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Crystals and the atomic theory
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Crystals and the atomic theory
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Crystallography
(as a descriptive science) 



The work of René Haüy



The “integrant molecule” of Haüy

Réne Just Haüy
(1743-1822)



The French and German Schools

distance between two summits’, then, may be defined, in the
spirit of Poisson, as the edge of a cube equal to the unit volume
divided by the number of summits per unit volume.

In order to obtain the various so-called symmetry elements
in the assemblages, Bravais imagines two mutually identical
assemblages, one of which remains at rest while the other may
be moved to see in which ways it may be brought to coincide
with the first one. The Frenchman considers two possible
motions: translation and rotation. Next he distinguishes ‘axes’
of two-, three-, four- and sixfold symmetry, which reproduce
the resting assemblage after rotations over 180, 120, 90 and
60!, respectively. There are said to be just four such axes, not
more.

Two equilateral axes, of which one is situated in the
stationary assemblage and the other in the mobile, are of the
same kind if a translation suffices to make the movable axis
coincide with the resting one. Finally, there will also be ‘planes
of symmetry’, so-called mirror planes that split the assemblage
in two halves, such that each summit on the one side will have
a homologous point on the other.

Next follows an analysis of the different forms of what
Bravais calls the binary, the ternary, the quaternary, the senary
and the terquaternary symmetries, which leads to the
following classification of assemblages, more or less in order of
decreasing symmetry of the generator parallelepipedon (see
Fig. 8):

(1) the terquaternary symmetry (right-angled prism, 8a;
body-centered cube, 8b, and face-centered cube, 8c);

(2) the senary symmetry (right-angled prism with an equi-
lateral triangle as base, 8d);

(3) the quaternary symmetry (right-angled prism with a
square base, centered, 8f, or not, 8g);

(4) the ternary symmetry (rhombohedron, 8e);
(5) the terbinary symmetry (right-angled prism with a

rectangle as base, centered, 8i, or not, 8h; right-angled prism
with a lozenge as base, centered, 8k, or not, 8j);

(6) the binary symmetry (right-angled prism with a paral-
lelogram as base, centered, 8m, or not, 8l);

(7) without symmetry (inclined prism with a parallelogram
as base, 8n).

On reaching the end of his considerations, Bravais
emphasizes that the new doctrine is not just a geometrical
speculation, but nothing other than the true foundation of
crystallography. Ever since Haüy, he writes, one has implicitly
or explicitly deemed that the centers of gravity of the
molecules in crystallized materials are distributed like the
‘summits’ in the assemblages of points. His aprioristic theory is
confirmed retroactively by an inspection of all available
crystals, of which it is known that there are six different classes
of symmetry and one class without any. At last, we read, all
derives from “the polyhedral or, if you please, polyatomic
form” of the molecule proper, which determines the symmetry
of the assemblage. It is also that form which determines,
ultimately, some peculiar phenomena, such as for instance that
of isomorphism as discovered by Mitscherlich, and moreover
some cases advanced by Delafosse in which the physical
properties co-determine the symmetry (hemihedry, tritohedry

and tetartohedry). ‘Twin crystals’ (macles), too, are important.
These are very meaningful deviations, like those dovetailed
crystals of gypsum or the cross-like crystals of sodium thio-
sulfate. Although the ‘polyatomic form’ does not directly
make clear how the dimorphism of, for instance, sulfur, ought
to be understood, it shows nonetheless that it is something
fundamentally else when compared with the chemists’
isomerism.

Bravais would publish three follow-up articles in 1851. The
first of these treats the crystal as an assemblage of points. The
second is somewhat more concrete in the sense that the crystal
is now presented as an assemblage of polyatomic molecules.
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Figure 8
One of the first graphic representations of the seven crystal ‘systems’ with
their derived ‘centered’ forms (to be read, from the upper left, in
alphabetical order: a, b etc.). Together they constitute the 14 ‘space
lattices’. When the various ‘axes of symmetry’ and ‘mirror planes’ are
applied to them, there result 32 crystal ‘classes’ (source: Niggli, 1920; the
order has been adapted to Bravais’ deduction).

