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Quesla figura mostra ire poxibili
atomi riflettenti in wn cristalle dj
sentute mediante pinni colorati),
eristalio cubico sono indicati con

una diffcrenza di percorse di due
A per piani riflettenti paralleli agli

Faremo qui un'analisi abbastanza
dettagliata poiché, pur essendo questo
- particolare caso estremamente scmplice,
pud esemplificare il procedimento ge-
nerale. Uno sguardo ai diagrammi di
struttura del cloruro di sodio mostra
come i pianj rappresentati siano di due
tipi. Le riflessioni, o ordini, indicate con
(200), (400, (600) ecc. ¢ quelle indicate
con (220), (440), (660) e cosi via han-
no origine da strati atomici identici,
ciascuno dej quali conticne un numero
uguale di atomi di sodio e di cloro. Cj
-8i aspetterebbe che I sequenza doegli
ordini successivi diminuisca regolas-
mente come intensiti. Come mostra il
disegno a destra della figura in alto,
le riflessioni (111) provengono invece
da ua insieme di piani pid complessi,
in quanto gli strati sono alternativamen-

te occupati da atomi di sodio e di clo--

ro. Poiché per le rifessioni (111) vi &
una differenza di percorso di una lun-
ghezza d'onda rispetto ai piani inten-
samente riflettenti formati dagli atomi
di cloro, le onde rificsse dai piani in-
termedi formati dagli atomi di sodio
pili debolmente riflettenti avranno fase
Opposta. L'ordine (111) sara percid de-
bole, poiché il contributo del sodio an-
nulla in parte quello del cloro; per l'or-
dine (222}, invece, i contribti saranno
in fase ¢ quest'ordine sard intenso,

In questo tipo di « reticolo spazia-
le s, come viene chiamato, vi sono pun-
ti identici nel centro delle facce e ncj
vertici del cubo, il che implica che gli
indici debbano esscre o tutti dispari o
tutti pari. Si possono gencralizzare que-
ste osservazioni dicendo che gli ordinj

EY e NP T c——

dispovizioni degli srari di
cloruro di andio (rappre-
Gl assi di
04, OB ¢ OC. Nello schema
& sinistra viene assegnate alla prima rifles=ions da parte di
pizni perpendicolari all’asse 0A Fordine (2000, poiché vi &
lunghezze d'onda 1ra O o
assi OM e OC; (in que-

queste semplice

. r

vrebbero essere relativamente deboli,

In effetti, questo ¢ proprio ¢ié che si
osserva. La figura a pag. 41 mostra
uno dei primi gruppi di misure relative
al cloruro di sodio ¢ al cloruro di po-
tassio fatte con lo spettrometro a ioniz-
zazione, un apparato inventato da mio
padre, W. H. Bragg, nel 1913. [n ascis-
s¢ sono riportate le misure dell'angolo
di radenza, in ordinate le intensita del-
la riflessione. I due picchi che si ve-
dono in ciascun ordine sono le « righe »
K, e Ky dello spettro del patladio dcl-
{"anticatodo, la pid intensa delle quali
¢ la K,. Gli ordini sono riflessi dalle
facce del cristallo di indici cristallogra-
fici (100), (110) ¢ (111). Come muostra-
no le curve. T'ordine (111) relativo al
cloruro di sodio & piccolo in modo ano-

‘malo, mentre I'ordine (222) entra nella

stessa scquenza degli ordini {200) e
(220). Per it cloruro di Poltussio itivece
la capacitd di diffusione degli atomi Ji
potassio e Ji clore & all'incirez iden-
tica, per cui l'ordine (111) & troppo de-
bole per essere osservabile. E stato pro-
Prio sulla base di questi dati che venne
confermata la disposizione strutturale
di entrambi questi alogenuri a’calini.
Anche se "analisi precedente 2 alquanto
semplificata, essa rappresenta un esem-

. Pio tipico del metodo usato nelle prime

determinazioni della struttura dei cri-
stalli. Venivano misurati un certo nu-
mero di ordini di onde diffraite, con lo
spettrometro a jonizzazione o con lastre
folografiche, e si cercava poi di trovare
una disposizione atomica che rendesse
conto delle intensitd dei vari ordini.

