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ABSTRACT: This article provides teaching material on classical and quantum electro-
magnetic field theory for undergraduate and graduate chemistry students. It focuses on the
concepts of spontaneous emission and the photon as explained by quantum electromagnetic
field theory. In general chemistry classrooms, these concepts are introduced early on using
the well-known Jablonski diagram. However, we argue that the current approach to teaching
spontaneous emission and the photon in chemistry needs to be re-evaluated in light of
insights from quantum electromagnetic field theory. This article presents a revised proposal
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for teaching these topics.
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B INTRODUCTION

Spontaneous emission is an important topic in chemistry
curricula for both graduate and undergraduate students. It is
usually taught in the context of fluorescence. This journal has
long discussed various novel approaches to teaching concepts
related to fluorescence.' ™"

Spontaneous emission processes serve as important tool for
detection and technological innovation across various research
fields, including chemistry, physics, and biology. For instance,
fluorescence techniques enable the study of single molecules,"
support the separation of cells into distinct populations (as
seen in flow cytometry),"”” and facilitate cell visualization
through fluorescence microscopy."’ Additionally, fluorescence
is crucial to many DNA sequencing methods."*

Recently, a new frontier in interdisciplinary research has
emerged, known as quantum technology and computing,
which also highlights the significance of fluorescence. A well-
engineered fluorescent source that can function as a single-
photon emitter is a fundamental component for numerous
advanced quantum technologies,15 including the development
of a quantum Internet.'®"” Recent literature suggests that
some of the most promising types of single-photon emitters are
fluorescent quantum dots'* > and two-dimensional materi-
als.”"** The synthesis and characterization of novel quantum
dots and two-dimensional materials are central to several areas
of chemistry. This progress was recognized with last year’s
Nobel Prize in Chemistry, awarded to the pioneers for their

discovery and synthesis of quantum dots”.”’
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Therefore, given the traditional widespread applications of
emission spectroscopy and the emerging demands of
engineered single-photon emitters for the ongoing develop-
ment of quantum technologies, the need for chemistry students
to be exposed to the theory and practice of spontaneous
emission will continue for many decades to come.

According to IUPAC recommendations, spontaneous
emission is defined as emission which occurs even in the absence
of a perturbing electromagnetic field***> Additionally, a photon
is defined as the quantum of electromagnetic energy at a given
frequency. This energy, E = hu, is the product of the Planck
constant (h) and the frequency of the radiation (v).”*** To the
best of our knowledge, all popular undergraduate and graduate
physical chemistry textbooks define spontaneous emission and
the photon using these definitions.

However, this article seeks to challenge both definitions and
proposes alternative ones that are necessary for introducing
quantum technology to chemistry students. These alternative
definitions are also important for exploring other emerging
fields, such as attochemistry’® >’ and vibrational strong
coupling chemistry,”**" in the chemistry curriculum.
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The core of alternative definitions is based on the
understanding that, according to the quantum electromagnetic
field theory, spontaneous emission phenomena like fluores-
cence are initiated by vacuum fluctuations that pervade the
universe. During the emission process, photons do not simply
escape from molecules; instead, the quantized electromagnetic field
undergoes a transition from its vacuum state to the single-photon
state. Many past and recent educational resources and
textbooks, primarily authored by physicists, focus on these
concepts.””>* However, we believe that these ideas are often
overlooked in the of photochemistry and photophysics. In
particular, quantum electromagnetic field theory has yet to be
incorporated into physical chemistry textbooks or classroom
discussion about photochemistry and photophysics.

At Gandhi Institute of Technology and Management
(GITAM), we have developed courses to teach various
concepts of quantum technology and computing to students
from diverse backgrounds (science and engineering). Recently,
one of our efforts to introduce gluantum computing has been
documented in the literature.*>*® As a continuation of these
ongoing efforts, we have designed an open elective course on
basic quantum optics for sixth-semester liberal education
students in science and engineering. The prerequisite for this
course is the successful completion of at least one basic
quantum mechanics course offered by either the chemistry or
physics department. This course covers concepts, such as
spontaneous emission and photons, along with their alternative
definitions.

B CONCISE PROBLEM STATEMENT

As spontaneous emission is introduced at an early stage in
chemistry education, a preliminary survey was conducted to
gather responses to the following two questions: (a) Are you
familiar with both spontaneous emission phenomena, such as
fluorescence, and the Jablonski diagram? and (b) Which of the
images shown in Figure 1 best represents spontaneous

Option1

[v1) [v) lv) I

Option2 Option 3

Fluorescence
Fluorescence

‘l//0> Atom ||//0> Atom |y/0> Atom |0> @

Figure 1. Different options for diagrammatical presentation of
spontaneous emission are shown. The first two options utilize a
traditional Jablonski diagram, while the third option is based on

concepts from quantum electromagnetic field theory.

emission, like fluorescence? Chemistry undergraduate and
graduate students from various reputed Indian institutes,
including the Indian Institute of Science, Indian Institute of
Research and Education (Mohali), Indian Association for the
Cultivation of Science, Indian Institute of Technology (Kharagpur
and Madras), Visva Bharati University, and Gandhi Institute of
Technology and Management (Visakhapatnam) voluntarily
participated in this survey.

Figure 2 represents the responses of a total of 57 students.
As shown in Figure 2(a), most of the students who participated
in the survey are familiar with both spontaneous emission and
the Jablonski diagram, which is traditionally used to depict
spontaneous emission. Figure 2(b) indicates that, as expected,

(2)

Figure 2. Responses from students regarding the following questions
were recorded: (a) Are you familiar with both spontaneous emission
phenomena, such as fluorescence, and the Jablonski diagram? and (b)
Which of the images shown in Figure 1 best represents spontaneous
emission, like fluorescence? Responses to the first question were
categorized as Yes (blue), No (red) and May Be (orange). Responses
to the second question were classified into three options: Option 1
(blue), Option 2 (red), and Option 3 (orange). These options are
given in Figure 1.

the majority of students selected either option 1 or 2 as the
diagrammatic representation of spontaneous emission, these
options are commonly found in physical chemistry textbooks.
However, we argue that while both images convey part of the
story concerning matter, they neglect the photon aspect. Only
option 3 in Figure 1 coveys the complete message. This topic
will be discussed in this article.

