A

Temperature factor 137
136 Diffraction Il: Intensities of diffracted beams

i ittle by absorption
i decreased very little :
measured as a function of temperature (Sections 6- tensity of a] dLlT:':;:it:: ?ve:i!l: :; gl i 1h; rever:: 1;.
- | | | oy ' : however,
ston coefficient of the specimen can be determined e;-zc ttze;':]nzctgeXSCIly bty ather alt;ilflf:r?fées:{,’o et
2. The intensities of the diffraction lines decrease. B e intcusitics is o4 lmgs S":;ely Mering oo raty
| | . i s can be s .
3. The intensity of the background scattering between lines increases, {0 eoiion and temperature effaet e sl gnorsdin e Debve
d_ This is a fortunate eircumstance,
: l 5 . - o .
wlcu!a[? e?‘l:?:;tfon of the atoms causes a Yery slfghl u?crealr;t; el:l
) themr:d \:t half-maximum intensity, of the dlf.fractltc.agn 111“3;
mpecteasu has never been detected [4.2], and dfﬂrac i :
F lting point, but their maximum intensity
o be sharp right up to the me

S and 7-2), the therm

al exp.
by x-ray diffraction. -

The second and third effects are described below. Here we are usually interaey:
not in intensity changes with temperature, but in variations in intensity with
constant temperature (usually room temperature). g

Thermal agitation decreases the intensity
the effect of smearing out the lattice plane
longer on mathematical planes but rather i

ness. Thus the reinforcement of waves scattered at the Bragg angle by vq
parallel planes, the reinforcement which is called a diffracted beam
perfect as it is for a crystal with fixed atoms.
path difference, which is a function of the plan

by adjacent planes be an integral number of wavelengths. Now the thicknesg
the platelike “planes™ in which the vibrating atoms lie is, on the average, 2u, w
u is the average displacement of an atom from its mean position. Under
conditions reinforcement is no longer perfect, and it becomes more imperfect
the ratio u/d increases, i.e., as the temperature increases, since that increases u,
- as 0 increases, since high-0 reflections involve planes of low d value. Thus
intensity of a diffracted beam decreases as the temperature is raised, and, fi
constant temperature, thermal vibration causes a greater decrease in the reflec

intensity at high angles than at low angles. In intensity calculations we allow

this effect by introducing the remperature factor e™*™_ which is a number by wh
the calculated intensity

is to be multiplied to allow for thermal vibration of
atoms. Qualitatively, we conclude that e~ 2™ decreases as 20 increases. A rheth

of calculating ™2™ when it is needed is outlined later, and Fig. 4-20 shows
result of such a calculation for iron. )

The temperature effect and the previously discussed absorption effect ol
cylindrical specimens depend on angle in opposite ways and, to a first appm..
imation, cancel each other in the Debye-Scherrer method. In back reflection, fo

of a diffracted beam becayse it hae
S; atoms can be regarded as lying ne

n platelike regions of ill-defined thi

e : i tomic vibration is not a
e th;quia:];e‘::;: ]:;ll.:: in? ft:e elastic constants of the
mmratu_rﬂ 31011: re. the less “stiff”" the crystal, the greater the
g ter?pera l;s Ehat u is much greater at any one temperature
: dc = T'hls rm::ll like lead than it is for, say, tungsten. Substance;
o ngg-p(;:;temeuite large values of u even at room temperatu;e anal
¢ pt?z:::'tspoo: t?ack—reﬁection photogra!:;hs. ffﬁz ;}icga:;gptlf:;nlglzrq?ne
o i : °C reduces the intensity © e
Cu ?ulzgi:t:oin(:t: about 1617 20) to only 18 percent (e = 0.18)

atoms at rest.

, 18 not
This reinforcement requires that

e spacing d, between waves scatt,

: X ill we need any quanti-
. ibed in this book (Sec. 14-10) wi : i
A umhdetsccl:::itlzre ;'actor e~ 2™ but it is convenient ‘E dﬂf;‘;.::z

3Fbou]:'oln';all:;! we allow for the effect by defining f as t1.::n:i1:y for
an atom un(‘iergoing thermal vibration, f, as the same q
and relating the two by

fiam o™ le in Appendix
for example in Ap

P ing factor as usually tabulated, A e
}Egﬂ'wn th.c scztfn:::;gline depends on f2, calculated intensities ll:':i:: tlt::.
-2 Tow:ﬁifi for thermal vibration. The quantity M depends on

thermal vibration and the scattering angle 26:
1.0

in 9\ 2 in 0\*
T =2 (B) - 507 (12 - (29 @
[ | ] ; : . the
a2 | PN I e mean square displacement of the atom in a direction nor.mal to -
' B | ™ lation of & as a function of temperature is extremely
. 0.8 i ~ The exact calculation ! ly. Debye has given the
o 1 o ; | | ‘ \\ ‘means that M or B is hard to determine accurately. Y
‘ 2.3 0.7 — ™ e .
Al | l | ‘ 6T [0 + 3] (529), (4-18)
0.6 M=——|dx 2 1
[ IS e R SR BN s O mk©
sinf =
—~ (A %)