ﬁ‘,

o A

Mo caso h=2 k=0¢ =0 In modo analoge la riflensio.
he injriale da parte dei
viene designuta con 1220}, mentre per lo schema a destre &
{111} rispento aj piani di
dici pari i riferiscono a strati identici,
me ri~uliato riflessioni imense ¢
con indici dispari pruvengono da strati oceupati in
Ao, ¢ hanno percic come risuhato riflessiuni deboli e sfasate.

piani mnstrati nelle schema centeale

cloro. In genere gl ordini con in-
e hanno pereié ro-
in fase, mentre gli ordini
modu alter-

sua determinazione & o scopo finale di
tetti § metodi sperimentali. Questa quan-
Litd & una misura, per ogni ordine (hkD,
dell'intensitd del fascio diffuso da uha
unitd strutturale completa, espressa ri-
spetto alla quantitd diffusa da un sin-
golo clettrone assunta come unitd. Per
esempio, la quantita F(000) 2 diffusa
in avanti con angolo zero, cosicché non
vi & differenza ‘di percorso che possa
ausare interferenze; F(000) ¢ percio il
numero totale di elcttroni per unita
strutturale. Per ordini pid alti vi & una
diminuzione d'intensita da  attribuirsi
all‘interterenesa.

E importante notare che FhkD & un
fupporte  adimensionale, caratteristico
soltanto defla struttura cristallina e in-
dipendente dalla lunghezza d'onda Jei
raggt X impicgati. Se si usa una lun-
ghezza d'onda pid breve, glt ordini
compaiono ad angoli pid piccoli e ie
differenze di percorso sono ridotre. ma
le differenze di fase rimangono le stes-
se. Ciod F(AkD dipende soltanto dJalla
distribuzione Jella materia diffondente
nclia cella unitariz, il che & proprio
T'obiettivo dell'analisi a raggi X.

Le basi teoriche per misurare i va-
tori di F(hkl) veanero formulate da C.
G. Darwin in due brillanti articoli com-
parsi poco dopo la scoperta della diffra-
zione dcei raggi X. A quei tempi le os-
servazioni sperimentali erano troppo ap-
prossimative per costituire un test per
la sua teoria, ¢ passd un certo numero
di anni prima che si potesse applicarla.

Nei suoi primi calcoli Darwin fece
I'ipotesi di un eristallo « idealmente per-
fetto ». 1 primi test approssimativi in-
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AGURE 13-1

(A) Generalized cross section through an X-ray tube. High-energy electrons from
the cathode strike the metal target on the anode, exciting the metal atoms by
“knocking”’ electrons out of their K shells.

(B) Schematic energy-level diagram illustrating how the excited K shell cap-

tures electrons from outer shells, the M-K transition producing K8 X-rays, the
L~K transitions producing Ka; and Koy X-rays.
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Relative intensities 7, for the various wavelengths of X-rays emitted by
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FAGURE 13-3

(A) Absorption curve for szirconium foil for X-rays of wavelengths between
0.2 and 1.0 A. The abrupt decrease in ahility to absorb at A = 0.687 A marks zir-
conium’s absorption edge.

(B) Curve showing the intensities of X-rays emitted by a molybdenum tube
operated at 35 kV on which is superimposed the absorption curve for zirconium
foil. The absorption edge for zsirconium (atomic number, 40) falls between the
Kf and Ka peaks for molybdenum (atomic number, 42). This permits sirconium
foil to filter out the MoKB radiation from the X-rays emitted by a molybdenum
tube.
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8-2 DIFFRACTION OF X-RAYS

contsins many thousands of small, randomly oriented crystals, and consequent]
many grains are expected to be in the proper position st all times Lo permit diﬂ‘rmh,n
from all the permissible Isttice planes.

Figure la illustrates a single grain in a powder sample which has & lattice layey
oriented perpendicular to the page of the book and is inclined to the incident x-ry
beam at the appropriate diffraction angle 8. The diffracted beam, still in the plang
of the paper, is inclined to the Iattice layer by the same angle ¢ and to the direct beamp
by angle 2¢. Since there are many thousands of grains in the powder sample, severy|
of them will be in a position such that they have the same lattice layer inclined to the

{

{o) b

{c)

Fic. 1. Illustration of the diffraction of z-rays {a} by a Iattics Iayer of u single grain. (b)
by identical lattice layets from many grains, and (¢} by different lattice layers of many
grains.

incident beam by the same angle # of Fig. la, and since the Bragg equation defines
the inclination of the lattice plabe in one dimension only, there will be identical lattice
lsyers in the proper diffraction position oriented tangentislly slong the surface of »
cone whose inciinstion with the direct beam will be 4. Similarly there will be a cone
of diffizacted beams inclined to the direct beam by an angle of 2¢ (see Fig. 10). Simuyl-
taneously, other lattice Isyers with different interplanar spacing snd, consequently,
with different ¢ inclination will be in diffracting position, thus giving rise to variow
diffraction cones. Several diffraction cones are illustrated in Fig. le.

