
Chapter 3: part I: X-Ray Diffraction

Division of Advanced Materials Engineering
Major of Electronic Materials Engineering

• How to identify unknown crystalline materials?

• How to determine crystal structure?

• X-ray Diffraction

• Transmission electron diffraction by TEM

Diffraction is the result of radiation being scattered by a regular 

array of scattering centers whose spacing is about the same as 

the wavelength of the radiation.

Reflection vs diffraction Reflection: scattering at the surface

Diffraction: in-phase scattering



Optical Diffraction
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Diffraction - An Optical Grating
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Path difference XY between

diffracted beams 1 and 2:

sin ϕ = XY/a

è XY = a sin ϕ

For 1 and 2 to be in phase and give constructive 

interference, XY = λ, 2 λ, 3 λ, 4 λ …..n λ

So a sin ϕ = nλ where n is the order of diffraction



Diffraction - An Optical Grating
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Consequences: maximum value of λ for diffraction

sin ϕ = 1 è a = λ 

Realistically, sin ϕ <1 è a > λ

So separation must be same order as, but greater than, 

wavelength of light.

Thus for diffraction from crystals:
Interatomic distances 0.1 - 2 Å

so λ = 0.1 - 2 Å

X-rays, electrons, neutrons suitable



Electromagnetic Radiation Spectrum: X-Ray
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X-RAY

• Electromagnetic radiation with short wavelengths

• Advantages in X-rays for crystal structure analysis: wavelength 0.1~10 Å which is 

comparable to crystal lattice

• Short wavelength & high energy: x-rays have the ability to penetrate most materials 

with relative ease



X-Ray Generation
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• A current in the filament causes electrons to be emitted

• These freed electrons are accelerated toward a dense 

metal target

• The target is held at a higher potential than the filament

• X-rays are produced when high-speed electrons are 

suddenly slowed down
• Can be caused by the electron striking a metal target

YouTube: How does an X-ray Tube Work (Radiation Protection)

http://www.youtube.com/watch?v=Bc0eOjWkxpU&feature=related

• Continuous x-ray

• Characteristic x-ray

http://www.youtube.com/watch?v=Bc0eOjWkxpU&feature=related


X-Ray Generation
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• An electron passes near a target nucleus

• The electron is deflected from its path by its attraction 

to the nucleus

• This produces an acceleration

• It will emit electromagnetic radiation when it is 

accelerated

The maximum x-ray energy, and minimum wavelength results when the 

electron loses all its energy in a single collision, such that



X-Ray Spectrum
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• Characteristic x-ray

• Continuous x-ray
• The maximum x-ray energy, and minimum 

wavelength results when the electron loses 

all its energy in a single collision, such that



X-Ray Absorption and Filter
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The spectra of copper radiation before 

and after passage through a nickel filter

• X-ray absorption
• The intensity of transmitted beam,

μ :  linear absorption coefficient

μ/ρ : mass absorption coefficient

• a constant of the material and independent of 

its physical state

• depending on the wavelength of incident x-ray



Mass Absorption Coefficient
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X-Ray Spectrum of Mo
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X-Ray Diffraction
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Destructive interference

Constructive interference

• Same wavelength (λ)
• In phase

• Same wavelength (λ)
• Out of phase



Diffraction from Crystals
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nλ= 2d sin θ      Bragg’s Law

Beam 2 lags beam 1 by 𝑋𝑌 + 𝑌𝑍



X-Ray Diffraction “Double-Angle Diffractometer”

14

Bragg-Brentano geometry
• In one type of diffraction experiment a beam of X-rays is DIRECTED 

at a sample, which is then ROTATED in a suitable apparatus

• The intensity of the reflected beam is then monitored

YouTube: Grazing Incidence X-Ray Diffraction of InAs NW
http://www.youtube.com/watch?v=qws6Qbuza5E

http://www.youtube.com/watch?v=qws6Qbuza5E


Essential Parts of the Diffractometer
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• X-ray Tube: the source of X Rays