It is not surprising that most chemistry students chose either
option 1 or option 2 as the diagrammatic representation of
spontaneous emission. In fact, in 1983, Milonni noted that a
similar question would likely receive a comparable response
from most physicists.”> However, since 1983, pedagogical
discussion about quantum electromagnetic field theory has led
to a revision in ghgfsicists’ responses, as seen in several physics
textbooks;****?”** Despite this, the responses from physical
chemistry students, as depicted in Figure 2(b), still require
improvement and revision. For further insight on this topic, see
Supporting Information S1.

The present article is organized into several units, each
designed to achieve specific learning outcomes. After outlining
the units, we will conclude by discussing the necessary revision
for a clearer presentation of spontaneous emission and
photons. The content can be utilized by any instructor looking
to introduce these concepts in the context of quantum
electromagnetic field theory within photochemistry or photo-
physics courses. If someone wishes to grasp the physical
concept without getting deeply into the mathematical details,
they can focus on the main article, trusting that the underlying
formalisms included in the Supporting Information are
accurate.

B UNIT 1A: AN INTRODUCTION TO FIELD THEORY
AND THE VACUUM

Expected Learning Outcome

Students understand field theory, specifically electromagnetic field
theory and its two versions (classical and quantum).

Field theory is often an unfamiliar subject for chemistry
students. Therefore, it should be introduced early on using
language drawn from everyday life experiences. Our approach
to this introduction is documented in Supporting Information
S2. The key takeaway from our discussion is that even if we do
not know the object or medium that creates a “field”,”” we may
able to detect or be aware of the field itself. Although we may
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not understand the origin of the field, we can study its general
properties using various scientific methods. For example, we
can investigate the Earth’s magnetic field with a compass, even
without knowing how its magnetization is generated or which
part of the Earth is responsible for it.

The study of a field, regardless of its origin or medium, is
known as field theory. For an engaging yet comprehensive
introduction to this topic, students may refer to Strassler’s
book.* It is important to note that while there are various
types of fields, this article specifically focuses on the
electromagnetic field, which describes light and its interaction
with matter.

The theory of electromagnetic field has two versions: (a)
classical and (b) quantum. In the classical version, the
electromagnetic field is treated as a purely classical mechanical
entity; while in the quantum version, it is regarded as a purely
quantum mechanical system.

Before students are introduced to the two versions of
electromagnetic field theory, it would be beneficial to explain a
commonly known but often misunderstood concept called free
space, empty space or vacuum space—refer to simply as “the
vacuum” from now on. This discussion will set a foundation for
understanding the upcoming material.

As outlined in Supporting Information S2, students will
learn that the vacuum pervades the universe. They will soon
discover that the vacuum field, or more accurately, vacuum
fluctuation, also fills the universe. The interaction between an
atom and the vacuum creates a composite quantum system
that allows for energy exchange. These concepts are not
connected to our everyday experiences, so it is essential to
spend time discussing them as described in Supporting
Information S2. This will help chemistry students establish
the right mindset and thinking-momentum as they prepare to
delve into electromagnetic field theory.

After introducing the basic ideas of “The Field Theory” and
“The Vacuum” using everyday language, a learning roadmap is
provided to the students, as shown in Figure 3.

Light as Viewed through Field Theory
|

v v
Classical Quantum
v v
Field Field Operator

Vv
Photon and Vacuum Field
" Time-Dependent

Perturbation Theory

i3 ¥ i3
Absorption  Stimulated  Spontaneous
Emission Emission

Figure 3. A guide to understanding spontaneous emission through
quantum electromagnetic field theory.

B UNIT 1B: CLASSICAL ELECTROMAGNETIC FIELD
THEORY

Expected Learning Outcome

Students understand that when light is considered as a classical
object, it can be represented (in its simplest form) as a plane
monochromatic wave. The mathematical expression for the energy
density of a monochromatic electromagnetic field at a specific
point in space is analogous to the total energy of a harmonic
oscillator. This pure mathematical equivalence leads to the
development of quantum electromagnetic field theory.

It is important for students to understand the classical
description of light before exploring its quantum version. The

classical view lays the groundwork for essential mathematical
notation and terminology that will be used later in discussing
quantum electromagnetic field theory.

The fundamental learning outcome of classical electro-
magnetic field theory is that light, in its simplest form, can be
described as a plane monochromatic wave (note that real light,
such as laser light, is much more complex than this basic
description). This wave consists of both electric and magnetic
fields; however, within weak-field approximation, light can be
described using only its electric field (assuming that the wave
propagates along the + z-direction in the vacuum):*' Using the
complex notation

E(Z, t) — Eoei(wot—kuz) — Eoeiwote—ikoz — E(t)e—ikoz 1)
or using more familiar trigonometric notation
E(z, t) = E, cos(wyt — kyz) (2)

In the above context, a tilde sign (~) above letter E is used
to represent the complex electric field. The symbol E, is the
maximum electric field amplitude, while k, denotes the

magnitude of the wave vector (here Eo which represents the
propagation direction) and @, is angular frequency of the
plane wave. Both eqs 1 and (2) describe a monochromatic
plane wave. However, when it comes to rigorous mathematical
derivation, complex notation is often preferred as it simplifies
the calculations compared to using trigonometric forms. For
visualizing the electric field, though, the trigonometric form is
utilized, with the cosine representing the real part of the
complex notation. Figure 4 illustrates the trigonometric form.

2 =20
X 2r

A
A,

2

/ﬁ z
\/ ko
2r

Figure 4. Oscillatory electric field of light propagating along the + z-
direction. Here, E; represents the maximum electric field amplitude,
IZO indicates the propagation direction, and A signifies the wavelength
of the monochromatic light.

For readers seeking a deeper understanding of the origins of
classical electromagnetic field theory based on Maxwell’s
equations in the vacuum, Supporting Information S3 provides
additional insights. Math-oriented students may find it
beneficial to review this material.

Electromagnetic Energy Density

The final learning outcome of this unit is to obtain a
mathematical expression for the total energy content of a
monochromatic electromagnetic field. This section will have a
direct introduction, noting that the proof is beyond the scope
of this discussion. It is well-established in textbooks** on
electromagnetic theory that the total energy content of the
electromagnetic field in a volume V of the vacuum is given by
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1 N AN
W= ValE (DE() + EWOE ()] (3)

Note that while the electric field depends on both time (t)
and space (z), eq 3 includes only the time-dependent electric
field. This is because the total energy content is calculated after
integrating over space (see Supporting Information S4).
Furthermore, the order of E(t) and E*(t) in the above
equation is arranged to align with the quantum version, where
the order of the corresponding field operators is significant.
The constant g, represents the permittivity of the vacuum. A
superscript (*) is used to denote the complex conjugate. In
other words, when the time-dependent part of the field is
represented in its complex form as E(t) = Eqe, its complex
conjugate is written as E*(t) = Eye ™. For a detailed
discussion on the origin of this equation, refer to Supporting
Information S4. If readers prefer to skip mathematical rigor, it
would be to accept eq 3 and proceed.

