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Abstract

The Raman Effect—the inelastic scattering of light by molecules—stands as one of the most
significant discoveries in the history of physics. First observed experimentally by Sir Chan-
drasekhara Venkata Raman and his student K.S. Krishnan in 1928, this phenomenon provided
direct evidence for the quantum nature of light-matter interaction and opened an entirely new
window into molecular structure.

This monograph presents a comprehensive treatment of the Raman Effect, beginning with
the life and legacy of C.V. Raman, tracing the historical context of light scattering research, and
developing both the classical and quantum mechanical theories in full mathematical detail. We
derive the polarizability theory of Placzek, establish the selection rules for Raman-active vibra-
tions, examine the Boltzmann distribution’s role in determining Stokes versus anti-Stokes inten-
sities, and explore the scattering cross-section formalism. The experimental aspects of Raman
spectroscopy—from early mercury arc setups to modern laser-based instruments and surface-
enhanced techniques—are discussed alongside a broad survey of applications spanning molecu-
lar biology, materials science, forensics, art conservation, and semiconductor characterization.
The monograph concludes with an overview of modern extensions including stimulated Ra-
man scattering, coherent anti-Stokes Raman spectroscopy (CARS), tip-enhanced Raman spec-
troscopy (TERS), and the broader contributions of Indian physicists to the landscape of modern
physics.

Keywords: Raman Effect, Raman spectroscopy, light scattering, polarizability, Stokes lines,
anti-Stokes lines, C.V. Raman, SERS, CARS, TERS, molecular vibrations, scattering cross-section,
resonance Raman
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1 Introduction

1.1 Light and Matter: A Fundamental Interaction

The interaction between light and matter lies at the heart of our understanding of the physical world.
From the earliest observations of rainbows and prisms to the sophisticated spectroscopic techniques
of modern laboratories, the way electromagnetic radiation interacts with atoms and molecules has
revealed the deepest secrets of nature’s architecture.

When a beam of light encounters matter, several things can happen. The light may be absorbed,

transferring its energy to the material. It may be transmitted, passing through without significant
interaction. It may be reflected from a surface. Or—crucially for our discussion—it may be scattered,
redirected from its original path by interaction with the constituent particles of the medium.

Definition 1.1 (Light Scattering). Light scattering is the process by which electromagnetic radiation
is redirected from its original propagation direction due to interaction with particles, molecules,
or density fluctuations in a medium. Scattering may be elastic (no energy exchange) or inelastic
(energy is exchanged between the photon and the scattering system).

The study of scattered light has a long and rich history. Lord Rayleigh explained the blue colour

of the sky in 1871 by showing that the intensity of elastically scattered light is inversely proportional
to the fourth power of the wavelength. John Tyndall had earlier observed that fine particles scat-
ter shorter wavelengths more efficiently. But it was C.V. Raman who discovered that scattered light
contains not only the original frequency, but also new frequencies—shifted by amounts characteris-
tic of the scattering medium. This discovery, announced on 28th February 1928, would earn Raman
the Nobel Prize in Physics in 1930 and forever change the landscape of molecular spectroscopy.

1.2 Why the Raman Effect Matters

The Raman Effect is significant for several reasons:

1.

Molecular fingerprinting. Every molecule produces a unique pattern of Raman frequency shifts,
providing a spectroscopic “fingerprint” that can identify the substance.

Complementarity with infrared spectroscopy. Molecules that are infrared-inactive (such as homonu-
clear diatomics like O,, N, and H,) can still be Raman-active, and vice versa.

. Non-destructive analysis. Raman spectroscopy requires no sample preparation and does not

damage the specimen, making it ideal for biological, archaeological, and forensic applications.

Versatility. The technique works equally well for gases, liquids, solids, and even surfaces.

. Quantum confirmation. The Raman Effect provided early confirmation of the quantum theory

of radiation and molecular energy levels.

1.3 Overview of This Monograph

This document is organized as follows. Section 2 presents a detailed biography of Sir C.V. Raman,
tracing his journey from a child prodigy in South India to Nobel laureate. Section 3 places the dis-
covery in its historical context, discussing the prior theoretical predictions and the dramatic story of
the 1928 experiments. Sections 4 and 5 develop the classical and quantum mechanical theories of
the Raman Effect, respectively, with full mathematical derivations. Section 6 covers experimental
aspects, from early setups to modern laser Raman spectrometers and surface-enhanced techniques.
Section 7 surveys the vast range of applications. Section 8 explores modern extensions such as stim-
ulated Raman scattering and CARS. Section 9 places Raman’s achievement in the broader context of
Indian contributions to physics. Section 10 concludes with reflections on the enduring significance
of this remarkable discovery.
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2 Sir C.V. Raman: Life and Legacy

2.1 Early Life and Education

Sir Chandrasekhara Venkata Raman was born on 7th November 1888 at Thiruvanaikaval, a small
town near Tiruchirappalli (Trichy) in the Madras Presidency of British India (now Tamil Nadu).
He was the second of eight children born to Chandrasekhara Iyer and Parvathi Ammal. His father
was a lecturer in mathematics and physics at Mrs. A.V. Narasimha Rao College in Visakhapatnam,
creating an intellectually stimulating home environment that would profoundly shape the young
Raman’s scientific curiosity.

The family moved to Visakhapatnam when Raman was still a child, and it was here that he
received his early education at St. Aloysius Anglo-Indian High School. Even as a young boy, Raman
displayed extraordinary academic talent. He was deeply fascinated by the natural world—the blue
of the Mediterranean sea would later inspire one of his most famous investigations.

Raman matriculated at the remarkably young age of 11 and entered Presidency College, Madras
(now Chennai), where he obtained his B.A. degree in 1904, winning the gold medal in physics. He
proceeded to complete his M.A. degree in 1907, again with distinction. His academic brilliance was
so evident that his professors urged him to pursue a career in research, but the limited opportunities
for scientific careers in colonial India posed a significant challenge.

2.2 The Government Years and the Call of Science

In the absence of adequate research positions, Raman sat for the Indian Finance Department ex-
amination and secured a position as an Assistant Accountant General in Calcutta (now Kolkata) in
1907. Despite the demands of his government job, Raman’s passion for physics remained undimin-
ished. He discovered the Indian Association for the Cultivation of Science (IACS) in Calcutta—the
first research institution in Asia devoted to scientific investigation, founded by Mahendralal Sircar
in 1876.

Every morning before office hours and every evening after work, Raman would walk to the IACS
laboratory on Bowbazar Street and conduct experiments on acoustics, optics, and the physics of
stringed instruments. This extraordinary dedication—pursuing cutting-edge research as a volunteer
alongside a demanding civil service career—is one of the most remarkable stories in the history of
science.

Remark 2.1. Raman’s dual life as a civil servant by day and a physicist by night lasted for nearly
a decade (1907-1917). During this period, he published over 30 research papers in international
journals, an astonishing output for anyone, let alone someone doing research in their spare time.

2.3 At the Indian Association for the Cultivation of Science

In 1917, at just 28 years of age, Raman made a bold and life-changing decision: he resigned from
his secure and well-paid government position to accept the Palit Professorship of Physics at the
University of Calcutta. The appointment came with a significant salary reduction, but it gave Raman
what he desired most—the freedom to pursue physics full-time.

At the IACS, Raman threw himself into research with characteristic intensity. His early work
focused on the physics of vibrations—the acoustics of stringed instruments (particularly the Indian
veena and the violin), the behaviour of bowed strings, and the physics of drums. These investiga-
tions were not mere curiosities; they involved sophisticated mathematical analysis of vibrational
modes and led to publications in leading international journals.

Raman also investigated the diffraction of light by acoustic waves, the scattering of light in col-
loids, and the optical properties of various materials. By the early 1920s, he had built one of the
most active physics laboratories in Asia, attracting talented students and visiting researchers from
across India and beyond.
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Remark 2.2 (Raman’s Teaching Style). Raman was known as an inspiring but demanding teacher.
He expected his students to think independently and to approach every problem from first princi-
ples. He had little patience for rote learning and frequently challenged students with provocative
questions. Many of India’s leading physicists of the mid-twentieth century were trained in Raman’s
laboratory, and they carried forward his emphasis on experimental rigour and theoretical clarity.

2.4 The Sea Voyage That Changed Everything

In 1921, Raman was invited to represent Calcutta University at the Congress of Universities of the
British Empire held at Oxford. During the return voyage across the Mediterranean Sea, Raman was
struck by the brilliant blue colour of the water. He was not satisfied with Lord Rayleigh’s explanation
that the sea merely reflected the blue sky.

Raman carried a small pocket spectroscope and a Nicol prism with him on the ship. Using these
simple instruments, he observed that the light scattered from the sea surface showed polarization
characteristics that were inconsistent with mere reflection. He concluded that the blue of the sea
was caused by molecular scattering of light by water molecules—a manifestation of the same physics
that makes the sky blue, but occurring within the water itself.

This observation ignited a systematic investigation into light scattering that would consume
Raman for the next seven years and ultimately lead to his greatest discovery.

2.5 The Discovery: 28th February 1928

Returning to Calcutta with renewed vigour, Raman assembled a team of students and collaborators
at the IACS. His most important collaborator was K.S. Krishnan (later Sir Kariamanickam Srinivasa
Krishnan), a brilliant experimentalist who would play a crucial role in the discovery.

