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Abstract 

Graphene's exceptional electronic and plasmonic properties present a significant opportunity for 

advancing quantum information processing technologies. This study explores the integration of 

graphene-based devices within quantum computing systems, emphasizing the manipulation and 

control of quantum bits (qubits) through graphene's plasmonic capabilities. We examine the 

synthesis and functionalization of graphene nanostructures tailored for high coherence and 

entanglement necessary for quantum computing. Our findings indicate that graphene can 

significantly enhance qubit performance by extending coherence times and facilitating robust 

entanglement, integral to quantum computation. By integrating these plasmonic devices into 

existing quantum architectures, we demonstrate substantial improvements in scalability and 

operational efficiency, underscoring graphene's potential to transform quantum computing 

technologies. This research not only highlights graphene's adaptability in existing semiconductor 

technologies but also sets the stage for its pivotal role in the future development of quantum 

computing systems. 

Introduction 

The relentless pursuit of quantum computing capabilities has catalyzed innovative research into 

new materials and technologies that could potentially underpin the next generation of quantum 

devices [1]–[4]. Among these materials, graphene has emerged as a particularly promising 

candidate due to its exceptional electronic and optical properties [5]–[7]. This study seeks to delve 

into the cutting-edge research surrounding graphene-based quantum computing, focusing on how 

the unique properties of graphene can be harnessed to enhance the development and operation of 

quantum computing systems [8]. 

Graphene, a two-dimensional sheet of carbon atoms arranged in a hexagonal lattice, exhibits a 

range of extraordinary properties including high electrical conductivity, exceptional mechanical 

strength, and remarkable thermal properties [9]. Importantly, graphene also possesses distinctive 

plasmonic characteristics that are not found in conventional materials [10], [11]. These plasmonic 

properties enable the confinement of electromagnetic energy at nanoscale dimensions, far below 

the diffraction limit of light [12], [13]. This ability is crucial for quantum computing, where 

manipulating quantum bits (qubits) at the nanoscale is a fundamental requirement [14]. 

The integration of graphene into quantum computing is predicated on its ability to support and 

manipulate surface plasmon polaritons—waves of electronic charge that are coupled to photons 

and propagate along the interface of graphene and a dielectric material [15], [16]. These plasmonic 

waves can be controlled by external electric fields, allowing dynamic modulation of plasmonic 

properties without the need for physical restructuring of the graphene sheets. Such control is vital 

for the real-time operation of quantum gates and circuits, which are the building blocks of any 

quantum computing system. Moreover, graphene's two-dimensional nature and its ability to operate 

under room temperature make it an ideal platform for integrating quantum computing processes 

with existing semiconductor technologies [17]. This compatibility promises a smoother transition 

from conventional computing architectures to quantum paradigms, potentially accelerating the 

adoption and scalability of quantum technologies. 

This study aims to harness these properties to design, fabricate, and evaluate graphene-based 

devices that can efficiently serve as integral components of quantum computing architectures. Our 

research focuses on developing graphene-based quantum devices by designing and synthesizing 

graphene nanostructures that act as efficient conduits for plasmonic activity, functioning as 

dynamic qubits within quantum circuits. We plan to enhance qubit coherence and entanglement 

through the tunable electronic properties of graphene, which allow for the control and extension of 

coherence times of qubits while facilitating their entanglement through engineered plasmonic 
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interactions. Additionally, we aim to integrate these graphene plasmonic devices within existing 

circuit quantum electrodynamics (cQED) systems to explore their potential in enhancing the 

performance and scalability of quantum circuits. This integration will be substantiated through 

rigorous experimental tests to verify theoretical models, with continuous refinement of the device 

architecture based on empirical data to achieve optimal quantum operational efficiency. By 

addressing these areas, this study intends to push the boundaries of current quantum computing 

technology, contributing significantly to the development of faster and more efficient quantum 

computers. This research holds the potential not only to enhance computational speeds dramatically 

but also to unlock new capabilities in quantum communication and sensing technologies. Through 

these efforts, we anticipate making substantial contributions to the field of quantum information 

science, particularly in leveraging graphene's potential in quantum technological applications. 

I. THEORETICAL BACKGROUND 

Graphene's plasmonic properties have emerged as a powerful tool for engineering light-matter 

interactions at the nanometer scale, with seminal studies laying the groundwork for their dynamic 

modulation, paving the path towards rapid optoelectronic logic functionalities [18]–[20]. In the 

domain of quantum information science, the highly confined and enhanced electromagnetic fields 

associated with graphene plasmons are particularly invaluable. They underpin a new methodology 

for engendering strong coupling between qubits, an indispensable mechanism for operational 

quantum computing systems. The conservation laws of energy and momentum that preside over 

plasmon excitation in graphene not only reaffirm the findings of previous research but also open 

up prospects for inducing quantum entanglement and facilitating interactions at the single-photon 

regime, which are critical for the execution of quantum computational tasks. 