August Bravais
(1811-1863) The ellipse in question, then, will be more flattened the

closer the ‘zone axis’ approaches to the horizontal plane, and
more circular the closer the ‘zone axis’ is to the principal axis
(Fig. 12). This ‘spheric’ or ‘stereographic projection’ has the
advantage that all crystal facets appear finally as dots within
the equatorial circle; in a ‘linear projection’, by contrast, some
facets may in particular cases escape from the paper surface as
used for the diagram. It is worth mentioning, finally, that each
triangle formed by three projection dots is related to a sphe-
rical triangle on the enveloping sphere, which, in its turn,
refers to crystal facets that come together in a trihedral angle.
It is hardly necessary to say that Neumann’s ingenious
examination markedly simplified both research and education
in crystallography. The experienced crystallographer got a
handy new tool at his disposal to characterize known crystal
species and to wholly identify newly discovered ones, while the
student had fewer problems in bridging the gap between
mostly familiar, classical stereometry and the new world
of crystalline polyhedra. It is important, then, that the
crystal-specific scheme be determined as accurately as
possible, such that, during practical fieldwork, it could be used
for the identification of either disformed or incomplete
specimens. After all, on expedition in the field, the
measurement of a limited number of interfacial angles
suffices to see whether there are one or more zones and
next to calculate the direction of the ‘zone axis’ or ‘axes’,
which at once provides the numerical proportion between the
crystal axes. In practice this implies that the geometrical
nature of a crystal and the ‘system’ to which it pertains
may be easily established. An investigation of the physical
properties, then, makes up the last step in the identification of
a crystal.

For the most part, the identification of a mineral hardly
posed a problem, but there remained some difficult cases.
Above we have already mentioned the reticence of Gabriel
Delafosse before what was called ‘hemihedry’. The French-
man had felt obliged to explain this phenomenon in terms of
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Figure 11
The ‘spheric’ or ‘stereographic’ projection technique of Neumann applied
to a vesuvianite crystal. The perpendicular drawn from the center upon a
facet (or upon the plane in which it is situated) meets the circumscribed
sphere at a point, which is, subsequently, linked to the south pole of the
sphere. This produces a dot in the circular projection plane defined by the
sphere’s equator.

Figure 12
The ‘spheric’ or ‘stereographic’ projection of a vesuvianite crystal
according to Neumann (Neumann, 1823, Table IV). Each crystal facet is
symbolized by a tiny roundel – the dots of Fig. 11 – either upon or inside
the projection circle. The roundels of one and the same ‘zone’ all lie either
upon that circle, or upon an ellipse of varying width. For simplicity’s sake
these ellipses are represented by cutting arcs of a circle.

Figure 10
The ‘linear’ projection of a vesuvianite crystal made by Neumann
(Neumann, 1823, Table IV).

Franz Neumann
(1798-1895)

The 14 Bravais lattices



X-Rays



The discovery of X-rays

Wilhelm Conrad Röntgen
(1845-1923)

Hand radiography
(1895)



What are X-rays?

• A new controversy…

• Particles … or short wavelength electromagnetic 
waves?

Particles Waves



• (Transverse) Waves:  X-Ray polarisation (Barkla, 
1905)

What are X-Rays?

• Particles: ionising effect, no diffraction by 
slits, no refraction (Röntgen)

Charles G. Barkla
(1877-1944)



Sommerfeld’s 
Theoretical Physics Institute in Munich

Arnold Sommerfeld
(1868-1951)

Max von Laue
(1879-1960)

Peter Ewald
(1888-1985)



The discovery of X-ray diffraction

Would crystals diffract X-rays?

<latexit sha1_base64="IcPyd9J4xabAiI5q0LgBrEqIP80="></latexit>
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d ⇠ 10�8 cm

I am a theoretician, find me an 
assistant to do the experiment! 



Friedrich & Knipping experiment

 ZnS
 (1912)

X-rays are indeed waves!



X-Rays

� ⇠ 10�8 cm = 10�10 m = 1 Å

E = h⌫ = hc/� E[keV] = 12.40/�[Å]



Laue/Ewald equations

ŝ� ŝ0

�
= ~R?

hkl

~a · (ŝ� ŝ0) = h�

~b · (ŝ� ŝ0) = k�

~c · (ŝ� ŝ0) = l�

~R?
hkl = h~a? + k~b? + l~c?
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~a? · ~a = 1;~a? ·~b = 1;~a? · ~c = 0



The news arrive at 
England…



BRAGG X-RAY SPECTROMETER 
ENGLAND, 1910-1926
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cottage near Bolton Abbey 20 miles 
north of the city. Lawrence enrolled, 
as his father had 28 years earlier, at 
Trinity College, Cambridge.

William was deeply interested in 
the nature of X-rays. At the time 
a vigorous debate raged among 
physicists about whether X-rays were 
‘corpuscles’ or ‘pulses’ – particles or 
waves – the latter widely believed to 
travel through an invisible medium 
called the ether. Although William 
preferred the particle interpretation, 
X-rays are in fact electromagnetic 
waves, like light, but of a very much 
smaller wavelength. Yet Albert 
Einstein argued in 1905 that light 
can also be considered to be like a 
stream of particles, called photons: 
this ‘wave-particle duality’ was 
one of the !rst fruits of the nascent 
quantum theory.