Next, students are asked to examine the expression E(t) =
Eoe ™" more closely. This expression is technically the polar
form of a complex function, representing pure time-dependent
part of the electric field of a monochromatic plane wave. A
complex function can be expressed in both polar (¢) and
algebraic (a + ib) forms. For reasons that will be explained
shortly, students are asked to define E(t) in the following
algebraic form:

L (wgr(t) — iP(1))

VeV o)

that

E@) =

where, Supporting Information S5 shows

eV  ~ -
() = 1B + B (1)
P(t) = —%[E(t) — E*(1)] are real quantities. Conse-

quently we may write,

and

E(OB() = —(@or(t) + () (wpz(6) = iP(1))
1 2,2 2
= 0 ® + ) "
and
~ ~k _ L a)2 2 2
EWE'() = 08 ©) + P'(0) »

To understand the benefits of using the algebraic form
presented in eq 4, students substitute eqs S and 6 into eq 3 to
derive:

) 1
w10 Sl @

Equation 7 describes the energy density in an electromagnetic
field at a specific point in space. An interesting piece of
information is revealed in eq 7. To unravel this information,
students are encouraged to visualize a harmonic oscillator with
a unit mass. This concept may be familiar to those who have
studied the quantum mechanics of harmonic oscillators,
particularly at the level presented by McQuarrie).”> The
total energy of the oscillator, which is sum of its kinetic and
potential energies, can be expressed as follows:

o
E = P + —w’x’
2 2 (8)
where, p represents the momentum of the oscillatory particle, x
represents the displacement of the oscillatory particle from its
equilibrium position, and @ is the oscillator’s angular

frequency. Furthermore, the following classical mechanical
relation holds for this oscillator: % =p.

To understand the information conveyed in eq 7, we need to
compare it with eq 8. These equations are mathematically
equivalent, provided that P(t) and y(t) are connected by the
o _

dt
derivation presented in Supporting Information S5 demon-
strates this relationship.

expected formula, P(t). In fact, a mathematical

B UNIT ll: QUANTUM ELECTROMAGNETIC FIELD
THEORY AND THE UNDERSTANDING OF THE
PHOTON

Expected Learning Outcome

Students understand the origin of the field operator and its two
versions: single mode and multimode. A photon is simply the
fundamental excitation of the electromagnetic field.

The foundation for understanding quantum electromagnetic
field theory is based on a key postulate of quantum mechanics:
every observable in classical mechanics corresponds to a linear,
Hermitian operator in quantum mechanics. Students familiar
with quantum chemistry, particularly at the level presented by
McQuarrie,” are already acquainted with this postulate. In
quantum mechanics, the Hamiltonian operator represents the
total energy operator. Using the total energy content of a
monochromatic electromagnetic field, as outlined in eq 3, we
can formulate the Hamiltonian for the electromagnetic field.
More specifically this applies to the single mode electro-
magnetic field,”* which is essentially a monochromatic plane
wave:

£ = 2eVIE (DE() + BOE ()]

4 ©)
In the above context, the field operator E(f) is a newly
introduced concept that is not commonly found in popular
quantum chemistry textbooks. Students should remember that
the total energy density of each individual mode of the
electromagnetic field is mathematically equivalent to the total
energy of a harmonic oscillator, which is a learning outcome of
Unit 1. The Hamiltonian of a harmonic oscillator can be
expressed in the number state or Fock state representation as
follows,

i = P20t 4 6ty

2 (10)
We can also say that the Hamiltonian of a single mode of the
electromagnetic field can take the same mathematical form.
Here 4 represents the annihilation operator, while &' represents
the creation operator.

The concept of the number state or Fock state
representation and creation/annihilation operators may seem
unfamiliar to chemistry students. McQuarrie’s textbook on
quantum chemistry®’ includes a discussion on how to
represent a harmonic oscillator problem using these operators.
Similarly, Levine’s quantum chemistry textbook employs
raising and lowering operators, referred to as “ladder
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operators”, in the context of angular momentum.” To ensure
that the article is self-contained, Supporting Information S6
provides the necessary background on these topics. Refs 46
and 47 may also be useful. For students who wish to avoid
mathematical complexities, they can simply proceed to the next
discussion.

The established equivalence between the single mode
electromagnetic field and the harmonic oscillator allows
students to conclude mathematically that the Hamiltonians
in egs 9 and 10 are identical; they present two different forms
of the same underlying reality. As a consequence, we can derive
a mathematical expression for the field operators.

Single Mode Electromagnetic Field Operator

By comparing eqs 9 and 10, we obtain the expressions for the
single mode field operators:

£'(0) =\/ B
&V (11)
and
2hw, at)
gV (12)

E(t) =

Next, following Euler’s formula, in which the real part of a
complex quantity ¢ is expressed by %(ei(" + ¢, the real part

of the single mode electromagnetic field operator is expressed

by

R R R h
Re[B(1)] = %[E(t) +E 1= 2:’“’/ [a(t) + a'(1)]
0

(13)
It is important to note that the creation and annihilation
operators in eq 10 are not time-dependent. However, they
must be time-dependent in eq 13. Supporting Information S7
explains how to obtain time-dependent creation and
annihilation operators by switching between representations
in time-dependent quantum mechanics - a topic that is not
commonly covered in chemistry classrooms.” For example,
the time-dependence of the annihilation operator used in eq 13
takes the following form:

a(t) = a(0)e ™" = ae”™ (14)

Students now have a clear expression for the real single-mode
electromagnetic field operator:

Re[ﬁ(t)] = \/7[’\ _’(Uot Teiwot]
2e,V (15)

To simplify the notation, from now on, we will express the real
field operator associated with a single-mode of the electro-
magnetic field as E(t) (not by Re[E(t)]).

