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Abstract

This article aims to delve deeply into the important concept of wave-particle duality of light in quantum mechanics. First,
the historical development process of the wave-particle duality of light was reviewed, from the early debate between the
particle theory and the wave theory, to the predicament of classical physics, and then to the birth and development of
quantum theory. Then, the specific manifestations of the wave nature and particle nature of light were elaborated in detail,
including wave phenomena such as interference and diffraction, as well as particle nature phenomena such as the
photoelectric effect and the Compton effect. Then, a philosophical reflection was conducted on the essence of wave-
particle duality, and the relationships between matter and motion, as well as between the microscopic and the macroscopic
were explored. Finally, the application of the wave-particle duality of light in modern scientific and technological fields,
such as laser technology and quantum communication, was analyzed, emphasizing the profound influence of this theory
on the development of science and technology.
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1. Introduction

Light, as a ubiquitous and extremely special physical phenomenon, runs through the course of human cognition of nature.
From the initial perception of light by humans in ancient times, relying on sunlight for warmth and brightness, to the wide
application of light in modern science and technology, such as optical fiber communication and laser processing, light has
always attracted countless scientists to explore its essence. The wave-particle duality of light, as one of the core concepts
of quantum mechanics, reveals the fundamental laws of matter motion in the microscopic world and breaks the traditional
notion in classical physics that matter can only exist in the form of particles or waves [,

Under the framework of classical physics, matter and motion are clearly classified into different categories. Matter is
usually understood as an entity with a certain mass and volume, while motion is regarded as the change in the position of
matter over time. However, the wave-particle duality of light indicates that this simple division does not apply in the
microscopic world. Light not only exhibits the characteristics of particles, for instance, in the photoelectric effect, the
interaction between light and electrons is similar to the collision between particles; It also exhibits fluctuating
characteristics, such as interference and diffraction phenomena. This seemingly contradictory characteristic has prompted
scientists to re-examine the relationship between matter and motion, promoting the transformation of physics from classical
theory to quantum theory 1.

A thorough understanding of the wave-particle duality of light is of great significance for us to grasp the fundamental
principles of quantum mechanics and promote the development of related science and technology. In the field of quantum
communication, the wave-particle duality of light provides a theoretical basis for the secure transmission of information.
Quantum key distribution technology utilizes the quantum state characteristics of photons to ensure the absolute security
of communication Bl In the field of quantum computing, photons, as the carriers of qubits, their wave-particle duality
makes it possible to achieve quantum parallel computing and is expected to break through the computing limits of
traditional computers [4l. Therefore, the study of the wave-particle duality of light not only has theoretical value but also
holds broad application prospects.

2. The Historical Development of the Wave-particle Duality of Light

2.1 The Early Debate between the Particle Theory and the Wave Theory

In the early days of human exploration of the essence of light, there were mainly two opposing viewpoints: the particle
theory and the wave theory. The particle theory holds that light is composed of mechanical particles resembling small
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projectiles. This view can well explain phenomena such as the straight-line propagation, reflection and refraction of light.
For instance, the ancient Greek philosopher Democritus proposed the atomic theory, arguing that all things in the universe
are composed of indivisible atoms, and light is no exception. This view conforms to people's intuitive perception of object
movement in daily life, that is, objects move in a straight line in the form of particles and undergo reflection or refraction
when encountering obstacles.

The wave theory, however, holds that light is a form of wave similar to water waves, which can explain phenomena such
as interference and diffraction of light. The Dutch physicist Huygens was one of the early representatives of the wave
theory. In 1678, he proposed the famous Huygens Principle. This principle holds that any point on any wave surface in a
medium can be regarded as the source of a sub-wave, and at any subsequent moment, the envelope surface of these sub-
waves in the direction of wave propagation is the new wave surface 1. Huygens' principle successfully explains the laws
of reflection and refraction of light, and by analogy with the interference phenomenon of water waves, it predicts that light
also has interference phenomena. However, due to the lack of sufficient experimental evidence at that time, the wave
theory was not widely accepted.

2.2 The Dilemma of Classical Physics

With the continuous development of optical experiments, the wave theory has gradually gained the upper hand. In 1801,
the British physicist Thomas Young conducted the famous double-slit interference experiment, clearly observing the
interference fringes of light. This experimental result provided strong evidence for the wave theory of light [7]. Afterwards,
the French engineer Fresnel further refined the diffraction theory of light through rigorous mathematical derivation, further
confirming the wave nature of light. Fresnel's diffraction theory can accurately calculate the diffraction patterns of light
passing through slits, circular holes and other obstacles, which is highly consistent with the experimental results I,

However, by the end of the 19th century, classical physics encountered serious difficulties in explaining some phenomena
related to light. Among them, the most prominent ones are the blackbody radiation problem and the photoelectric effect
problem. The Rayleigh-Kings law in classical physics has a "UV disaster" when explaining the short-wave part of
blackbody radiation, that is, the predicted radiation energy tends to infinite in the short-wave region, which is seriously
inconsistent with the experimental results [°!. The blackbody radiation problem prompted the German physicist Planck to
propose the quantum of energy hypothesis in 1900. He believed that the energy radiated by a blackbody was not
continuously changing but was emitted and absorbed in the form of individual units. Each unit of energy was called a
quantum of energy, and its magnitude was directly proportional to the frequency of the radiation, that is, E=hv, where E is
the quantum of energy and h is Planck's constant. v represents the frequency of radiation. Planck's quantum energy
hypothesis successfully explained the law of blackbody radiation, marking the birth of quantum theory.