's constant, 7" the absolute temperature, m the mass of the vibrating
& : ]

' ’s constant, © the Debye characteristic temperature of the substance
Fig. 4-20 Temperature factor e~* of iron at 20°C as a function of (sin §)/4.
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fribution in space. This “law” is not at all rigorous, but it does prove
considering many diffraction phenomena. For example, at low temper-
is very little background scattering due to thermal agitation and the
lines are relatively intense; if the specimen is now heated to a high
the lines will become quite weak and the energy which is lost from the

in °K, x = O/T, and #(x) is a function tabulated, along with values of ©, in APPend' A
Because m = A/N, where A = atomic weight and N = Avogadro’s number, 111: %
efficient of the bracketed terms above becomes

6h2T _ (6)(6.02 x 10%°)(6.63 x 1075 “115 % 10*T

2 2 -23 —20 FI g
mk©® A9%(1.38 x 10~23)(10~29) A©? appear in a spread-out form as temperature-diffuse scattering.
if 1 is in angstroms. Equation (4-18) is approximate and applies only to elements yae
«<ubic crystal structure. '—N NSITIES OF POWDER PATTERN LINES

For thorough treatments of the effect of thermal vibration on the diffraction pg

i ition to gather together the factors discussed in preceding
see James [G.7] and Warren [G.30]. in a posi g 2 p

to an equation for the relative intensity of powder-pattern lines.

The thermal vibration of atoms has another effect on diffraction pe errer Camera

Besides decreasing the intensity of diffraction lines, it causes some general co
scattering in all directions. This is called temperature-diffuse scattering; it
tributes only to the general background of the pattern and its intensity grad
increases with 20. Contrast between lines and background naturally suff
this effect is a very undesirable one, leading in extreme cases to diffraction li
the back-reflection region scarcely distinguishable from the background. F
4-21 illustrates this effect. In (a) is shown an extremely hypothetical pattern
three lines, equally spaced, equally strong, with no background whatever) for
at rest; in (b) the lines, decreased in intensity by the factor e *™_ are superim
on a background of thermal diffuse scattering.

In the phenomenon of temperature-diffuse scatterin g we have another exa
beyond those alluded to in Sec. 3-7, of scattering at non-Bragg angles. Herea
it is not surprising that such scattering should occur, since the displacement o
atoms from their mean positions constitutes a kind of crystal imperfection
leads to a partial breakdown of the conditions necessary for perfect des
interference between rays scattered at non-Bragg angles. .

The effect of thermal vibration also illustrates what has been called
approximate law of conservation of diffracted energy.” This law states that
total energy diffracted by a particular specimen under particular experin
conditions is roughly constant. Therefore, anything done to alter the ph
condition of the specimen does not alter the total amount of diffracted energy 0¥

(4-19)

1 + cos® 26
i R | m UL S e
(Approximate) IFI'p (s.inz 0 cos 0)

relative integrated intensity (arbitrary units), F = structure factor,
iplicity factor, and 0 = Bragg angle. The trigonometric terms in paren-
the Lorentz-polarization factor. In arriving at this equation, we have
' ors which are constant for all lines of the pattern. For example, all
ined of the Thomson equation (Eq. 4-2) is the polarization factor
20), with constant factors, such as the intensity of the incident beam
arge and mass of the electron, omitted. The intensity of a diffraction
directly proportional to the irradiated volume of the specimen and
portional to the camera radius, but these factors are again constant
ion lines and may be neglected. Omission of the temperature and
factors means that Eq. (4-19) is valid only for lines fairly close together
lern ; this latter restriction is not as serious as it may sound. Finally, it
remembered that this equation gives the relative integrated intensity,
lative area under the curve of intensity vs. 26.
€xact expression is required, the absorption factor A4(0) and the tem-
or =™ must be inserted:

2
(Bxact) 1= |F2p (L0520} yg)-2m (4-20)
sin? 0 cos 0

ELE]

‘7 [

_______________ - absorption factor is independent of 0 and so does not enter into the
on of relative intensities. Equation (4-19) becomes still less precise,
there is no longer any approximate cancellation of the absorption and

ure factors. Equation (4-19) may still be used, for adjacent lines on the
but the calculated intensity of the higher-angle line, relative to that of the
o % e line, will always be somewhat too large because of the omission of
ature factor.

ct equation for the diffractometer is

L (Exact) 1= pppltsost 28) an -2

|
180 0 90

20 (degrees) 28 (degrees)

in) No thermal vibration () Thermal vibration

4-21 Effect of thermal vibration of the atoms ona r pattern. Very sc
F‘E-I : ) powder pattern. Very