Multimode Electromagnetic Field Operator

A radiation may consist of multiple frequency components
made up of numerous monochromatic plane waves. This type
of radiation displays a multimode electromagnetic field, which
can be represented by summing all individual single mode

fields:

Et) =

Z\/—[A —iw,,t A;leimmt]
m (16)

Each mode, as defined by the subscript m, has an angular
frequency w,, and its characteristic creation and annihilation
operators.

Introduction to the Photon

By this point, students have likely recognized that a single-
mode electromagnetic field is mathematically equivalent to a
harmonic oscillator. Consequently, by using the established
eigenvalue expression of a harmonic oscillator,

E, = ha)o(n + %), where n = 0, 1, 2, .., we obtain the same

expression for a single-mode electromagnetic field:

Hln) = E,In) = flwo(n + )ln) (17)

The state In) is referred to as the number states or Fock states

of a single-mode electromagnetic field and n features the

number of photons present in that field. This is when students

come to understand that a photon is a quantized excitation in

the Fock state, characterized by specific package of energy A,
Next, consider the following situations:

(a) When n =0, E, = %fla)oz it represents a field with no
photon (n = 0). This state is known as the vacuum state
or ground state of a single-mode electromagnetic field,
represented by 10). As briefly discussed in Supporting
Information S8, the absence of light—defined as absolute
darkness—corresponds to a lack of mean field strength.
However, the vacuum field may randomly appear and
disappear at specific points in space and time. This
phenomenon is referred to as the vacuum fluctuation.

(b) When n = 1, E, = E; + hy: it represents a single-photon
state, represented by I1). A single photon is the
fundamental excitation of the single mode electro-
magnetic field. A single photon state (a Fock state with
only one photon) can be created, and materials capable
of generating single photons are of great interest in
quantum technology. For further discussion on photons,
refer to Supporting Information S9. Additionally, see ref
49 for Young’s double-slit experiment at the single
photon limit, which highlights the extraordinarily strange
properties of photons.

(c) Similarly, n = 2 represents a two-photon state, and so on.

Bl UNIT lll: COMPLETE QUANTUM MECHANICAL
ANALYSIS OF LIGHT-ATOM INTERACTION

Expected Learning Outcome

Students understand that spontaneous emission occurs when an
excited atom returns to a lower energy state without any external
radiation. In this process, the electromagnetic field undergoes
transition from a vacuum state to a single-photon state. This
phenomenon is induced by vacuum fluctuations.

The interaction of light with an atom is often described
using a semiclassical treatment in popular quantum chemistry
textbooks. In this method, the radiation field is treated based
on classical electromagnetic field theory, while the atom is
treated using quantum mechanics.*> However, to the best our
knowledge, a fully quantum mechanical treatment, where
both the radiation field and the atom are described using
quantum mechanics, is not commonly included these text-
books. We believe that this omission significantly contributes to
misconceptions about spontaneous emission and the nature of
photons in the minds of chemistry students.
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The content detailing the semiclassical treatment of light-
atom interactions, closely following the material in Levine’s
Quantum Chemistry,* is provided in Supporting Information
S10. To understand the notation and the meanings of various
terms, students are encouraged to review this material. A key
learning outcome of the semiclassical treatment is its ability to
explain how an atom can lead to absorption and stimulated
emission processes with nonzero probability, as long as the
external radiation field strength is also nonzero (i.e., Ey # 0).
However, this approach does not offer a mathematical
explanation for spontaneous emission.

For a complete quantum chemical treatment, we begin by
assuming that the atom at z = 0 is initially in a stationary state
lyo) (with energy Ep) before the light-atom interaction process
is initiated at t = 0. The interaction with light, represented by
the interaction Hamiltonian H'(t) = —@-E(t), induces a
transition of the atom from its initial state ly?) to another
stationary state ly() (with energy Ef). Using the first-order
time-dependent perturbation theory, which operates under the
weak-field approximation, the population in the final state ly{)
at time t = ¢, (i.e, immediately after the light-atom interaction
process is turned off) is given by the term, l¢,(t,)I%, where ¢(t,)
is defined as (under dipole approximation or in the length
gauge: these terminologies are defined in Supporting
Information S10)

i h iyt 0~ T 0
— In .
a(t) = , /0 e Qyn i -E(t)ly)dt (18)

The term lI¢(t,)I* provides the probability of an atom
undergoing a transition from its initial state (just before the
interaction process begins) to its final state (immediately after
the interaction process ends).

As students will treat both the atom and the field quantum
mechanically, the initial and final states in the above equation
must represent “combined atom-field” states. We have already
assumed that that the atom undergoes a transition from its
initial state ly?) to its final state ly?). This atomic transition has

_ E,“ _ Er(x)
wln -_ h .

To construct a “combined atom-field” state, students may
assume that the radiation in the vacuum consists of multimode
fields. Just before the light-atom interaction is turned on at t =
0, the field is in the state lny); it has n photons present in the
k’-th mode, while all other modes are in their respective
vacuum states. Thus, just before the onset of the light-atom
interaction process, a single mode field (monochromatic plane
wave) exists with n photons.

Furthermore, immediately after the light-atom interaction
process is turned off (at t = ¢t,), the final field state becomes |
Fy): at this point we do not need to specify the final state of the
field; students will derive this in the subsequent analysis.

Based on the arguments presented above, we need to re-
express eq 18 to account for the “combined atom-field states”.
Let us denote the initial and final combined states as ly®, 1)
and Iy, Ff), respectively. Consequently, the matrix element of
eq 18 can be rewritten as

(W' Ff'ﬁ'E(t)h//,,O» ny) = (U/[O|ﬁ7|%0>'<Ff|E(t)|"k'> (19)

It is important to note that the first integral is over the spatial
coordinate (7) for the collection of electron in the atom, while
the second integral is over the field space. Additionally, the
product mentioned above technically represents a tensor

product, since a combined atom-field state is expressed as the
tensor product of the respective states (for example, ly?, 1) =
lyh) & Iny)).