All the powder cameras are designed to record these difiraction cones; however,
many of them differ in the geometry and construction of the design, ‘Thers are three
major types of powder camerss: (1) the Debye-Scherrer camera, (2) the focusing
cameras, and (3) the flat-6im cameras. These three camerss select different ranges of
the diffraction spectrum, record the diffraction cones in different ways, and emphasise

12 -~
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AGURE 1313

a different rulius, for exanple, 1/d;g, 1/dw, 1/dn,, could be drawn centered at
0 ar_ld would similarly intersect the xphere of reflection in circles to which cones
of diffracted m8ys would proceed from the powder rod.

ENTERING SCREw
FILE LOCKING sCREW

OTATING SAMPLE WOLDER
COtLimaTOR

o AN SN T
\mcu: HOLES FOR
LOLLIMATOR AD

SEAN CATCHER
AGURE 13-12

Schematic view of a powder camera with its light-tight lid removed. Its collimator
is placed against the exit port of the X-ray sube and blocks out all X-rays except a
fine beam that impinges on the powder rod. This powder rod is rotated about its

13-
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The Pewder Method Chapier 13 473
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AGURE 13=14

| of arcs. The powder camera itself is not shown. The powder rod would be rotating

on its axis, which is also the axis of the squat cylinder formed by the film strip.
(B) Croas section (enlarged 100,000,000X ) of a grain whose diffracted beam
lies along the arrow on the 220 cone in (A). As this cross section is rotated 360°
around the direct beam as an axis, it successively represents the croas section
of each grain in the rod that produces a diffracted ray lying in the 220 cone. If
We compare this cross section with itaelf after a 180° rotation around the direct
beam, we see that 4 represents the cone angle, that is, the angle between the two
most divergent rays in the same diffraction cone.

(C) Enlarged drawing of the film in (A) alter its proceasing and mounting onto
a device for measuring the distance between arcs on a powder film. For example,
the cursor now indicates the midpoint of are 7, to be above 40.6 on the fixed milli-
meter scale (whose finer divisions have been largely omitted ). The cursor could

example, the distance between Z3 and zy’. Note that 0y, the arithmetric average
of two arcs from the same back-reflected diffraction cone [} (2, + z,’ )] marks
the point where the direct beam enters the film in (A). Similarly 0y, the arithmetric
average of two arcs from the same forward.reflected oone, is the coordinate of
the point where the direct beam leaves the powder camers (through & hole punched
in the film). The intensities of the back reflections are greatly exaggerated.

~44 -
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AGURE 13-21

(A) Schematic drawing of the principal parts of an x-ray diffractometer. X-rays
from the tube’s line focus are collimated by passage through a parallel slit assembly
(Soller slit) and a divergence slit before striking the powder (stippled) on s glass
slide or sample holder. While the slide (length exaggerated) rotates about axis G
50 a3 t0 be at an angle # to the direct beam, a detector (stripped of its housing to
reveal its receiving, Soller, and scatter slits) scans through the angle 26.

(B) Segments of relp spheres a, 8, ... m, 7, o for the crystalline powder inter-
sect the sphere of reflection (semicircle) to produce diffracted raysa, b, ...m, n,o.
(C) While the sample rotates through an angle 8 about the axis G, which is now

-15-
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TABLE 13-5

Observed 26 ond Calculated dy2/d? Valyes for a Powder Film of Synthetic Spinel, MgALO,

20, dw d’l ¢ d\/ds hkl Ne Gontd
19.02a 4.6658 21.7697 1 118 3 8.0814
31.30a 2.8577 8.1664 2.666 220 8 8.0828
36.894a 2.4365 5.9365 3.667 311 11 8.0810
44 .84 2.0212 4.0852 5.329 400 18 8.0848
85.702a 1.6501 2.7232 7.994 422 24 8.0338
59.427a 1.5553 2.4100 8.909  511/333 o7 5.0816
65.287a 1.4291 2.0423 10659 440 32 8.0842
68.736a 1.3656 1.8649  11.673 531 35 8.0790

 74.19 1.2781 1.6335  13.327 - g20 40 8.0834
77.388 1.2331 1.5205  14.317 533 43 8.0860
82.691a 1.1670 1.3619  15.084 444 18 8.0852
85.784a 1.1327 1.2830  16.968 711551 51 8.0891
04.171a 1.0517 8.0783
ot 451 oy 1.1063  19.678  731/553  sp 8 oae
99.37a, 1.0102 8.0816
99.72as 10101 1:0203 21337 s00 - ¥ {3 0808

