
SCHEDULE
Date Topic

1. Tue 14.09. Lec-1: Introduction
2. Fri 17.09. Lec-2: Crystal Chemistry & Tolerance parameter
3. Fri 17.09. EXERCISE 1
4. Tue 21.09. Lec-3: Crystal chemistry & BVS
5. Fri 24.09. Lec-4: Molecular Symmetry & Point Groups
6. Fri 24.09. EXERCISE 2
7. Tue 28.10. Lec-5: Crystallography & Space Groups
8. Fri 01.10. Lec-6: XRD & Reciprocal Lattice
9. Fri 01.10. EXERCISE 3
10. Tue 05.10. Lec-7: ND & GI-XRD
11. Fri 08.10. Lec-8: Rietveld
12. Fri 08.10 EXERCISE 4: Rietveld
13. Tue 12.10. Lec-9: Synchrotron rad. & XAS & RIXS
14. Fri 15.10. Lec-10: EXAFS & Mössbauer
15. Fri 15.10. EXERCISE 5
16. Tue 19.10. Seminars: XPS, ED, HRTEM, SEM, AFM
17. Fri 22.10. Lec-11: XRR
18. Fri 22.10. EXERCISE 6: XRR

EXAM: Friday, Oct. 29th, 2021



LECTURE 6: X-RAY (POWDER) DIFFRACTION

 X-ray sources and XRD equipment

 Bragg Equation (you have learned this earlier!)

 Reciprocal lattice, Brillouin zone, Ewald sphere

 Allowed and forbidden reflections

 XRD pattern: Peak positions, peak intensities, peak shapes

 Indexing (Miller indeces) & Lattice parameter determination

 Structure determination issues: scattering factor, structure
factor, phase problem

 Rietveld refinement!



Powder XRD
PANalytical X’Pert PRO MPD Alpha1
• θ/2θ
• Johansson Ge monochromator
• Programmable slits
• Sample spinner
• PIXcel detector

Thin-film XRD
PANalytical X’Pert PRO MPD
• ω/2θ
• Cu mirror and collimator slit
• IR controlled sample stage

- Height (z, 75 mm)
- Rotation (φ, n*360°)
- Tilt (ψ, 20°)

Our X-ray diffractometers: you have already used them?



Inorganic Chemistry
Department of Chemistry

Edellisen sukupolven XRD-laitteemme,
Philipsin 1980-luvulta aina vuoden 2013
alkuun palvellut vanha pulveri-
diffraktometrimme oli todellinen työhevonen
ja laboratoriomme tärkeimpiä työkaluja sekä
tutkimuksessa että opetuksessa. Loppuaikoina
vaikeutena oli ettei siihen enää saanut
varaosia.
Ennen kuin hävitimme vanhan diffraktometrin
uusien tieltä kutsuimme sen aikoinaan hankki-
neet emeritus-professori Lauri Niinistön ja
laboratorioyli-insinööri Lassi Hiltusen vierailulle
laitokselle. Herrat muistelivat, että vanhan
laitteen korkealämpötila-mittauksissa käytetty
goniometri oli peräisin vieläkin vanhemmasta
XRD-laitteesta, joka oli ollut käytössä jo
Teknillisen korkeakoulun Hietalahden tiloissa.
Goniometri ja sen lisälaitteet päätettiinkin
säilyttää muistona laboratoriomme pitkästä
röntgenkristallografian historiasta.

Our previous X-ray diffractometer: 1980s → 2013



EARLY HISTORY OF X-RAY DIFFRACTION
1895 Röntgen: x-ray radiation
1912 Von Laue: diffraction of x-rays in crystalline solids (Nobel 1914)
1913 W.H. & W.L Bragg: Bragg equation (Nobel 1915)
1913 W.L. Bragg: first crystal structures: NaCl, KBr, ZnS, diamond
1923 First crystal structure determination of an organic compound
1924 Weissenberg: single-crystal camera
1934 Patterson: ”heavy-atom method”
1935 Le Galley: first powder diffractometer
1942 Buerger:  precession camera
1947 First commercial powder diffractometer (Philips)
1948- Development of  ”direct methods”

(H. Hauptman ja J. Karle, Nobel 1985)
1960 First crystal structure determination of protein
1962- Development of automatic four-circle diffractometers
1969 Rietveld: “whole pattern analysis” (for neutron powder diffraction)



DIFFRACTION IN CRYSTALLINE MATERIAL

• Wavelength of radiation of the same order of magnitude as the
distances between atoms in crystals
 part of the radiation is reflected from crystals (elastic scattering)
 diffraction can be utilized for crystal structure studies

• Within the electromagnetic radiation spectrum x-ray radiation is of the
proper wavelength  X-ray diffraction