In Unit II, students have already become familiar with the
multimode field operator in vacuum. By inserting eqs 16 into
eq 19, students can further simplify eq 19. First, focus only on
the field matrix element:

(Fflﬁ(t)lnkr) = % Z [@,, (Ffl[ﬁme_"”mt + a0 Iny)
0 m

h
2e,V

h Y J@, (Efa e n)

2,V T (20)

D By (Efd,e )

+

Using the information presented in Supporting Information
S6, S10 and S11, a pure quantum mechanical treatment reveals
that the probability of transition from the initial state ly?) to
the final state lyf) of an atom depends on the following factors:

(@), — wp)ty }

le(E)1 o< Iy Iy (Fylmy — l)lzsincz[ S

(@), + wk')tl]

x |(l//lol;7|1//nO)~<Ff|nkr + 1)|Zsinc2[ 5

(wln + wm)tl]

[ |(1//ZO|/7|{//"0)-(Ffllm)lzsincz[ 2

(21)
In the above context, a cardinal sine function is defined by

sin(x)

sinc(x) = . Bquation 21 indicates that an atom can

undergo transition from one energy level to another with a
nonzero probability, provided that two matrix elements—one
associated with the atom and the other with the field—are
nonzero, along with the corresponding sinc function. The sinc
function enforces the conservation of energy during the
transition process, allowing for excitation or de-excitation only
of a field mode that matches the energy level spacing of the
atom. Additionally, the matrix element related to the field
reveals nature of the photon that will be created or annihilated
during the transition. Further clarification on these points can
be found in Supporting Information S11. In this discussion, we
will concentrate specifically on the third term, which represents
spontaneous emission.

It is interesting to note that the existence of the third term
does not depend on the initial field state In.), which was
assumed to be present during the light-atom interaction process.
This implies that the third term can have a nonzero value even
in the absence of the initial field; in other words, we can assume
that all field modes are present in their respective vacuum states
before transition process begins. As explained in Supporting
Information S11, this term becomes negligible unless w), =

(@ + o)t
2

—w,, o, E; = E,—®,, because of the sincz[ function.

This indicates that the initial state of the atom must have a
higher energy than the final state for this process to occur, and
an energy equivalent to one photon (w,,/) associated with a
specific m-th mode is released by the atom during the
transition.

In addition, as explained in Supporting Information S11, the
integral (F; | 1,,) remains nonzero only when IFy) = I1,,); ie,
the field (of the specific m-th mode) must be excited from the
vacuum state to its single photon state I1,,). Consequently, an
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Figure S. (a) Absorption process, where molecules are exposed to external radiation (blue). (b) Excited molecules interact with vacuum
fluctuations in the absence of external radiation (in darkness). These vacuum fluctuations pervade the universe and induce spontaneous emission.
(c) The spontaneous de-excitation of the excited molecule results in the emission of red. (d) The molecule and field create a composite quantum
system, with the molecular and field transitions involved in spontaneous emission illustrated schematically.

atom can undergo a transition spontaneously from an excited
state to a lower energy state by creating a single-photon state in
a mode that corresponds to the energy level spacing of the
atom. This phenomenon is known as spontaneous emission.
It is important to note that this process cannot occur if light is
not regarded as a quantum mechanical entity.

Thus, one can obtain a complete quantum mechanical
understanding of spontaneous emission through the following
process: Atoms/Molecules are initially excited using external
radiation (absorption process, as illustrated in Figure S(a)—
external radiation is assumed to have blue color). Once the
external radiation is tuned off, the excited atoms/molecules
interact with vacuum fluctuation (as depicted in Figure 5(b)),
occurring in the absence of light. This interaction means that
the interaction Hamiltonian remains nonzero even in darkness
- a concept that does not align with semiclassical treatment
(refer to Supporting Information S$10). These vacuum
fluctuations trigger spontaneous emission (as shown in Figure
5(c) - spontaneous emission is assumed to exhibit red glow).
Students can be asked: Why, when a material absorbs blue
light, is the subsequent spontaneous emission observed in the
red spectrum? Why is the reverse, red absorption followed by
blue emission, not seen?

Figure 5(d) displays the typical potential energy curves
associated vibrational states (rotational states are omitted for
brevity) of the molecule in both its ground and electronically
excited states, representing the molecular transition during
spontaneous emission. This part of the process is illustrated in
a standard Jablonski diagram. During this emission process, a
specific field mode that matches the energy level spacing of the

chromophore is excited from the vacuum state to the single-
photon state, resulting in the creation of a photon. This aspect
is mostly overlooked in traditional presentations of sponta-
neous emission using Jablonski diagram.

Physical Chemistry Aspects of Spontaneous Emission

Several physical chemistry aspects of spontaneous emission
and the photon including exercises based on a comprehensive
quantum mechanical treatment of light-matter interaction are
given in Supporting Information S12. On this note, students
may find ref 50 informative.

B GENERAL CONCLUSIONS AND
RECOMMENDATION OF REVISIONS

As of now, the quantum description of light successfully
addresses not only the origin of the photon but also the
phenomenon of spontaneous emission. The transition rate
associated with spontaneous emission, calculated using
quantum electromagnetic theory, exactly matches the more
familiar Einstein coefficient (refer to ref 34).

According to the quantum description of light, a photon is
not just a particle moving through space. It can be visualized in
two simple ways: (a) as the fundamental excitation of the
vacuum electromagnetic field that pervades the universe, or (b)
as the dimmest possible flash (with the smallest permissible
field amplitude) of electromagnetic field. Note that current
IUPAC definition of a photon states that it is the quantum of
electromagnetic energy at a given frequency. This energy, E = hu, is
the product of the Planck constant (h) and the frequency of the
radiation (v).”*** However, what does it mean when we refer
to it as the quantum of electromagnetic energy? Does this not

https://doi.org/10.1021/acs.jchemed.4c01030
J. Chem. Educ. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.4c01030/suppl_file/ed4c01030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.4c01030/suppl_file/ed4c01030_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01030?fig=fig5&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

suggest that it is a particle? Does it convey the essence of the
quantum theory of light, where the energy states of
electromagnetic field are quantized? The purpose of the
present article is to highlight the fact that the IUPAC definition
of a photon is incomplete.

Furthermore, when a molecule de-excites from a higher
energy state to a lower one spontaneously (without the aid of
external radiation), this process itself excites the electro-
magnetic field from its vacuum state to the single photon state.
Therefore, option 3 in Figure 1 provides a more appropriate
diagrammatic representation of spontaneous emission. Both
options 1 and 2 are not only incomplete but also misleading, as
a flawed representation can lead to further misunderstandings
about the quantum mechanical description of spontaneous
emission (a wrong picture is worth a thousand wrong words).
It is worth noting that the current IUPAC definition of
spontaneous emission states that it is an emission which occurs
even in the absence of a perturbing electromagnetic field.”*> This
definition sharply contradicts the quantum mechanical
description of spontaneous emission. The interaction Hamil-
tonian remains nonzero in a full quantum mechanical
description due to the presence of vacuum fluctuations. This
article elaborates on this point to provide more comprehensive
pedagogical view of spontaneous emission.

