utility that prints out the Hamiltonian using elementary
Pauli operators. This 36-qubit Hamiltonian is then fed into a VQE algorithm, that uses a TwolLocal ansatz. The
ansatz uses R, and R, rotation blocks with no entanglement in them. The VQE used a COBYLA optimizer whose
maximum iterations were set at 25,000 iterations. Though most simulation runs capped out at a few thousand
iterations. We used the matrix_product_state [63] method on the AerSimulator backend to simulate the VQE
algorithm. To construct the 2-D transverse field Ising model Hamiltonian with longitudinal fields, we developed a
custom package, Qiskit Glassy Dynamics, to streamline Hamiltonian generation for quantum simulations. The
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Hamiltonian, given by
Hyp =J ) oioj =By} of =B.) o,
(4, 9) @ @

was implemented as a combination of interaction terms (0*c?) and field terms (0%, o). Using this package,
we defined the Hamiltonian components with efficient syntax: the nearest-neighbor interaction term was cre-
ated with Ising2DHamiltonian((6, 6)), while the longitudinal and transverse field terms were generated using
FieldHamiltonian((6, 6), ‘Z’) and FieldHamiltonian((6, 6), ‘X’), respectively. The final Hamiltonian
was assembled as a weighted sum of these terms.

2.3 Choice of ansatz in variational quantum algorithms

In variational quantum algorithms, selecting an appropriate ansatz is crucial for balancing expressivity, optimiza-
tion efficiency, and hardware feasibility. Our ansatz, composed of R, and R, rotations, is particularly well-suited
for models with competing interaction terms, such as the transverse field Ising model (TFIM) with longitudinal
field. Our Hamiltonian consists of 0?0 interaction terms and a transverse field in the z-direction and a longitu-
dinal field in the z direction, making R, and R, rotations a natural choice for capturing quantum fluctuations
while maintaining physical 1nterpretab1hty These rotations efficiently span both the computational (o*-basis) and
superposition (o%-basis) states, ensuring that the ansatz aligns with the structure of the Hamiltonian. This align-
ment allows for efficient representation of both ground and excited states while avoiding excessive parametrization,
which can lead to optimization difficulties. Additionally, problem-inspired ansétze such as ours enhance trainability
by reducing the likelihood of barren plateaus, which commonly arise in deep circuits.

While hardware-efficient ansatze offer broad expressivity, they often introduce significant circuit depth due to
additional entangling layers, leading to increased susceptibility to noise and decoherence effects on near-term
quantum devices [64]. Since near-term hardware is limited by gate fidelity and coherence times, ansitze with
excessive entangling operations may not always be practical. Our R,—R, ansatz mitigates this issue by reducing
unnecessary entangling layers while maintaining sufficient expressivity, providing an optimal balance between
accuracy and noise resilience. Compared to hardware-efficient ansétze, our approach is more physically relevant
to the problem, results in a more stable optimization landscape, and is less prone to trainability issues.

3 Discussion

We observe in the energy landscape generated in Fig. 2, that an increase in the longitudinal field leads to a lower
energy of the Hamiltonian, but an increase in the transverse field does not lower the energy as much. The role of
the transverse field is primarily to induce quantum effects [32, 65] which give rise to alternating ferromagnetic and
anti-ferromagnetic interactions, which in turn produce the disordered phase. Thus, the transverse field is essential
for disordered spin configuration to arise [66]. The energy landscape, which graphically represents the energy of a
system as a function of its states or configurations [67], is essential for understanding the evolution of the system
and the stable states into which it may settle [68]. The longitudinal field is aligned with the direction of the spins.
An increase in this field tends to align the spins in its direction, thus reducing the system’s energy. This is because
the spins naturally align with an external magnetic field, a state that typically corresponds to a lower energy
configuration [69]. This effect can be visualized as a deepening of the energy well in the landscape, indicating
where the system’s ground state is likely to be [70]. Conversely, the transverse field is oriented perpendicular to
the direction of the spins. An increase in the transverse field does not reduce the energy as significantly because
it competes with the spin alignment, introducing quantum fluctuations due to its perpendicular orientation [71].
These fluctuations can cause the spins to flip, thereby introducing disorder into the system [72, 73].