Given this interest, the Braggs, 
father and son, were fascinated by 
news of work in Munich by Max 
Laue, a student of Max Planck. Laue 
found that when a narrow beam of 
X-rays was directed at a crystal, the 
scattered rays formed a geometric 
pattern of bright spots on a 
photographic plate placed behind the 
sample. Laue attempted to interpret 
the pattern but could not account 
for all the spots. Lawrence, still at 
Cambridge, recalled that he and 
his father discussed Laue’s !ndings 
intensely “when we were on holiday 
at Cloughton on the Yorkshire coast.”

Over the summer and autumn 
of 1912, William and Lawrence 
collaborated in the Leeds Physics 
laboratory. Writing in 1961, 
Lawrence pointed out how adept 
William was in the laboratory. “My 

align and you can see them stretching 
away in parallel formation.

On this basis, Lawrence worked 
out how the re"ection angles of the 
spots depend on the distances between 
sheets and the wavelength of the 
X-rays. He expressed this in a formula 
now known as ‘Bragg’s law,’ which 
!rst appeared in a paper presented to 
the Cambridge Philosophical Society 
in November 1912 and was reported 
in Nature in December. Here he also 
showed that, by assuming a particular 
kind of arrangement of atoms in 
crystals of zinc sulphide, he could 
account perfectly for the X-ray pattern.

The Braggs’ crucial realisation was 
that, if the X-ray diffraction pattern 
could be accurately predicted from a 
crystal structure, then one could also 
work backwards, deducing from the 
experimentally measured pattern, the 
structure of the crystal itself.

Of all the crystals whose structures 
were worked out principally during 
1913 (sodium chloride, potassium 
chloride, calcium "uoride, zinc 
sulphide and diamond) it was the 
structure of iron sulphide which gave 
Lawrence “the greatest thrill,” as he 
recorded long afterwards. This was the 
!rst structure in which the positions of 
the (sulphur) atoms were determined 
from the intensity (brightness) of the 
re"ections. Lawrence recalled that “I 
worked it out in the drawing room of 
our house in Leeds and was so excited 
that I had to tell my aunt who was 
sitting in a corner all about it, with 
indifferent success.”

The collaboration between father 
and son continued throughout the 
whole of 1913 and until the outbreak 
of war in 1914. Lawrence spent part 
of the spring and summer terms in 
1913 at Cambridge but the rest of 
the year at Leeds. The Braggs’ work, 
for which they jointly were awarded 
the Nobel Prize, was published in a 
series of papers by the Royal Society 
in London, marking the birth of 
X-ray crystallography.

William delivered talks on this 
new science around the country, 
at the British Association and in 
particular at the Solvay Conference. 
The conference – a roughly triennial 

gathering of Europe’s top physical 
scientists – was a particularly 
prestigious platform, and at the 
1913 meeting on “The Structure 
of Matter” William discussed his 
work with Albert Einstein and Marie 
Curie, along with several scientists, 
such as Leon Brillouin and Frederick 
Lindemann, who went on to make 
important contributions to the 
understanding of diffraction and 
crystal structure.

Late in 1914, William wrote 
a long letter to the Leeds Vice-
Chancellor Michael Sadler, pointing 
out the University’s pre-eminence 
in X-ray diffraction. “The practical 
applications are likely to be of no 
less importance than the theoretical,” 
he wrote. Although his request 
for funds was supported, Leeds 
couldn’t match the offer in early 
1915 of a professorship from wealthy 
University College London (UCL). 
William at !rst refused the offer, but 
by the time he accepted their second 
offer he had decided he needed to 
be in London at the centre of the 
war effort.

William’s departure was not 
necessarily the tragedy for Leeds 
that it might have seemed at the 
time. The Braggs’ seminal work 
here inevitably left a legacy. In 1929 
William’s student William Astbury, 
who worked with him at UCL 
and later at the Royal Institution 
in London, came to Leeds as a 

‘textile physicist.’ Textiles was the 
manufacturing base on which Leeds 
had grown prosperous, and the 
hope was that research on wool 
and other economically important 
!bres might one day improve the 
manufacturing process.