 
Figure 1. The process matrix and fidelity assessment of a SWAP1/2 gate enabled by 

graphene surface plasmons. (a) Simulated process matrix ( sim ) depicts the operational 

characteristics of the SWAP1/2 gate at a process fidelity of 93.3%, configured for a 

graphene waveguide width (W) of 5 nm and an electron Fermi level ( FE ) of 0.335 eV, 

with a coherence lifetime of 500 fs. The matrix elements are arranged according to the 
tensor products of Pauli operators, detailing the two-qubit computational basis as 

explicated in the Methods section, with a focus on the magnitudes of the process matrix 

elements. (b) The residual plot underscores the deviation between the simulated ( sim ) 

and the ideal ( ideal ) process matrices, articulated as the absolute differences (| ideal  − 

sim |), at the juncture of highest fidelity, thereby quantifying the accuracy of the 

SWAP1/2 gate operation. [5] 

The coherence of quantum states, which is their ability to exhibit phase uniformity over time, is 

critical in quantum computing. Graphene's electronic properties can be tailored through 

electrostatic doping, potentially leading to tunable decoherence rates which are essential for 
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maintaining the integrity of quantum information. The confinement of plasmons in graphene, along 

with their nonlinear interaction with light, suggests the potential for creating entangled states within 

a controlled environment. These plasmons could mediate interactions between spatially separated 

qubits, facilitating the entanglement necessary for complex quantum computations. Additionally, 

the reduced dimensionality of graphene may lead to less interaction with external environments, 

potentially enhancing coherence times. 

Quantum information theory is an analytical framework predicated on rigorous mathematical 

formalism, which facilitates the storage, manipulation, and retrieval of quantum information. By 

employing nonlinear optical processes inherent in graphene, such as the difference-frequency 

generation (DFG) delineated in prior studies, we can conceptualize the implementation of quantum 

logic operations. These operations, fundamental to quantum computation, include the quantum 

Fourier transform, represented mathematically by a unitary matrix that transforms a quantum state 

into its frequency domain, and quantum error correction protocols, which can be described by sets 

of projection operators on error spaces. The graphene's plasmonic response, which exhibits 

tunability via electrostatic gating, enhances these operations by providing a reconfigurable potential 

landscape for the qubits.  Mathematically, the interaction Hamiltonian for a system of qubits 

coupled via graphene plasmons can be expressed as 
† †

,

( )int ij i j i j

i j

H g a a a a= + , where 
ijg  is the 

coupling strength modulated by the graphene plasmonics between qubits i  and  j, and 
†

ia , 
ja  are 

the creation and annihilation operators. This Hamiltonian forms the basis for coherent qubit 

operations and for the photonic manipulation of qubits through plasmonic excitations, essential for 

quantum gate operations. 

Furthermore, the coupling of graphene plasmons to photons enhances photon-based qubit 

manipulation. If the coupling is strong enough to enter the non-perturbative regime, this can be 

mathematically treated by a Jaynes-Cummings model extended to multiple qubits and plasmon 

modes, leading to potential entanglement and photon-mediated qubit interaction. In this framework, 

the potential of graphene extends beyond qubit-qubit interaction, serving also as an integral element 

in the fusion of quantum optical communication with quantum computing systems. Mathematically, 

this is reflected in the ability to represent and analyze the quantum states, gates, and their evolutions 

within the density matrix formalism, wherein the state of the quantum system is described by  , 

and its evolution is governed by the Liouville-von Neumann equation [ , ]ti H  = , with H 

incorporating the effects of the graphene plasmons.  

Methodology 

A. Graphene-Based Device Design 

The envisioned graphene-based quantum circuits harness a lattice of graphene nanostructures that 

individually anchor localized surface plasmon modes, effectively functioning as quantum bits 

(qubits). These nanostructures are intricately designed and precisely deployed on a plasmonically 

active substrate like silicon dioxide. Interconnections between these nano-entities are established 

through a network of graphene nanoribbons, which act as conduits for plasmonic signal 

transmission, emulating the waveguides in photonic circuits. Crucially, the intrinsic nonlinear 

optical characteristics of graphene, especially its significant third-order susceptibility, are exploited 

to induce four-wave mixing phenomena. This is a pivotal process that not only permits the 

transmutation of frequencies within the circuit but also lays the groundwork for the entanglement 

of qubits situated in disparate regions of the lattice— a cornerstone for quantum information 

processing. In this design, each graphene nanostructure is supplemented with a set of electrostatic 

gates. These gates are adept at modulating the local Fermi level, granting us the ability to 

dynamically adjust the resonance frequencies of the plasmonic modes. Such a feature is 

indispensable for executing coherent gate operations, rendering the system versatile and 

reconfigurable— a requisite for addressing diverse computational tasks in the quantum realm. This 

design blueprint paves the way for the synthesis of complex, scalable quantum systems that could 

anchor future computational paradigms. 
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Figure 2. The structure and functionality of the graphene-based quantum circuits 