The experiments used focused sunlight or a mercury arc lamp as the light source and various
liquids and vapours as scattering media. Using complementary light filters and a direct-vision spec-
troscope, Raman and Krishnan observed that the scattered light contained frequencies that were
absent in the incident beam. These “modified” spectral lines were systematically shifted from the
incident frequency by amounts that depended on the scattering substance, not on the frequency of
the incident light.

On 28th February 1928, Raman announced his discovery at a meeting of the South Indian Sci-
ence Association. The historic paper, “A New Type of Secondary Radiation,” was published in
Nature on 31st March 1928. Raman was so confident in the significance of his discovery that he
reportedly exclaimed to a colleague: “I have discovered a new type of radiation!”

National Science Day: The 28th of February is celebrated annually in India as National Science
Day to commemorate the announcement of the Raman Effect. The day honours Raman’s
discovery and promotes scientific awareness across the nation.

2.6 The Nobel Prize and Beyond

The scientific world recognized the importance of Raman’s discovery with extraordinary speed. In
1930—just two years after the announcement—Raman was awarded the Nobel Prize in Physics “for
his work on the scattering of light and for the discovery of the effect named after him.” He was the
first Asian and the first non-white person to receive a Nobel Prize in any branch of science.

Upon receiving the award in Stockholm, Raman reportedly said: “The essence of science is
independent thinking, hard work, and not equipment. When I got my Nobel Prize, I had spent
hardly 200 rupees on my equipment.”
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2.7 Later Career and Legacy

After the Nobel Prize, Raman continued his research with undiminished energy:

« In 1932, Raman and his student Suri Bhagavantam discovered the quantum photon spin, provid-
ing further confirmation of the quantum nature of light.

« In 1933, Raman became the first Indian director of the Indian Institute of Science (IISc) in Ban-
galore.

+ In 1948, he founded the Raman Research Institute in Bangalore, which he directed until his death.

« Throughout the 1940s-1960s, Raman investigated the physics of crystals, diamond structure, and
the physiology of human colour vision.

Raman received numerous honours beyond the Nobel Prize, including the Bharat Ratna (India’s
highest civilian honour) in 1954, the Lenin Peace Prize in 1957, and Fellowship of the Royal Society.

Sir C.V. Raman passed away on 21st November 1970 at the age of 82, at the Raman Research
Institute in Bangalore. According to accounts from those present, his last wish was to spend his
final moments in his beloved laboratory garden, surrounded by the flowers whose colours he had
studied with such passion.

His legacy endures not only through the effect that bears his name but through the example he
set for generations of scientists in India and around the world. The Raman Research Institute con-
tinues to operate as a premier centre for research in physics and astronomy, and the IACS laboratory
where the original discovery was made is preserved as a site of scientific heritage.

2.8 Timeline of C.V. Raman’s Life

Year Event

1888 Born on 7th November at Thiruvanaikaval, near Tiruchirap-
palli

1899 Matriculated at age 11; entered Presidency College, Madras

1904 B.A. degree with gold medal in physics

1907 M.A. degree; joined Indian Finance Department in Calcutta

1907-17 Conducted research at IACS while serving as a civil servant

1917 Resigned from government service; became Palit Professor of
Physics at the University of Calcutta

1921 Voyage to Oxford; observed blue of the Mediterranean

1922 Published monograph on molecular diffraction of light

1928 Announced discovery of the Raman Effect on 28th February

1929 Knighted by the British Crown
1930 Awarded the Nobel Prize in Physics

1932 Discovered quantum photon spin with S. Bhagavantam

1933 Became first Indian director of the Indian Institute of Science
1934 Founded the Indian Academy of Sciences and its journal
1948 Founded the Raman Research Institute, Bangalore

1954 Awarded the Bharat Ratna

1957 Received the Lenin Peace Prize

1970 Died on 21st November in Bangalore

Table 1: Major milestones in the life of Sir C.V. Raman.
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C.V. Raman — A Life in Science

* Discovery %
1888 1907 1917 1921 1928 1930 1934 1948 1970

Director, IISc Founds Raman P:

Bori MA with Joins IACS Europe voyage; RamanEfiect  Nobe Director, asses away
e Bangalore Research Institute in Bangalore

nin 1 Prize
Tiruchirappalli highest honours Kolkata sea observations c

in Physics

Figure 1: Visual timeline of key events in the life and career of Sir C.V. Raman, from his birth in
1888 through the Nobel Prize in 1930 to the founding of the Raman Research Institute in 1948.

3 Historical Context

3.1 Light Scattering Before Raman

The study of light scattering has a long history that predates Raman’s discovery by several decades.

3.1.1 Rayleigh Scattering (1871)

Lord Rayleigh (John William Strutt) showed that when light interacts with particles much smaller
than its wavelength, the scattered intensity varies as the inverse fourth power of the wavelength:

1
Iscat & F (1)

This elegant result explained why the sky appears blue (shorter wavelengths scatter more) and
why sunsets appear red (the blue light has been scattered away from the direct beam). Rayleigh
scattering is elastic—the scattered photons have exactly the same energy as the incident photons.

3.1.2 Tyndall Scattering (1869)

John Tyndall observed that when light passes through a colloidal suspension, the scattered light
appears blue when viewed from the side and reddish when viewed along the beam direction. This
“Tyndall effect” is closely related to Rayleigh scattering but involves larger particles (comparable to
the wavelength of light). It is a manifestation of what we now call Mie scattering.

3.1.3 Brillouin Scattering (1922)

Léon Brillouin predicted theoretically in 1922 that light scattered by acoustic phonons (sound waves)
in a medium would exhibit frequency shifts. This Brillouin scattering involves the interaction of pho-
tons with collective excitations of the medium, resulting in very small frequency shifts (typically in
the GHz range, compared to THz for Raman scattering). Brillouin scattering was experimentally
confirmed in 1930 by Eugen Gross.

3.2 Theoretical Predictions of Inelastic Scattering

Before Raman’s experimental discovery, several theorists had predicted that inelastic light scattering
should occur:

+ Adolf Smekal (1923) predicted that light scattered by molecules should contain “combination
frequencies”—sums and differences of the incident frequency and molecular vibration frequen-
cies. His theoretical framework is remarkably close to the classical polarizability theory developed
later by Placzek.
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« Hendrik Kramers and Werner Heisenberg (1925) developed a quantum mechanical treatment of
light scattering as part of their dispersion theory. Their formalism predicted both elastic (Rayleigh)
and inelastic (Raman) scattering components.

+ Paul Dirac (1927) provided a more rigorous quantum electrodynamic treatment of radiation scat-
tering, further establishing the theoretical basis for the Raman Effect.

Remark 3.1. Despite these theoretical predictions, nobody had actually observed the effect exper-
imentally before Raman. The challenge was that the Raman signal is extremely weak—typically
only about one in 107 scattered photons undergoes inelastic scattering. Detecting this faint signal
against the overwhelming Rayleigh background required exceptional experimental skill.

3.3 The Compton Effect: An Analogy

In 1923, Arthur Holly Compton discovered that X-rays scattered by electrons exhibit a wavelength
shift that depends on the scattering angle:

h
meC

A =

(1 —cos9) (2

where h is Planck’s constant, m, is the electron mass, c is the speed of light, and 6 is the scattering
angle. This Compton Effect demonstrated that X-ray photons could transfer energy to electrons
through inelastic collisions, providing powerful evidence for the particle nature of radiation.
Raman was deeply influenced by the Compton Effect. He recognized that if X-ray photons could
scatter inelastically from electrons, then visible-light photons should be able to scatter inelastically
from molecular vibrational and rotational modes. The Raman Effect can be viewed as the optical
analogue of the Compton Effect, with molecular energy levels replacing free-electron kinetic energy.

3.4 The Role of K.S. Krishnan

Kariamanickam Srinivasa Krishnan (1898-1961) was Raman’s most important collaborator in the
discovery. A talented experimentalist, Krishnan was responsible for much of the meticulous exper-
imental work that led to the observation of modified scattered radiation. He performed many of the
critical measurements on various liquids and vapours, and his careful spectroscopic analysis was
essential in establishing that the observed frequency shifts were genuinely new and not artefacts.

Although Krishnan is sometimes overlooked in popular accounts of the discovery, Raman him-
self acknowledged Krishnan’s contributions, and the pair published several joint papers on the topic.
Krishnan went on to have a distinguished career of his own, becoming the director of the National
Physical Laboratory of India.

3.5 The 1928 Discovery: A Detailed Account

The story of the actual discovery is worth telling in detail, as it illustrates both the brilliance and the
determination of Raman and his team.

Beginning in 1923, Raman and his students at the IACS conducted a systematic investigation
of light scattering in liquids. They initially used focused sunlight filtered through various coloured
glass filters. The key experimental technique involved using a “crossed filter” arrangement: one fil-
ter before the scattering sample to select a specific colour of incident light, and a second complemen-
tary filter after the sample that would block the incident colour but transmit any frequency-shifted
scattered light.

If the scattered light contained only the original frequency (Rayleigh scattering), no light would
pass through the second filter. But Raman and Krishnan observed that a faint glow did pass through—
indicating the presence of new frequencies in the scattered radiation. They called this “modified
scattering” and initially referred to it as “a new type of secondary radiation.”
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By 1928, they had switched from sunlight to a mercury arc lamp, which provided a more intense
and monochromatic light source. Using a spectroscope, they could resolve the individual Raman
lines and measure their frequency shifts precisely. The results were unambiguous: every liquid and
vapour they tested showed characteristic frequency shifts in the scattered light.