X-ray crystallography had been 
initially applied to inorganic crystals, 
and the challenge of applying the 
same technique to the study of the 
large biological molecules found in 
!bres was considerable. Yet Astbury 
met the challenge and, thanks to a 
series of breakthrough papers on 
the structure of proteins and to his 
energetic proselytising, Leeds became 
famous as the “X-ray Vatican” and 
the home of molecular biology.

father was supreme at handling X-ray 
tubes and ionization chambers. You 
must !nd it hard to realize these days 
what brutes X-ray tubes then were.” 
At Leeds, William had rather better 
technical support than Lawrence did 
in Cambridge, which still pursued 
a “sealing wax and string” approach 
to experimentation. William, in 
contrast, enjoyed the services of 
an excellent workshop led by head 
mechanic C H Jenkinson. 

It was Jenkinson who built, from 
William’s design, a revolutionary 
instrument that could be used 
both to measure X-ray wave 
lengths (the technique of X-ray 
spectrometry) and to measure 
re"ections from crystal plains 
(X-ray diffraction). The instrument, 
used both as a spectrometer and a 
diffractometer, partly superseded 
Laue’s photographic technique in 
that it enabled precise measurements 
of the angles and intensities of the 
diffracted beams.

Adhering to William’s ‘corpuscular’ 
view of X-rays, the Braggs at !rst 
sought to interpret Laue’s bright 
X-ray spots on the basis that X-ray 
‘particles’ were being channelled 
along ‘avenues’ between rows of 
atoms, an idea they described in a 
paper published in October 1912 in 
the journal Nature.

But later that month, shortly 
after his return to Cambridge for 
the Michaelmas term, Lawrence hit 
on a novel explanation. “The idea 
suddenly leapt into my mind,” he 
later wrote, “that Laue’s spots were 
due to the re"ection of X-ray pulses 
by sheets of atoms in the crystal.” 
What Lawrence understood was 
that the beam behaves as though it 
has been re"ected by these sheets, or 
layers, as light is re"ected by a mirror.

William explained the idea of 
sheets or planes of atoms in 1915 
in the Leeds student magazine The 
Gryphon with reference to the 
rows of vines in a vineyard – not 
an obvious Yorkshire reference, but 
wine had been made in the Adelaide 
Hills since the early nineteenth 
century. As you walk through the 
rows of vines, every so often they 

A LEEDS GRADUATE:  
FROM LEEDS TO MARS
Would the Braggs ever have looked 
up at Mars and imagined that, one 
day, an X-ray spectrometer would 
be there, gathering data on the 
planet’s surface? Although only the 
size of a tin can, the Alpha Particle 
X-ray Spectrometer (APXS), 
developed by the Canadian Space 
Agency (CSA), MDA robotics and 
Professor Ralf Gellert’s science 
team at University of Guelph, 
Canada, is sending an enormous 
amount of data about the geology 
of Mars back to Earth. Attached 
by an arm to NASA’s Curiosity 
rover, the instrument determines 
the chemical composition of the 
rocks and soil in the red planet’s 
Gale Crater. 

CSA’s mission scientist for 
Curiosity is a physicist who 
studied at Leeds. Vicky Hipkin 
(PhD Atmospheric Physics 2000), 
Senior Program Scientist, Planetary 
Exploration, says “Curiosity’s 
APXS is amazingly sensitive given 
its small size. William Henry 
Bragg’s spectrometer at Leeds has 
been miniaturised using modern 
technologies – the silicon drift 
detector and sensitive electronic 
circuitry for pulse detection. 
APXS data are very important 
to geochemists on the Curiosity 
team. Ratios of trace abundances 
of soluble elements like chlorine 
and bromine can tell us about the 
water history of Mars, and ratios 
of sodium, potassium and silicon 
oxides can be used to understand 
rocks of volcanic origin.” 

AT THE 1913 MEETING 
ON “THE STRUCTURE 
OF MATTER” WILLIAM 

BRAGG DISCUSSED 
HIS WORK WITH 

ALBERT EINSTEIN AND 
MARIE CURIE

PHOTO:
WILLIAM HENRY 
BRAGG WITH HIS 
SPECTROMETER, 
C1910. WILLIAM 
ENJOYED THE 
SERVICES OF AN 
EXCELLENT WORKSHOP 
AT LEEDS, LED BY 
HEAD MECHANIC  
CH JENKINSON