The most notable thing to see in the 2-D case is that the three most probable configurations for each case
are nearly identical: a pattern arises in simulations, indicating that a coherent study is possible. We can now see
the disordered phase region, which most published literature does not account for [74]. The spin configurations
with the highest counts/probabilities of occurrence are shown in Fig. 3, with the rest reported in a repository
[75]. The observation that the three most probable spin configurations are almost identical suggests a symmetrical
or patterned order in the system. This implies that even complex quantum systems can exhibit some degree of
predictable behavior [76]. Recognizing these patterns is crucial for deciphering the behaviors of quantum many-
body systems and can be pivotal in engineering materials with tailored magnetic characteristics [77]. When B, =0
and B, = 2, we can see a perfect anti-ferromagnetic spin configuration in the absence of the longitudinal field. The
configuration with the 2nd and 3rd highest counts shows near-perfect anti-ferromagnetism as well. We hypothesize
that a longitudinal field is essential for a disorder to occur. We define the disordered phase as the spin configurations
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when a consistent stretch of spin configuration shows an anti-ferromagnetic phase and a consistent stretch of spins
show a ferromagnetic phase [33]. Thus the disordered phase is basically a combination of consistent and semi-
symmetric ferromagnetic and anti-ferromagnetic phases in spin configuration. This is seen in the spin configurations
when B, = 1 and B, = 2, where we see a mixture of anti-ferromagnetic and ferromagnetic spin configurations,
i.e., a disordered state. The ferromagnetism is seen in local moments. If we compare cases B, = 1, B, = 0.5
with B, = 1, B, = 2, we see that for the same values of B,, an increase in disorder occurs with the increasing
B,. B, =1, B, = 0.5, shows mostly anti-ferromagnetism, whereas B, = 1, B, = 2, develops local moments of
ferromagnetism. B, = 1.5, B, = 1.5 shows a relatively more paramagnetic state i.e., spins are more random.

Further increase of B,, in theory, should increase the randomness. Decreasing B,, B, = 1.5, B, = 0.25, shows
a disordered state [78]. Therefore, we observe a disordered state only for a specific combination of values of the
transverse and longitudinal Ising fields, i.e., the disordered phases occupy a narrow region between the anti-
ferromagnetic phase and the paramagnetic phase [79]. The role of the longitudinal magnetic field in a quantum
spin system is to align the spins along its direction [80]. When only a transverse magnetic field is present, spins are
influenced to orient perpendicularly to the field, leading to a certain degree of order that minimizes the system’s
energy in that configuration. However, the introduction of a longitudinal field adds a competing interaction [81].
Instead of the spins aligning solely in response to the transverse field, they now also tend to align with the
longitudinal field. This competition between the fields disrupts the previously established order. Spins that were
once potentially in a uniform state due to the transverse field now experience a tug-of-war as the longitudinal
field encourages alignment in a different direction [82]. The result is a more complex arrangement of spins, with
some following the transverse field and others aligned with the longitudinal field, leading to a mixed or disordered
phase [72]. The interplay between these fields can result in a rich tapestry of spin configurations, with regions
exhibiting different kinds of magnetic ordering or even a lack of order entirely [83]. Such disruption is not merely a
perturbation but is fundamental to the system’s behavior, as it can lead to phase transitions where the material’s
properties change abruptly and significantly [84]. In the study of quantum criticality [85], understanding how the
longitudinal field disrupts the order is vital. It is at the heart of many phenomena in condensed matter physics, such
as the emergence of exotic states of matter, and has practical implications for the development of new quantum
technologies, including quantum computation, metrology, and magnetic storage devices [45, 86-88].

4 Custom built Qiskit package and run on IBM-Q device

We propose the incorporation of a dynamic, modular package QuGlassyIsing for glassy dynamics that interfaces
with Qiskit [49]. The central objective of QuGlassyIsing is to provide a user-friendly interface for constructing
Hamiltonians associated with the TFIM, incorporating longitudinal fields. By giving precedence to constructs that
are accessible to users, our objective is to provide researchers with the tools to efficiently traverse the complex
landscape of glassy dynamics, and facilitate finding more intuitive connections for researchers studying the quantum
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behavior underlying disordered phases [89-92]. One of the core functions of the package is Ising2DHamiltonian,
which constructs the nearest-neighbor interaction Hamiltonian for a 2-D lattice. This function iterates over all
lattice points in the specified grid, identifies their horizontal and vertical neighbors, and constructs interaction
terms for each pair of neighbors. These terms are represented as Pauli strings (0*0%) and summed to form the
overall interaction Hamiltonian. The function also handles edge cases, ensuring that boundary points with fewer
neighbors are correctly accounted for. The output is a Hamiltonian that encodes all nearest-neighbor interactions
within the lattice, ready for direct use in quantum simulations.