• Incident-beam optics: condition the X-ray beam before it hits the 

sample

• The goniometer: the platform that holds and moves the sample, optics, 

detector, and/or tube

• The sample & sample holder

• Receiving-side optics: condition the X-ray beam after it has 

encountered the sample

• Detector: count the number of X Rays scattered by the sample



Example 1
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e.g. X-rays with wavelength 1.54 Å are reflected from planes with 

d=1.2 Å. Calculate the Bragg angle, θ, for constructive interference.

n=1 : θ = 39.9°
n=2 : X    (nλ/2d)>1

We normally set n=1 and adjust Miller indices, to give

2dhkl sin θ = λ



Example 2
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Example of equivalence of the two forms of Bragg’s law:

Calculate θ for λ=1.54 Å, cubic crystal, a=5Å

2d sin θ = n λ

(1 0 0) reflection, d=5 Å
n=1, θ =8.86o
n=2, θ =17.93o
n=3, θ =27.52o
n=4, θ =38.02o
n=5, θ =50.35o
n=6, θ =67.52o
no reflection for n ≥ 7

(2 0 0) reflection, d=2.5 Å
n=1, θ =17.93o
n=2, θ =38.02o
n=3, θ =67.52o
no reflection for n ≥ 4
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Use Bragg’s law and the d-spacing equation to solve a wide variety of problems



Combining Bragg and d-spacing Equation
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X-rays with wavelength 1.54 Å are “reflected” from the (1 1 0) planes of a 

cubic crystal with unit cell a = 6 Å.

Calculate the Bragg angle, θ, for all orders of reflection, n.
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Interplanar Spacings in Crystal Systems
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Crystalline materials: periodic arrangements of atoms
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• The unit cell is the basic repeating unit that defines a crystal.

• Parallel planes of atoms intersecting the unit cell are used to define directions 

and distances in the crystal.

• These crystallographic planes are identified by Miller indices.



The atoms in a crystal are a periodic array of coherent scatterers and thus can diffract light.
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• Diffraction occurs when each object in a periodic array scatters radiation coherently, 

producing concerted constructive interference at specific angles.

• The electrons in an atom coherently scatter light.

• The electrons interact with the oscillating electric field of the light wave.

• Atoms in a crystal form a periodic array of coherent scatterers.

• The wavelength of X rays are similar to the distance between atoms.

• Diffraction from different planes of atoms produces a diffraction pattern, which 

contains information about the atomic arrangement within the crystal

• X Rays are also reflected, scattered incoherently, absorbed, refracted, and transmitted 

when they interact with matter.



X-Ray Scattering by an Electron

24

• Thomson scattering

• Elastic (coherent scattering)

• λprimary = λsecondary
è x-ray diffraction

• Compton scattering

• Inelastic (incoherent scattering)

• The shift in wavelength

• λprimary < λsecondary



X-Ray Scattering by an Atom

25

• The coherent scattering (Thomson scattering) by atom is due to the 

electrons contained in that atom, not due to the nucleus

• Atomic scattering factor (f)

Path difference = CB – AD < λ

As θ → 0,
f → Z



X-Ray Scattering by the Atoms in a Plane
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Path difference = 𝐴𝐷 − 𝐵𝐶

If α=β, 𝐴𝐷 − 𝐵𝐶=0
(constructive interference)



X-Ray Scattering by a Unit Cell: BCC
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X-Ray Scattering by a Unit Cell : CsCl & BCC
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X-Ray Scattering by a Unit Cell : FCC
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X-Ray Scattering by a Unit Cell
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Bravais lattice Reflections possibly 
present

Reflections necessarily 
absent

Simple All None

Based centered h and k unmixed h and k mixed

Body centered (h + k + l) even (h + k + l) odd

Face centered h, k, and l unmixed h, k, and l mixed



Q2: 다음의 Structure factor (F) 개념을통해테이블에기재된 BCC/FCC의회절조건을증명하시오.
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XRD in Bragg-Brentano Geometry: Single Crystal
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A single crystal specimen in a Bragg-Brentano diffractometer would produce only 
one family of peaks in the diffraction pattern.