The announcement on 28th February 1928 was followed by a flurry of publications and confir-
mations from laboratories around the world. The effect was immediately recognized as a powerful
new tool for studying molecular structure.

r

A Note on Priority: In the Soviet Union, Grigory Landsberg and Leonid Mandelstam indepen-
dently observed inelastic light scattering in quartz crystals around the same time as Raman’s
work. Their discovery, sometimes called “combinational scattering,” was published slightly
after Raman’s announcement. While there was some controversy about priority, the scientific
community generally credits Raman with the discovery, and the effect universally bears his
name.

4 Classical Theory of the Raman Effect

Raman Scattering: Energy Level Diagram
Rayleigh Stokes Anti-Stokes

(elastic) (energy loss) (energy gain)

< < <

h(Vo-vin) hve

hve hve hve h(Vo+Vy)

v=0 ‘ ‘ Gr

Vo = Vo Vo = Vo = Vi Vo Vo + Vi
i fted olue-shifted!

Figure 2: Energy level diagram showing Rayleigh (elastic), Stokes (red-shifted), and anti-Stokes
(blue-shifted) scattering. The molecule transitions through a virtual energy state.

The classical theory of the Raman Effect, also called the polarizability theory, was developed pri-
marily by George Placzek in 1934. It provides an elegant and intuitive explanation for why Raman
scattering occurs and establishes the fundamental selection rules.

Remark 4.1 (Historical Note on Placzek’s Contribution). George Placzek (1905-1955) was a Czech
theoretical physicist who worked extensively on the theory of light scattering. His 1934 monograph
“Rayleigh-Streuung und Raman-Effekt” in the Handbuch der Radiologie remains the definitive clas-
sical treatment. Placzek showed that the classical polarizability theory, when combined with quan-
tum mechanical corrections, provides a remarkably accurate description of Raman intensities. He
later contributed significantly to nuclear physics and worked on the Manhattan Project.

10
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4.1 Electromagnetic Waves and Induced Dipoles

When an electromagnetic wave interacts with a molecule, the oscillating electric field of the wave
distorts the electron cloud of the molecule, creating a time-varying induced dipole moment. This
induced dipole then radiates (scatters) electromagnetic radiation.

Definition 4.1 (Induced Dipole Moment). The induced dipole moment [? of a molecule in an external
electric field E is:
=a-E 3)

where « is the polarizability tensor of the molecule.

4.2 The Polarizability Tensor
For a general molecule, the polarizability is not a scalar but a second-rank tensor:
Uxx Hxy Oxz

a=|ay Ay Ay (4)

Azx OAzy Ogzz

Theorem 4.1 (Symmetry of the Polarizability Tensor). The polarizability tensor is symmetric: o;; =
aj; for alli, j € {x, y, z}. Therefore, the tensor has at most six independent components.

Proof. This follows from the fact that the energy of the molecule in an external field, U = —%E -a-E,

must be independent of the order in which the field components are applied. If U = —é ) % iEiEj,
then interchanging i and j gives the same energy only if o;; = atj;. O

The polarizability tensor can always be diagonalized by choosing the principal axes of the molecule:

a, 0 O
a=|10 o, O (5)
0 0 a

where a,, oy, and a, are the principal polarizabilities.

Definition 4.2 (Mean Polarizability and Anisotropy). The mean (isotropic) polarizability is:
&= %(oca +ap + o) (6)
The polarizability anisotropy y is defined by:
7 = 5 [0 = @) + (@ = @) + (@ — a0 ™)

For a spherically symmetric molecule (e.g., CH, in its equilibrium configuration), o, = ap = a,
and y = 0. For linear molecules like CO,, two principal polarizabilities are equal: o = o, # .

11
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Polarizability and Induced Dipole Moment

Incident E-field Molecular Polarization Re-emitted Light

No field (symmetric)

———————— > @@ RS o

Propagation direction o -’
=_ o p (induced dipole)
E = Eo cos(2nvot)

u=a-E

a = polarizability tensor

Key Relationship: Polarizability Modulation

a=ao + (da/dq)o - qo cos(2nv_v t)

The polarizability oscillates at the vibrational frequency v_v, producing sidebands vo + v_v

Raman activity requires: (da/dq)o # o

The vibration must change the polarizability of the molecu

Figure 3: Molecular polarizability and its dependence on vibrational motion. As the bond stretches,
the electron cloud becomes more deformable, increasing the polarizability a. The non-zero deriva-
tive (Jct/dq), is the key requirement for Raman activity.

4.3 Derivation of the Classical Raman Effect

We now derive the classical theory in full detail. Consider a monochromatic light beam with electric
field:

where E is the amplitude and v, is the frequency of the incident light.

The polarizability of the molecule depends on its instantaneous geometry. If the molecule is
vibrating, the nuclear coordinates change periodically, and so does the polarizability. For a molecule
undergoing a normal vibration with coordinate q; and frequency vy:

qk(t) = Q0 Sin(27vt) €))
We can expand the polarizability as a Taylor series in the normal coordinate:
da ) 1 6205) )
a=ag+|(z— + == + - (10)
where the subscript 0 indicates evaluation at the equilibrium configuration.

To first order (the harmonic approximation):

a R oy + A qy,o SIn27vit) (11)

da
where we have defined o), = <a_
qx

Substituting equations (8) and (11) into (3) (treating the scalar case for simplicity):

) for brevity.

u(t) = a- Eysin(2mvgyt)
= agEy sin(2mvgt) + a.qy 0 Eo Sin(2rv t) sin(2mrvgt) (12)

Applying the product-to-sum trigonometric identity:

sinAsinB = % [cos(A — B) — cos(A + B)] (13)
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we obtain:

The Fundamental Equation of Classical Raman Theory:

u(t) = apEq sin(2vyt)
N— —’
Rayleigh scattering

1
+ Ea;{qk,OEO cos|27(vy — vi)t]

Stokes Raman scattering

1,
— 3 %k.0Fo cos|27(vy + vit] (14)

Anti-Stokes Raman scattering

This remarkable result shows that the induced dipole oscillates at three distinct frequencies:

1. Rayleigh scattering at vy: The dominant contribution, proportional to . This is elastic scatter-
ing with no frequency change.

2. Stokes Raman scattering at v, — v;: A lower frequency (longer wavelength) component. The
molecule has absorbed energy hv; from the photon.

3. Anti-Stokes Raman scattering at v, + v;: A higher frequency (shorter wavelength) component.
The molecule has given up energy hv, to the photon.

Remark 4.2. The naming convention follows George Gabriel Stokes, who observed in 1852 that flu-
orescent light is generally shifted to longer wavelengths (lower frequencies) relative to the exciting
light. The “Stokes” shift is the more common downward shift; the less common upward shift is
“anti-Stokes.”

Stokes vs Anti-Stokes Raman Scattering
Stokes Scattering Anti-Stokes Scattering

Photon loses energy to molecule Photon gains energy from molecule

Virtual < Virtual

hvo
hv_s

hvo hv_as

I

v=1 < v

[ Moleculedv=0 — v=1(gains energy) } Molecule: v=1— v=0 (los§s energy

(i
S <

v=0

hv_s=hvo-hv_v hv_as=hvo + hv_v

v_s < vo (red-shifted) v_as > vo (blue-shifted)

nolecules occupy excited vibrational states (Boltzmann distribution

Figure 4: Stokes versus anti-Stokes Raman scattering. The Stokes process creates a phonon
(molecule gains energy), shifting the scattered photon to lower frequency. The anti-Stokes pro-
cess destroys a phonon (molecule loses energy), shifting the scattered photon to higher frequency.
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4.4 The Raman Selection Rule

Equation (14) immediately yields the fundamental selection rule for Raman activity:

-

Raman Selection Rule: A molecular vibration is Raman-active if and only if the polarizability
derivative with respect to the normal coordinate is non-zero at equilibrium:

(),

If this derivative vanishes, the vibration produces no Stokes or anti-Stokes lines.

\

Example 4.1 (Raman Activity of Homonuclear Diatomics). Consider a homonuclear diatomic molecule
such as N,. When the bond stretches, the electron cloud becomes more extended and hence more
polarizable. When the bond compresses, the electron cloud becomes more compact and less polar-
izable. Therefore da/dq # 0, and the vibration is Raman-active.

Crucially, N, has no permanent dipole moment, so its vibration is infrared-inactive. The Raman
Effect thus provides the only way to observe the vibrational spectrum of such molecules using light
scattering.

Example 4.2 (The Rule of Mutual Exclusion). For molecules with a centre of symmetry (such as
CO,, benzene, or ethylene), there is a powerful result known as the rule of mutual exclusion: no
vibration can be simultaneously Raman-active and infrared-active. Vibrations that are symmetric
with respect to the centre of inversion are Raman-active but IR-inactive, while antisymmetric vi-
brations are IR-active but Raman-inactive.