CREDIT: 
©  E.O. HOPPÉ/CORBIS

PHOTO:
W. LAWRENCE BRAGG, 
WHO WORKED WITH 
HIS FATHER AT LEEDS 
WHILST A STUDENT AT 
CAMBRIDGE

CREDIT: 
SCIENCE & SOCIETY 
PICTURE LIBRARY

BRAGG EXPLAINED THE IDEA OF 
SHEETS OR PLANES OF ATOMS WITH 
REFERENCE TO THE ROWS OF VINES 
IN A VINEYWARD

A PLAQUE OUTSIDE THE PARKINSON 
BUILDING COMMEMORATES THE WORK 
OF THE BRAGGS AT LEEDS 

AFTER ONLY SIX YEARS THE BRAGGS 
WERE AWARDED A NOBEL PRIZE 
FOR THEIR WORK. NOT EVERYONE 
RECOGNISED THE IMPORTANCE OF 
THEIR WORK HOWEVER. “I WAS SO 
EXCITED THAT I HAD TO TELL MY 
AUNT ABOUT IT, WITH INDIFFERENT 
SUCCESS,” WROTE LAWRENCE

William Henry Bragg (Leeds Physics Laboratory)

Laue’s 
interpretation of the 

experiment must be wrong! 
For sure, X-rays are particles.



Sorry, Dad. Laue is right.
But I have come out with a simpler 

explanation.

William Laurence Bragg (Cambridge)



Bragg’s law

n� = 2 dhkl sin ✓

W. H. Bragg
(1862-1942)

W. L. Bragg
(1890-1971)



The pioneer work of the Bragg

Alkali halides

ZnS

1st measurement of X-rays wavelength

1913-1914



Diamond & Graphite

Diamond
(W.H. Bragg, W.L. Bragg, 1914 )

Graphite
(D. Bernal, 1924 )



Structures with a free parameter

CaCO3



The first organic crystal structure

Hexamethyilene tetramine
(Dickinson & Raymond,  1923)
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groups, showing the symmetry elements and the rela-
tive positions and orientations of the molecules in the 
unit cell: and accompanying these diagrams are tables 
giving the fundamental Bravais lattice,11 the number 
of asymmetric molecules per unit cell, the abnormal 
spacings to be expected and the possible symmetry of 
each space group.
In 1928, Lonsdale started her work on the structure of 

benzene. She was only 24, a young researcher establishing 
herself in the field of crystallography and seeking a chal-
lenge. There was still no confirmation of the ring struc-
ture, which had been proposed in 1865, by August Kekulé 
(1829–1896), Professor of Chemistry at Ghent University, 
to be a six-membered ring of carbon atoms with alternate 
single and double bonds, subsequently drawn as a hexa-
gon. Crystallographers were particularly interested in the 
structure of benzene and hoped that X-ray crystallography 
would provide the solution. Previous research had shown 
that the evidence for the structure was confusing, as scien-
tists debated whether the benzene ring was planar or had a 
puckered or zig-zag arrangement.

Her starting material was hexamethylbenzene  C6(CH3)6, 
i.e. a benzene ring in which each hydrogen atom is substi-
tuted by a methyl group. It was a solid and therefore suitable 
for study, unlike benzene itself which is a liquid. In 1929, 
Lonsdale published her results which showed that the mol-
ecule existed in the crystal as a separate entity, the benzene 
carbon atoms are arranged in a ring formation and the ring 
is hexagonal and planar. She concluded that this supplied a 
definite proof that the chemist’s conception of the benzene 
ring is a true representation of the facts [12, 13]. Experimen-
tal details of Lonsdale’s work are given in her notebooks, 
details of which are given in the Introduction. One notebook 
shows, on the right-hand side of the page, how she calcu-
lated the unit cell by measuring the bond lengths and angles 
and hence the density giving the number of molecules in the 
cell12. On the left-hand side, it shows how she located the 12 
carbon atoms from the 36 intersections (Fig. 5).

This was a major success particularly important for chem-
istry since benzene is a fundamental compound in organic 
chemistry. Having confirmed its planar structure, this would 
provide evidence for the structure of all aromatic structures.

She continued with her research on aromatic com-
pounds by undertaking an X-ray analysis of hexachlo-
robenzene  C6H6Cl6, which is also a solid. In addition to 

Fig. 5  Calculations for the unit cell of benzene and the locations of the carbon atoms. Extract from Lonsdale’s notebook labelled ‘1924’ Papers 
of Dame Kathleen Lonsdale UCL Special Collections. Courtesy: The Lonsdale family

11 Bravais lattice is named after Auguste Bravais (1811–1863) who 
derived the mathematical theory of space lattices. He showed that 
there are 14 space lattices in three-dimensional crystalline systems 
and showed that the lattices provided an explanation for the seven 
crystal systems.

12 A unit cell is described by the lengths of its sides (a, b, c) and the 
angles between them (α, β, ƴ). These are called the lattice parameters.

