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First diffraction pattern of a crystal made by
Knipping and von Laue

Theory to determine crystal structure from
diffraction pattern developed by Braggs

for his discoveries and research in the field of X-

ray spectroscopy — Manne Siegbahn The first X-ray

DNA structure solved by Watson, Crick, Wilkinsf

High resolution electron microscopy including
X-ray photoelectron spectroscopy

Diffraction improved by computer technology;
methods used to determine atomic structures
and in medical applications
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The first x-ray diffraction pattern (1912)

von Laue, was the first person to perform a diffraction

experiment with a crystal. He hypothesized that if atoms really |

existed, and if x-rays really were waves, then the wavelength
of x-rays would approximate the distance between atoms in a
crystal and diffraction would be observed. His brilliant insight
thus proved both atomicity and the wave character of x-rays.
This remarkable achievement was recognized by the Nobel
prize. Laue did not actually do the experiment himself.
Rather, he persuaded a couple of graduate students to do the
experiment for him. Laue then set an example that has
inspired Pls ever since — he was given all the credit!

The first x-ray diffraction
picture, which was taken
from a crystal of CuSO, by
von Laue’s students, and
dubbed the “beerstein”
pattern.

W. L. (Lawrence) Bragg realized that von Laue’s diffraction pattern could be
modeled as reflection from Miller planes -- 1.e. the angle of incidence wrt Miller
planes = the angle of reflection. This 1s the reason why diffracted x-rays are

generally called reflections. Bragg published this work in 1913.

His insight

further substantiated the wave character of x-rays (thereby contradicting his
father’s theory that x-rays are particles). This work also allowed the Bragg’s
(father and son) to determine the first atomic resolution structures. The Bragg’s
were jointly awarded the Nobel prize in 1915 — at which time W.L. Bragg was 25

years old and fighting in the trenches of world war 1.
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1913 Ewald

An Ewald construction a0



Reciprocal space lattice planes .
The diffracted rays that connect the crystal to the

=2 L=1 L=0 L= reciprocal lattice points are recorded as diffraction
“spots” on the area detector

A perfectly-aligned crystal shooting down the C* axis
Only spots lying on the Ewald sphere are diffracting
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length is longer
than (0,1) since
spacing between
(1,1) planes is
smaller.
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How do we
orient the
crystal to
observe
diffraction from
the (0,1)
reflection?
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nA=2dsin0

Bragg condition-- upper beam has to be an integral number of wavelengths from

the lower beam for constructive interference. (0,1) planes
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(100) — destruction interference
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Selection Rules for Reflection in Cubic Crystals
(hkl)  h°+E°+F SC BCC FCC
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Worked Example

Consider the following XRD pattern for Aluminum. which was collected using CuK & radiation.
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Index this pattern and determine the lattice parameters.
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Worked Example cont...

Steps:

(1) Identify the peaks.

(2) Determine sin? 6

(3) Calculate the ratio sin? 8/ sin 0,,,;,and multiply by the
appropriate integers.

(4) Select the result from (3) that yields h? + k? + [? as an
integer.

(5) Compare results with the sequences of values h? + k? +
[? to identify the Bravais lattice, e.g. BCC h? + k? + [? =
2,4,6,8 ...

(6) Calculate lattice parameters.



Worked Example cont...

Step 1: Identify the peaks and their proper 26 values. Eight
peaks for this pattern

sin® @ sin® @ sin’ ¢

I\D. :(j :\'llll Ir) Hl I - Hmn \ln i ilrrin \“1 } hrnjn }F: {AE 1 !lll }I!f'l'f i ( ."5\’

38.43

44 67

65.02

78.13

Loy I I [N N

82.33

98.93

111.83

o~ |

116.36




Worked Example cont...

Step 1: Determine sin® 6

peak sin’ @ oy sin” ¢ - sin” ¢
No. 2 sin’@ sin® . sin*d | sin®l,, | 1224 | bk | a(A)
1 38.43 0. 1083
2| 4487 | 0.1444
3 65.02 0.Z888
4 78.13 | 0.3972
51 8233 | 04333
6l 98.93 | 05776
71 111.83 0.6859
8l 116.36 0.7220




Worked Example cont...

Step 3: Calculate the ratio sin? 8/ sin” 8,,;,, and multiply by
the appropriate integers.

Peak sin® ¢ < sin’ ¢ % sin’ ¢
No. 2t sin” ¢ sin® A sin’ B sin” O | PHPHE | hkd a(A)
1 26.43 0.1083 1.000 2.000 3.000
2 44 &7 0.1444 1333 2.667 4 000
3]  65.02 0.2888 2.667 5.333 8.000
4 78.13 0.3972 3.667 7.333 11.000
) 82.33 0.4333 4 000 8.000 12.000
(&) 98.93 0.5776 e b 10.665 15.098
7] 111.83 0.6859 6.333 12.665 18.998
gl 116.26 0.7220 6.666 13.331 19.997




Worked Example cont...