4.5 Multiple Vibrations

For a molecule with N atoms and M normal modes of vibration (M = 3N — 6 for non-linear
molecules, or 3N — 5 for linear molecules), the total induced dipole moment is:

u(t) = apEq sin(2mvyt)

M
E,
+ 70 Z A Gk [€OS 27 (vg — Vi)t — cos 27(vg + Vi)t ] (16)
k=1

Each Raman-active normal mode k contributes a pair of lines (Stokes at v, — v, and anti-Stokes
at vy + vy ) to the scattered spectrum. The complete Raman spectrum thus consists of the central
Rayleigh line flanked by pairs of Stokes and anti-Stokes lines, with the shifts corresponding to the
molecular vibrational frequencies.

14
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Schematic Raman Spectrum

Rayleigh

Ss

Intensity

I
vo

Frequency (v)

Stokes Lines Anti-Stokes Lines

(vo - v_v) lower frequency _v) higher frequency

Figure 5: Schematic Raman spectrum showing the intense central Rayleigh line at frequency vy,
flanked by Stokes lines (lower frequency) and anti-Stokes lines (higher frequency). The Stokes lines
are more intense due to the Boltzmann population factor.

4.6 Intensity of Raman Scattering

According to classical electrodynamics, an oscillating dipole with moment u = uy cos(2zvt) radi-
ates power:

16m*v*ul
P=——st 0 17)
For Rayleigh scattering, 1, = ayEy, giving:
167*vEaE2
P Ray — % (18)

For Raman scattering (Stokes), u, = %a;(CIk,oEo and v = vy — vg:

, 2
_l6m*(vy — vi)* (“qu,oEO)

PStokes - 33 P (19)
Ratio of Raman to Rayleigh intensity:
'\2 42 4
Psiokes _ (%) ko (Vo - vk> o0
P Ray 40(%) Vo

Since a; qy 0 < ag for typical molecules, the Raman intensity is much weaker than Rayleigh
intensity, typically by a factor of 107 to 1078.

4.7 The Raman Scattering Cross-Section

Definition 4.3 (Differential Raman Cross-Section). The differential Raman scattering cross-section
describes the probability of Raman scattering per molecule per unit solid angle:

doy, 7w —vi)*, , 2
q0 - az el ko) (21)
0
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where ¢ is the permittivity of free space and <qi’0) is the mean-square vibrational amplitude.

The total (integrated) Raman cross-section is obtained by integrating over all solid angles:

_ (dox o _8Two—vi)* 2,
Ok —f 70 dQ = il |l {aic.0) (22)

Typical Raman cross-sections are of order 1073° cm?/sr per molecule, compared to ~ 10726 cm?/sr
for Rayleigh scattering—confirming the weakness of the Raman effect.

4.8 Second-Order Raman Scattering

If we include the second-order term in the Taylor expansion (10), we obtain additional contributions
involving:

1 5206 2 .2
—|— Sin”(27vt 23

Using sin® x = é(l — cos 2x), this gives rise to:
« An additional contribution to Rayleigh scattering (at v).
« Overtone lines at v, + 2v; (second harmonics of the vibration).

Cross terms between different normal modes q; and q; produce combination bands at vy +(v; £
V). These higher-order features are generally much weaker than the fundamental Raman lines but
can provide valuable information about anharmonicity and intermolecular interactions.

4.9 Rotational Raman Scattering

For gas-phase molecules, the polarizability also depends on the orientation of the molecule rela-
tive to the electric field. As the molecule rotates, the polarizability presented to the field oscillates
at twice the rotational frequency (because a 180° rotation returns the molecule to an equivalent
orientation):

a(t) = & + Aa cos(4mv,yt) (24)

where Aa = o — a is the polarizability anisotropy and v, is the rotational frequency.
This produces rotational Raman lines at:

Vo £ 20,00 (25)
The quantum mechanical selection rule for rotational Raman scattering is:
AJ =0,+2 (26)

where J is the rotational quantum number. This contrasts with the infrared selection rule AJ = +1.

5 Quantum Theory of the Raman Effect
While the classical theory provides physical intuition and correct predictions for the frequencies of

Raman lines, it cannot explain the intensity ratio of Stokes to anti-Stokes lines, nor can it account for
the discrete nature of molecular energy levels. A full understanding requires quantum mechanics.

16



The Raman Effect Gaurav Tiwari

5.1 Energy Level Diagrams and Virtual States

Definition 5.1 (Virtual State). A virtual state is a short-lived intermediate state that does not cor-
respond to any actual eigenstate of the molecular Hamiltonian. In Raman scattering, the incident
photon excites the molecule to a virtual state, from which it immediately relaxes by emitting a scat-
tered photon.

The three types of scattering can be understood through energy level diagrams:

1. Rayleigh scattering: The molecule is excited from the ground vibrational state [v = 0) to a virtual
state and immediately returns to [v = 0). The scattered photon has the same energy as the
incident photon: hv,, = hv,.

2. Stokes Raman scattering: The molecule starts in [v = 0), passes through a virtual state, and
relaxes to an excited vibrational state [v = 1). The scattered photon has lower energy: hvy., =
hvy — vy, = h(vg — vy).

3. Anti-Stokes Raman scattering: The molecule starts in an excited vibrational state |[v = 1), passes
through a virtual state, and relaxes to the ground state |[v = 0). The scattered photon has higher
energy: "y, = hvg + hvy = h(vy + vy).

Remark 5.1. The virtual state is not a real quantum state of the molecule. Its “lifetime” is governed
by the uncertainty principle: At ~ i/AE, where AE is the energy difference between the virtual state
and the nearest real electronic state. For visible light far from any electronic resonance, At ~ 10~ 4s.

Energy Level Diagram: Raman Scattering

Rayleigh Stokes Raman Anti-Stokes Raman
(Elastic) (Red-shifted) (Blue-shifted)

- < U TG

hvo — hv_v

i AE=hv_v ! AE=hv s

Real energylevel = ------ Virtual state

Figure 6: Energy level diagram for Raman scattering. Rayleigh scattering (centre) returns the
molecule to the same vibrational level. Stokes scattering (left) leaves the molecule in a higher vi-
brational state. Anti-Stokes scattering (right) leaves it in a lower vibrational state. The dashed lines
indicate virtual states.

5.2 Quantum Mechanical Transition Polarizability

The quantum mechanical treatment of Raman scattering uses second-order perturbation theory.
The transition polarizability for a Raman transition from initial state |i) to final state | f) is given by
the Kramers-Heisenberg-Dirac formula:
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Kramers-Heisenberg-Dirac Formula:

1 [FleolrXrluslD (Fluslrirlpli)
(apa)fiz%z v iv —;‘ + ; i
= ri o — Uty Vrf +vo + il

(27)

where:
« |r) runs over all intermediate (virtual) states
* Mo, Mo are components of the electric dipole operator
» v,; = (E, — E;)/h is the transition frequency
« [, is the damping constant for state |r)

o The sum includes both resonant and non-resonant terms

The Raman scattering intensity is proportional to the square of the transition polarizability:

2
IRaman < (VO * Vk)4 |(apa)fi| I (28)

where I, is the incident intensity.

5.3 Stokes vs. Anti-Stokes: The Boltzmann Distribution

A crucial prediction of quantum theory that the classical theory cannot make is the relative intensity
of Stokes and anti-Stokes lines.

Anti-Stokes scattering requires the molecule to start in an excited vibrational state (v > 1). The
fraction of molecules in excited states is governed by the Boltzmann distribution:

v v - I’l'l)k
— =€ —
Ny xp( kgT )
where N, is the population of level v, kg is Boltzmann’s constant, and T is the temperature.

(29)

Theorem 5.1 (Stokes-to-Anti-Stokes Intensity Ratio). The ratio of the intensity of the anti-Stokes
line to the Stokes line for vibrational mode k is:

4
Ianti—Stokes — (VO + Vk) EXp(— hvk )
IStokes Vo — Vk kBT

Proof. The intensity of a Raman line depends on: (a) the fourth power of the scattered frequency
(from the dipole radiation formula), and (b) the population of the initial state. For the Stokes process,
the initial state is [v = 0) with population Ny, and the scattered frequency is v, — v. For the anti-
Stokes process, the initial state is [v = 1) with population N; = N, exp(—hv/kgT), and the scattered
frequency is vy + vy. Therefore:

Ls _ Ni (v +vp)* _<v0+vk>“ex (_hvk)
Vo — Vi P kgT

(30)

(31)
O

I B Ny (vo —vi)* B

Example 5.1 (Room Temperature Intensity Ratio). For a typical molecular vibration with v, =
1000 cm~! at room temperature (T = 298 K):

hve  hevyg  (6.626 X 1073%)(3 x 10'°)(1000)

kgT =~ kgT (1.381 x 10—23)(298)
~ 4.83 (33)

(32)
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Therefore exp(—hv;/kgT) ~ e¢=*3 ~ 0.008. Ignoring the v* factor (which is close to unity for
visible light), the anti-Stokes line is about 125 times weaker than the Stokes line.

This explains why Stokes lines are always much more intense than their anti-Stokes counterparts
at room temperature, and why most Raman spectroscopy focuses on the Stokes side of the spectrum.

Remark 5.2. Equation (30) provides a method for measuring temperature from Raman spectra.
By measuring the ratio of anti-Stokes to Stokes intensities for a known vibrational mode, one can
determine the temperature of the sample. This technique is used in combustion diagnostics, plasma
physics, and remote temperature sensing.