In the photoelectric effect experiment, the classical theory of light wave cannot explain why photoelectrons only escape
when the frequency of the incident light exceeds a certain threshold, and why the maximum initial kinetic energy of
photoelectrons is independent of the intensity of the incident light but only related to the frequency of the incident light.
In 1905, Einstein proposed the photon theory. He believed that light not only has wave-like properties but also particle-
like ones. Light is composed of individual photons, and the energy of each photon also satisfies E=hv. Einstein successfully
explained the photoelectric effect experiment with the photon theory, providing strong evidence for the particle nature of
light.

2.3 The Birth and Development of Quantum Theory

To solve the predicament faced by classical physics, the German physicist Planck proposed the quantum energy hypothesis
in 1900. He believed that the energy radiated by a black body does not change continuously but is emitted and absorbed in
the form of individual units. Each unit of energy is called an energy quantum, and its magnitude is directly proportional to
the frequency of the radiation, that is, E=hv, where E is the energy quantum, h is Planck's constant, and v is the frequency of
the radiation. Planck's quantum energy hypothesis successfully explained the law of blackbody radiation, marking the birth
of quantum theory. Subsequently, in 1905, Einstein proposed the photon theory. He believed that light not only has wave-
like properties but also particle-like properties. Light is composed of individual photons, and the energy of each photon
also satisfies E=hv. Einstein successfully explained the photoelectric effect experiment with the photon theory, providing
strong evidence for the particle nature of light. In 1924, the French physicist de Broglie proposed the concept of matter
waves, believing that all physical particles (such as electrons, protons, etc.) have wave properties, and the relationship
between their wavelength A and momentum p is A=ph. This further extended the wave-particle duality of light to the entire
microscopic world, laying a solid foundation for the development of quantum mechanics.
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3.  Wave Performance of Light and Experimental Verification
3.1 Interference Phenomenon

Interference is an important feature of waves. The interference phenomenon of light indicates that light has wave-like
properties. Thomas Young's double-slit interference experiment is a classic experiment on the phenomenon of light
interference. In this experiment, a monochromatic light beam passes through a slit and then through two slits that are very
close to each other, forming two coherent light beams. When these two coherent light beams meet on the light screen, they
will produce alternating bright and dark interference fringes. When the optical path difference of two beams of light is
equal to an integer multiple of the wavelength, bright stripes appear. Dark streaks appear when the optical path difference
is an odd multiple of half the wavelength. The spacing of interference fringes is related to the wavelength of light, the
distance from the double slits to the screen, and the distance between the two slits. By measuring the spacing of interference
fringes, the wavelength of light can be calculated, thereby verifying the wave nature of light.

3.2 Diffraction Phenomenon

Diffraction is also a typical phenomenon of waves. When light encounters obstacles or small holes during its propagation,
it deviates from its straight-line path and continues to propagate around the obstacles. This phenomenon is called diffraction
of light. The diffraction phenomenon of light can be classified into two types: Fresnel diffraction and Fraunhofer diffraction.
Fresnel diffraction refers to the diffraction phenomenon that occurs when the distances from the light source and the
observation screen to the obstacle are both finite, while Fraunhofer diffraction refers to the diffraction phenomenon that
occurs when the distances from the light source and the observation screen to the obstacle are both infinite (or equivalent
to infinite). Single-slit diffraction is a simple case of Fraunhofer diffraction. When a beam of parallel light passes through
a slit, alternating bright and dark diffraction fringes will appear on the screen. The central bright stripe is the widest and
brightest, while the width of the bright stripes on both sides gradually Narrows and their brightness gradually weakens. The
distribution of diffraction fringes is related to the width of the slit, the wavelength of the light, and the distance from the
light source and the screen to the slit. The diffraction phenomenon of light further proves that light has wave-like properties,
and the more obvious the diffraction phenomenon is, the more significant the wave-like nature of light is.

