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M OTI VAT IO N

Why Group Theory for Phonons?

01 Symmetry constrains which vibrational modes are physically allowed.

02 Predicts IR and Raman activity without solving equations of motion.

03 Reduces the 3N×3N dynamical matrix into block-diagonal form.

04 Labels modes at every k-point in the Brillouin zone via irreducible representations.

05 Essential for interpreting experimental spectra and comparing to DFT calculations.

C ORE  I N SIGH T

 Group theory is a bookkeeping tool — it 
doesn't solve the physics, it tells us what 

the physics must look like given the 
symmetry.

 Conclusions are exact, not approximate — a rare 

guarantee in conden sed matter physics.

Point Group Oh Factor Group

Zone-Center Γ



Why Group Theory Matters in Materials Science

Crystal Symmetry

32 Point Groups

230 Space Groups

Universal classification of crystal structures

Group theory provides the language used to describe crystal symmetry.

Vibrational  Spectroscopy

Raman Spectroscopy

IR Spectroscopy

Predicting observable vibrational modes

  

Symmetry determines which phonons can be observed experimentally.

Electronic Structure

Band Structure

Degeneracies

Semiconductors

Quantum Materials

  

Conduc on  and

 alence  and

Symmetry governs electronic properties and modern functional materials.

G RO U P  T H E O RY  A S  A  UN I V E R S A L  F RA M E W O RK

Crystal Structure Symmetry Operations Representations Physical Properties

K EY  TAK E AWAY

Group theory provides a universal framework for understanding 

crystal symmetry, vibrational spectroscopy, and electronic 

structure. The same mathematical tools can be applied across a 

wide range of materials and physical phenomena.



GROUP THEORY AS A UNIVERSAL FRAMEWORK

AN A L YSI S  P IP EL IN E

Crystal Structure Symmetry Operations Point Group Character Table Irreducible Reps

Vibrational Modes

Si : T₂g @ 520 cm⁻¹

MA TERIA L CRY ST AL S TRUC TUR E POIN T GR OUP EXAMPLE USE

Silicon ★ CASE STUDY Diamond cubic Raman-active optical phonon — primary case study throughout

Graphene Hexagonal honeycomb In-plane & out-of-plane phonon modes classified by symmetry

Quartz Trigonal Symmetry-classified lattice vibrations across all branches

NaCl Rock salt Optical phonon modes — IR active, symmetry-forbidden in Raman

The method is universal — the material is the variable.



Why the Point Group Oh Is Sufficient at the Γ Point

LATTICE TRANSLATIONS

R = n₁a₁ + n₂a₂ + n₃a₃

 

Translating by a lattice vector leaves the crystal unchanged.

Full space group for Silicone Crystal is

Fd3m̄

Γ-POINT V IBRATIONS

k = 0

cell cell

 ll cells vi rate in phase

At the Γ point, every unit cell vibrates identically.

Lattice Vibrations can be written as
u(r,t) = u₀ exp[i(k·r − ωt)]

POINT-GROUP SYMMETRY

F = G / T ≅ Oh

 t Γ, translations do not change the vi rational pattern.

Rotations

Reflections

Inversion

These 48 operations are sufficient to classify the vibrational modes.

Infinite Crystal Γ-Point Vibration

(k = 0)

Translations
Become Irrelevant Point Group Oh

Classify  i rational
Modes

K  Y I D A

 t the Γ point, every unit cell vi rates in phase. Translating the 

crystal does not change the motion, so only the point-group 

symmetry Oh is needed.



Representations and Characters: The Language of Group Theory

Symmetry Operation

Rz(90°) = ⎡
0 −1 0

1 0 0

0 0 1

⎤

x

y

O

 

  

A symmetry operation can be represented by a matrix.

Action on Atomic Motion

u = (ux, uy, uz)T

u′ = R u

 i

   
 

Symmetry operations act on atomic displacements.

Character

χ(R) = Tr(R)

Rz(90°) = ⎡
0 −1 0

1 0 0

0 0 1

⎤

diagonal elements highlighted

The character is the trace of  the representation matrix.

Characters are the entries used in character tables.

From symmetry to classification:

Symmetry
Operation

Representation
Matrix

Character
χ(R)

CharacterTable Irreducible
Representations

Vibrational
Modes

K EY T AK EAWAY

Group theory converts symmetry operations into matrices. The traces 

of these matrices — called characters — allow us to classify vi rational 

modes using character ta les.



From Characters to Irreducible Representations

Representation

A representation describes how symmetry operations act on 

atomic motion.
represented by

Symmetry
Opera on

Matrix

Each operation maps to a transformation matrix.

Character Table

Irrep  C₃ C₄

 ₁g 1 1 1

Eg 2 −1 0

T₂g 3 0 −1

Character tables organize the traces (characters) of symmetry operations.

Character
Ta le

Classifi-
cation

Irreducible
Repre-

sentations

Irreducible Representations

A₁g

Eg

T₂g

T₁u

Irreduci le representations are the fundamental symmetry 

patterns.

Irreducible representations classify the symmetry of vibrational modes.