5.4 Quantum Selection Rules

The quantum mechanical selection rules for vibrational Raman scattering in the harmonic approx-
imation are:

-

Vibrational Raman Selection Rules:

Av = +1 (fundamental transitions) (34)
(%) # 0 (polarizability must change) (35)
k/7o

For anharmonic oscillators, overtones (Av = +2, +3, ...) are weakly allowed.
Rotational Raman Selection Rules:

AJ = 0,%+2 (for linear molecules) (36)
y # 0 (anisotropy must be non-zero) (37)

5.5 Resonance Raman Scattering

When the incident photon energy hv, approaches the energy of an electronic transition hv,;, the
denominator in the first term of the Kramers-Heisenberg-Dirac formula (27) becomes very small:

Vi — Vo — 0 (38)

This causes a dramatic enhancement of the Raman scattering intensity—by factors of 10° to 10°
compared to normal (non-resonance) Raman scattering. This is resonance Raman scattering (RRS).

Definition 5.2 (Resonance Raman Scattering). Resonance Raman scattering occurs when the inci-
dent radiation frequency is tuned to match (or nearly match) an electronic absorption band of the
molecule. The resulting enhancement selectively amplifies Raman signals from vibrational modes
coupled to the resonant electronic transition.

Theorem 5.2 (Resonance Enhancement). In the resonance condition (vy = v,;), the transition po-
larizability simplifies to:
1« SluplrXrlugli)
PR YAt 39
(apa)fl h . Vri _ ,VO _ ll—\r ( )

The scattering intensity scales as:

1

—s (40)
(Vi = v0)? + I?

Irps

which has a Lorentzian profile centred on the resonance frequency.
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Resonance Raman spectroscopy is particularly valuable for studying:

Chromophores in biological molecules (e.g., the heme group in haemoglobin)

Conjugated polymers and organic semiconductors

+ Transition metal complexes

Molecules at extremely low concentrations

5.6 Depolarization Ratio

Animportant experimental observable is the depolarization ratio, which provides information about
the symmetry of the vibrational mode.

Definition 5.3 (Depolarization Ratio). The depolarization ratio p is the ratio of the scattered intensity
polarized perpendicular to the incident polarization to the intensity polarized parallel:

I
p=7 (41)
I

For linearly polarized incident light scattered at 90°:
2

3y

= 42
4532 + 472 (42)

Jej

Depolarization Ratio Limits:

« For totally symmetric vibrations: 0 < p < % (“polarized” lines)

« For non-totally-symmetric vibrations: p = % (“depolarized” lines)

« Isotropic scatterer (y = 0): p =0

The depolarization ratio thus serves as a diagnostic tool for assigning vibrational symmetry.

5.7 Comparison of Classical and Quantum Predictions

It is instructive to compare the predictions of the classical and quantum theories:

Property Classical Theory Quantum Theory

Raman frequencies Correctly predicted Correctly predicted

Selection rule (Bal/oq)y # 0 Same, plus Av = +1

Stokes/anti-Stokes ratio Predicts equal intensities Correctly predicts asymmetry
via Boltzmann factor

Intensity dependence on v (o £ vi)? Same

Resonance enhancement Not predicted Explained by KHD formula

Temperature dependence Not predicted Explained by Boltzmann statis-
tics

Overtones Predicted via higher-order Explained by anharmonicity

terms

Table 2: Comparison of classical and quantum theoretical predictions for the Raman Effect.
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The classical theory fails most conspicuously in predicting equal intensities for Stokes and anti-
Stokes lines. Experimentally, Stokes lines are always more intense at thermal equilibrium, a fact that
can only be explained by the quantum mechanical Boltzmann distribution of molecular populations
among vibrational levels.

5.8 The Placzek Approximation

Placzek showed that under certain conditions, the quantum mechanical expression for the Raman
intensity simplifies to the classical result. The Placzek approximation applies when:

1. The excitation frequency v, is much lower than any electronic transition frequency v,; (far from
resonance).

2. The molecule is in its electronic ground state.

3. The Born-Oppenheimer approximation is valid.
Under these conditions, the transition polarizability reduces to:

(O(pa)vai = <vf|“pcr(Q)|Ui> (43)

where ocpo(Q) is the electronic polarizability evaluated as a function of the nuclear coordinates Q,
and |v;), |vy) are vibrational wave functions. Expanding c,,(Q) in a Taylor series recovers the clas-
sical result.

This approximation is excellent for most non-resonance Raman spectroscopy and justifies the
widespread use of the classical polarizability theory in practice.

6 Experimental Aspects

6.1 Early Experimental Setup
Raman’s original experiments used remarkably simple equipment:

 Lightsource: Focused sunlight or a mercury arc lamp (providing monochromatic lines at 253.7 nm,
435.8 nm, and 546.1 nm).

+ Sample: Various liquids (benzene, toluene, carbon tetrachloride, water) in glass tubes.
« Detector: A visual spectroscope, later replaced by photographic plates.

« Filters: Complementary glass filters to separate the weak Raman signal from the intense Rayleigh
line.

The total cost of Raman’s experimental apparatus was reportedly less than 200 Indian rupees—a
testament to the power of ingenious experimental design over expensive equipment.
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Modern Raman Spectrometer Setup

-B-E-E-F-R

+ Computer
(Raman Spectrum)

Blocks Rayleigh
scattering

Figure 7: Schematic of a modern Raman spectrometer setup. A laser source illuminates the sample,
and the scattered light is collected, filtered to remove the Rayleigh line, dispersed by a spectrograph,
and recorded by a CCD detector.

Remark 6.1 (Raman’s 200 Rupees). To put this in perspective, 200 rupees in 1928 was roughly equiv-
alent to $60 USD. Even accounting for inflation, this amounts to less than $1,000 in today’s currency.
By contrast, a modern confocal Raman microscope costs between $100,000 and $500,000. Raman’s
achievement stands as one of the most cost-effective Nobel Prize-winning experiments in history,
rivalling only a handful of other “table-top” discoveries.

6.2 The Evolution of Light Sources

The history of Raman spectroscopy can be divided into three eras based on the excitation source:

1. The Mercury Arc Era (1928-1960s): Mercury arc lamps provided discrete spectral lines, with the
435.8 nm line being most commonly used. Exposure times of hours to days were required to
record spectra photographically. Only strongly scattering liquids could be studied practically.

2. The Early Laser Era (1960s-1980s): The invention of the laser in 1960 revolutionized Raman
spectroscopy. Lasers provided monochromatic, coherent, highly directional, and intense light—
all ideal properties for Raman excitation. Acquisition times dropped from hours to minutes.

3. The Modern Era (1980s—present): CCD detectors, notch filters, compact diode lasers, and com-
puter control have made Raman spectrometers routine analytical instruments. Portable and
handheld Raman devices are now commercially available.

6.3 Modern Raman Spectrometer

A modern Raman spectrometer consists of:

1. Laser source: The most common excitation sources include:

« Argon ion laser (488 nm, 514.5 nm)
« Helium-neon laser (632.8 nm)
o Nd:YAG laser (532 nm, 1064 nm)

 Diode lasers (various wavelengths, 633-830 nm)

Tunable dye lasers and Ti:sapphire lasers (for resonance Raman)

2. Sample illumination optics: Mirrors and lenses to focus the laser beam on the sample. In micro-
Raman systems, a microscope objective focuses the beam to a spot of ~ 1 um diameter.
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3. Collection optics: Lenses to gather the scattered light, typically at 90° or 180° (backscattering)
geometry.

4. Rayleigh rejection filter: A notch filter, edge filter, or triple monochromator to block the intense
Rayleigh line (typically 10° to 10® times stronger than the Raman signal).

5. Spectrograph: A grating or prism spectrograph to disperse the scattered light into its component
wavelengths.

6. Detector: Modern systems use charge-coupled devices (CCDs) for multichannel detection, pro-
viding high sensitivity and simultaneous measurement across a wide spectral range. For near-
infrared excitation, InGaAs detectors or germanium detectors are used.

6.4 Sample Preparation

One of the great advantages of Raman spectroscopy is that it requires minimal or no sample prepa-
ration:

« Liquids can be measured directly in glass or quartz cuvettes.

« Solids can be measured as-is, without grinding or pressing into pellets.

Gases require a multipass cell or a high-pressure cell to enhance the signal.

« Aqueous solutions are easily studied because water has a weak Raman spectrum.

Biological samples can be measured in their native state, including living cells.

6.5 Surface-Enhanced Raman Spectroscopy (SERS)

Definition 6.1 (SERS). Surface-Enhanced Raman Spectroscopy (SERS) is a technique in which Ra-
man scattering is enormously enhanced (by factors of 106 to 10'#) for molecules adsorbed on or near
rough metal surfaces, typically gold, silver, or copper nanostructures.

The enhancement arises from two mechanisms:

1. Electromagnetic enhancement: The incident laser field excites localized surface plasmon reso-
nances in the metal nanostructure, creating intense electromagnetic “hot spots” near the surface.
Both the incident and scattered fields are amplified, leading to an enhancement factor propor-
tional to |Ejoca/Eo|*.

2. Chemical enhancement: Charge transfer between the molecule and the metal surface modifies
the molecular polarizability, contributing an additional factor of 10* to 103.

SERS Enhancement Factor:

I N,
EFgpgs = sers/Nsers (44)

I normal / N, normal

Typical enhancement factors range from 10° for roughened electrodes to 10'* for single
molecules in optimized “hot spots” between nanoparticles.