• Particles have wave nature
 moving particles have wavelength
 particles with proper mass/energy ratio can be utilized for diffraction
 neutron diffraction and electron diffraction



X-RAY DIFFRACTION
• X-ray radiation is scattered from the electron clouds of atoms

• More electrons at the reflection plane (heavy atoms)
 high intensity of reflected radiation

• Less electrons at the reflection plane (light atoms)
 low intensity of reflected radiation

• Production of x-ray radiation:
(i) generator + x-ray tube (e.g. Cu-K 1.54 Å, Mo-K 0.71 Å)
(ii) synchrotron (radiation with continuous wavelength)

• Recording of reflected radiation:
(i) as pulses on counter (x-ray diffractometer)
(ii) as black spots on film (x-ray camera; historical)



X-RAY TUBE: e.g. Cu
 Characteristic X-ray radiation:

Cu-Kα (Kα1 + Kα2) and Cu-K

 To get monochromatic radiation
Cu-Kα and Cu-Kradiation with
need to be separated (with a filter)
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 Copper: Kα1:  = 1.5406 Å, Kα2:  = 1.5444 Å, K:  = 1.3923 Å
 Typically: Cu-Kα and Cu-K are separated, but not Kα1 and Kα2

(filters are expensive)
 If Kα2 is removed, total intensity decreases
 Intensity ratio: Kα1 : Kα2 = 2 : 1
 Kα1 and Kα2 not separated → double reflections in the XRD pattern
 These are especially visible in the high 2 range

(Bragg law → resolution increases with increasing 2)



Powder XRD
PANalytical X’Pert PRO MPD Alpha1
• θ/2θ
• Johansson Ge monochromator (Kα2 filter)
• Programmable slits
• Sample spinner
• PIXcel detector

Thin-film XRD
PANalytical X’Pert PRO MPD
• ω/2θ
• Cu mirror and collimator slit
• IR controlled sample stage

- Height (z, 75 mm)
- Rotation (φ, n*360°)
- Tilt (ψ, 20°)



Divergance Beam area
Wavelength spread

SYNCHROTRON RADIATION
 Very bright/intense x-ray radiation
 Used for x-ray diffraction in case

of demanding samples (e.g. light
elements)

 Continuous spectrum
(c.f. the characteristic peaks from
x-ray tube)

 We will discuss synchrotron
radiation in detail in the context
of EXAFS and XANES



As you are going to see soon, not only the peak positions and intensities
but also the peak shapes carry information; Hence, the correct terminology
is “pattern”, not diffracto”gram”



Constructive interference

n = 2d sinBragg’s law

You have learned the Bragg’s law: this is a good presentation to recall it



RECIPROCAL LATTICE
 Direct lattice = ”real” lattice
 Reciprocal lattice: (mathematically) Fourier transform of the direct lattice

- Reciprocal space sometimes called momentum space or K-space
- Fourier transformation equations are symmetrical:
reciprocal lattice of the reciprocal lattice is equivalent to
the original direct lattice

 Planes in real lattice are points in reciprocal lattice, and vice versa
 Length of reciprocal lattice vector is proportional to the reciprocal of the

length of direct lattice vectors  →
Big in real space is small in reciprocal space, and vice versa

 Reciprocal lattice has important role in diffraction theory:
- Diffraction pattern represents reciprocal lattice, not direct lattice
- From the diffraction pattern, the reciprocal vectors can be determined

 Brillouin Zone = ”Unit cell” in Reciprocal lattice



https://www.google.com/url?sa=i&url=http%3A%2F%2Fvlabs.iitb.ac.in%2Fvlabs-dev%2Flabs%2Felectron-microscopy%2Fexperiments%2Fdiffraction-patterns-iitk%2Ftheory.html&psig=AOvVaw22BQ-SGfGnOjUeDGW-tCPu&ust=1633090267607000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCLCHjLzVpvMCFQAAAAAdAAAAABBK
https://iopscience.iop.org/book/978-1-6817-4954-9/chapter/bk978-1-6817-4954-9ch3
https://www.google.com/url?sa=i&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FBrillouin_zone&psig=AOvVaw03YoD5Yf4RAfb2IPFwSfhd&ust=1633097420881000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCJjOiI_wpvMCFQAAAAAdAAAAABAX


Ewald sphere
 Radius: 1/λ (λ  = wavelength of incident beam)
 Illustrates which reciprocal lattice points result in diffraction signal

(reciprocal points that touch the sphere)

