
Powder X-ray Diffraction3

Nutshells of Powder X-ray Diffraction (PXRD)

You don’t want to line up.

Then we will catch your family !



Solid

Gas, Liquid
No structure of ordering or stacking

Structure in molecule or atom

Solid
All solids in the universe have a certain

number of ways of packing – crystalline solid

비정형 고체 (Amorphous solid)
결정형 고체 (Crystalline solid)

준결정 (Quasicrystal)



Solid Structure (Crystal Structure) Unit Cell

CRYSTAL STRUCTURE

The periodic arrangement of atoms in the 

crystal.

LATTICE

An infinite array of points in space, in 

which each point has identical 

surroundings to all others.

( = Lattice points are all equivalent.)

UNIT CELL

A component of the crystal, which when 

stacked together with pure translational 

repetition reproduces the whole crystal.

PRIMITIVE (P) UNIT CELLS contain 

only a single lattice point



Crystal Structure Unit Cell

Unit cell ?



Crystal Structure Unit Cell

Unit cell ?



Crystal Structure Requirement of Unit Cell (How to fill the space)

2차원격자의종류

Crystallographic restriction theorem: 

Must have 2-, or 3- fold axes => C2, C3, C4, C6 axes (except for quasicrystal)



Crystal Structure 7 Crystal Systems (14 Bravais Lattices)
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Crystal Structure 32 Point Groups, 230 Space groups

A point group is defined by the symmetry operations of

Symmetry Operations Symmetry Elements

Rotation (Cn)

Reflection (s)

Inversion (i)

Improper rotation (Sn)

Rotational axis

Mirror plane

Center of symmetry

Improper rotational axis



Crystal Structure 32 Point Groups

Theoretically, there are infinite number of point groups, but the crystallographic restriction 

theorem gives only 32 point groups in the crystal systems.

Point group symmetry defines the symmetry of an isolated object or group of objects. 

Hexagonal lattice

If only lattice points are considered, the point group of 

hexagonal lattice is D6h.

Depending on the motif, it can have C6, C3h, C6h, D6, C6v, D3h.



Crystal Structure 32 Point Groups

n means n 



Crystal Structure 32 Point Groups, 230 Space groups

To generate an infinite 3D lattice from an object it is necessary to add translational 

symmetry to point group symmetry.

Symmetry Operations Defined

Rotation (Cn)

Reflection (s)

Inversion (i)

Improper rotation (Sn)

Point group

+

Glide plane (= translation + reflection)

Screw axis (= translation + rotation)

Space group



Crystal Structure 230 Space groups

Glide plane is a symmetry operation describing how a reflection in a plane, followed by a 

translation (less than a unit cell vector) parallel with that plane, may leave the crystal 

unchanged. 

a: reflection followed by ½  a translation

b: reflection followed by ½  b translation

c: reflection followed by ½  c translation

n : reflection followed by ½  a + ½  b or ½  a + ½  c or ½  b + ½  c translation (diagonal glide)

d : reflection followed by ¼  a + ¼  b or ¼  a + ¼  c or ¼  b + ¼  c translation (diamond glide)

UNIT CELL UNIT CELL

Positions of 2-fold axes
and mirror planes

Centres of 
symmetry

a

b

a

Fig. 5

(a) (b)

a

a

c
no glide



Crystal Structure 230 Space groups

Screw axis is a symmetry operation describing how a rotation about an axis, followed by a 

translation (less than a unit cell vector) parallel with that axis, may leave the crystal 

unchanged. 

11 unique screw axes: 21, 31, 32, 41, 42, 43, 61, 62, 63, 64, 65

(nm: counter clockwise Cn + 1/n translation)



Crystal Structure Crystal systems, Bravais lattices

Point Groups, Space groups

CRYSTAL SYSTEMS (7)  

Cubic

Tetragonal

Orthorhombic

Monoclinic

Triclinic

Rhombohedral

Hexagonal

BRAVAIS LATTICES (14)

P

F

I

P

I

P

F

I

P

C

P

P

SPACE GROUPS (230)

49

19

30

9

C and A 15

5

8

5

2

27

P and R 25

68

59

13

2

25

27

36

15

11

10

Fig. 9



Crystal Structure Crystal systems, Bravais lattices

Point Groups, Space groups



Crystal Structure Crystal systems, Bravais lattices

Point Groups, Space groups



What is this ?