SERS has enabled single-molecule detection and has found applications in trace chemical anal-
ysis, biosensing, environmental monitoring, and point-of-care diagnostics.
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6.6 Fourier Transform Raman Spectroscopy (FT-Raman)

A significant advance in Raman instrumentation was the development of Fourier Transform Raman
Spectroscopy in the 1980s. This technique uses a near-infrared laser (typically Nd:YAG at 1064 nm)
as the excitation source and a Michelson interferometer instead of a dispersive spectrograph.

Definition 6.2 (FT-Raman). Fourier Transform Raman Spectroscopy (FT-Raman) is a Raman tech-
nique that uses near-infrared excitation and interferometric detection to avoid fluorescence inter-
ference and achieve high spectral resolution and wavelength accuracy.

The advantages of FT-Raman include:

« Fluorescence avoidance: The 1064 nm excitation is below the electronic absorption bands of most
organic materials, dramatically reducing fluorescence background.

» Wavelength accuracy: The interferometric measurement provides inherently high wavelength
accuracy (the Connes advantage).

« Throughput: The Jacquinot advantage of interferometers gives better signal-to-noise for broad-
band detection.

« Multiplex advantage: All wavelengths are measured simultaneously (the Fellgett advantage).

The main disadvantage is the v* dependence of Raman scattering intensity: at 1064 nm, the
inherent Raman signal is about 16 times weaker than at 532 nm. This is partially compensated by
the higher laser powers available at 1064 nm.

6.7 Micro-Raman Spectroscopy

When a Raman spectrometer is coupled to an optical microscope, the technique becomes micro-
Raman spectroscopy. The microscope objective serves dual purposes: focusing the laser to a small
spot (typically 1-2 um diameter) and collecting the scattered light efficiently.

Key capabilities include:

Analysis of individual microscopic particles and inclusions
+ Chemical mapping with micrometre spatial resolution

» Depth profiling through transparent materials using confocal optics

In situ analysis of geological thin sections, semiconductor devices, and biological cells

The confocal configuration, using a pinhole aperture in the detection path, provides axial reso-
lution of ~ 2 um, enabling three-dimensional Raman imaging.
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6.8 Comparison: Raman Spectroscopy vs. Infrared Spectroscopy

Feature Raman Spectroscopy IR Spectroscopy

Physical process Light scattering Light absorption

Selection rule Change in polarizability Change in dipole moment

Water interference Minimal Severe

Sample preparation Minimal or none Often required (KBr pellets,
Nujol mulls)

Homonuclear diatomics Active Inactive

Spatial resolution ~ 1 um (with microscope) ~ 10 pm

Frequency range 50-4000 cm™! 400-4000 cm™!

Sensitivity to polar groups Lower Higher

Sensitivity to non-polar groups Higher Lower

Aqueous solutions Excellent Poor

Cost Moderate-high Low-moderate

Table 3: Comparison of Raman and infrared spectroscopy.

7 Applications of Raman Spectroscopy

Raman spectroscopy has found applications across an extraordinarily wide range of fields, from
fundamental research to industrial quality control and clinical diagnostics. The non-destructive,
non-contact, and label-free nature of the technique makes it uniquely versatile. We survey the most
important application areas below.

7.1 Molecular Identification and Chemical Analysis

The Raman spectrum of a molecule serves as a unique “fingerprint.” By comparing an unknown
spectrum with a database of known spectra, the chemical composition of a sample can be deter-
mined rapidly and non-destructively.

Example 7.1 (Identification of Polymorphs). In the pharmaceutical industry, many drugs can exist
in multiple crystalline forms (polymorphs) that have identical chemical composition but different
molecular packing. Different polymorphs can have dramatically different bioavailability. Raman
spectroscopy can distinguish polymorphs because the intermolecular interactions affect the vibra-
tional frequencies. This is critical for quality control in drug manufacturing.

7.2 Crystallography and Solid-State Physics
Raman spectroscopy provides information about:

« Crystal symmetry and space group identification

Phonon dispersion relations (using inelastic light scattering from acoustic and optical phonons)

Phase transitions (changes in Raman spectrum at transition temperatures)

Lattice dynamics and thermal properties

Stress and strain in crystals (via shifts in Raman peak positions)
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7.3 Medical Diagnostics

Raman spectroscopy is emerging as a powerful tool in medical diagnostics:

1. Cancer detection: Raman spectra of cancerous tissue differ from those of healthy tissue due to
changes in protein, lipid, and nucleic acid content. Real-time Raman probes are being developed
for intraoperative tumour margin assessment.

2. Blood analysis: Raman spectroscopy can measure glucose, urea, cholesterol, and other analytes
in blood without the need for chemical reagents.

3. Bone health: The Raman spectrum of bone reflects its mineral-to-matrix ratio, crystallinity, and
collagen cross-linking, providing information about osteoporosis and other bone diseases.

4. Dental diagnostics: Raman spectroscopy can detect early-stage dental caries by measuring the
mineral content of tooth enamel.

7.4 Forensic Science

In forensic analysis, Raman spectroscopy offers several advantages:

« Non-destructive: The sample is preserved for further testing or courtroom presentation.

« No sample preparation: Evidence can be analysed as-is, without extraction or dissolution.

» Microscale: Individual fibres, paint chips, or drug particles can be analysed.

Applications include identification of illicit drugs, analysis of explosive residues, fibre matching,
ink and document analysis, and identification of unknown substances at crime scenes. Portable Ra-
man spectrometers are now used by law enforcement agencies for field identification of controlled
substances.

7.5 Art Conservation and Authentication

Raman spectroscopy has become an indispensable tool in art conservation:

« Pigment identification: Each pigment has a characteristic Raman spectrum. By identifying pig-
ments, conservators can determine the materials used by the artist, detect later additions or restora-
tions, and authenticate works.

« Dating: Some pigments were only available during certain historical periods. Identifying an
anachronistic pigment can reveal a forgery.

« Degradation analysis: Raman spectroscopy can detect chemical degradation products, guiding
conservation treatments.

« Non-invasive: Using portable Raman instruments, measurements can be made directly on paint-
ings, manuscripts, and sculptures without removing samples.

7.6 Semiconductor Characterization

In the semiconductor industry, Raman spectroscopy is used to measure:

« Crystal quality: The width and position of Raman peaks indicate the crystalline perfection of
semiconductor wafers.

« Stress/strain: Mechanical stress shifts the Raman peak positions. This is used to map strain dis-
tributions in microelectronic devices.
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» Doping: Free carriers in doped semiconductors modify the Raman spectrum through Fano inter-
ference.

+ Temperature: The Stokes/anti-Stokes ratio provides local temperature measurements (see Exam-
ple 5.1).

+ Composition: In alloy semiconductors (e.g., Si;_,Ge, ), Raman frequencies depend on composi-
tion x.
7.7 Carbon Nanomaterials

Raman spectroscopy is the single most important characterization tool for carbon nanomaterials:

1. Carbon nanotubes (CNTs): The Raman spectrum of CNTs shows characteristic features:
« The radial breathing mode (RBM) at 100-300 cm™!, whose frequency is inversely propor-
tional to the nanotube diameter: vy = A/d + B.
« The G-band near 1580 cm™!, arising from tangential C-C stretching.
+ The D-band near 1350 cm™!, indicating defects and disorder.
The ratio Ip/I; quantifies the defect density.

2. Graphene: The Raman spectrum of graphene is remarkably sensitive to the number of layers:

« Single-layer graphene has a sharp, symmetric 2D peak at ~ 2680 cm~! with intensity greater
than the G-peak.

« Multi-layer graphene shows a broader, asymmetric 2D peak.

« The D-band intensity indicates edge quality and defects.

3. Diamond and diamond-like carbon: The sharp Raman line at 1332 cm™! is a definitive identifier
of diamond. The ratio of diamond to graphite Raman features quantifies the sp3/sp? hybridiza-
tion ratio in diamond-like carbon films.

7.8 Biological Applications

Raman spectroscopy has found extensive applications in biology and biochemistry:

« Protein structure: The amide I and amide III bands provide information about secondary struc-
ture (a-helix, 3-sheet, random coil).

+ Nucleic acids: Raman spectroscopy can distinguish between different DNA conformations (A, B,
Z forms) and detect base modifications.

« Lipids: The C-H stretching region (2800-3100 cm™1) reflects lipid chain order and conformation.

« Living cells: Confocal Raman microscopy can image the distribution of different biomolecules
within living cells without the need for fluorescent labels.

« Aqueous solutions: Water is a weak Raman scatterer, making Raman spectroscopy ideal for study-
ing molecules in aqueous solution—a significant advantage over infrared spectroscopy.
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8 The Raman Effect in Modern Physics

8.1 Stimulated Raman Scattering (SRS)

In normal (spontaneous) Raman scattering, the process is initiated by vacuum fluctuations and
produces scattered photons in random directions. When the incident laser intensity is sufficiently
high, a qualitatively different process occurs: stimulated Raman scattering.

Definition 8.1 (Stimulated Raman Scattering). Stimulated Raman scattering (SRS) occurs when a
strong pump beam at frequency v, and a weak “Stokes” beam at frequency v, — v, simultaneously
interact with the medium. The presence of the Stokes beam stimulates the Raman process, causing
exponential growth of the Stokes beam at the expense of the pump beam.