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FIn-this-figure-the-Ewald-sphere-is-represented-within-a-mixed-real-reciprocal-context_fig2_231083357&psig=AOvVaw1N8LJ1RpK0KSxHCViJIcMM&ust=1633096111700000&source=images&cd=vfe&ved=0CAYQjRxqFwoTCPC39Z7rpvMCFQAAAAAdAAAAABAh
https://www.google.com/url?sa=i&url=https%3A%2F%2Fmyscope.training%2Flegacy%2Fxrd%2Fbackground%2Fconcepts%2Fdiffraction%2Fxraystructure%2Fsingle_crystal.php&psig=AOvVaw1ztaAZHC-5sJxcLmnJvhSK&ust=1633093072506000&source=images&cd=vfe&ved=0CAYQjRxqGAoTCKidwPXfpvMCFQAAAAAdAAAAABCqAQ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.sciencedirect.com%2Ftopics%2Fcomputer-science%2Freciprocal-lattice&psig=AOvVaw22BQ-SGfGnOjUeDGW-tCPu&ust=1633090267607000&source=images&cd=vfe&ved=0CAYQjRxqGAoTCLCHjLzVpvMCFQAAAAAdAAAAABCBAg


https://chemistry.osu.edu/~woodward/



ICDD (1978) ICDD “Card”

“FINGERPRINT” APPROACH

Phase recognition +
Impurity phases
I believe you have done this
in some lab works already?



DOI: 10.1039/C9QI00675C (Research Article) Inorg. Chem. Front. (2019) 6, 2096.

EXAMPLES OF XRD PATTERNS
Experimental patterns (on the top)
and JSPDS card data (below) for
some (double) perovskite samples.
The JSPDS data are kind of
”diffractogram lines” showing the peak
positions and intensities, but not the
shapes).

CuWO4 (JSPDS: 01-070-1732)
Sr2CuWO6 (JSPDS: 01-076-0086)
Ba2CuWO6 (JSPDS: 01-076-0084)

https://doi.org/10.1039/C9QI00675C
https://doi.org/10.1039/2052-1553/2014


FURTHER ANALYSIS OF DIFFRACTION PATTERN
 First step: Indexing → find the Miller indices for the reflections

 This allows the determination of the lattice parameters

 This is relatively easy for high-symmetry structures



Only few peaks and at nearly same distance from each other → CUBIC

Can we see whether the lattice is primitive or not ? (Answer: YES !)



In the example on the previous page, only 110, 200 and 211 peaks seen,
while 100 and 210 are missing → Body-centered cubic







How to calculate lattice
parameters if we know
the structure type and
Miller indices



Tetragonal Sr3Fe2O7

 Ruddlesden-Popper structure; consists of layers: SrO-SrO-FeO2-SrO-FeO2

 Absorbs easily water molecules in between SrO-SrO layers
 c-parameter increases while a- and b-parameters remain nearly the same
 How can you see this from the XRD patterns: (a) Sr3Fe2O7, (b) Sr3Fe2O7 + water

Lehtimäki, Hirasa, Matvejeff, Yamauchi & Karppinen,
J. Solid State Chem. 180, 3247 (2007).
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7.724
7.725
3.905
3.906

RECOMMENDATION: Take an average of the two values; Also, you could verify the numbers
by using the 110, 102 and 112 reflections.

2 hkl

22.766      1  0  0

23.026      0  0  2

32.411 1  1  0

32.603 1  0  2

40.136      1  1  2

46.499      2  0  0

47.054      0  0  4

EXAMPLE: DETERMINATION OF LATTICE PARAMETERS

Calculate the lattice parameters based on the following data
for the seven first Bragg reflections:
tetragonal P4/mmm; CuK = 1.5406 Å.

ANSWER:

→ c

→ a = b







INDEXING EXAMPLE
XRD pattern measured for a sample of cubic unit cell using Cu-K ( = 1.5418 Å)
radiation shows peaks at 2 values listed in the table below. Index the reflections.
What is the Bravais lattice type?

Answer: First we calculate sin2 values, and multiply them by 106 just for convenience.
To find the ”constant value” A, we calculate the differences between consecutive sin2
values; from this list we can ”see” that ca. 19355 is included as a term in all these
difference numbers, hence, it could be our ”A”. Then we notice that h2+k2+l2 = (106 x
sin2) / A. Finally the hkl combinations can be easily derived from these numbers. From
the resultant allowed reflections, we conclude that the lattice type is face-centered cubic.

Difference Constant



Is it possible to UNAMBIGUOUSLY solve the crystal
structure from the measured XRD pattern ?
 The answer is: NO; the reason is described on the following slides
 However, we can get a lot of important information from the pattern

(from the peak positions, intensities and shapes)
 We can use so-called Rietveld refinement to try to solve the unknown

structure by a kind of “guess-and-check” approach (this is the topic
of next week’s lecture and exercise)



Scattering factor (f)
Describes the scattering capability of one atom (assumed to be a point); it is
directly proportional to the number of electrons (in the case of XRD). For a
fixed element, f also depends on scattering angle, wavelength and oxidation
state. Scattering factors are tabulated.