How does it look like? 

Fourier Transform

Inverse Fourier Transform

Real World (1/Real) World



Basic Principle of Diffraction Pattern Miller Indices

a

b

c

na
mb

pb

Miller index of the crystal plane:

(1/n 1/m 1/p) => smallest integer (h k l)



Bragg’s Law
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2d sin 𝜃 = 𝑛𝜆

Constructive interference

Basic Principle of Diffraction Pattern



Basic Principle of Diffraction Pattern Reciprocal Lattice

Direct (real) lattice
Reciprocal lattice

(100)

(100)

(010)

(010)

Reciprocal vector a* ┴ (100) 

Reciprocal vector b* ┴ (010)

| a* | = 1/d100

| a* | = 1/d010

angle g* = 180o - g



Basic Principle of Diffraction Pattern

Reciprocal lattice

Reciprocal vector a* ┴ (100) 

Reciprocal vector b* ┴ (010)

| a* | = 1/d100

| a* | = 1/d010

angle g* = 180o - g

Due to the linear relationship between 

planes (ex, d200 = (1/2)d100), a periodic

lattice is generated. In general, the 

periodicity in the reciprocal lattice is 

given by

r*hkl = 1/dhkl

In vector form, the general reciprocal 

lattice vector for the (hkl) plane is given by

ghkl = nhkl/dhkl

nhkl: unit vector normal to the (hkl) planes.

Reciprocal Lattice



Basic Principle of Diffraction Pattern Reciprocal Lattice

Direct and Reciprocal Cell Relationships

Cubic a = b = c, a = b = g = a* = b* = g *= 90o

Tetragonal a = b ≠ c, a = b = g = a* = b* = g *= 90o

Orthorhombic

a ≠ b ≠ c

a = b = g = 90o



Basic Principle of Diffraction Pattern Reciprocal Lattice

Direct and Reciprocal Cell Relationships

Hexagonal a = b ≠ c, a = b = a* = b*= 90o, g = 120o, g *= 60o,

Monoclinic

a ≠ b ≠ c

a = g = 90o

b ≠ 120o



Basic Principle of Diffraction Pattern Reciprocal Lattice

Direct and Reciprocal Cell Relationships

Triclinic

Trigonal a = b = c, a = b = g ≠ 90o

a ≠ b ≠ c

a ≠ b ≠ g ≠ 90o



Basic Principle of Diffraction Pattern

Due to the linear relationship between 

planes (ex, d200 = (1/2)d100), a periodic

lattice is generated. In general, the 

periodicity in the reciprocal lattice is 

given by

r*hkl = 1/dhkl

In vector form, the general reciprocal 

lattice vector for the (hkl) plane is given by

ghkl = nhkl/dhkl

nhkl: unit vector normal to the (hkl) planes.

Reciprocal Lattice



Basic Principle of Diffraction Pattern

Absence in reciprocal lattice

High symmetry can lead to reflections being

systematically absent from the data set.

For non-primitive lattices, such as a C-

centred lattice, systematic absences can

occur in the reciprocal lattice (and in

diffraction pattern) due to the construction of

the lattices.

Reciprocal Lattice



Basic Principle of Diffraction Pattern

Absence in reciprocal lattice

General absences determine the lattice type;

Primitive (P) has no general absences.

End Centered (C) h+k=2n+1 are all absent.

Face Centered (F) only h, k, l, all even or all odd 

are observed.

Body Cantered (I) h+k+l=2n+1 are all absent.

Special absences refer to specific sets of 

reflections and are used to  detect the presence of 

glide planes and screw axes. 