Our intention in writing this article is to initiate a
pedagogical awareness of the description of the photon and
spontaneous emission within chemistry classroom discussions
regarding photochemistry and photophysics, as informed by
quantum electromagnetic field theory. We hope that this
contribution will facilitate further discussion in order to
achieve agreement across disciplines (physics and chemistry)
and possibly lead to a revision of the respective definitions in
the TUPAC glossary of photochemistry. In this regard,
reviewers and students have provided several interesting
comments that are worth noting. These comments are
included in Supporting Information S13 to encourage further
pedagogical contribution along this line.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.4c01030.

Supporting Information S1: The Inquiry of Professor
Feynman’s Father and Its Relevance to the Current
Context; Supporting Information S2: General Introduc-
tion to the Field Theory and the Vacuum, Supporting
Information S3: Mathematically More Involved Pre-
sentation of Classical Electromagnetic Field Theory;
Supporting Information S4: Electromagnetic Energy
Density versus Energy Flow; Supporting Information
SS: Prove that dy(t)/dt = P(t); Supporting Information
S6: Number or Fock State Representation of Harmonic
Oscillator; Supporting Information S7: Introduction to
the Heisenberg Equation of Motion; Supporting
Information S8: Introduction to Vacuum Fluctuation,
Supporting Information S9: Pictorial Representation of
the Photon S10: Semiclassical Treatment of Light-Atom
Interactions; Supporting Information S11: Quantum
Mechanical Treatment; Supporting Information S12:
Physical Chemistry Aspects and Application Exercise;
Supporting Information S13: Future Pedagogical Efforts.
(PDE, DOCX)

B AUTHOR INFORMATION
Corresponding Authors

Atanu Bhattacharya — Department of Chemistry, School of
Science, Gandhi Institute of Technology and Management
(GITAM, Deemed to be University), Visakhapatnam,
Andhra Pradesh 530045, India; ©® orcid.org/0000-0001-
6427-0139; Email: abhattac3@gitam.edu, atanubhattach@
gmail.com

Elliot R. Bernstein — Department of Chemistry, Colorado
State University, Fort Collins, Colorado 80523, United
States; Email: erb@lamar.colostate.edu

Authors

Gurazada Ravi Kumar — Department of Physics, School of
Science, Gandhi Institute of Technology and Management
(GITAM, Deemed to be University), Visakhapatnam,
Andhra Pradesh 5300485, India

Arpan Chakraborty — Graduate Student, Material Research
Centre, Indian Institute of Science, Bangalore 560012, India;

orcid.org/0009-0009-9606-3164

Jayatirtha Mangalvedekar — Graduate Student, Indian
Institute of Technology, Madras, Chennai 600036, India;

orcid.org/0009-0003-0243-1971

Jayanta Ghosh — Department of Chemistry, National Institute
of Technology Warangal, Hanumkonda 506004 Telangana,
India; © orcid.org/0000-0002-5215-4728

Moulinath Ray — Tata Consultancy Services Ltd., Kolkata
700156, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jchemed.4c01030

Notes

No formal ethics review was obtained for the present study
because the study falls under a general institutional protocol
for classroom activities.

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Gurazada Ravi Kumar gratefully acknowledges Department of
Science and Technology, Government of India for supporting
the research through the DST PURSE Grant SR/PURSE/
2023/169(G). Atanu Bhattacharya (AB) dedicates this
contribution to Prof. Savita Ladage (HBCSE, TIFR), a
pioneering Indian woman educator and chemical education
researcher who first introduced AB to the field. This note
honors her enthusiasm and dedication to education, especially
during a time when education research in India was nascent, as
she retires from TIFR this year.

B REFERENCES

(1) O’Brien, L. C.; Kubicek, R. L. Binding-Energy Curve for Iodine
Using Laser Spectroscopy. J. Chem. Educ. 1996, 73, 86.

(2) Van Dyke, D. A; Pryor, B. A; Smith, P. G;; Topp, M. R.
Nanosecond Time-Resolved Fluorescence Spectroscopy in the
Physical Chemistry Laboratory: Formation of the Pyrene Excimer
in Solution. J. Chem. Educ. 1998, 75, 615.

(3) Wahab, M. F. Fluorescence Spectroscopy in a Shoebox. J. Chem.
Educ. 2007, 84, 1308.

(4) Wigton, B. T.; Chohan, B. S; McDonald, C.; Johnson, M,;
Schunk, D.; Kreuter, R; Sykes, D. A Portable, Low-Cost, LED
Fluorimeter for Middle School, High School, and Undergraduate
Chemistry Labs. J. Chem. Educ. 2011, 88, 1182—1187.

https://doi.org/10.1021/acs.jchemed.4c01030
J. Chem. Educ. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.4c01030/suppl_file/ed4c01030_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01030?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01030?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.4c01030/suppl_file/ed4c01030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.4c01030/suppl_file/ed4c01030_si_002.docx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atanu+Bhattacharya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6427-0139
https://orcid.org/0000-0001-6427-0139
mailto:abhattac3@gitam.edu
mailto:atanubhattach@gmail.com
mailto:atanubhattach@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elliot+R.+Bernstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:erb@lamar.colostate.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gurazada+Ravi+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arpan+Chakraborty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-9606-3164
https://orcid.org/0009-0009-9606-3164
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jayatirtha+Mangalvedekar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-0243-1971
https://orcid.org/0009-0003-0243-1971
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jayanta+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5215-4728
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moulinath+Ray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01030?ref=pdf
https://doi.org/10.1021/ed073p86?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed073p86?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed075p615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed075p615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed075p615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed084p1308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed200090r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed200090r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed200090r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

(5) Koenig, M. H,; Yi, E. P.; Sandridge, M. J.; Mathew, A. S.; Demas,
J. N. “Open-Box” Approach to Measuring Fluorescence Quenching
Using an IPad Screen and Digital SLR Camera. J. Chem. Educ. 2015,
92, 310-316.

(6) Porter, L. A; Chapman, C. A; Alaniz, J. A. Simple and
Inexpensive 3D Printed Filter Fluorometer Designs: User-Friendly
Instrument Models for Laboratory Learning and Outreach Activities.
J. Chem. Educ. 2017, 94, 105—111.