Structure factor (F)
Describes the overall scattering effect of all atoms in the unit cell (depends
on the particular atoms and their positions = symmetry). Fhkl is a complex
number with amplitude |Fhkl| and phase angle. Diffraction intensity is
proportional to the square of the structure factor.

Electron density map
If the structure factor is known, it is possible to calculate electron densities
within the unit cell (through Fourier transform). From such electron density
map the locations of the (heavy) atoms can be ”seen”.

Phase problem
Because reflection intensity is proportional to F2 (not F), it is not
possible to derive phase angle from the measured intensities, only the
amplitude. In other words, we lose part of the information !





Amplitude: |Fhkl| = Σj fjNj (exp[(2πi(hxj +kyj +lzj)])exp(-Mj)

fj = scattering factor (of atom j) ; depends on the number of electrons
Nj = occupancy factor (of the atom on the site)
Mj =  8π2Uiso

2 sin2 θ / λ2 → Uiso = (square root of the mean) thermal parameter

Ihkl = sLpF2
hkl

PEAK INTENSITY

WE DO NOT GO DEEP
INTO THESE EQUATIONS;
JUST GET AN IDEA!



SUMMARY IN BRIEF

 When X-rays of suitable wavelength hit crystals, a diffraction
pattern is produced which is reciprocal to the real space pattern

 From this reciprocal pattern (including systematic absences) we
can gain information about the lattice type and the unit cell
parameters

 From the peak intensities, we can get the amplitude of the
structure factor, but not the phase. This is so-called phase problem
prevents us from directly calculating the atomic positions within
the cell

 To solve the entire crystal structure, we need to use an iteration
method, i.e. guess the structure, calculate structure factor and
diffraction pattern, compare it with the experimental pattern, and
make a new improved guess → This is called Rietveld method
(next week!)



Le Bail
 Powder diffraction patterns are commonly

complicated by overlapping diffraction peaks
 Le Bail method extracts intensities (Ihkl) from

powder diffraction data
 The approximate unit cell and space group are

given as an input
 The algorithm refines the unit cell, the profile

parameters and the peak intensities to match
the measured powder diffraction pattern

 The structure factor and the associated
structural parameters (atomic positions, etc.)
are not included in the analysis

 The method provides a quick method to refine
the unit cell

 ”Modern phase identification method”



INFORMATION FROM POWDER XRD DATA
1. Lattice parameters
2.  Positions of (heavier) metal atoms
3.  Positions of lighter atoms such as oxygen atoms
4.  Occupancies of atomic sites
5.  Thermal parameters

DEBYE-WALLER FACTOR (thermal motion)
 All atoms vibrate at their atomic lattice sites
 This vibration enhances with increasing temperature
 Thermal motion decreases the atomic scattering factor (f)
 Light atoms usually vibrate more strongly
 ”Terminal” atoms usually vibrate more strongly than atoms with multiple bonds
 Vibration is typically unisotropic (described using ellipsoids)



BY THE WAY, PLEASE CONFIRM THAT YOU UNDERSTAND
THE CONCEPTS/WORDS (we will come to these again later)

 Lattice point
 Atom site in crystal structure
 Site multiplicity: Number of atom positions produced by

the symmetry of a space group from a single site noted in
structure descriptions

 Site occupation factor: Probability to find the atom at a
specific site; this value ranges from 0 (no atom) to 1
(100%; site fully occupied)



FINAL NOTE:
 In many XRD diffractometers it is possible to heat or cool the sample

and also sometimes to control the atmosphere

 As an example, below are XRD patterns collected for a superconductor
sample upon heating to see its gradual loss of oxygen (small structural
changes) and then complete decomposition







SOME ISSUES in XRD (1):
 Sample displacement
 Instrumental “zero” shift →  Si standard



SOME ISSUES (2)
 Amorphous sample: flat and very

broad peaks and elevated
background

 Particle size decreases → peaks
get broader

 The peak width can be used for
particle size determination
(Scherrer equation)

https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiDxKTY6O7kAhWy6KYKHdJLBakQjRx6BAgBEAQ&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FX-ray-diffraction-patterns-of-a-Amorphous-La-Fe-O-product-obtained-after-30-min_fig2_276203324&psig=AOvVaw2uODDW8wTQBKlSuCDG572S&ust=1569597219075902


SOME ISSUES (3)
 Preferred orientation → some

peaks gain intensity, some lose it



SOME MORE ISSUES: STRAIN EFFECT



MORE ISSUES …