XRD in Bragg-Brentano Geometry: Poly Crystal
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A polycrystalline sample should contain thousands of crystallites. Therefore, all
possible diffraction peaks should be observed.



Transmission Laue Method
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• A continuous beam of X-rays is incident on the crystal

• The diffracted radiation is very intense in certain 

directions

• These directions correspond to constructive 

interference from waves reflected from the layers 

of the crystal

• The diffraction pattern is detected by photographic 

film



Transmission Laue Method: X-ray Diffraction Pattern
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• The array of spots is called a Laue pattern

• The crystal structure is determined by 

analyzing the positions and intensities of the 

various spots

• This is for NaCl



Back-reflection Laue Method
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Effects Produced by the Passage of X-Rays through Matter
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Chap 3 part II: X-Ray Fluorescence (XRF)
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• A source X-ray strikes an inner shell electron. If 

at high enough energy (above absorption 

edge of element), it is ejected it from the atom.

• Higher energy electrons cascade to fill 

vacancy, giving off characteristic fluorescent 

X-rays.

• For elemental analysis of Be - U.



XRF-Technique
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• X-ray Fluorescence (XRF) is an efficient, non-destructive 

and powerful elemental analysis technique.

• XRF is a fingerprinting method of a sample's elemental 

components

Basic Idea
• A sample is irradiated using an excitation source,

• The X-ray spectrum of the sample, called the fluorescence 

spectrum is collected,

• The XRF spectrum is constructed using one or both of two 

methods:

 1) The Energy Dispersive XRF (EDXRF),

 2) The Wave Dispersive XRF (WDXRF)

• The concentration of an element in the sample is related to 

the corresponding intensity.



Electromagnetic Radiation
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Sources
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• End Window X-Ray Tubes

• Side Window X-Ray Tubes

• Radioisotopes

• Other Sources
 1)Scanning Electron Microscopes

 2)Synchrotrons

 3)Positron and other particle beams



End Window X-Ray Tube
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• X-ray Tubes
1) Voltage determines which elements 

can be excited.

2) More power = lower detection limits

3) Anode selection determines optimal 

source excitation (application specific).



Side Window X-Ray Tube
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Analysis of XRF Spectra
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EDS : Energy Dispersive X-Ray Spectroscopy
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• Cooled in LN2 temps, Si crystal 

converts X-ray photon into charge 

by ionization.

• Charge is integrated through the 

FET and is proportional to X-ray 

energy.



WDXRF: Crystals
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The two most common diffraction devices used in WDX instruments are 

the crystal and multilayer. Both works according to the following formula.



WDXRF: Multilayers
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While the crystal spacing is based on the natural atomic spacing at a 

given orientation the multilayer uses a series of thin film layers of dissimilar 

elements to do the same thing.

• Modern multilayers are more efficient than 

crystals and can be optimized for specific 

elements.

• Often used for low Z elements.



Operation Principle of WDX
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K & L Spectral Peaks
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• K - alpha lines: L shell e-transition to fill vacancy in 

K shell. Most frequent transition, hence most intense 

peak.

• K - beta lines: M shell e-transitions to fill vacancy in 

K shell.

• L - alpha lines: M shell e-transition to fill vacancy in 

L shell.

• L - beta lines: N shell e-transition to fill vacancy in L 

shell.



Recording of Fluorescent Spectrum
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Atomic Structure and Characteristic X-Rays
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Selection Rule
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Sc:1s22s22p63s23p63d24s2



Naming Characteristic X-Rays (Siegbahn Notation)
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In-Depth Study (Spin Orbit Splitting)
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• For p, d and f peaks, two peaks are observed: a 

doublet with the two possible states having 

different binding energies.

• The values of spin orbital splitting of a core level of 

an element in different compounds are nearly the 

same.

• The peaks will also have specific area ratios based 

on the degeneracy of each spin state.

• Spin orbital splitting and peak area ratios assist in 

element identifications.

Spin-orbit splitting in the 
Sc 2p spectrum of Sc2O3.

Au 4f spectrum



In-Depth Study (Spin Orbit Splitting)
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