(7) Calcabrini, M.; Onna, D. Exploring the Gel State: Optical
Determination of Gelation Times and Transport Properties of Gels
with an Inexpensive 3D-Printed Spectrophotometer. J. Chem. Educ.
2019, 96, 116—123.

(8) Kovarik, M. L.; Clapis, J. R.; Romano-Pringle, K. A. Review of
Student-Built Spectroscopy Instrumentation Projects. J. Chem. Educ.
2020, 97, 2185—219S.

(9) Hamer, M.; Beraldi, A. M;; Gomez, S. G. J.; Ortega, F.; Onna,
D.; Hamer, M. Glowing-in-the-Screen: Teaching Fluorescence with a
Homemade Accessible Setup. J. Chem. Educ. 2021, 98, 2625—2631.

(10) Keithley, R. B;; Sullivan, D. T.; Dodd, J. M.; Iyer, K. V.; Sarisky,
C. A;; Johann, T. W. Learning about Fluorescence in Undergraduate
Biochemistry: Enzyme Kinetics Using a Low-Cost, Student-Built
Fluorescence Spectrometer. J. Chem. Educ. 2021, 98, 4054—4060.

(11) Kondo, T.; Chen, W. J.; Schlau-Cohen, G. S. Single-Molecule
Fluorescence Spectroscopy of Photosynthetic Systems. Chem. Rev.
2017, 117, 860—898.

(12) Rees, P.; Summers, H. D.; Filby, A.; Carpenter, A. E.; Doan, M.
Imaging Flow Cytometry. Nat. Rev. Methods Primers 2022, 2, 86.

(13) Dunst, S; Tomancak, P. Imaging Flies by Fluorescence
Microscopy: Principles, Technologies, and Applications. Genetics
2019, 211 (1), 15—34.

(14) Heather, J.; Chain, B. The Sequence of Sequencers: The
History of Sequencing DNA. Genomics 2016, 107 (1), 1-8.

(15) Aharonovich, L; Englund, D.; Toth, M. Solid-state Single-
photon Emitters. Nat. Photonics 2016, 10, 631.

(16) Kimble, H. J. The Quantum Internet. Nature 2008, 453, 1023.

(17) Wehner, S.; Elkouss, D.; Hanson, R. Quantum Internet: A
Vision for the Road Ahead. Science 2018, 362, No. eaam9288.

(18) Michler, P.; Kiraz, A.; Becher, C.; Schoenfeld, W. V.; Petroff, P.
M,; Zhang, L.; Huy, E,; Imamoglu, A. A Quantum Dot Single-Photon
Turnstile Device. Science 2000, 290, 2282—228S.

(19) Morfa, A. J; et al. Single-Photon Emission and Quantum
Characterization of Zinc Oxide Defects. Nano Lett. 2012, 12, 949—
954.

(20) Holmes, M. J.; Choi, K; Kako, S.; Arita, M.; Arakawa, Y.
Room-Temperature Triggered Single Photon Emission from a III-
nitride Site-Controlled Nanowire Quantum Dot. Nano Lett. 2014, 14,
982—986.

(21) Tonndorf, P.; et al. Single-photon emission from localized
excitons in an atomically thin semiconductor. Optica 2018, 2, 347—
352.

(22) Tran, T. T.; Bray, K; Ford, M. J.; Toth, M.; Aharonovich, L
Quantum emission from hexagonal boron nitride monolayers. Nat.
Nanotechnol. 2016, 11, 37—41.

(23) Sarma, D. D.; Kamat, P. V. 2023 Nobel Prize in Chemistry: A
Mega Recognition for Nanosized Quantum Dots. ACS Energy Lett.
2023, 8, 5149—5151.

(24) Verhoeven, J. W. Glossary of Terms used in Photochemistry.
Pure Appl. Chem. 1996, 68, 2223—2286.

(25) Braslavsky, S. E. Glossary of Terms Used in Photochemistry 3rd
Edition. Pure Appl. Chem. 2007, 79, 293—465.

(26) Bag, S.; Chandra, S.; Ghosh, J.; Bera, A,; Bernstein, E. R;
Bhattacharya, A. The Attochemistry of Chemical Bonding. Int. Rev.
Phys. Chem. 2021, 40, 405—455.

(27) Ghosh, J; Chandra, S.; Bhattacharya, A. High Harmonic
Generation Spectrum of Energetic Molecule Nitromethane. Chem.
Phys. Lett. 2022, 806, 139999.

(28) Bag, S.; Chandra, S.; Chakraborty, S.; Bhattacharya, A. On The
Analysis of High Harmonic Generation Spectra of Atoms and

Molecules Using Molecular Electrostatic Potential. J. Phys. Chem. A
2021, 125, 3689—3695.

(29) Chandra, S.; Ansari, L; Dixit, G.; Lepine, F.; Bhattacharya, A.
Experimental Evidence of Sensitivity of the High Harmonic
Generation to the Hydrogen Bonding. J. Phys. Chem. A 2019, 123,
5144.

(30) Nagarajan, K; Thomas, A.; Ebbesen, T. W. Chemistry under
Vibrational Strong Coupling. J. Am. Chem. Soc. 2021, 143, 16877—
16889.

(31) Simpkins, B. S.; Dunkelberger, A. D.; Vurgaftman, 1. Control,
Modulation, and Analytical Descriptions of Vibrational Strong
Coupling. Chem. Rev. 2023, 123, 5020—5048.

(32) Milonni, P. W. Why Spontaneous Emission? Am. J. Phys. 1984,
52, 340.

(33) Fox, M. Chapter 10: Atoms in Cavities. Quantum Optics—An
Introduction; Oxford University Press Inc.: New York, 2006.

(34) Beck, M. Chapter 16: Quantum Fields. Quantum Mechanics—
Theory and Experiment; Oxford University Press Inc.: New York,
2012.

(35) Bhattacharya, A.; Dasgupta, K.; Paine, B. Dynamics of a Free
Particle Using Classical Computing and Quantum Computing:
Introducing Quantum Computing to Chemistry Students. J. Chem.
Educ. 2024, 101 (4), 1599—1609.

(36) Laskar, M. R.; Bhattacharya, A; Dasgputa, K. Efficient
Simulation of Potential Energy Operators on Quantum Hardware:
A Study on Sodium Iodide (Nal). Sci. Rep. 2024, 14, 10831.

(37) Loudon, R. The Quantum Theory of Light; Oxford Science
Publications, 2000.