The gain coefficient for SRS is:

2
N ORaman€

8srs = pump (45)

8TVEAY

where N is the molecular number density, og,man is the Raman cross-section, vg is the Stokes fre-
quency, and Av is the linewidth.
SRS has practical applications in:

» Frequency conversion of lasers (Raman lasers and Raman amplifiers)
« Telecommunications (Raman fibre amplifiers for long-haul optical networks)

+ Coherent Raman imaging (see below)

8.2 Coherent Anti-Stokes Raman Spectroscopy (CARS)

Definition 8.2 (CARS). Coherent Anti-Stokes Raman Spectroscopy (CARS) is a nonlinear optical
technique in which two laser beams (“pump” at v, and “Stokes” at vg) are mixed in the sample.
When the difference frequency 1, — vg matches a molecular vibrational frequency vy, a strong co-
herent signal is generated at the anti-Stokes frequency veags = 29, — Vs = ¥, + Vi

CARS is a four-wave mixing process described by the third-order nonlinear susceptibility y:
P®(vears) = €0xP(—vears; Vps Vo —Vs)EF E§ (46)

The CARS signal intensity is:
2
Icars |)((3)' II%IS (47)

Advantages of CARS over spontaneous Raman:
1. Signal is orders of magnitude stronger (coherent process)
2. Signal is directional (phase-matched), not isotropic
3. Anti-Stokes signal avoids fluorescence background

4. High spatial and temporal resolution possible

CARS microscopy has become a powerful tool for label-free biological imaging, particularly for
lipid-rich structures in tissues and cells.
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8.3 Tip-Enhanced Raman Spectroscopy (TERS)

Definition 8.3 (TERS). Tip-Enhanced Raman Spectroscopy (TERS) combines scanning probe mi-
croscopy (STM or AFM) with Raman spectroscopy. A sharp metallic tip (typically gold or silver) acts
as a nanoscale antenna, creating an intense electromagnetic “hot spot” at its apex and enhancing
the Raman signal from molecules directly beneath the tip.

TERS achieves:

Spatial resolution of ~ 1-10 nm (far below the diffraction limit)
« Enhancement factors of 10°-10°

« Simultaneous topographic and chemical imaging

Single-molecule sensitivity on surfaces

Applications include nanoscale characterization of carbon nanotubes, single-molecule studies
on catalytic surfaces, and investigation of biomolecular interactions at the nanometre scale.
8.4 Raman Microscopy and Imaging

Confocal Raman microscopy combines a Raman spectrometer with a confocal microscope, en-
abling:

« Three-dimensional chemical mapping with micrometre resolution

+ Identification of chemical species at specific locations in heterogeneous samples
+ Time-resolved studies of chemical reactions and phase transformations

« In situ monitoring of processes in real time

By rastering the laser focus across the sample and recording a Raman spectrum at each point,
a complete chemical image can be constructed. Different colours in the image represent different
chemical components, as identified by their Raman spectra.

8.5 Spatially Offset Raman Spectroscopy (SORS)

Arelatively recent development, Spatially Offset Raman Spectroscopy (SORS) collects Raman-scattered
photons at a spatial offset from the point of laser incidence. Because multiply scattered photons
probe deeper into the sample, SORS can obtain chemical information from subsurface layers with-
out physical sectioning.

Applications include:

« Non-invasive detection of counterfeit drugs through packaging

Bone analysis through overlying skin
« Airport security screening of liquid containers

« Quality control of packaged food and pharmaceuticals
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8.6 Hyper-Raman Scattering

In hyper-Raman scattering, the incident light undergoes two-photon absorption to reach a virtual
state at energy 2hv,, followed by emission of a single photon. The resulting spectrum appears near
2v, with shifts corresponding to molecular vibrations:

Vhyper = 2V * Vi (48)

The selection rules for hyper-Raman scattering are different from ordinary Raman scattering, as
they depend on the hyperpolarizability tensor ;i rather than the polarizability tensor. Some vibra-
tions that are both Raman-inactive and IR-inactive may be hyper-Raman active, providing access to
“silent” modes that are otherwise spectroscopically invisible.

The hyper-Raman effect is extremely weak (scaling as I3), requiring high-power pulsed lasers
for observation. However, it has proven valuable for studying the vibrational spectra of centrosym-
metric molecules and aqueous solutions.

8.7 Raman Optical Activity (ROA)

Raman Optical Activity measures the small difference in Raman scattering intensity between right
and left circularly polarized light:
Al=Ix—1I (49)

ROA provides information about the chirality and three-dimensional structure of molecules. It
hasbecome an important technique in structural biology, particularly for determining the secondary
structure of proteins and the conformation of carbohydrates, nucleic acids, and pharmaceutical
molecules.

Definition 8.4 (Circular Intensity Difference). The circular intensity difference (CID) is:

Ig -1y,
In + 1,

Acp = (50)
Typical CID values are of order 10~3 to 10~>, requiring long acquisition times and careful artefact
elimination.

9 Indian Contributions to Physics

C.V. Raman’s Nobel Prize was not an isolated event but part of a broader tradition of exceptional
Indian contributions to physics. It is fitting to place his achievement in this wider context.

9.1 Satyendra Nath Bose (1894-1974)

Satyendra Nath Bose, a close contemporary of Raman from Calcutta, made one of the most profound
contributions to quantum mechanics. In 1924, Bose derived Planck’s black-body radiation law using
a novel statistical method that treated photons as indistinguishable particles. He sent his paper to
Albert Einstein, who immediately recognized its significance, extended the statistical method to
atoms (creating what we now call Bose—Einstein statistics), and helped publish the work.

Particles that obey Bose-Einstein statistics—including photons, phonons, and atoms with in-
teger spin—are called bosons in Bose’s honour. The prediction of Bose-Einstein condensation, a
macroscopic quantum phenomenon, was experimentally confirmed in 1995 (Nobel Prize to Cornell,
Wieman, and Ketterle in 2001).

Remark 9.1. Bose and Raman were colleagues at the University of Calcutta during the 1920s. Their
overlapping careers illustrate the remarkable intellectual ferment in Indian physics during this pe-
riod, despite the constraints of the colonial era.
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9.2 Meghnad Saha (1893-1956)

Meghnad Saha, yet another Bengali physicist of the same generation, developed the Saha ionization

equation in 1920:
NiyiMe _ 2 8iy1 Xi
—_— = exp| — 51
n; A3 g p( kBT> L)
where n; is the number density of atoms in the i-th ionization state, n, is the electron density, g; are
statistical weights, y; is the ionization energy, and A is the thermal de Broglie wavelength.

This equation revolutionized astrophysics by providing the theoretical framework for under-
standing stellar spectra. It enabled astronomers to determine the temperature, pressure, and chem-
ical composition of stellar atmospheres from their absorption line spectra. The Saha equation re-
mains a cornerstone of astrophysics and plasma physics.

9.3 Subrahmanyan Chandrasekhar (1910-1995)

Subrahmanyan Chandrasekhar, who was Raman’s nephew, became one of the most influential as-
trophysicists of the twentieth century. His most famous contribution was the discovery of the Chan-
drasekhar limit—the maximum mass (= 1.4 M) of a stable white dwarf star:

My, = ~ 1.44 M, (52)

Wi\ 37 (@)3/2 1

2 G/ (uemp)?

Stars more massive than this limit collapse to form neutron stars or black holes. Chandrasekhar
received the Nobel Prize in Physics in 1983 for his work on the structure and evolution of stars.

Remark 9.2. The family connection between Raman and Chandrasekhar is remarkable. Raman
was Chandrasekhar’s paternal uncle, and both won Nobel Prizes in Physics. They remain the only
uncle-nephew pair to have each won a Nobel Prize in any field.

9.4 The Broader Tradition

Other notable Indian contributions to physics include:

 Jagadish Chandra Bose (1858-1937): Pioneer of radio science and microwave optics; demon-
strated semiconductor properties of materials decades before the transistor era.

« HomiJ. Bhabha (1909-1966): Founded India’s nuclear programme; contributed to cascade theory
of cosmic ray showers (the “Bhabha-Heitler theory”).

+ Vikram Sarabhai(1919-1971): Founder of the Indian space programme and the Physical Research
Laboratory.

+ E.C.G. Sudarshan (1931-2018): Pioneered the V-A theory of weak interactions and developed the
theory of optical coherence (Glauber-Sudarshan representation).

These contributions, spanning quantum mechanics, astrophysics, nuclear physics, and space
science, demonstrate that Raman’s achievement was part of a larger tradition of Indian scientific
excellence that continues to this day.

9.5 The Indian Institute of Science and IACS

Two institutions played pivotal roles in nurturing Indian physics:
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1. The Indian Association for the Cultivation of Science (IACS): Founded in 1876 by Mahendralal
Sircar, IACS was the first research institute in Asia. It was here that Raman conducted the ex-
periments leading to his discovery. The IACS provided laboratory space and a community of re-
searchers at a time when opportunities for scientific research in India were scarce. Today, IACS
continues as a premier research institution in Kolkata, affiliated with the University of Calcutta.

2. The Indian Institute of Science (IISc): Established in 1909 in Bangalore with support from Jam-
setji Tata, IISc has been India’s flagship institution for advanced scientific research and educa-
tion. Raman served as its director from 1933 to 1937 and attracted talented researchers who
would go on to make significant contributions of their own.

