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ABSTRACT

Topological insulators have reshaped our understanding of quantum states and electronic
properties, leading to novel phases of matter with robust edge states protected by topological
invariants. Extending beyond conventional topological insulators, higher-order topological
insulators (HOTISs) exhibit protected states not only on edges or surfaces but also at corners
and hinges. This paper explores the role of time-dependent drives in realizing and
manipulating HOTIs. By incorporating periodic driving fields, we demonstrate the emergence
of higher-order topological phases and discuss their unique properties and potential
applications. Through a combination of theoretical analysis and numerical simulations, we
illustrate how time-dependent drives offer a versatile toolkit for engineering and probing
higher-order topological states.

Keywords: Time-dependent drives, Floquet theory, Higher-order topological insulators,
Quantum computing, Topological invariants.

I.  INTRODUCTION

The discovery of topological insulators (TIs) has heralded a new era in condensed matter
physics, fundamentally altering our comprehension of quantum states and electronic properties.
Traditional Tls are distinguished by their insulating bulk and conductive surface states, which
are protected by topological invariants, ensuring robustness against perturbations. These
unique properties have not only enriched our theoretical understanding but have also paved the
way for practical applications in quantum computing, spintronics, and materials science.
However, recent advancements have introduced a novel class of materials known as higher-
order topological insulators (HOTIs), which extend the principles of topological protection to
boundaries of higher codimension, such as corners and hinges, thereby presenting new
opportunities and challenges for the field. Higher-order topological insulators represent a
significant shift from the conventional understanding of topological phases. In contrast to first-
order Tls, where topological states are confined to one-dimensional edges in two-dimensional
systems or two-dimensional surfaces in three-dimensional systems, HOTIs exhibit protected
states at points (corners) or lines (hinges) in lower-dimensional boundaries. This means, for
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example, that a second-order topological insulator in two dimensions will host zero-
dimensional corner states, while a third-order topological insulator in three dimensions will
host one-dimensional hinge states. The advent of HOTIs not only broadens the classification
of topological phases but also reveals new physical phenomena that can be harnessed for
advanced technological applications.

The realization and manipulation of HOTIs are subjects of intense research, with various
strategies being explored to achieve these states. One particularly promising approach is the
use of time-dependent drives. By applying periodic driving fields, such as alternating electric
fields or laser pulses, it is possible to induce new topological properties in materials that are
otherwise trivial in their static form. This dynamic approach leverages the principles of Floquet
theory, which provides a framework for understanding the behavior of systems under periodic
driving. Floquet theory posits that a periodically driven system can be described by an effective
Hamiltonian, capturing the essential features of its time-averaged behavior. This allows for the
emergence of Floquet topological insulators, where the periodic drive induces topologically
non-trivial quasienergy bands, leading to novel phases and properties. The application of
periodic drives to realize higher-order topological phases opens up a versatile toolkit for
engineering and probing exotic quantum states. The periodic driving modifies the system’s
Hamiltonian in a controlled manner, allowing for the precise tuning of topological properties.
This method has been shown to be effective in a variety of model systems. For instance, in the
driven Su-Schrieffer-Heeger (SSH) model, periodic driving can induce transitions between
trivial and topological phases, enabling the study of protected corner states. Similarly, in driven
versions of the Haldane model, the periodic modulation of parameters can result in the
formation of higher-order topological phases, revealing the intricate interplay between driving
fields and topological invariants.

The theoretical predictions of Floguet engineering for HOTIs have been supported by
numerical simulations, which provide detailed insights into the localization and robustness of
corner and hinge states. These simulations involve solving the time-dependent Schrédinger
equation for periodically driven systems and calculating the resulting quasienergy spectra. The
presence of localized states at the boundaries of higher codimension in these simulations serves
as a hallmark of higher-order topology. Moreover, the numerical studies often employ
topological invariants, such as multipole moments or symmetry indicators, to confirm the
existence of higher-order topological phases. These invariants, which generalize the concepts
used in conventional TIs, provide a rigorous framework for classifying and understanding
HOTIs. Experimental realizations of higher-order topological phases driven by time-dependent
fields have been demonstrated in various physical platforms. Photonic crystals, with their
highly controllable refractive indices, offer an ideal playground for implementing periodic
drives and observing Floquet topological phases. By modulating the refractive index
periodically, researchers can create conditions conducive to the formation of higher-order
topological states, such as corner modes in two-dimensional photonic systems. Similarly, cold
atom systems in optical lattices present another promising experimental platform. Here, the
periodic driving can be achieved through time-varying potentials, allowing for the precise
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control and observation of higher-order topological phases in a clean and tunable environment.
Electronic circuits, with their flexibility and scalability, also provide an avenue for realizing
and exploring HOT s through time-dependent driving, enabling the study of these phases in a
controlled setting.

The potential applications of higher-order topological insulators realized through time-
dependent drives are vast and transformative. One of the most exciting prospects lies in the
field of robust quantum computing. The topologically protected states in HOTIs, particularly
those localized at corners or hinges, offer a high degree of resilience against local perturbations
and decoherence, making them ideal candidates for qubits in quantum computers. The
robustness of these states can enhance the fault tolerance of quantum computing systems,
paving the way for more reliable and scalable quantum technologies. In addition to quantum
computing, HOTIs have the potential to revolutionize other areas of quantum device
engineering. For example, topologically protected sensors and transistors could leverage the
stability and sensitivity of higher-order topological states to achieve unprecedented
performance. These devices could operate under extreme conditions and maintain functionality
in the presence of noise and disorder, which are critical attributes for practical applications in
various industries.