(38) Scully, M. O.; Zubairy, M. S. Quantum Optics; Cambridge
University Press, 1997.

(39) In general, a “field” does not always need to represent a force. It
can also represent other concepts, such as temperature gradient,
energy gradient, fluid flow, and more. However, in the example
provided in Supporting Information S2, the “field” clearly represents a
“force”.

(40) Strassler, M. J. Waves in an Impossible Sea, 1st ed.; Basic Books:
New York; 2024.

(41) It is important to note that electric and magnetic fields are
distinct physical quantities with different units. As such, directly
comparing them is akin to comparing apples and oranges. Nonethe-
less, this comparison frequently appears in many physics and
chemistry textbooks. One legitimate reason for focusing on the
electric field, when describing light, is that the magnetic field can
easily be derived from Maxwell equations once the electric field is
known. Furthermore, the time-averaged energy stored in electric and
magnetic fields is the same. For these reasons, the electric field is
sufficient to describe a plane monochromatic electromagnetic wave.
Readers may find it beneficial to consult the recently published
textbook: Bhattacharya, A. Ultrafast Optics and Spectroscopy in Physical
Chemistry; World Scientific, Singapore, 2018.  Additionally, the
electric field interacts more strongly with the electrons and nuclei of
atoms and molecules than the magnetic field does. Therefore, it is
appropriate to concentrate on the electric field as a first approximation
in discussions of spectroscopic processes.

(42) See, for exam: (a) Griffiths, D. J. Chapter 8: Conservation
Laws. Introduction to Electrodynamics, 4th ed.; Pearson India
Education Services Pvt. Ltd., 2018. (b) Wangsness, R. K. Chapter
21: Maxwell’s Equations; Electromagnetic Fields, 2nd ed.; John Wiley
& Sons, 1986. Here, we have avoided presenting the derivation
because, in our opinion, the derivation itself does not contribute much
to the further development of the subject of this article. This is why
we are directly making use of the final result.

(43) McQuarrie, D. A. Chapter 5: The Harmonic Oscillator and
Vibrational Spectroscopy. Quantum Chemistry, 2nd ed.; University
Science Books, 2008.

(44) Within the framework of quantum electromagnetic field theory,
the term “monochromatic plane wave” is replaced by “Single-Mode
Electromagnetic Field”. Familiarity with this terminology is crucial, as it
is widely used in quantum optics and quantum electromagnetic field

https://doi.org/10.1021/acs.jchemed.4c01030
J. Chem. Educ. XXXX, XXX, XXX—XXX


https://doi.org/10.1021/ed500373d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed500373d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s43586-022-00167-x
https://doi.org/10.1534/genetics.118.300227
https://doi.org/10.1534/genetics.118.300227
https://doi.org/10.1016/j.ygeno.2015.11.003
https://doi.org/10.1016/j.ygeno.2015.11.003
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1038/nature07127
https://doi.org/10.1126/science.aam9288
https://doi.org/10.1126/science.aam9288
https://doi.org/10.1126/science.290.5500.2282
https://doi.org/10.1126/science.290.5500.2282
https://doi.org/10.1021/nl204010e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl204010e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404400d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404400d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OPTICA.2.000347
https://doi.org/10.1364/OPTICA.2.000347
https://doi.org/10.1038/nnano.2015.242
https://doi.org/10.1021/acsenergylett.3c02390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.3c02390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1351/pac199668122223
https://doi.org/10.1351/pac200779030293
https://doi.org/10.1351/pac200779030293
https://doi.org/10.1080/0144235X.2021.1976499
https://doi.org/10.1016/j.cplett.2022.139999
https://doi.org/10.1016/j.cplett.2022.139999
https://doi.org/10.1021/acs.jpca.1c01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b03295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b03295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1119/1.13886
https://doi.org/10.1021/acs.jchemed.3c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.3c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.3c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-024-60605-6
https://doi.org/10.1038/s41598-024-60605-6
https://doi.org/10.1038/s41598-024-60605-6
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

theory. Students must note that a comprehensive derivation of the
Hamiltonian necessitates the Lagrangian, vector potential, and
canonical momentum; however, such a derivation is excluded here
for conciseness.

(45) Levine, I. N. Chapter S: Angular Momentum. Quantum
Chemistry, 7th ed.; Pearson Education, Inc.: NJ, 2014.

(46) Cohen-Tannoudji, C.; Diu, B.; Laloe, F. Chapter V: The One-
Dimensional Harmonic Oscillator. Quantum Mechanics, Vol. 1,
English Translation; Hermann and John Wiley and Sons, 1977.

(47) Griffiths, D. J. Chapter 2: Time-Independent Schrodinger
Equation. Introduction to Quantum Mechanics, 2nd ed.; Pearson
Education, Inc.: NJ, 2005.

(48) For a general introduction to time-dependent quantum
mechanics, refer to the textbook: Bhattacharya, A.; Bernstein, E. R.
Introduction to Time-Dependent Quantum Mechanics with Python;
World Scientific: Singapore, 2023. For a focused discussion on the
Heisenberg equation of motion within the framework of time-
dependent quantum mechanics, see: Tannor, D. J. Chapter 9:
Approximate Solution of the Time-Dependent Schrédinger Equation.
Introduction to Quantum Mechanics A Time-Dependent Approach;
University Science Books: Sausalito, CA, 2007.

(49) See the discussion: McQuarrie, D. A. Chapter 1.13: Two-Slit
Experiment. Quantum Chemistry, 2nd ed.; University Science Books,
2008. Tonomura, A.; Endo, J.; Matsuda, T.; Kawasaki, T.; Ezawa, H.
Demonstration of Single-Electron Build-up of An Interference
Pattern. Am. J. Phys. 1989, 57, 117. Another amusing discussion
can be found in: Zeilinger, A. Dance of the Photons; Penguin Random
House: UK, 2023.

(50) Scholes, G. D.; Olaya-Castro, A.; Mukamel, S.; Kirrander, A.;
Ni, K-K; Hedley, G. J; Frank, N. L. The Quantum Information
Science Challenge for Chemistry. J. Phys. Chem. Lett. 2025, 16, 1376—
1396.

https://doi.org/10.1021/acs.jchemed.4c01030
J. Chem. Educ. XXXX, XXX, XXX—XXX


https://doi.org/10.1119/1.16104
https://doi.org/10.1119/1.16104
https://doi.org/10.1021/acs.jpclett.4c02955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c02955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