Step 4. Select the result from (3) that yields h? + k% + [? as

a series of integers.

| cin” & sin" @ | <in” @
Peak 4 — D — P —
No. 24 sin” ¢ sin” 6, sin” sin“ @ | PHPP | bk | a(A )
11 3843 0.1083 1.000 2.000 3.000
2 44 .67 01444 1.333 2.667 4.000
3 85.02 0.2888 2.6o7 5.433 &8.000
4 78.13 0.3972 3.667 7.333 14.000
5 82.33 0.4333 4.000 B.000 1 2.000
A Gg8.013 08T7H 5.333 10.665 {5 Q08
71 111.83 0.6859 6.333 12.665 18.998
8l 116.36 07220 H.66h 13331 19,997




Worked Example cont...

Step 5. Compare results with the sequences of h? + k? +
[ values to identify the Bravais lattice.

Peak sin’é . sin® ¢ sin”

No. 26 sin?f/ sin® @, | osin® 6, | sin” O | PHRHP | Rk | @ (A)
1 28 473 0.1083 1.000 2.000 3.000 3 ey 4.0638
2 44 67 0.1444 1.333 2.667 4 000 4 200 4.0539
3 65.02 0.2888 2.be7 S % 5000 8 220 4.0638
4 78.13 0,.3972 3. 667 7.333 11,000 11 311 40535
5 82.13 0.4333 4.000 2.000 12.000 12 222 4.0638
& 98.93 0.5776 5333 10.665 15.998 16 400 4.0541
71 111.83 0.6859 6.333 12.665 18.998 19 331 4.0540
A 116.36 0.7220 SHsals] 13,331 19 997 20 420 4 0541

Bravaie lattice 18 Face-Centered Cubic
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2. MRATH HE (X-ray powder diffraction)
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X-rays are scattered in a sphere around the sample

Each diffraction peak is actually a Debye diffraction cone produced by the tens of
thousands of randomly oriented crystallites in an ideal sample.

— A cone along the sphere corresponds to a single Bragg angle 2theta
The linear diffraction pattern is formed as the detector scans along an arc that
intersects each Debye cone at a single point

Only a small fraction of scattered X-rays are observed by the detector.

incident
X-ray beam

diffracted
rays

“DEBYE RING” | L
of diffraction J [ 14 1

Figure 3.9. The intersection of d¥,,, vectors from a powder with the Ewald sphere. T»MM




Many powder diffractometers use the Bragg-Brentano
parafocusing geometry.

* The incident angle, o, is defined between the X-ray source and the sample.
* The diffraction angle, 26, is defined between the incident beam and the detector.

* The incident angle o is always % of the detector angle 26 .

— Ina0:20 instrument (e.g. Rigaku H3R), the tube is fixed, the sample rotates at 6 °/min and the
detector rotates at 20 °/min.

— Ina0:0instrument (e.g. PANalytical X’Pert Pro), the sample is fixed and the tube rotates at a rate -0
°/min and the detector rotates at a rate of 6 °/min.

* In the Bragg-Brentano geometry, the diffraction vector (s) is always normal to the
surface of the sample.
— The diffraction vector is the vector that bisects the angle between the incident and scattered beam
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https://www.doitpoms.ac.uk/tlplib/xray-diffraction/powder.php



3. JiekE fhkvE(Rotating crystal method):

B — YK ) XS 2 FE A TRUE e Sk B sk, A iRiE T B B e
¥, AN ST R AT . X2 T RS IE . e
JR A7 B B AN T

¢ Aligned crystal 1s rotated around one axis so
relps pass through the Ewald sphere

— Produces spots lying on layer lines

Beam direction

Fotation photograph of quart
showing spots on laver lines



T, WEFTSEH:

JURPSL T b A et i LR g5 i IR T RS 3R, vl
e R AERTH B A an -

sc: (100),(110),(111),(200),(210),(211),(220),(221)(300),(310),(311),(222)
bee: - ,(110), -, (200), -, (211),(220), - --- (310), ---, (222)
fcc: -, -, (111),(200), ===, -—- ,(220), ==, - , -, (311),(222)

AT 25 B s3]
FeCo&4; Ay &4 f; NaCl; KCl; KBr

JUART S5 1) R - 1) T S5 4 SR A S it e 25 RAH AT
SEAUESE [ AR A RO AU i A28 45 1) B $38




BRI RATH B, 0T S5,
ST Sy A 10 oid THD R AT 7 5 0

9 % (&) - 5 0

ES58 SHARRKTNE. RASAEAE, 5 AERE Harwell ) PANDA §HiHiER,
R 1.14 5%, 26 0995 0.1° HitHHIAR,



SRR R A B I

(1)

(220)
500t n
0-45° (311)
(400)
. J >N\ 080
| e oo ~rv—v—.—.rv-f-rv' Lf*fvv—r. v
20 40

