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Syllabus of this course o oS il yda

1- crystal structure

2- x-ray diffraction

3- lattice vibration

4- thermal properties in solids
5- free electron model
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3. X-Ray Diffraction In Crystals

It can determine x2s3 SeYU the structure  —S 3 of a crystal by studying
4.3 the diffraction pattern JleSsY) ol of a beam ¢l=% of radiation =iV
incident=tL.dl on the crystal. By measuring the directions of the diffraction
and the corresponding ' L~ intensities <24l | can obtain information

concerning the crystal structure responsible for the diffraction.

Three types of radiation ¢=3¥) (1« g 53 &3 are used: X-rays, neutrons, and
electron. The treatment 4>J=<ll of these three types is quite similar | 4L

therefore, we shall examine in detail only the x-ray case.
3.1 Generation &1 and Absorption uelaisl Of X-Rays

X-rays are electromagnetic waves duuhliae g S Cils 5o Whose

wavelengths 4 s» JI sk are in about of 1 A. Therefore, their wavelength is so
short_x<3 . they have the same physical properties as other electromagnetic
waves, such as optical waves 4 =il Cils a1l The wavelength of an x-ray is
thus of the same order 455 Il (45 of magnitude 234l as the lattice constants
aSuill <l 65 of crystals and this which makes J== 132 x-rays useful 32« in the
analysis Ji=3 2 of crystal structures. The energy of an x-ray photon is given
by the Einstein relation i) 483 E=hv , where h is Planck’s constant <l

<L and v is the frequency 22 ),

Substituting ~&)) (= s h=6.6 x 10" erg-s and A=14 , v=C/A therefore,
E= 10% eV, which is a typical value 46l Acsdll,

The basic experimental arrangement 1=l 5 il for generating 255 an x-ray
beam is showed in Fig 3.1



University of Anbar 2020-2021 Dr. Qayes A. Abbas

College of Science Solid state physics

Department of Physics 1 4da Lecture 3
Voltage
source

Electrons

—_
e

Tube

X-ray

Figure 3.1 Generation of X-ray

Electrons emitted 4i=xiell &l g S from the cathode of a vacuum tube < s
&4 are accelerated 4>=<ll 5 by a large potential = 2= acting across the
tube.

The electrons thus acquire <lisi high kinetic energy 4sle 4.5 = 48 and when
they impinge »2k<3 on a metallic target (2=« <2, forming Jsi5 the anode

2 #Y) at the end of the tube, the x-rays are emitted -5 from the target, The
emitted radiation Caiell &5V has <llie; g wide o= e continuous <iue
spectrum—s:k, on which is superimposed —S! s a series 4Ll of discrete lines
dlasie L gaa The continuous spectrum is due to 4>t emission <= of
radiation by the incident electrons 4kiludl =L 5 SIY) as they are deflected <~
by the nuclear charges # 51l ©lis i jn the target, while the discrete lines are
due to the emission by atoms in the target after they are excited =« by the

incident electrons.

The maximum frequency of the continuous spectrum v, is related 48>e 41 to

the accelerating potential J:>=3l 2= by eV = hv,, since the maximum energy
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of a photon cannot exceed_ s> the kinetic energy of the incident electron.

The corresponding wavelength A, , is given by

12.3
A'D — T Ag
3.1
When an x-ray beam passes through a material medium it is partially absorbed.

The intensity of the beam is attenuated according to the relation

T P
3.2

where lo, is the initial intensity at the surface of the medium and X the distance

travelled. The parameter a is known as the absorption coefficient.

3.2 Bragg's Law & o

When a monochromatic s salsl x-ray beam is incident on the surface of a
crystal, it is reflected. However, the reflection takes place only when the
angle of incidence has certain values. These values depend on the wavelength

and the lattice constants of the crystal,

The model is illustrated in Fig 3.2(a), where the crystal is represented by a set
of parallel planes, corresponding to the atomic planes. The incident beam is
reflected partially at each of these planes, which act as mirrors, and the
reflected rays are then collected at a distant detector. the interference Js/x3 is
constructive < only if the difference between the paths of any two

consecutive rays is an integral multiple of the wavelength,

Path difference = n4, n=123,...
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where , A, is the wavelength and n a positive integer. The path difference A

between rays 1 and 2 in the figure 3.2

i A LW
Incident " Diffracted
beam \_ beam
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Consider =_sil the two parallel planes ) sic ¢ sis of atoms A — A'and B —

B'in Figure 3.1, which have the same o ! h, k, and | Miller indices <:ulas
_:ke and are separated 4 s=is by the interplanar spacing 4six: 4luas dpy.

Now assume =i that a parallel <) sis, monochromatic ¢! s2=) and
coherent <lulsis heam of x-rays of wavelength A is incident :i.. on these two
planes at an angle 6. Two rays in this beam, labelled 4« <!l 1 and 2, are scattered

by atoms P and Q. Constructive interference <\ Js1x5 of the scattered rays 1
and 2 occurs also at an angle 6 to the planes, if the path length difference

between 1— P — 1 and 2—Q—2' (i.e., 5C + QT ) is equal to a whole number,
n, of wavelengths.

nh= S0 + 0T

HA = ﬂ.hm Siﬂ g T dhk.l' Siﬂ H
= Edhm Siﬂ H

2d sin 0 = nA. 35

Equation is known as Bragg’s law <!l » ¢ 5%; also, n is the order of
reflection (~\S=3¥1 455 s, which may be any integer m~= 222 (1, 2, 3, .. ).