APPENDIX 15
DATA FOR CALCULATION OF THE TEMPERATURE FACTOR

x - 3
Values of #(x) = 2 J‘ = : d¢ as a Function of x

x 0 A 2 3 4 5 B i B 8
-

0 1.000 0.975 0.951 0.928 0.904 0.882 0.860 0.839 0818 0.797
1 0.778 0.758 0.738 0.721 0.703 0.686 0.669 0.653 0.637 0.622
2 0.607 0.592 0.578 0.565 0.552 0539 0.526 0.514 0.503 0.491
3 0.480 0.470 0.460 0.450 0.440 0431 0.422 0.413 0.404 0.396
4 0.388 0.380 0.373 0.366 0.358 0.352 0.345 0.339 0.333 0.327
5 0.321 0.315 0.310 0.304 0.299 0.294 0.289 0.285 0.280 0.276
6 0.27 0.267 0.263 0.259 0.255 0.251 0.248 0.244 0241 0.237

For x greater than 7, ¢(x) is given to a good approximation by (1.642/x). (From Vol. 2, p. 264
of [G.11]). .{

Debye Temperatures o5y Xz L=c

James [G.7, p.221] gives the following
values of the characteristic Debye tem-
perature @ for sonte cubic metals.

Metal B(°K) Metal BO(°K)
Al 390 Ta 245
Ca 230 Pb 88
Cu 320 Fe 430
Ag 210 Co 410
Au 176 Mi 400
Cr 485 Pd 275
Mo 380 Ir 285
w 310 Pt 230

APPENDIX 16
ATOMIC WEIGHTS Based on the assigned relative atomic mass of 12C = 12.

Atomic Atomic

Atomic Atomic

Element Symbol number weight Element Symbol number weight
Actinium Ac 89 (227) Mercury Hg 80 20059
Aluminium Al 13 26,9815 Molybdenum Mo 42 95.94
Americium Am 95 (243) Neodymium Nd 60 14424
Antimony Sb 51 121,75 Neon Ne 10 20179
Argon Ar 18 39948 Neptunium Np 93 237.0482
Arsenic As 33 749216 Nickel Ni 28 58.7
Astatine At 85 (210) Niobium Nb 41 92.9064
Barium Ba 56 137.34 Nitrogen N i 14.0067
Berkelium Bk 97 (247) Nobelium No 102 (254)
Beryllium Be 4 9.01218 Osmium Os 76 190.2
Bismuth Bi 83 208.9806 Oxygen 0 8 15.9994
Boron B 5 10.81 Palladium Pd 46 106.4
Bromine Br 35 79.904 Phosphorus P 15 309738
Cadmium Cd 48 112.40 Platinum Pt 78 195.09
Calcium Ca 20 40.08 Plutonium Pu 94 (242)
Californium Cf 98 (248) Polonium Po 84 (210)
Carbon € 6 12.011 Potassium K 19 39.102
Cerium Ce 58 140.12 Praseodymium  Pr 59 140.9077
Cesium Cs 55 132.9055 Promethium Pm 61 (147)
Chlorine Ci o is 35453 Protactinium Pa 9N 231.0359
Chromium Cr 24 51.996 Radium Ra 88 226.0254
Cobalt Co 27 58.9332 Radon Rn 86 (222)
Copper Cu 29 63.546 Rhenium Re 75 186.2
Curium /Cm 96 (247) Rhodium Rh 45 102.9055
Dysprosium Dy 66 162.50 Rubidium Rb 37 85.4678
Einsteinium Es 99 (254) Ruthenium Ru 44 101.07
Erbium Er 68 167.26 Samarium Sm 62 150.4
Europium Eu 63 151.96 Scandium 56 21 44,9569
Fermium Fm 100 (253) Selenium Se 34 78.96
Fluorine F 9 18.9984 Silicon Si 14 28.086
Francium Fr 87 (223) Silver Ag 47 107.868
Gadolinium Gd 64 157.25 Sodium Na 1 22.9898
Gallium Ga 31 6972 Strontium Sr 38 87.62
Germanium Ge 32 72.59 Sulfur S 16 32.06
Gold Au 79 196.9665 Tantalum Ta 73 180.9479
Hafnium Hf ¢ 178.49 Technetium To 43 98.9062
Helium He 2 4.00260 Tellurium Te 52 127.60
Holmium Ho 67 164.9303 Terbium Tb 65 158.9254
Hydrogen H 1 1.0080 Thallium Tl 81 20437
Indium In 49 114.82 Thorium Th 90 232.0381
lodine I 53 126.9045 Thulium Tm 69 168.9342
Iridium Ir 77 19222 Tin Sn 50 118.69
Iron Fe 26 55.847 Titanium Ti 22 47.90
Krypton Kr 36 83.80 Tungsten w 74 183.85
Lanthanum La 57 138.9055 Uranium u 92 238029
Lawrencium L 103 (257) Vanadium v 23 50.9414
Lead Pb 82 2072 Xenon Xe 54 131.30
Lithium Li 3 6.941 Ytterbium Yb 70 173.04
Lutetium Lu 71 174.97 Yittrium Y 39 88.9059
Magnesium Mg 12 24.305 Zinc Zn 30 65.37
Manganese Mn 25 54.9380 Zirconium Zr 40 91.22
Mendelevium Md 101 (256)

Values in parentheses represent the most stable known isotopes.