Give information for determining space groups

Reciprocal Lattice



Basic Principle of Diffraction Pattern

2r sin 𝜃 = 𝑋𝑌

If this geometry is constructed

in reciprocal space with 

r = 1/l

Y is 000 point

X is a general hkl point

=> XY = 1/dhkl

2

𝜆
sin 𝜃 = 1/𝑑ℎ𝑘𝑙

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝜆 Bragg’s Law

Ewald Sphere

A
O

Y

X

2qq

r

In 3D, it’s a sphere, called Ewald Sphere.

Even though the Ewald sphere is in reciprocal space (inverse distance) and we are in real space, we 

can use the predicted angles of diffraction (2θ) to predict the diffraction pattern.



Basic Principle of Diffraction Pattern Ewald Sphere

A
O

Y

X

2qq

r = 1/l

O
q

q

R

q

Diffracted beam

q

Incident beam

(hkl) crystal plane

hkl reciprocal lattice point

000  
origin of reciprocal space

S

Since |S| = 1/dhkl , if we let R = 1/l, 

1/dhkl

2

𝜆
sin 𝜃 = 1/𝑑ℎ𝑘𝑙

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝜆 Bragg’s Law



Basic Principle of Diffraction Pattern Ewald Sphere

O
q

q

R

q

Diffracted beam

q

Incident beam

(hkl) crystal plane

hkl reciprocal lattice point

000  
origin of reciprocal space

S

Since |S| = 1/dhkl , if we let R = 1/l, 

2

𝜆
sin 𝜃 = 1/𝑑ℎ𝑘𝑙

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝜆 Bragg’s Law

Even though the Ewald sphere is in 

reciprocal space (inverse distance) and we 

are in real space, we can use the predicted 

angles of diffraction (2θ) to predict the 

diffraction pattern.

 Diffraction occurs when a reciprocal 

lattice point intersects Ewald sphere.



Basic Principle of Diffraction Pattern Ewald Sphere



Basic Principle of Diffraction Pattern Examples



Basic Principle of Diffraction Pattern Limiting Sphere

We have to collect diffraction patterns 

in all possible angles.

Then how many diffraction spots can 

we get theoretically? O
q

q

1/l

q

Xdiff

q

Xin

(hkl)

hkl

000 

S

Ewald Sphere

If one rotates the Ewald sphere completely about the 

(000) reciprocal lattice point in all three dimensions, the 

larger sphere (of radius 2/λ) contains all of the 

reflections that it is possible to collect using that 

wavelength of X-rays. This construction is known as the 

“Limiting sphere” and it defines the complete data set. 

Any reciprocal lattice points outside of this sphere can 

not be observed. 

2/l



Basic Principle of Diffraction Pattern Limiting Sphere

We have to collect diffraction patterns 

in all possible angles.

O
q

q

1/l

q

Xdiff

q

Xin

(hkl)

hkl

000 

S

Ewald Sphere

4-circle diffractometer



Basic Principle of Diffraction Pattern Limiting Sphere

Complete Data Set: total # of reciprocal lattice points within the limiting sphere

= theoretically possible total # of reflection points

≈ 

4

3
𝜋𝑟3

𝑉∗ = 
4

3
𝜋(2/𝜆)3𝑉 ≈ 33.5 𝑉/𝜆3 =33.5/𝑉∗𝜆3

(V*: volume of reciprocal unit cell 

V:  volume of unit cell.  l = X-ray wavelength

2/l



Basic Principle of Diffraction Pattern Limiting Sphere

2/l

Resolution: 

Theoretical maximum resolution: when sinq = 1, dres = l/2

Real maximum resolution: dres = (l/2)sinqmax

By reducing the wavelength, Bragg's Law indicates that the diffraction angles (q) will decrease; the 

spectrum shrinks, but on the other hand, more diffraction data will be obtained, and therefore a better 

structural resolution will be achieved.