 ChemTexts (2021) 7:23

1 3

23 Page 8 of 14

the analysis Lonsdale used for hexamethylbenzene, she 
also used Fourier analysis, a mathematical method in 
which general functions can be expressed as an infinite 
sum of sine and cosine terms. This sum is the Fourier 
series named after Jean Joseph Fourier (1768–1830). Since 
a crystal has periodicity, the electron density can be cal-
culated by a complex Fourier series. The summation of 
the series gives the electron density at each point of the 
fractional coordinates x, y, z and the positions of the atoms 
shown by maxima in the electron density maps so that a 
plan can be made of their three-dimensional arrangement. 
The information about the density is conveniently sum-
marised by drawing contour lines through points of equal 
density like the contour lines at equal heights on a map.

Lonsdale’s notebook shows the contour diagram for 
hexachlorobenzene giving the positions of the Cl and C 
atoms. It shows that the molecule is quite clearly defined, 
each C atom is roughly triangular and outside each chlo-
rine atom there is a kind of buffer region of low electron 
density. All the electron density calculations Lonsdale did 
by hand, at home, using log tables (Fig. 6). Lonsdale then 
proceeded to determine the shape of the molecule. Unlike 
her work on hexamethylbenzene, she was not able to make 
the same conclusion as to whether the benzene ring was 
planar or not, but she did use Fourier analysis for the first 

time in the structural analysis of an organic compound 
[14].

Lonsdale then became involved in a new area of work, 
divergent beam X-ray photography, on which she pub-
lished an important paper [15]. In this form of diffraction, a 
strongly divergent beam was used instead of the usual col-
limated one. Lonsdale used the photographs produced to 
determine the quality of crystals such as diamonds. She was 
able with great precision to calculate their lattice dimensions 
and hence their bond lengths. Details of Lonsdale’s work 
using this technique are given by Glazer [16]. Diamonds 
provided a particular fascination for Lonsdale and she spent 
many years researching the properties of both natural and 
artificial ones [17, 18]. Lonsdale was honoured for her con-
tribution to the knowledge of diamond, when a rare form of 
hexagonal diamond found in meteorites was named Lons-
daleite [19]. An overview of her work on diamonds is given 
elsewhere [20].

Towards the end of her career, Lonsdale was keen to carry 
out research into medical areas. According to Hodgkin this 
was ‘partly a product of the feeling that grew as she became 
older, she would like to make some contribution to problems 
of medical or biological interest’ [1].

The area she chose to work on was endemic bladder 
stones and other calculi. This work had arisen in 1962 by 
Dr. D.A. Anderson, chief medical officer for the Salvation 
Army, who had made a large collection of stones from his 
work abroad, particularly in India. He sought Lonsdale’s 
advice, regarding analysing the stones and studying their 
formation. Lonsdale undertook to study the stones, hav-
ing secured a grant from the Medical Research Council, to 
fund additional staffing. The work started in 1966, analysing 
both stones of historical interest, preserved in museums and 
stones from many countries. The analysis involved X-ray 
diffraction techniques using powder specimens and untreated 
samples to determine orientation [21]. The results of the 
work reported that over 1000 stones had been studied which 
had identified at least seven different causes of nucleation 
and growth [22].

Contributing to the early development 
of crystallography

Lonsdale made considerable contributions to the develop-
ment of crystallography in particular editing the so-called 
International Tables, establishing the International Union of 
Crystallography and campaigning for crystallography to be 
considered a scientific discipline.

The International Tables originated in the 1920s by which 
time there had been an increase in the number of workers in 
X-ray crystallography, particularly in England, America and 
the Scandinavian countries. This had led to an increase in the 

Fig. 6  Drawing of the electron density projection on the (010) plane 
calculated for hexachlorobenzene. Extract from Lonsdale’s notebook 
labelled ‘1924’ Papers of Dame Kathleen Lonsdale UCL Special Col-
lections. Courtesy: The Lonsdale family

Kathleen Lonsdale
(1903-1971)

Hexamethylbenzene (1928)

Hexachlorobenzene (1931)



The powder method

Aluminium
(A.W. Hull, 1917 )LiF

(P. Debye, P. Scherrer, 1916)

Peter Deye
(1888-1966)

Paul Scherrer
(1890-1969)

Albert Hull
(1880-1966)



The first structure of a 
solidified gas

Debye-Scherrer diffraction pattern of solid α-nitrogen at the boiling point of liquid hydrogen (21 K), 

recorded by L. Vegard in 1929 



X-ray crystallography 



X-Ray Diffraction



X-Ray Diffraction

• The positions of the diffracted beams are 
determined by the unit cell (Bragg’s law)