5
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where @ is the angle between the incident beam and the reflecting planes

This is the Bragg's law. The angles determined by this equation, for a given d

and A, are the only angles at which reflection takes place.

The magnitude _'x: of the distance between two adjacent and parallel planes of
atoms (i.e., the interplanar spacing dn) is a function of the Miller

indices Ll &3las (h, k, and 1) as well as the lattice parameter(a). For example,
for crystal structures that have cubic symmetry Jilelic sl jlalite CuaSa

i
Fy P——
" WP+ kE+ T

where a is the lattice parameter (unit cell edge length).

EXAMPLE 3 1

Interplanar Spacing and Diffraction Angle Computations

For BCC iron, compute (a) the interplanar spacing and (b) the diffraction an-
gle for the (220) set of planes. The lattice parameter for Fe is 0.2866 nm. Also,
assume that monochromatic radiation having a wavelength of 0.1790 nm is
used, and the order of reflection is 1.

Solution

(a) The value of the interplanar spacing d,,, is determined using
a = 02866 nm, and h = 2, k = 2, and / = 0, because we are
considering the (220) planes. Therefore,

a

dh‘l = 2 2 2
Vh*+ k+ I
- 028660m __ _p10130m
V(@) + @) + (0)°
(b) The value of # may now be computed using n=1,

because this is a first-order reflection:
nx  (1)(0.1790nm)
2dy;  (2)(0.1013nm)
6 = sin"'(0.884) = 62.13°
The diffraction angle is 26, or
20 = (2)(62.13°) = 124.26°

sinf =
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3.3 The Reciprocal Lattice 4 siiall A uil)

Starting with a lattice which has basis vectors 4.1 cleaiall are a, b, and c,
which are the primitive translational vectors 4Gty cileaiall of a space lattice
in real space, then we define the fundamental vectors of the reciprocal lattice

by a*, b*, and c* according to the relations

a¢=2'n'b><c
T a-bXece
2mwc X a

w
b T a-bXe
c#=27:ra><b

a-b Xc¢
3.6

A fundamental reciprocal vector such as a* is not necessarily 55 »=llb
parallel < sis to a of the direct lattice, but is required — sl=« to be
perpendicular 2 s«= to both b and c. We can write zeros for the various dot
products (sl -yl

a®° -b=a"-¢c=b°-a=b"-c=¢®*-a=¢c®*-b=0

3.7

whereas

g L a="h". . h=¢% - p =
a®>-a=b"-bh=c¢"-¢c=27 ag
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T T ——

Figure 3.3 The fundamental vectors of the reciprocal lattice for a two-
dimensional oblique —_~:«"real™ lattice. Note that a* is perpendicular to b

and b* is perpendicular to a; also, that a* « a equals b* * b

The inverse o« S+« of the transformation defined in Equation 3.6 , We can

easily confirm that

2nb*xc*
a — £ * *
a*.b*xc

2nc*xa*
b=—— 3.9
a*.b*xc*

_ 2ma*xb*
a*.b*xc*

3.4 Reciprocal Lattice Vectors

The translations lattice vector in the real lattice

T= In;a + ngh + I4C
3.10

These translation vector connect pairs of points in the crystal lattice which
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have identical atomic environments. So also, in reciprocal space is there

set of translations that we call reciprocal lattice vectors.

th[ - ha“ + ]"ilfl"'|I + le® 311

a simple expression for the spacing d between (hkl) planes, was possible for a

cubic lattice. In terms of the reciprocal lattice vector Gy.

duw = £ Eng
' h |th|| 3.12

But from Equations 3.8 and 3.11, a. Gy is just 21h .

Therefore, the spacing of (hkl) planes in real space is connected J-<is with

the h, k, 1 reciprocal lattice vector length by

) 3.13

3.5 The Diffraction Condition

The reciprocal lattice permits »=3 an interesting x4« perspective gLkil of the
Bragg condition <!\ » 1 % for the reflection. Instead of ) 48L=YL
considering _:i= just the wavelength of the radiation which interacts Je st

with the atoms of a set of planes.

the initial '~ and final '« wave-vectors k, k' of a reflected wave-particle.
Provided > that scattering 3 =il is elastic 4+, there is no change in
magnitude of wave-vector

Ikl = K| = (27/7) 314
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thkl)

The change Ak in k is in the direction perpendicular 2 s<= to the (hkl) planes,
the direction we have just been associating (4 <!) with Gy, or with the unit

vector n.

Ak = (k' — k) = 2 sinflk|n
4= sin0]
0 |"

:411- siné 3.15

When the combination —<! 3l of A, 6 and dn is appropriate —L for

satisfaction L=, sl =l of the Bragg condition,

.ﬁ]l'.' - Ehk] 3 16

k'-k= Ghiq

the vector relation between the initial and final wave-vectors of a Bragg-

reflected wave-particle can be written as

10
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'kr = Ehlr‘.l. -+ k 317

When each side = J< of this equation is squared ~_% and the quantity 4.l
|k|? = |K'|? is subtracted from each side, the Bragg condition appears ek
in the form 4uall

K” = (Gpat + k)’
kz - thlz + Zthl k + k2

kz - kz = thlz + Zthl k

thlz + Zthl k == 0 318
a - Ak =27h
b - Ak =27k
c- Ak=2r1
3.19

Equations 3.19 are the Laue equations, which provide one useful avenue

sue 4l 5 for discussions of crystal symmetry Jiill and structure.
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