Different  irreps correspond to different symmetry patterns of atomic 

mo tion.

From symmetry to classification:

Representation Characters Character Table
Irreducible

Representations
Physical  i rational

Modes

K Y TAK AWAY

Character  tables allow a compl icated representation to be d ecomposed into 

simpler irreducible representations. These irredu cible representat ions d escribe 

the fundamental symmetry pat terns o f atomic motion.

the full 𝑂ℎcharacter table because it has 10 conjugacy classes and 

many irreps. This reduced table keeps the entries needed for this 

presentation.Next: counting and classifying silicon's vibrational degrees of freedom.

3 0 1T1u

The full 𝑂ℎcharacter ta le has 10 conjugacy classes and many irreps. 

This reduced ta le keeps the entries needed for this presentation.



Counting Vibrational Degrees of Freedom in Silicon

Primitive Cell

 i

 i

 asis: 2 atoms

N = 2 silicon atoms

The primitive cell of si licon contains two atoms.

Degrees of Freedom

Each atom can move in:

x y z

 

y

z

 i

3N

3N = 3(2) = 6

Each atom contributes three independent displacement coordinates.

Mode Classif ication

6 Vibrational Modes

3 Acoustic M odes

 toms move together.

3 Optical Modes

Atoms move opposite.

Acoustic: co llective lattice motion . Optica l:  relative motion between atoms.

Building up to the group-theory classification:

Start

 Primitive Cell

Count

 N = 2 Atoms

Multiply

 3N = 6 DOF

Split

 3 Acoustic +

3 Optical

Next step

 Classify w/ Group Theory

KE Y TA KE A WAY

Before ap plying character tables and irreducible representat ions, we first  

count the available v ibrat ional degrees of freedom. Silicon's two -atom 

primitive cell lead s to six vibrational modes : three acoustic and three optical .

Next: which irreducible representations describe each mode?



Classifying Silicon's Vibrational Modes with Group Theory

6 Vibrational

Modes

Group-Theory Classification Group-Theory
Classification

— Irreducible

Representations

ACOUSTIC MODES

3 Acoustic Modes

T₁u
Transforms as:  x, y , z

Vector-like symmetry associated with translational  motion.

 i  i

in phase collec ve mo on

Acoustic modes correspond to collective mot ion of the lattice.

OPTICAL MODES

3 Optical Modes

T₂g
Transforms as:  xy, xz, yz

Quadratic symmetry associated with Raman-active vibrations.

 i  i

out of phase rela ve mo on

Optical modes correspond to relative motion between atoms.

P HY SI CA L  ME AN I N G OF TH E IRRE PS

T₁u Transforms as: x, y, z Translation-like symmetry T₂g Transforms as: xy, xz, yz Raman-active optical symmetry

Different irreducible representations correspond to different symmetry behaviors under the operations of O ₕ.
KE Y T A KE A WA Y

Group theory classifies vibrational modes using irreducible 
representations. The T₁u  modes transform like the coordinates x, y, 

and z and naturally describes motion along the three 
Cartesian directions. While the T₂ᵍ mode transforms like xy, xz, 
and yz. These symmetry properties determine how the vibrations 
interact with experimental probes such as Raman spectroscopy.

Next: connecting these symmetry labels to observable Raman and IR 
activity .



Raman Activity in Silicon: Where Group Theory Meets Experiment

Raman Scattering

Incident  aser

  

 ilicon Crystal

 honon  

      

 ca ered  ight

 ₀    ₀ −  

Energy transferred to a lattice vibration (phonon).

Symmetry Prediction

Crystal Symmetry

Group Theory

T₂g Mode Transforms as: 

xy, xz, yz

Raman Selection Rule

Observed Peak

T₂g symmetry matches the Raman selection rules, allowing this vibration to interact 

with light.

Only vibrational modes with the proper symmetry appear in Raman 
scattering.

Experimental Signature

Why this matters:

Group Theory

Predicts Symmetry

Raman Spectroscopy

Measures Vibrations

Materials Science

Crystal Quality, Strain & Defects

Symmetry predictions become experimentally measurable quantities.

K  Y  TA K  A WAY

Group theory predicts which vi rational modes are Raman active. In silicon, the Raman-

active T₂g optical phonon transforms as xy, xz, and yz and produces the characteristic 

Raman peak near 520 cm⁻¹. This provides a direct connection  etween crystal symmetry 

and experiment.



Selection Rules: Raman vs. Infrared Activity O
h

symmetry

Centrosymmetric

Infrared Activity
Electric dipole transition

T₁u
Transforms as:  x, y, z

Atomic Displacement

Oscillating Dipole Moment

Infrared Absorption

Infrared light couples to oscillating electric dipoles.

T₁u → IR active

IR-active modes transform like the coordinates x, y, and z.

V S

Raman Activity
Inelastic photon scattering

T₂g
Transforms as:  xy, xz, yz

Atomic Vibration

Changes Polarizability

Raman Scattering

Raman light couples to changes in the polarizability tensor.