The package also includes the FieldHamiltonian function, which generates field terms for longitudinal (¢#) or
transverse (o%) fields. This function constructs the Hamiltonian by applying the specified Pauli operator to each
spin in the lattice. It supports arbitrary lattice dimensions, making it adaptable to both 1-D and 2-D systems.
By separating the interaction and field terms into modular components, the package allows researchers to easily
customize the Hamiltonian for different scenarios, such as varying field strengths or interaction geometries. Another
key feature of the package is the get_interaction function, which defines the interaction between two specific
qubits in the lattice. This function verifies the validity of the lattice points, constructs the interaction term by
applying o* to the two qubits and identity operators (I) to all others, and returns the result as a properly formatted
Pauli string. It serves as the building block for Ising2DHamiltonian, ensuring that all nearest-neighbor interactions
are accurately represented in the final Hamiltonian. Together, these functions streamline the process of constructing
Ising model Hamiltonians. The modular design of the package not only simplifies the generation of Hamiltonians
but also ensures that the methodology can be extended to larger systems or alternative lattice geometries, such as
triangular or hexagonal lattices. By leveraging this package, we efficiently constructed the Hamiltonian for a 6 x 6
lattice (36 qubits), combining interaction terms and field contributions to simulate the system dynamics. This
approach highlights the versatility and practicality of the Qiskit Glassy Dynamics package for exploring complex
quantum systems. As of writing this article, QuGlassyIsing has a release candidate v0.0.1-alpha. Our emphasis
on formulating a concise syntax within QuGlassyIsing is driven by the motivation that an efficient interface
enhances a researcher’s capacity to expedite intricate simulations.

To gauge how well the results can be appropriately replicated on a real quantum device of the NISQ era [93],
we implemented a reduced 7-spin Ising model with unit longitudinal and unit transverse field. On IBM-Q’s 7
qubit Oslo device, setting the interaction strength and field strength to unit length to simplify the simulation, the
energy convergence profile exhibited more fluctuations and a slower convergence rate. As seen from Fig. 4, the
final energy value was higher than that of the theoretical minimum. The plot highlights the fluctuations in the
energy convergence due to noise and hardware-induced errors which include gate errors, readout errors, and qubit
decoherence. The run is to be treated strictly as a proof-of-concept. Further details are presented in the Appendix.

5 Conclusion

We have shown that probing toy models emulated using a near-term digital quantum simulator allows for detecting
disordered phases in one-dimensional (1-D) and two-dimensional (2-D) Ising models. Specifically, we observed that
the introduction of a longitudinal field in the Ising models plays a crucial role in developing regions of disorder,
interspersed between states of anti-ferromagnetic and ferromagnetic order. We have observed the importance of
the longitudinal field in the Ising models for developing regions of disorder, between states of anti-ferromagnetic
and ferromagnetic states. Overall, our findings suggest the formation of glassy relaxation in these spin systems.
The findings in this work align closely with experimental and theoretical studies on spin glasses [94], particularly in
disordered materials such as Fe-Mn—Al alloys, [95] amorphous magnets [96], and nanostructured systems [97]. The
simulated disordered phases, characterized by transitions between ferromagnetic and anti-ferromagnetic configu-
rations, parallel the competing interactions and frustration-induced spin-glass behavior observed experimentally.
Furthermore, the simulated narrow regions of disorder between anti-ferromagnetic and paramagnetic phases align
with experimental observations of nanoscale variations influencing spin behavior and phase transitions in nanos-
tructured alloys [97]. Furthermore, spin configurations play a vital role in catalysis, where the alignment or disorder
of spins directly influences catalytic performance. Ordered spin configurations, particularly when subjected to a
magnetic field, enhance catalytic activity by enabling efficient electron transfer, a key process in catalysis. In
contrast, disordered spin states disrupt these processes, resulting in lower catalytic efficiency.