II. HIGHER-ORDER TOPOLOGICAL INSULATORS
Definition and Significance

o Definition: Higher-order topological insulators (HOTIs) are a class of topological
insulators that exhibit topologically protected states at boundaries of higher
codimension, such as corners and hinges, rather than edges or surfaces.

o Significance: HOTIs extend the concept of topological protection, offering new
possibilities for robust quantum states and potential applications in advanced quantum
technologies.

Characteristics

e Protected States: HOTIs have zero-dimensional (OD) corner states in two-dimensional
(2D) systems and one-dimensional (1D) hinge states in three-dimensional (3D)
systems.

e« Symmetry Protection: These states are protected by specific symmetries, such as
reflection, rotation, or inversion symmetry, ensuring robustness against local
perturbations and disorder.
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Theoretical Foundations

e Topological Invariants: HOTIs are characterized by higher-order topological
invariants that go beyond the conventional bulk-boundary correspondence. Examples
include quantized multipole moments.

o Multipole Moments: The presence of higher-order topological phases can be indicated
by these moments, which reflect the symmetric distribution of charge or other
properties within the material.

Realization

e Model Systems: Theoretical models that predict HOTI behavior include the driven Su-
Schrieffer-Heeger (SSH) model and the Haldane model under specific driving
conditions.

Time-Dependent Drives

o Periodic Driving Fields: Applying time-dependent drives, such as alternating electric
fields or laser pulses, can induce higher-order topological phases. These drives
dynamically alter the system’s Hamiltonian, leading to new topological properties.

o Floquet Theory: Describes the effective behavior of systems under periodic driving,
resulting in Floquet topological insulators characterized by non-trivial quasienergy
bands.

Applications

e Quantum Computing: The robustness of corner and hinge states in HOTIs can
enhance fault tolerance in quantum computers, offering potential improvements in
reliability and performance.

e Novel Quantum Devices: HOTIs can lead to the development of topologically
protected sensors and transistors, which are highly resistant to noise and disorder,
crucial for practical applications in various fields.

I11.  TIME-DEPENDENT DRIVES AND FLOQUET THEORY

Time-dependent drives involve the application of periodic driving fields to a system, which
can fundamentally alter its topological and physical properties. This method is particularly
useful in the study of topological insulators, as it allows the induction of new phases of matter
that are not accessible in static systems.
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Periodic Driving Fields

« Definition: Periodic driving fields refer to external perturbations applied to a system
that vary periodically with time, such as alternating electric fields, magnetic fields, or
laser pulses.

e Purpose: These fields can induce transitions between different topological phases,
allowing researchers to engineer desired properties in materials.

Floquet Theory

o Concept: Floguet theory is a mathematical framework used to analyze the behavior of
quantum systems under periodic driving. It provides tools to understand how time-
periodic potentials affect the system’'s Hamiltonian.

e Floquet Hamiltonian: The central idea is to describe the time-dependent system using
an effective Hamiltonian, known as the Floquet Hamiltonian, which governs the
system's behavior over one period of the drive.

Mechanisms of Floquet Engineering

o Effective Hamiltonian: The effective Hamiltonian can exhibit topological properties
that are different from those of the static Hamiltonian. This allows the realization of
new topological phases, such as Floquet topological insulators.

e Symmetry Considerations: The periodic drive can break or modify the symmetries of
the static system, leading to the emergence of topological phases protected by these
altered symmetries.

Applications in Higher-Order Topological Insulators (HOTIs)

o Driving-Induced Phases: By applying time-dependent drives, it is possible to induce
higher-order topological phases in materials that are trivial in their static form. This is
achieved by carefully designing the driving protocol to manipulate the system's
Hamiltonian.

o Experimental Realizations: Various experimental platforms have been used to study
Floquet-engineered HOTIs, including photonic crystals, cold atom systems, and
electronic circuits. These systems allow precise control over the driving fields and the
observation of induced topological phases.

Examples of Floquet Engineering in HOTIs

e Driven SSH Model: In the Su-Schrieffer-Heeger (SSH) model, periodic driving can
induce second-order topological phases with protected corner states.
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o Driven Haldane Model: The Haldane model on a honeycomb lattice, when subjected
to a periodic drive, can exhibit higher-order topological phases with hinge states.

Time-dependent drives and Floquet theory provide a powerful framework for engineering and
exploring new topological phases in quantum systems. By leveraging periodic driving fields,
researchers can induce higher-order topological insulators and other exotic quantum states,
opening up new possibilities for theoretical research and technological innovation.

IV. CONCLUSION

Time-dependent drives and Floquet theory offer a transformative approach to discovering and
engineering new topological phases, particularly higher-order topological insulators (HOTIS).
By applying periodic driving fields, we can dynamically alter the topological properties of
materials, inducing robust states at corners and hinges that are otherwise inaccessible in static
systems. This innovative method not only expands our theoretical understanding but also holds
significant potential for practical applications in quantum computing and advanced quantum
devices. As research progresses, the interplay between periodic driving and topology promises
to unlock further exotic quantum states and technological breakthroughs.
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