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-What are X-rays? :

X-radiation | vigibie light Microwaves
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P 200 Electromagnetic radiation spectrian. X-radiation represents that por-
tion with wavelengths around 0. nm.
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- What are X-rays?

The Electromagnetic Spectrum
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Extracted from www.nasa.gov

X-rays were discovered in 1895 by Wilhelm Rontgen.
E=hv  h=Planck’s number= 4.136x10-13 ¢V s




X-rays production process
example

Pholoelectimn

Incoming

Electron

1) An electron in the K shell is ejected from the
atom by an external electron
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X-rays production process
example

2)An electron from the L or M shell "jumps in®
to fill the vacancy. In the process,

it emits a characteristic x-ray

unique to this element and in turn,

produces a vacancy in the L or M shell.




How Atoms Emit Light
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1. A collision with a moving particle
excites the atom.

2. This causes an electron to jump to a
higher energy level.

3. The electron falls back to it's
original energy level, releasing the
extra energy in the form of a light
photon.

Light
Photon
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Production of X-rays
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X-rays are produced whenever high-speed electrons collide with a metal —

target. A source of electrons —hot W filament, a high accelerating voltage
between the cathode (W) and the anode and a metal target, Cu, Al, Mo,
Mg. The anode is a water-cooled block of Cu containing desired target

Efficiency 1s almost 1% and most of the energy of electrons 1s converted into heat
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Typical XRD Machine







Essential Parts of the
Diffractometer

- 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
J:ngves the sample, opfics, detector, and/or
ube

- 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
scatftered by the sample




Instrumentation

o Production of X-Rays
o Collimator
o Monochromator
= Filter
= Crystal monochromartor
o Detector
= Photographic methods
= Counter methods




Crystalline materials are characterized by the
orderly periodic arrangements of atoms.

The (200) planes
of atoms in NaCl

« 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 (220) planes
of atoms in NaCl




Bragg’'s law is a simplistic model to understand
what conditions are required for diffraction.

~ N

1=2d, sinf Sl

For parallel planes of atoms, with a space d;,, between the planes, constructive
interference only occurs when Bragg's law is satisfied.

— In our diffractometers, the X-ray wavelength A is fixed.

— Consequently, a family of planes produces a diffraction peak only at a specific angle 6.

— Additionally, the plane normal must be parallel to the diffraction vector
Plane normal: the direction perpendicular to a plane of atoms
Diffraction vector: the vector that bisects the angle between the incident and diffracted beam

The space between diffracting planes of atoms determines peak positions.
The peak intensity is determined by what atoms are in the diffracting plane.
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Basic Features of Typical XRD

Experiment
1) Production
AT substrate thin film
—  X-rays B 2) Diffraction
‘ ' . diffracted
X-ray tube 29‘/ X-rays 3) Detection
Q i 4) Interpretation

diffracting
- crystallite

incident
X-rays

diffracted
X-rays




A single crystal specime
diffractometer would produce only one family of peaks in
the diffraction pattern.
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At 20.6 °26, Bragg's law
fulfilled for the (100) planes,

producing a diffraction peak.

The (110) planes would diffract at 29.3
°26; however, they are not properly
aligned to produce a diffraction peak
(the perpendicular to those planes does
not bisect the incident and diffracted
beams). Only background is observed.

The (200) planes are parallel to the (100)
planes. Therefore, they also diffract for this
crystal. Since dygg is V2 dqqg, they appear at
42 °26.







You can use XRD to determine

Phase Composition of a Sample

— Quantitative Phase Analysis: determine the relative amounts of phases
in a mixture by referencing the relative peak intensities

Unit cell lattice parameters and Bravais lattice symmetry
— Index peak positions

— Lattice parameters can vary as a function of, and therefore give you
information about, alloying, doping, solid solutions, strains, etc.

Residual Strain (macrostrain)
Crystal Structure
— By Rietveld refinement of the entire diffraction pattern
Epitaxy/Texture/Orientation
Crystallite Size and Microstrain

— Indicated by peak broadening

— Other defects (stacking faults, etc.) can be measured by analysis of
peak shapes and peak width

We have in-situ capabilities, too (evaluate all properties above as a
function of time, temperature, and gas environment)




Phase Identification

« The diffraction pattern for every phase is as unique as your
fingerprint

— Phases with the same chemical composition can have drastically
different diffraction patterns.

— Use the position and relative intensity of a series of peaks to match
experimental data to the reference patterns in the database

Anatase - TiO,

Brookite - TiO4
Rutile - TiO,
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Databases such as the PowderDiffraction+ite (r o)
contain dI lists for thousands of crystalline phases.

 The PDF contains over 200,000 diffraction patterns.

* Modern computer programs can help you determine what phases are
present in your sample by quickly comparing your diffraction data to
all of the patterns in the database.

« The PDF card for an entry contains a lot of useful information,
including literature references.