T₂g → Raman active

520 cm⁻¹ silicon peak

Raman-active modes transform like quadratic functions.
M UT UA L E XCL U SION  RU LE

Centrosymmetric Crystal (Silicon)

u modes
ungerade (odd)

→ Infrared Active

g modes
gerade (even)

→ Raman Active

In centrosymmetric crystals, a vibrational mode cannot be both Raman active and infrared active.

K Y TAK  AWAY

Symmetry determines how vi rational modes interact with light. T₁u modes 

transform like x, y, and z and are infrared active, while the T₂g mode 

transforms like xy, xz, and yz and is Raman active. This explains why the silicon 

optical phonon is o served in Raman spectroscopy.



The 520 cm⁻¹ Raman Fingerprint of Silicon

T₂g Raman-Active Optical Phonon ↓ Observed at 520 cm⁻¹

PEAK  P OSITION

520 cm⁻¹
Characteristic Raman peak of crystalline silicon.

 IN WIDTH

~3 cm⁻¹ FWHM
Narrow peak indicates high crystal quality.

TEMP ERATU RE DEPEN DENC E

Heating softens the phonon, shifting the peak to 

lower frequency.

STRAIN / PRESSU RE DEPEN DENC E

Tensile strain shifts the peak lower.

Compressive strain shifts the peak higher.

CRY T A  QUA ITY A     M NT

Perfect Crystal

Sharp Raman peak

Narrow linewidth (~3 cm⁻¹)

520 cm⁻¹

Defective Crystal

Broad Raman peak

Larger linewidth (>20 cm⁻¹)

520 cm⁻¹

Defects, disorder, and amorphization broaden the Raman peak.

I OTOP   FF CT

²⁸Si
520.0 cm⁻¹

92.23% natural

²⁹Si
~511 cm⁻¹

4.67% natural

³⁰Si
~502 cm⁻¹

3.10% natural

ω ∝ 1/√m

Simple Harmonic Oscillator
Heavier isotopes vibrate more slowly, producing lower phonon frequencies.

KEY TAKEAWAY Notice that everything on this slide is descri ing the same T₂g mode we identified using group theory. The symmetry classification tells us which vi ration exists, and Raman spectroscopy tells us how that 

vi ration changes with defects, strain, and temperature.

Symmetry  Vibrational Mode  Raman Signature  Materials Characterization



EXPERIMENTAL VERIFICATION OF SILICON PHONON SYMMETRY

Crystal Symmetry  Group Theory  T₂g Raman-Active Mode  Experimental Measurement  Agreement

Prediction from Group Theory

Point Group : Oh

 coustic Modes   T₁u

Raman- ct ive Optical Mode   T₂g

Raman Peak   520 cm⁻¹

Crystal Structure

↓

Point Group Oh

↓

Irreducible Representations

↓

T₁u and T₂g

Symmetry analysis predicts the vibrational classification of silicon.

Experimental Measurements

Raman  pectroscopy

Measures Raman-active phonons

O serves the 520 cm⁻¹ peak

Raman Shi  (cm ¹)  00200

520 cm ¹

Inelastic Neutron Scattering

Measures phonon frequencies throughout the Brillouin zone

Maps acoustic and optical branches

  

Op cal

Experimental techniques directly probe lattice vibrations.

Agreement: Theory vs. Experiment

TH ORY

T₂g Raman-active optical phonon

520 cm⁻¹

EXPE RIM ENT

Observed Raman peak

520 cm⁻¹

Confirmed

Symmetry predictio ns confirmed experimentally.

Agreement between theory and experiment is a landmark success of group theory in 

condensed matter physics.

Group Theory
Predicts Symmetry

Experiment
Measures Vibrations

Agreement
Validates the Physical Model

KE Y T AKE AWA Y

Group theory predicts the symmetry, degeneracies, and selection rules of 

silicon's vi rational modes. Raman spectroscopy and neutron scatter ing confirm 

these predict ions experimentally .



Key Takeaways

Group Theory as a
Universal Framework

Crystal Structure

Point Group

Character Table

Irreducible Representations

Vibrational Modes

Group theory provides a universal framework for understanding 

crystal vi rations.

Silicon Case Study

Point Group Oh

6 Vibrational Modes

3 Acoustic + 3 Optical

T₁𝑢 ⊕ T₂g

Silicon demonstrates how crystal symmetry class ifies vibrational 

motion.

Selection Rules

T₁𝑢

IR Active

Transforms as x, y, z

T₂g

Raman Active

Transforms as xy, xz, yz

Symmetry determines  how vibrational modes interact with light.

Experimental Impact

T₂g  ymmetry

520 cm⁻¹ Raman Peak

Crystal Quality Strain Measurement MaterialsCharacterization

Symmetry analysis leads directly to measurable and 

technologically useful material properties.

Group theory transforms crystal symmetry into experimentally testable predictions.

Symmetry  i rational Modes Raman Signature Materials Characterization

K Y TAK AWAY :  YMM TRY  → GROUP  T H ORY →  PR D ICTION → M A  UR M NT

1 2 3 4
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