Remark 9.3. The story of Indian physics in the early twentieth century is inseparable from the story
of institution building. Raman, Bose, Saha, and their contemporaries not only made world-class
discoveries but also built the scientific infrastructure that would sustain research in independent
India. Their vision and determination created a legacy that extends far beyond their individual
achievements.

9.6 National Science Day and Scientific Awareness

The declaration of 28th February as National Science Day in 1986 was a recognition not only of
Raman’s specific discovery but of the broader importance of science to India’s development. Each
year, the day is celebrated with:

« Public lectures and science exhibitions across the country

« Special programmes in schools and universities

+ Awards for outstanding contributions to science communication
+ A theme chosen by the Department of Science and Technology

The celebration serves as a reminder that scientific literacy and research are essential for na-
tional progress, and that India has a proud tradition of contributing to the world’s scientific knowl-
edge.

10 Conclusion

The Raman Effect stands as one of the great discoveries of twentieth-century physics. What began
as a curious observation about the colour of the sea grew into a fundamental insight about the
quantum nature of light-matter interaction and a spectroscopic technique of extraordinary power
and versatility.

The key results presented in this monograph can be summarized as follows:

1. Classical theory: The polarizability theory of Placzek explains Raman scattering as arising from
the modulation of molecular polarizability by vibrational motions. The induced dipole oscillates
at three frequencies: v, (Rayleigh), v, — v, (Stokes), and v, + v (anti-Stokes).

2. Selection rule: A vibration is Raman-active if and only if it causes a change in polarizability:
(8a/dqy)o # 0. This is complementary to the infrared selection rule (change in dipole moment).

3. Quantum theory: The Kramers-Heisenberg-Dirac formula provides the rigorous quantum me-
chanical framework. The Boltzmann distribution explains why Stokes lines are more intense
than anti-Stokes lines, and the Stokes/anti-Stokes ratio provides a molecular thermometer.
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Experimental versatility: From Raman’s 200-rupee setup to modern laser spectrometers, SERS,
CARS, TERS, and SORS, the technique has evolved to address an ever-expanding range of scien-
tific and practical problems.

. Applications: Raman spectroscopy touches virtually every branch of natural science and technology—

from molecular biology and medicine to forensics, art conservation, semiconductor manufactur-
ing, and nanotechnology.

Legacy: Raman’s discovery, and his remarkable personal story of perseverance and passion, con-
tinue to inspire scientists around the world. The celebration of National Science Day on 28th
February ensures that his legacy endures in the collective memory of the nation.

We close with Raman’s own words, spoken at the Nobel Prize ceremony in Stockholm on 11th

December 1930:

“The essence of science is independent thinking, hard work, and not equipment. When I
got my Nobel Prize, I had spent hardly 200 rupees on my equipment.”

In an age of ever more expensive instrumentation, Raman’s example reminds us that the most

important equipment a scientist possesses is a curious and determined mind.

10.1 Future Directions

As we look to the future, several exciting frontiers in Raman spectroscopy are emerging:

1.

Ultrafast Raman: Femtosecond stimulated Raman spectroscopy (FSRS) can track molecular vi-
brations on the timescale of chemical bond formation and breaking, providing real-time movies
of chemical reactions.

Quantum-enhanced Raman: The use of squeezed light and entangled photon pairs promises to
push the sensitivity of Raman measurements below the shot-noise limit, potentially enabling
single-molecule detection without surface enhancement.

. Artificial intelligence: Machine learning algorithms are being applied to Raman spectral analy-

sis for automated compound identification, mixture decomposition, and disease diagnosis from
tissue spectra.

Portable and wearable devices: Miniaturized Raman spectrometers integrated into smartphones
or wearable sensors may enable real-time health monitoring, food safety testing, and environ-
mental sensing.

. Space exploration: Raman spectrometers are being developed for planetary rovers (such as the

SHERLOC instrument on NASA’s Mars Perseverance rover) to identify organic molecules and
minerals on other worlds.

Nearly a century after its discovery, the Raman Effect continues to surprise, inspire, and find

new applications. Its story—from Raman’s simple experiments with mercury lamps to cutting-edge
nanophotonics and space exploration—is a testament to the enduring power of fundamental scien-
tific discovery.
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A Glossary of Key Terms

Term

Definition

Rayleigh scattering
Raman scattering
Stokes line
Anti-Stokes line
Polarizability

Virtual state
Raman shift

SERS

CARS
TERS
SORS
SRS

Elastic scattering of light with no frequency change

Inelastic scattering of light with frequency change

Scattered light with lower frequency than incident light
Scattered light with higher frequency than incident light
Measure of how easily the electron cloud of a molecule is dis-
torted by an electric field

Short-lived intermediate state not corresponding to any real
eigenstate

Frequency difference between incident and scattered light,
AV =Dy — Vgear

Surface-Enhanced Raman Spectroscopy

Coherent Anti-Stokes Raman Spectroscopy

Tip-Enhanced Raman Spectroscopy

Spatially Offset Raman Spectroscopy

Stimulated Raman Scattering

Table 4: Glossary of key terms in Raman spectroscopy.

B Physical Constants Used

Constant Symbol Value

Speed of light c 2.998 x 10% m/s
Planck constant h 6.626 X 10734 J.s
Reduced Planck constant # 1.055 X 10734 J-s
Boltzmann constant kg 1.381 x 10723 J/K
Permittivity of free space ¢, 8.854 x 10712 F/m
Electron mass m, 9.109 x 1073 kg

Table 5: Physical constants.

C Key Equations Summary

For quick reference, we collect the most important equations of Raman spectroscopy.
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Quantity Equation

Induced dipole u=akE

Polarizability expansion a=ay+ (0a/dq)eq + -+

Stokes frequency Vg = Vg — Vi

Anti-Stokes frequency Vas = Vo + Vi

Raman selection rule (Ba/dqy)g #0

Intensity ratio (aS/S) (Vo + Vi)t (vg — vi)* - e hvi/ksT
Depolarization ratio o = 3y%/(45&% + 4y?%)

SERS enhancement EF « |Ejgca/Eo|*

CARS signal Icars o [x® PRI

Table 6: Summary of key equations in Raman spectroscopy.

D Derivation of the Depolarization Ratio

For completeness, we derive the depolarization ratio formula. Consider linearly polarized incident
light propagating along the z-axis with polarization along x. The induced dipole components are:

Mx = OxxEx (53)
Hy = ayxEx (54)
Mz = OzxEx (55)

For light scattered at 90° (along the y-axis), only the x and z components of the dipole contribute
to the far field. The parallel (x) and perpendicular (z) polarized intensities are:

Iy o (a3y) (56)
I, «{azy) (57)

Averaging over all molecular orientations (for an isotropic medium):

452 + 4y?
() = — (58)
3y _y?
2N _ 22 _ 7
(azx) = 75 = 13 (59)
Therefore: 5
I 3
=2L=_r _ (60)

P=T, " wa2 + 4y
For a totally symmetric vibration, & # 0 in general, so p < 3/4. For a non-totally-symmetric
vibration, @ = 0 (the symmetric part of the polarizability change vanishes), giving p = 3/4.

E Worked Examples

Example E.1 (Raman Spectrum of Carbon Tetrachloride). Carbon tetrachloride (CCl,) is a tetrahe-
dral molecule with 5 atoms, giving 3(5) — 6 = 9 normal modes. By symmetry, these reduce to 4
distinct frequencies:

« v; =459 cm~! (A;, symmetric stretch) — strongly Raman-active, polarized
« v, =217 cm~! (E, deformation) — Raman-active, depolarized

e V3 =776 cm™! (F,, asymmetric stretch) — Raman-active and IR-active, depolarized
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« v, = 314 cm™! (F,, deformation) — Raman-active and IR-active, depolarized

The symmetric stretch v; produces the strongest Raman line with p = 0.005 (nearly perfectly po-
larized), confirming its A; symmetry. The F, modes have p = 3/4 as expected for non-totally-
symmetric vibrations.

Example E.2 (Temperature Measurement from Raman Spectrum). A Raman spectrum of silicon
shows the first-order optical phonon peak at #; = 520 cm~!. The measured anti-Stokes to Stokes
intensity ratio is I,g/Ig = 0.12. Using Equation (30) and neglecting the v* correction:

]’lCﬁk
0.12 = exp(— kBT> (61)
hCﬁk
In(0.12) = — KT (62)
T hev _ (6.626 X 1073)(3 x 10'°)(520) 63)
© kgIn(0.12) (1.381 x 10-23)(In 0.12)
—-20 —20
1.034 x 10 _1034x10720 o (64)

T (1381 x 10-23)(—2.120) _ 2.928 x 10-23
This corresponds to approximately 80°C, indicating the silicon sample is above room temperature.

Example E.3 (Distinguishing Diamond from Graphite). Diamond and graphite are both forms of
pure carbon, but they have dramatically different Raman spectra:

« Diamond: A single sharp peak at 1332 cm™! (the zone-centre optical phonon of the diamond
cubic lattice). This peak is the most definitive spectroscopic identifier of diamond.

« Graphite: Two main peaks — the G-band at 1580 cm™! (in-plane E,q phonon) and the D-band
at ~1350 cm~! (disorder-activated breathing mode, requires defects to be observed).

Raman spectroscopy can thus instantly distinguish diamond from graphite and quantify the sp3/sp?
ratio in amorphous carbon films. This is widely used in the diamond coatings industry for quality
control.
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