107.92a, 0.95257 8.0828
108.327 0.95248 090720  23.994  822/660 72 8.0821
111.26 0.93318 8.0816
1 e 0 s 0.87084  24.995 751,555 75 8 oane
116. 944, 0.90365 8.0825
117. 45 0.90345  0-81640  26.665 840 80 8.0807
120.50a, 0.88719 8.0827
121.074a, 0.88686 078582 27.667  911/753 g3 8.0797
130.7440, 0.84733 8.0836
131.366ay 0.84734 0.71787  30.321 831 o 8.0831
138. 028, 0.82407 i 8.0830
138.785a, 0.82495 0.68056  31.987 844 96 8.0828

‘N =k 4kt
‘g w dy/N
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CRISTALLIZATION

RX check of the Crystal quality

Preliminary analysis by

photographic cameras

Accurate Determination

of the unit cell

DATA COLLECTION

Data Processing _

Solution of the structure

Refinement of atomic parassters

Analysis of the structure
and calculation of
molacular and crystal

. structure paraseters

Laboratory

conventional
Cameras

diffractometer

+ computer

Computer
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Video~-terminals

Plotter

Data Collection

{ Console

Printer

MicroVAaX-2000

6 MB Memory
12 Serial Ports
.159 MB Disk
95 MB Cassette

Ethernet

“RR -

MicrovVax-2000

6 MB Memory .
4 Serial Ports
159 MB Disk
95 MB Cassette

Color Graphics

PS5 390 EBRS
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~ Nobel Prizes for Studies Involving X-ray Diffraciion and

Crystallography
Physics
19°4 Max von Laug Discovery of ditfraction of X-
rays by crystals
1915 Sir William M. Bragg, Ressarch on crystal structres
William L. Bragg using X-rays )
1937 Clinton J. Davisson, Electron diffraction of crystals
Sk George P. Thompson
Chemutry .
193 Peter J. Debye Contribution towsrd under-
standing molecuilar struc-
ture through work on the di-
poie moment and the X-ray
and efeciron diffraction in .
gases
1954 Uinus C. Pauiing Rasearch on the chemical
bond and structural clarift-
cation of complax sub=
stances .
1982 Max F. Perutz, Structura! detarmination of
John C. Kendrew myogiobin and hemogiabin
using X-ay diffraction
1984 Dorothy Crowfoot Hodgkin Structural clarification of im-
portant biechamical sub-
stances using X-ray ana
) sis :
1974 Willam N. Lipscomb Work on the structures of bo-
ron hydrices
1985 Aaron Klug Structure of nucleic acid-pro-
tein complexes
1985 Herbert A. Hauptman, Direct methods in crystal
Jerome Karle structure determination
Physiology and Medicine
1962 James D. Watson, Discovery of the malecular
Francis H. C. Crick, structure of nucleic acids
! Mauwrice H. F. Wilkins and its signiticance lor tha
genetic coce
1988 R.Huvbea RS LECULAR STRUCTUAL
T. DLISENHPTER oF THE *ROToSYNTHETIC
u. ﬂ""‘L : ..“1l.“u TaL,




| HEsource List

Listed below are some of the books that are useftl in
teaching cryswallography. This list is by no means compre-
hensive. Moat of the books and materials necessary to tasch
crystallography can be purchased from the Polycrystal Book
Service, P.O. Box 3439, Dayton, OH 45401.

Teaching Pamphiets

intemetonal TmbWWWfamq&deM‘
Spsaslroup Symmery: Ham, T., Ed.; Reidet: 1988,

wmmmwmfum Saokists on various aspects
of trystaliography, Tayior, C.A. Ed.: 19 pamphiers, 1981~ 1944,

Crystals and Crystal Growth

Ml&th&mMﬂ:mmm
York, 1884. -

‘mmh.n.mamm;mmvn
T 16, .

muwnmmaymm;mmm

MA, repr. 1952

MAMMAMJMMWMYHL
182

mu.wmummmonnm
shy: Now York, 1957,

Wood. E A, Cryxtais and! Light: Van Nosvaret: New York, 1977,

WM!-LMAMIQWTW: 1972,

X-Ray Diftraction and Crystal Structure Analysis

mr.ummem&-vn
1870

-w.u;mswmmmmm1m

w.a;xmmmmmW1m
Mcw.mmww:mmvn 1901,
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