Near-term intermediate-scale quantum (NISQ) devices are limited by short coherence times, gate errors, and
restricted qubit connectivity, constraining the depth and accuracy of quantum simulations [98]. While our approach
successfully leverages variational algorithms to probe glassy dynamics, these limitations prevent scaling to larger
and more complex systems. Fault-tolerant quantum computing (FTQC) with quantum error correction (QEC) will
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enable deeper circuits and more precise state evolution, allowing for accurate exploration of long-time dynamics,
phase transitions, and emergent behavior in disordered quantum systems. As QEC improves hardware fidelity [99],
our methods will scale to study larger spin lattices and more intricate glassy phenomena, eventually unlocking
simulations beyond classical reach. Digital quantum simulations of glassy systems of realistic complexity, amenable
through our proposed method, provide a framework for understanding the impact of disordered spin configurations
on system dynamics and energy states. Extending on our methods could pave the way for simulating the glassy
behavior of systems using quantum computers which are otherwise intractable. For future research, we propose
exploring different phases in the Ising model across various geometries. Investigating how these competing fields
interact in three-dimensional (3D) systems, lattice structures with higher coordination numbers, and more complex
geometries could unlock new insights into the nature of disordered phases and the influence of field interactions.
This could further elucidate the conditions under which glassy behavior emerges and how it can be controlled or
manipulated. By exploring disorder effects in quantum systems, one can design catalysts with optimized distribu-
tions of active sites, enhancing both efficiency and selectivity. The ability to manipulate spin configurations and
the resulting magnetic moment arrangements is pivotal in advancing spintronic devices and catalytic systems. The
ability to simulate such complex phenomena on quantum hardware marks a significant step forward in leveraging
quantum computational capabilities for condensed matter physics and material science.

Acknowledgements We thank the anonymous referee for providing valuable suggestions which has helped us improve the
presentation of our work. S.I.M. thanks Prof. Sabre Kais, Dr. Valentin Walther, Dr. Sumit Kale and Dr. Rishabh Gupta for
their insightful discussions during the initial stages of this project. F.T.C. acknowledges support through the IBM Quantum
Researchers Program for priority access to devices, and the Office of Naval Research for financial support (ONR Award
Number N62909-21-1-2018). The authors’ opinions are their own, and they do not represent the official stance or policy of
IBM. For the purpose of open access, the authors have applied a Creative Commons Attribution (CC BY) license to any
Author Accepted Manuscript version arising from this submission.

Data availability The data that support the findings of this study are openly available in [75].
Code availability The code that supports the findings of this study is openly available in [75].

Declarations

Conflict of interest The authors have no conflict of interest to report.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

A Appendix: Details of real-device demonstration

A.1 IBM Q Oslo device

The real-device demonstration was conducted on the IBM Q Oslo quantum processor, a 7-qubit superconducting
quantum device with a heavy-hexagonal qubit architecture. This topology limits each qubit’s connectivity to two
or three neighbors, reducing crosstalk errors and improving the reliability of computations.

A.2 IBM Q Oslo Qubit layout and quantum circuit

Figure 5a shows the connectivity of the IBM Q Oslo qubits, where each node represents a qubit and the connections
represent allowed two-qubit operations [100]. Figure 5b presents the quantum circuit used in the real-device
demonstration, which consisted of single-qubit Ry rotations followed by a series of control operations implementing
entanglement.
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(a) IBM Q Oslo qubit connectivity layout. (b) Quantum circuit executed on IBM Q Oslo.

Fig. 5 IBM Q Oslo qubit connectivity layout. Quantum circuit executed on IBM @Q Oslo. a Qubit layout of IBM Q
Oslo [100], illustrating the connectivity between qubits. b The quantum circuit implemented on the device, consisting of
single-qubit Ry rotations and entangling gates

A.3 Qiskit runtime environment
The experiment was performed using the Qiskit Runtime environment, which allowed us to efficiently execute the
quantum algorithms on the IBM Q Oslo device. The VQE was used to compute the ground state of the 1-D Ising

Hamiltonian. The optimizer performed 46 cost function evaluations, leading to an eigenvalue of —4.0139 and an
eigenstate distribution as detailed below.

A.4 Results from the IBM Q Oslo run

The results from the quantum processor are as follows:

Eigenvalue: —4.0139
Optimal parameters:

0 = {4.3556, 3.2937, 2.8003, — 3.1863, 4.0444, —2.9020, 3.9017}

Optimal value: —4.0139
Optimizer evaluations: 46
Optimizer runtime: 11743.05 s

The eigenstate probabilities obtained from the run are shown in Table 1.
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Table 1 Eigenstate probabilities obtained from the IBM Q Oslo device

State Probability State Probability State Probability
0000001 0.0316 0000100 0.0548 0000101 0.0632
0001001 0.0316 0001010 0.0775 0001011 0.0447
0001100 0.0316 0001101 0.0447 0001110 0.0316
0010000 0.0548 0010001 0.0548 0010010 0.0775
0010011 0.0548 0010100 0.1095 0010101 0.2191
0010110 0.0707 0011000 0.0316 0011001 0.0548
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