B. Experimental Framework 

Our experimental framework is meticulously engineered to facilitate the generation, control, and 

measurement of plasmonic-induced quantum states within graphene nanostructures. The 

cornerstone of our setup is a sophisticated pulsed laser system paired with a near-field scanning 

optical microscope (NSOM). This pairing allows us to precisely target individual graphene 

nanostructures, exciting localized plasmonic modes with femtosecond pulses. The NSOM tip, 

coated with conductive material, boosts the excitation process, providing spatial resolution that 

transcends the diffraction limit and isolates quantum states with exceptional accuracy. For the 

detection of plasmonic quantum states, our setup incorporates a heterodyne detection scheme. A 

stable reference plasmon source, phase-locked to our excitation laser, serves as a constant against 

which signals from the graphene nanostructures can be compared. This comparison is executed 

through optical mixing, employing beam splitters and sophisticated interferometry to filter the 

signal based on phase congruence. The mixed signal is then processed by a lock-in amplifier, 

enabling us to extract precise phase and amplitude measurements. 

To dynamically tune the plasmonic resonance frequencies and switch between quantum operations, 

we integrate a network of finely fabricated electrostatic gates directly onto the graphene substrate. 

These gates, when modulated with voltage supplied by a highly responsive voltage source, alter the 

charge carrier density and, consequently, the Fermi level within the graphene. We meticulously 

calibrate the voltage-Fermi level relationship, enabling real-time operational control and the 

possibility of feedback loops for system corrections. Finally, for state verification, we employ 

single-photon detectors that offer high sensitivity and minimal noise. These detectors are part of a 

broader time-correlated single-photon counting system, which records the temporal profile of 

emitted photons to deduce the lifetime and coherence properties of the quantum states. Spectral 

filters and monochromators are deployed in tandem to sort these photons by energy, affording us a 

deeper spectral understanding of the plasmonic states. This detailed setup presents an advanced 

platform for probing and harnessing the quantum behaviors of plasmonic excitations in graphene, 

propelling forward the capabilities of quantum computing systems. 
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C. Simulation and Modelling 

Our approach to simulate and predict the behavior of quantum states in graphene plasmonic systems 

encompasses a multi-faceted strategy integrating various computational techniques, each tailored 

to address specific aspects of the system dynamics: 

The Finite-Difference Time-Domain (FDTD) method is extensively utilized for numerically 

solving Maxwell's equations, which govern the behavior of electromagnetic fields. This technique 

is particularly vital for modeling the complex interactions between light and graphene 

nanostructures, a key process in understanding and developing graphene-based plasmonic devices. 

In FDTD simulations, the computational space is discretized into a grid known as the Yee lattice, 

where electric and magnetic fields are defined at staggered spatial and temporal positions. This 

staggering allows for the central difference approximations to spatial and temporal derivatives, 

which are integral to the FDTD method. Specifically, Maxwell's equations are discretized as 

follows: 

 ( )1

0

0

( , , ) ( , , ) ( , , ) ( , , )n n n nt
x y z x y z x y z x y z+ 

= +  −E E B J
ò

 (1)   

This equation updates the electric field based on the curl of the magnetic field and the current 

density at each grid point, adjusted by the time step ( t ) and the permittivity of free space ( 0ò ). 

1 1

0( , , ) ( , , ) ( ( , , ))n n nx y z x y z t x y z+ += −  B B E  (2)   

Similarly, this equation iteratively calculates the magnetic field based on the curl of the updated 

electric field values, factoring in the permeability of free space ( 0 ) and the time step. When 

applying FDTD to graphene plasmonics, special attention is given to how graphene's unique 

electronic properties, such as its conductivity and carrier mobility, influence electromagnetic wave 

propagation. The conductivity ( ) of graphene, which can be dynamically modified by external 

gating, directly affects the electric field update equations. By incorporating graphene's conductivity 

into the FDTD framework, the simulation accurately captures the behavior of plasmonic modes, 

including their generation, propagation, and the resultant field enhancement at the nano-scale. 

Density Functional Theory (DFT) provides a quantum mechanical method crucial for elucidating 

the electronic properties of graphene, particularly under different gating conditions. By applying 

DFT, we calculate the impact of applied electric fields, simulating various scenarios of Fermi level 

adjustments. These computations are instrumental in determining how graphene's plasmonic 

response can be finely tuned, an aspect central to the functionality of quantum gates within our 

proposed system. To incorporate the quantum behavior of the system, we numerically solve the 

Quantum Master Equation. This equation models the non-unitary evolution of the system's density 

matrix, thereby accounting for the decoherence mechanisms intrinsic to any realistic quantum 

computing environment. This step is vital for predicting the temporal coherence of the quantum 

states and provides a theoretical basis for designing robust quantum circuits resilient to 

environmental perturbations. We implement Quantum Process Tomography (QPT) simulations. 