1/l

2d sin 𝜃 = 𝜆

sin 𝜃𝑚𝑎𝑥 = 𝜆/2𝑑𝑚𝑖𝑛

Ewald sphere

Resolution sphere

1/dmin

X-ray
2qmax

(000) of reciprocal space Detector



Basic Principle of Diffraction Pattern Examples

39

h

k

Circles of constant

theta (resolution)

Different sets of planes

in the crystal give rise to

different diffraction spots.

y

x
O
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x
O

(100) planes

Basic Principle of Diffraction Pattern Examples

39

h

k

Circles of constant

theta (resolution)

Different sets of planes

in the crystal give rise to

different diffraction spots.

2d sin 𝜃 = 𝑛𝜆

(100) (200) (300)

(200) planes

),,(),,(

),,(

d)/(d

sind

001002

002

21
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=

= lq

lq =sin2 )0,0,1(d

q increases



Basic Principle of Diffraction Pattern Examples

39

h

k

Circles of constant

theta (resolution)

Different sets of planes

in the crystal give rise to

different diffraction spots.

2d sin 𝜃 = 𝑛𝜆

(120)

y

x
O

(120) planes

(240)

(360)



What will happen if it is not a crystal but powder ?

For diffraction, norm to the 

crystal planes must bisect the 

incident and diffracted beams. 

O
q

q

R

q

Diffracted beam

q

Incident beam

(hkl) crystal plane

hkl reciprocal lattice point

000  
origin of reciprocal space

S

2q

if (100) plane diffracts (110) No (200) Yes

Crystal 



What will happen if it is not a crystal but powder ?

2q 2q 2q

• For every set of planes, there will be a small percentage of crystallites that are properly 

oriented to diffract (the plane perpendicular bisects the incident and diffracted beams). 

• Basic assumptions of powder diffraction are that for every set of planes there is an equal 

number of crystallites that will diffract and that there is a statistically relevant number of 

crystallites, not just one or two.

 Powder



What will happen if it is not a crystal but powder ?

39

h

k

Circles of constant

theta (resolution)

Different sets of planes

in the crystal give rise to

different diffraction spots.

Spots produced by the 

crystal planes bisecting 

the incident and 

diffracted beams

Diffraction from 

one single crystal

Diffraction from powder



What will happen if it is not a crystal but powder ?

39

h

k

Circles of constant

theta (resolution)

Different sets of planes

in the crystal give rise to

different diffraction spots.

Spots produced by the 

crystal planes bisecting 

the incident and 

diffracted beams

Diffraction from 

one single crystal

Diffraction from powder



Diffractometer

Bragg-Brentano geometry

Bragg-Brentano

Geometry

Parallel Beam Geometry  

generated by Göbel Mirrors

X-ray Source

Motorized Slit

Sample

Divergence slit

Detector-

slit
Tube

Antiscatter-

slit

Sample

Mono-

chromator



Ewald Sphere and PXRD Spectrum



Information obtained from PXRD

peak position   dimension of the elementary cell

peak intensity  content of the elementary cell

peak broadening  strain/crystallite size

scaling factor  quantitative phase amount (phase identity, Phase purity, % phase composition)

Crystallinity

Crystal structure (till now very small molecules)

diffuse background false order

modulated background  close order



Interpretation of PXRD Spectrum d-spacing

Cubic

Tetragonal

Hexagonal

Rhombohedral

Orthorhombic

Monoclinic

Triclinic

where

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆



Interpretation of PXRD Spectrum Indexing XRD Patterns

Cubic

Indexing is the process of determining the unit cell dimensions from the peak positions

Manual indexing (time consuming...but still useful)

Pattern matching/auto indexing (JADE or other computer based indexing software)

𝑠𝑖𝑛2 𝜃 =
𝜆2

4
(
ℎ2 + 𝑘2 + 𝑙2

𝑎2
)

How many d-spacings can be are detected ? Infinte

But   Bragg’s equation limits the smallest d-spacing possible = l/2.

Also the first peak is arising from the largest d-spacing in the unit cell (if not absent).