• The intensity of the diffracted beams are 
given by the square modulus of the Fourier 
transform of the electron density:

<latexit sha1_base64="kYAMMDyNhrc7g88gwH/1U4szeBc="></latexit>

Ihkl = |FT(⇢(~r))|2



Structure Determination
I(h, k, l)! |F (h, k, l)|2

F (h, k, l) = |F (h, k, l)| e(ı�)

⇢(~r) =
1
V

X

hkl

F (h, k, l)e�2⇡ı(hx+ky+lz)

<latexit sha1_base64="CMyWLNwf8B3XnTF4haGczvNY31Q="></latexit>

F (h, k, l) = FT(⇢(~r))



Fourier synthesis of electron density



The phase problem
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FT�1

Kevin Cowtan: http://www.ysbl.york.ac.uk/~cowtan/fourier/magic.html

http://www.ysbl.york.ac.uk/~cowtan/fourier/magic.html


The phase problem

Cat phases
+

Duck amplitudes

Cat amplitudes
+

Duck phases
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Dealing with the phase problem

• Trial and error

• Heavy atom

• Isomorphous substitution

• Patterson synthesis

• Anomalous dispersion

• Direct methods



The Patterson function

A. L. Patterson
(1868-1951)

<latexit sha1_base64="wee67u0MSiMnDYBZlTdorlR1rfk="></latexit>

P (u, v, w) =
1

V

X

hkl

|Fhkl|2e�2⇡ı(hu+kv+lw)

A. L. Patterson
(1934)

<latexit sha1_base64="fRMiuasQmXrfSiSBkuX4y+K0tmA="></latexit>

P (~u) =

Z
⇢(~r)⇢(~r + ~u) d3~r



Aromatic compounds

J.M. Robertson
(1933)

W.H. Bragg
(1922)

Naphthalene Anthracene



Coordination compounds

Ni-phtalocyanine
(Robertson & Woodward,  1937)



The “big” organic molecules

Vitamin B12

Dorothy Crowfoot Hodgkin
(1910-1994)



The structure of insulin

(1945)



The structure of DNA

Francis Crick
(1916-2004)

James Watson
(1928-)

Rosalind Fanklin
(1920-1958)

(1953)



Structures of haemoglobin/
myoglobin

Max Perutz
(1914-2002)

John Kendrew
(1917-1997)



Direct Methods

• The nature of the diffracting object 
(electron density) imposes certain 
restrictions and relation between the 
phases of the structure factors

• These may be used to retrieve all the 
phases by an inference/statistical procedure



Direct methods

Jerome Karle
(1918-2013)

Isabella Karle
(1921-2017)

Herbert Hauptman
(1917-2011)



The computing 
problem



(Women) Computers



Beevers-Lipson strips

Hand computation of Fourier synthesis was a bottleneck



The Analogue 
Computer



Raymond Pepinsky
(1912-1993)



X-RAC



Fourier synthesis became a child’s play!





The Digital Computer
and the

Automation Era 



Hilger & Watts diffractometer

Y190 linear diffractometer (~1955)



Y290 4-circle diffractometer (1966)



Enraf-Nonius κ-geometry diffractometer

Minicomputer (PDP-11) controlled (1981)



Crystallography & 
Computing



David Sayre
(1924-2012)

• ORFLS

• ORTEP

• MULTAN

• DBWS

• SHELX

• (…)

Crystallography & Computing 

Team FORTRAN compiler



Virus crystallography

Tomato stunt bush virus

Stephen Harisson
(1941-)

(1978)



Quasicrystals

Dan Shechtman
(1941-)

(1984)



Structure of ribosome

Ada Yonath
(1939-) (2000)



HIV Trimer

(2013)

(2020) SARS-COV-2



     

At around 1 Å resolution, 
individual atoms can be 
distinguished.
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Di!raction image allowed 
researchers to con"rm 
the tetrahedral structure 
of carbon atoms in this 
famous crystal.

DIAMOND

The "rst organic molecule 
to be imaged, chosen 
because of its simple cubic 
symmetry. It proved that 
molecules, not just atoms, 
can make up the repeating 
elements of a crystal.

HEXAMETHYLENE-
 TETRAMINE

The molecular machine 
that assembles proteins 
from instructions 
encoded in DNA.