60
SR, 26 (BE)

A AN 847 LA 5 R IR 7 T S 4 R Bl A (FRalkD




NaCl: fcc

-3 4

|

20° 30°

B 9-8 NaCl & fkabs K ATHE



Solving the Structure of DNA: History

* Rosalind Franklin- physical chemist and x-ray
crystallographer who first crystallized and
photographed BDNA

 Maurice Wilkins- collaborator of Franklin

« Watson & Crick- chemists who combined the
Information from Photo 51 with molecular
modeling to solve the structure of DNA in 1953

Rosalind Franklin



Solving the Structure of DNA

* Photo 51 Analysis

— “X" pattern
characteristic of helix

— Diamond shapes
Indicate long, extended
molecules

— Smear spacing reveals
distance between
repeating structures

- !\/Ils_smg Tc’mears Photo 51- The x-ray diffraction image
indicate mterfergnce that allowed Watson and Crick to solve
from second helix the structure of DNA

www.pbs.org/wgbh/nova/photo51
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Solving the Structure of DNA

* [nformation Gained from Photo 51
— Double Helix
— Radius: 10 angstroms
— Distance between bases: 3.4 angstroms
— Distance per turn: 34 angstroms

« Combining Data with Other Information

— DNA made from: '
sugar

phosphates

4.

4 nucleotides (A,C,G, T}
— Chargaff’'s Rules

* %A=%T

¢ %G=%C
— Molecular Modeling

Watson andiCrick’s model
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Wavelength

X-ray production

The Ni absorption edge is midway between the
Kz and K, lines so that the former is reduced
very substantially while the latter is only
marginally reduced.. In selecting the thickness
of the filter, a compromise has to be reached
between eliminating as much as possible of the
undesired radiation and maximizing the desired
radiation.
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Low Energy Electron Diffraction
ZD-surface lattice forms reciprocal rods

L

electron gum

-—

ohosphor scresn

—  sample

Reciprocal

rads Si(100)-2x1

e & & & & & @
i0,-3) (D.-2) (0.-1) (0.0) {0.9) (0.2} (0.3)
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Direct observation—see atoms directly on surface

STM Scanning Tunneling Microscope
I
Vi 1 Quantum mechanical
'[ [ tunneling
]

HREM High Resolution Electron Microscope

e /éattered
Electron wave optics
wansmitted
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SPM

AFM (non-contact mode): STM
Atomic resolution on Si(111)7x7 LEED

Real LEED pattern of Si(111)-7x7

Side view:  cqp CzF Gl Coll
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o e AT S S
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23 TREOMKEN
[(ERFFBE, REFUAC KERNBEOBIRZS, HESIBERHZETHONRE, FEAOWR, RETURH “TNRESHEEE (ICSD)”
HITRR]. '

H! « He* x
hep hep
3.75 3.57
6.12 I_l . ~ 583
Linx | Be JL;K”:tel |5P15 Je e Jax Jo [F [ e«
bee hep rhomb. diamond | cubic complex fcc
3491 | 227 3.567 | 5.66 (02) 446
359 (N2) _
Nas< | Mg Al Si P S Cl Ar «
bec hep. Lt C fec diamond | complex | complex | compiex | fcc
4225 | 3.21 RN R a4) 405 | 5430 (Co) | 531
5.21 SRR c(A)
K s« Ca Sc T \'/ Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr «
bee fec hcp hep bee bee cubic bee hcp fcc fec hep complex | diamond | thomb. | hex complex | fecc
5225 | 558 3.31 2.95 3.03 2.88 complex | 2.87 2.51 3.52 3.61 2.66 5.658 chains | (Bry) 5.64
5.27 468 4.07 495
Rbsx | Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd in Sn(a) | Sb Te | Xe «
bee fec hep hep bee bee hep hcp fec fec fec hep tetr. diamond | rhomb. | hex complex | foc
5.585 | 6.08 3.65 3.23 3.30 3.15 274 271 3.80 3.89 4.09 298 3.25 6.49 chains | (I2) 6.13
573 5.15 4.40 428 5.62 4.95
Cs s« Ba La Hf Ta w Re Os Ir Pt Au Hg T Pb Bi Po At Rn
bee bee hex. hcp bee bec hcp hep foc fcc fec rhomb. | hep fec momb. | sc
6.045 | 5.02 3.77 3.19 3.30 3.16 2.76 2.74 384 3.92 408 3.46 4.95 334 | — —
' ABAC | 5.05 4.46 432 5.52
Fr Ra Ac
fec Ce Pr Nd Pm Sm Eu Gd ™ Dy Ho Er Tm Yb Lu
= — 5.31 fec hex. hex. complex| bec hcp hep hep hep hep hep fec hep
5.16 3.67 3.66 — 4.58 363 3.60 3.59 3.58 3.56 3.54 5.48 3.50
ABAC 5.78 570 | 565 | 562 | 559 | 556 5.55
Th Pa U Np Pu Am Cm Bk Ccf Es Fm Md No Lr
fcc tetr. complex | complex complex| hex.
5.08 3.92 3.64 - — — — — — — —
3.24 ABAC