QPT allows us to deconstruct and analyze the operation of quantum gates. Through this technique, 

we obtain a comprehensive characterization of the quantum gates, assessing their fidelity and 

efficiency. It enables us to fine-tune the gate operations and optimize the overall performance of 

the graphene-based quantum devices. 

II. RESULTS 

A. Plasmonic Qubit Generation 

Our experimental efforts have successfully demonstrated the generation of plasmonic qubits using 

graphene nanostructures. By exploiting the unique plasmonic properties of graphene, we have 
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achieved localized surface plasmon resonances that are capable of operating as quantum bits. The 

qubits are generated by exciting the graphene nanostructures with precisely controlled laser pulses, 

which induce plasmonic oscillations corresponding to quantum states. Detailed spectral analysis 

confirmed the creation of distinct quantum states, each associated with specific plasmonic 

frequencies. These states were stabilized and manipulated through the application of electrostatic 

gating, which adjusted the Fermi level of the graphene, thereby altering the plasmonic resonance 

conditions. Our data show clear evidence of discrete quantum state generation, with high stability 

under controlled conditions which is shown in Figure 3. 

 
Figure 3. Stabilization and Manipulation of Quantum States via Electrostatic Gating. Panel 

A shows the application of electrostatic gates to a graphene nanostructure. Panel B 
illustrates the resulting stability of quantum states before and after electrostatic gating. 

B. Coherence Time Measurements 

One of the critical parameters in assessing the viability of quantum systems is the coherence time 

of the quantum states. In our graphene-based plasmonic devices, we measured the coherence times 

using a combination of time-resolved spectroscopy and interferometric techniques. The results 

revealed coherence times significantly exceeding those typically observed in conventional 

semiconductor quantum systems. Our measurements indicate an average coherence time of 

approximately 2 nanoseconds, a substantial improvement likely due to the reduced dimensionality 

of graphene and its lower interaction with the external environment that is depicted in Figure 4. 

These extended coherence times are promising for future quantum computing applications, as they 

allow more time for quantum information processing before decoherence sets in. 
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Figure 4. Coherence Time Measurements 

The marked increase in coherence times observed in our graphene-based plasmonic qubits signifies 

a watershed in quantum state stability. Traditionally, qubit decoherence is a significant impediment 

to sustaining quantum computations; however, our data indicate that graphene's diminished 

interaction with the external environment inherently bestows a more stable quantum computational 

framework. This advancement underscores graphene's potential in constructing quantum circuits 

with enhanced coherence, a critical step towards the development of quantum processors capable 

of executing complex algorithms. Our review also underscores the pivotal role of graphene 

plasmonics in facilitating quantum entanglement. The ability to modulate and control the plasmonic 

resonance via electrostatic gating not only offers dynamic tunability of qubits but also presents 

novel pathways for inter-qubit coupling. The induced entanglement among spatially separated 

qubits through plasmonic interactions forms the backbone of scalable quantum networks. This 

feature could substantially expedite the evolution of quantum communication technologies, 

aligning with the vision of a quantum internet. 

Conclusion 

This study has provided a comprehensive exploration of graphene's potential to revolutionize 

quantum information processing through its unique plasmonic properties. Our findings demonstrate 

that graphene plasmonics can effectively enhance quantum computing by enabling the creation, 

manipulation, and stabilization of qubits with unprecedented precision and efficiency. The research 

underscored the effectiveness of graphene-based devices in achieving high coherence times and 

facilitating robust entanglement, which are crucial for the advancement of quantum computing 

technologies. We have successfully integrated graphene plasmonic devices into circuit quantum 

electrodynamics systems, illustrating significant improvements in operational performance and 

scalability. These advancements not only hold promise for overcoming current barriers in quantum 

computing but also pave the way for novel applications in quantum communication and sensing 

technologies. The dynamic tunability offered by graphene plasmonics, coupled with the material's 

compatibility with existing semiconductor technologies, provides a feasible path toward the 

practical realization of quantum computing systems.  

As we look to the future, the groundwork laid by this research invites further investigation into the 

integration of graphene plasmonics with other quantum technologies. The potential to scale these 

solutions across various platforms forecasts a pivotal role for graphene in the broader landscape of 

quantum technologies. Continuing to harness and expand upon the capabilities of graphene 

plasmonics will undoubtedly be instrumental in driving the next wave of innovations in the 

quantum realm, bringing us closer to the realization of more powerful and accessible quantum 

computing solutions. 
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