RIBOSOME 

1914 1924 1934 1944 1954 1964 1974 1984 1994 2004 2014
THE FUTURE
The ‘most wanted’ 
list of proteins 
that remain to be 
imaged includes 
the massive 
spliceosome, which 
helps to organize 
and edit 
messenger RNA, 
and the even larger 
nuclear-pore 
complex, which 
serves as a 
nucleus’s 
gatekeeper. 

These structures 
can contain 
hundreds of 
proteins, making 
them hard to 
crystallize or keep 
still for an image.
 
One strategy is to 
crystallize bits of 
these structures 
and piece them 
together like a 
jigsaw; the use 
of X-ray 
free-electron lasers 
should also help.

A study of insect muscle 
at the German Electron 
Synchrotron (DESY) in 
Hamburg was the "rst 
to use X-rays generated 
by a synchrotron. The 
use of these machines 
caused a boom in 
crystallography studies.

The irregular folds seen in the 
structure of the "rst imaged 
protein were a huge surprise.

The determination of 
the structure of silicate 
minerals was 
fundamental to the "eld 
of mineraology.

The "rst enzyme to be 
imaged, sourced from 
hen egg whites.

1913

1923

QUARTZ

LYSOZYME

MYOGLOBIN

DNA

X-RAY FREE-ELECTRON LASER
The Linac Coherent Light Source at the SLAC 
National Accelerator Laboratory in Menlo Park, 
California, went into operation, opening up a new 
world of imaging possibilities (see page 604). 

HIV TRIMER 
An X-ray crystallographic 
image of the hook that HIV 
uses to bind to human cells 
helped to resolve a debate 
about what this important 
protein looks like.

1925

1965

The "rst crystals were identi"ed 
with atomic arrangements that 
do not repeat exactly, defying 
general wisdom about crystals. 

QUASICRYSTALS
19841958 1970

SYNCHROTRON
2013

1 Å

1978

First atomic-scale image 
of a complete virus: 
in this case, a plant virus. 
It revealed structural rules 
that were found to hold 
true in human pathogens 
a few years later.

TOMATO BUSHY
 STUNT VIRUS

The average resolution
of proteins imaged
through crystallography
has not changed much;
advances in resolution 
are balanced by attempts 
to image more complex
structures.

Resolution su!ers in 
images of some complex 
structures, often because 
of variations or motion 
within a crystal.

Average resolution

Highest resolution

Lowest resolution 

Proteins
Inorganic structures

Organic structures
(not including proteins) 

5,000

10,000

15,000

20,000

25,000

2009

2000

Molecule (3 Å)

Molecule (1.2 Å)

Rosalind Franklin’s X-ray 
image of DNA, known as 
photo 51, helped James 
Watson and Francis Crick to 
create their famous model of 
the double helix. An atomic-
resolution image of the 
structure proposed in 1953 
was not taken until 1980.

CRYSTALLOGRAPHY AT 100
A                special issue
nature.com/crystallography

Nature

ATOMIC SECRETS
100 YEARS OF CRYSTALLOGRAPHY

In 1914, German scientist Max von Laue  
won the Nobel Prize in Physics for 
discovering how crystals can diffract 
X-rays: a phenomenon that led to the 
science of X-ray crystallography. Since 
then, researchers have used diffraction 
to work out the crystalline structures of 
increasingly complex molecules, from 
simple minerals to high-tech materials 
such as graphene and biological structures, 
including viruses. With improvements 
in technology, the pace of discovery has 
accelerated: tens of thousands of new 
structures are now imaged every year. 
The resolution of crystallographic images 
of proteins passed a critical threshold for 
discriminating single atoms in the 1990s, 
and newer X-ray sources promise images 
of challenging proteins that are hard or 
impossible to grow into large crystals.

BIRTH OF AN IDEA
Von Laue hit on the idea that when X-rays passed through a crystal, they would scatter off the atoms 
in the sample and then interfere with each other like waves passing through a breach in a shore wall. 
In some places, the waves would add to each other; in others, cancel each other out. The resulting 
diffraction pattern could be used to back-calculate the location of the atoms that scattered the original 
X-rays. Von Laue and his colleagues proved his theory in 1912 with a sample of copper sulphate.

GETTING CLEARER
Better techniques for both imaging and 
interpreting data have allowed researchers 
see finer details in some structures and  
tackle ever more complicated molecules.

GOING UP
The Worldwide Protein Data Bank has been collecting resolved 
structures of proteins since 1971, and now holds nearly 100,000 
entries. Other databanks, including the Crystallography Open 
Database (COD), include structures of everything from minerals 
to metals and small biological molecules. The COD is now adding 
instructions into its database for how to print three-dimensional 
models of some structures.
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The growing success of 
X-ray crystallography



The future