4. Philosophical Reflections on Wave-Particle Duality
4.1 The Relationship between Matter and Motion

The wave-particle duality of light reflects the close connection between matter and motion. From the perspective of
classical physics, matter is usually understood as an entity with a certain mass and volume, and motion is regarded as the
change in the position of matter over time. However, the wave-particle duality of light indicates that the existence form
and movement mode of matter are extremely complex. Light possesses both the characteristics of particles and those of
waves, which indicates that the motion of matter is not confined to the classical mechanical motion but also encompasses
broader forms such as wave motion. These two different manifestations of matter are not mutually exclusive but rather
complement and unify each other. This enlightens us that when understanding the material world, we should not merely
confine ourselves to traditional concepts and methods. Instead, we need to comprehend the relationship between matter
and motion from a more macroscopic and comprehensive perspective, recognizing that the forms of material motion are
diverse and that there may be intrinsic connections and transformations among different forms of motion.

4.2 The Relationship between Micro and Macro

The wave-particle duality of light also involves the relationship between the microscopic and macroscopic. In the
macroscopic world, what we usually observe is the particle nature of objects. For instance, the tables, chairs and other
objects we see are all composed of individual particles, which exhibit distinct particle characteristics such as shape, size
and mass. In the microscopic world, particles like photons and electrons possess both wave-like and particle-like properties,
which is completely different from our experience in the macroscopic world. This indicates that the microscopic world and
the macroscopic world follow different physical laws, and the behavior of microscopic particles cannot be fully explained
by classical physics. However, the microcosm and the macrocosm are not completely separated; there are certain connections
and transitions between them. With the continuous development of science and technology, we can observe more and more
microscopic phenomena through experimental means and apply the laws of the microscopic world to the macroscopic
world. For instance, laser technology, semiconductor technology, etc. have all developed based on the research and
application of the properties of microscopic particles. Therefore, we should recognize that the micro and the
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macro are interrelated and influence each other. When studying the material world, we should comprehensively consider
the factors at both the micro and macro levels to establish a more complete and accurate physical theory.

5. The Application of the Wave-particle Duality of Light in Modern Scientific and Technological
Fields

5.1 Laser Technology

Laser is a kind of light with high coherence, monochromaticity and directionality. Its generation is based on the principle
of stimulated radiation of light, and the wave-particle duality of light plays a key role in the generation and application of
laser. From the perspective of particle nature, a laser is composed of a large number of photons at the same energy level,
which have the same frequency, phase and polarization direction, and thus possess a high degree of coherence. From the
perspective of wave nature, lasers have a single wavelength, good directionality, and can form highly concentrated beams
in space. Laser technology has extensive applications in many fields. For instance, in industrial processing, lasers can be
used for cutting, welding, drilling, etc., featuring high precision, fast speed, and a small heat-affected zone. In the medical
field, lasers can be used in ophthalmic surgeries, skin treatments, tumor removals, etc., featuring small trauma and quick
recovery. In the field of communication, laser communication has advantages such as large bandwidth, high capacity and
strong anti-interference ability, and is one of the important directions for the future development of communication
technology.

5.2 Quantum Communication

Quantum communication is a new type of communication method based on the principles of quantum mechanics. It utilizes
the wave-particle duality of light to achieve secure information transmission. In quantum communication, photons are
typically used as information carriers because they possess characteristics such as indivisibility and the superposition of
quantum states. Quantum key distribution is one of the important applications of quantum communication. Through the
measurement and entanglement of quantum states and other characteristics, it realizes the secure distribution of keys
between the two communicating parties. Any attempt to eavesdrop on the key will be detected by both communicating
parties, thus ensuring the security of communication. In addition, quantum teleportation is also an important research
direction in quantum communication. It utilizes the phenomenon of quantum entanglement to instantaneously transfer a
quantum state from one place to another without the need to transfer the matter itself. The development of quantum
communication technology provides a brand-new guarantee for information security and has broad application prospects.

6. Conclusion

The wave-particle duality of light is a core concept in quantum mechanics. It has undergone a long development process,
from the early debate between the particle theory and the wave theory, to the predicament of classical physics, and then to
the birth and development of quantum theory. Through continuous experimental exploration and theoretical innovation,
scientists have gradually revealed the essence of light. The wave-like and particle-like properties of light exhibit different
characteristics under various experimental conditions. Phenomena such as interference and diffraction reflect the wave-
like nature of light, while the photoelectric effect and Compton effect confirm its particle-like nature. The wave-particle
duality of light not only reflects the complex relationships between matter and motion, as well as between the microscopic
and macroscopic, but also provides an important theoretical basis for the development of modern science and technology.
The extensive application of modern technological fields such as laser technology and quantum communication fully
demonstrates the tremendous value and potential of the wave-particle duality of light. With the continuous advancement
of science and technology, our understanding of the wave-particle duality of light will become more profound. It is believed
that this theory will play a more important role in future scientific research and practical applications.

In conclusion, the wave-particle duality of light is a fascinating and challenging research field in physics. It will continue
to attract countless scientists to explore and strive for it, promoting the continuous development of human understanding
of nature.
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