(100)

(110)

(111)

(200)

(210)

(211) (220)

Try to get a with l = 1.54 Ǻ 



Interpretation of PXRD Spectrum Indexing XRD Patterns

𝑠𝑖𝑛2 𝜃 =
𝜆2

4
(
ℎ2 + 𝑘2

𝑎2
+
𝑙2

𝑐2
)

Tetragonal

Orthorhombic 𝑠𝑖𝑛2 𝜃 =
𝜆2

4
(
ℎ2

𝑎2
+
𝑘2

𝑏2
+
𝑙2

𝑐2
)

3 samples



Interpretation of PXRD Spectrum Peak Width



Interpretation of PXRD Spectrum Effect of lattice strain

No Strain

Uniform strain 

 Peak moves, no shape changes

(d1 > d0)

Non-uniform strain (d1 ≠ constant)

 Peak broadens

(d1 > d0) (d0 > d1)



Interpretation of PXRD Spectrum Scherrer’s Formula

2qhigh2qlow

BcosB

K
t

q

l

*

*
=

t = thickness of crystallite (< 1000 Ǻ)
K = constant dependent on crystallite shape (~0.9) 
l = x-ray wavelength
B = FWHM = qhigh- qlow (or integral breadth)
qB = Bragg Angle (radian)

It is used in the determination of average size of 

particles of crystals in the form of powder (for less 

than 1000 Ǻ) (if there is no other broaden effect)



Interpretation of PXRD Spectrum Preferred Orientation

4 grains 200 grains many many grains

The more grains, the 

more expected powder 

diffraction pattern.



Interpretation of PXRD Spectrum Preferred Orientation

Randomly oriented

Preferentially oriented

Preferred orientation can substantially alter the appearance of the 

powder pattern. (intensity change or missing)  can mislead the 

interpretation



Sample Preparation for PXRD

It needs to be a powder

It needs to be a pure powder

Its nice to have about 1/2 g of sample, but one can work with less

The powder needs to be packed tightly in the sample holder. Lose powders will give poor 

intensities.

Roughly



Sample Preparation for PXRD

Many crystallites in random orientations

If the crystallites in a sample are very large, there will not be a smooth distribution of crystal orientations. 

You will not get a powder average diffraction pattern. (crystallites should be <10mm in size to get good 

powder statistics)

Large crystallite sizes and non-random crystallite orientations both lead to peak intensity variation

Characteristics of sample

A flat plate sample for XRPD should have a smooth flat surface

- If the surface is not smooth and flat, X-ray absorption may reduce the intensity of low angle peaks 

- parallel-beam optics can be used to analyze samples with odd shapes or rough surfaces

Densely packed

Randomly oriented grains/crystallites

Grain size less than 10 microns

‘Infinitely’ thick

Details



Data Collection

The scattering intensity drops as 1/2(1+cos22θ)

This means that you don’t get much intensity over 70° (2θ). 

A good range is 10-70° (2θ).

How long should you collect (time per step)? Depending on what you want.

- Routine analysis may only take 30-60 min.

- Data for Rietveld analysis may take 12-18 hours to collect



JCPDS Cards

JCPDS - Joint Committee on 

Powder Diffraction Standards

(or ICDD - International Centre 

for Diffraction Data)

PXRD database over 100,000 

materials.

Want to confirm your spectrum 

is arising from a know material? 

- search JCPDS database

If it is new, index the pattern 

with JADE and report.



PXRD

SUMOF-2 

Examples

Non-interpenetrated

This disappearance is probably related 

to symmetry changes associated with 

the removal of guest molecules

J. Mater. Chem., 2012, 22, 10345



PXRD

SUMOF-3

Examples

Non-interpenetrated

After removal of the guest molecules, 

the framework of SUMOF-3 is rather

flexible and changes from the original 

framework structure after activation.

J. Mater. Chem., 2012, 22, 10345



PXRD

SUMOF-4

Examples

This difference indicates that 

when the guest species are 

removed, symmetry of SUMOF-4 

changes.

J. Mater. Chem., 2012, 22, 10345



PXRD Examples

Inorg. Chem. 2004, 43, 4702−4707