Rutile, syn L B 2Theta| dd) | 1) (hk1)| Thetal| 1/2d)| 2piéd] n°2|
TiOz (White) 1 27.447 32470 1000 (110) 13723 01540 1.9351
Radiation=Culka.1 Lambda=1.54056 Filter= 2 36086 24870 500 (101) 18.043 02010 25264
o — ] — 3 39187 22970 80 (200) 19594 02177 27354
g:\l:hratlnn Internal(Vy) 2T=27 .447-155.866 Ifle(RIR)=3.40 3 4126 21880 250 (111) 20813 02285 28717
¢ 5 44051 20540 100 (210) 22026 02434 3.0580
Natl. Bur. Stand. (U.S.) Monogr. 25, v7 p83/(1969) 6 54323 16874 600 (211) 27.161 02963 37236
Tetraggna| - Powder Diffraction, Pd2/mnm (1 38) =2 mp= 7 56642 16237 200 (2200 28321 03073 3.8697
CELL: 4.5933 x 4.5933 x 2.9592 <90.0 x 90.0 x 90.0> P.S=tP6.00 8 62742 14797 100 (002) 31.371 03379 4.2463
R = ; _ i - 9 64040 1.4528 100 (310) 32020 03442 43249
Density(c)=4.25 Density(m)=4.23 Mwt=79.9 Vol=62.43 10 65473 14243 20 (221) 32740 03510 44114
Ref: 11 B9.010 13598 200 (301) 34505 03677 46207
F{30)=107.8(0.008,32/0) 12 69790 1.3465 120 (112) 34895 03713 46663
— K 13 72409 1.3041 20 (311) 36205 03834 4.8180
Strong Lines: 3.25/X 1.69/6 2.49@ 2.19/3 1.524.‘2 1'.36Q 0.82/1 1.35/1 (1%-Typ 14 76411 1273 10 (320) 37205 03925 49322
General Comments: Pattern reviewed by Syvinski, W., McCarthy, G., » 15 76509 1.2441 40 (202) 38255 04019 50504
North Dakota State Univ, Fargo, North Dakota, USA, ICDD Grant-in-Aid 16 79821 12006 20 (212) 39911 04165 52334
(1990). Agrees well with experimental and calculated patterns. Additional 17 82334 11702 60 (321) 41167 04273 53693
weak reflections (indicated by brackets) were observed. Naturally 18 84260 1.1483 40 (400) 42130 04354 54717
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Quantitative Phase Analysis

« With high quality data, you can determine
how much of each phase is present 60

— must meet the constant volume assumption -950

(see later slides) b
« The ratio of peak intensities varies linearly %';40
as a function of weight fractions for any two =
phases in a mixture ot

— need to know the constant of proportionality 320 P
 RIR method is fast and gives semi- <=
quantitative results =10
« Whole pattern fitting/Rietveld refinement is 0
a more accurate but more complicated 0 02 04 06 08 1|
. analysis

Kphase 2)/X(phase b}




ESTIMATION OF UNIT CELL PARAMETERS AND
CRYSSTALLITE SIZE OF SAMPLE

O Unit Cell or Lattice Parameters: using Bragg’s Law
2d Sin® = nA

1/d? = (h?+k?)/a? + 12/c? (Cubic crystal structures)
= 4/3[(h2+hk+k?)/a?] + ?/c? (Hexagonal crystal)
= (h?+k?)/a? + 12/c>  (Tetragonal crystal structures)




Crystallite Size and Microstrain

» Crystallites smaller than ~120nm create broadening of diffraction peaks

— this peak broadening can be used to quantify the average crystallite size of
nanoparticles using the Scherrer equation

— must know the contribution of peak width from the instrument by using a
calibration curve

* microstrain may also create peak broadening

— analyzing the peak widths over a long range of 2theta using a Williamson-Hull
plot can let you separate microstrain and crystallite size

00-043-1002> Cerianite- - @leO |

Intensity (a.u.)
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Part-A: Oxide Semiconductors doped with magnetic ions (3dor 4 f elements)

= |

1. Study of Co-~doped ZnO (0 < x < 0.08) bulk powders prepared by mechano-~synthesis
(Ball milling) route :

Ball milling process | Milling time (=120 71, Co O 2 )
. . 4 1-x X e =y =
¥'Starting materials: = g
Zn0, Sn0, (99.99%) 2] = =
And CoO (99.99%) s |8g2 =
EREH] g g 8%
v’ $ample: ball (gm)- 1:10 > | T T 88x-008
4 0 7 : = ] : : :
_o-w.tem.perature (<70°C) Z B L x_0.06 30 Y 3 B
v'Milling time: = N x=004 26(degree)
1,4, 8 and 12 hrs ] ho e Amr 22002 .
: \ \ x=0.00 * Peak shifting due to
30 40 20 so 70 so Coion substitution
_ 26 (degree)
Hexagonal ZnO wurtzite structure. _
1 00 1 = g 55.4 Zn 1-xCOxO
o secondary or impurity phases are detected from XRD. £ 2 552
= 2 550
ﬁ 751 S 548
article size are estimated using Debye-Scherer formula ;’3 % saol
% 50 i Co cont. in ZnO (at.%)
t=09AN/Bcosb....... (D k7] —A—x=0.02
> | —m—x=004
@) —0—x=0.06 :-“:“““-ﬁl N
Decrease 1n lattice parameter indicates the insertion of 25 08 TTTT——e—

aller Co?* ion (0.6 A) replacing Zn?* ions (0.74 A). 0o 4 8 12
Milling time (hours)




Mixture of Two sample phases: ZnO & CoO
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Fig.: Evolution of XRD peaks on different milling time.
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