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A
Bragg's Diffraction Law

and X-ray Diffraction

Bragg's Diffraction Condition

X-rays are electromagnetic (EM) waves with wavelengtks typically in the range from 001 mis to a

few nanometers. This wavelength region is comparable with typical interplanar spacings in crys-

tals. When an X-ray beam impinges on a crystal, the waves in the beans interact with the planes of

atoms in the crystal and, as a result, the waves become scattered and the X-ray beam becomes dif-

fracted. An analogy with radio waves may help. Radio waves with wavelengths in the range 1-10 m

(short waves and VHF waves) easily interact with objects of comparable siec. It is well known that

these radio waves become scattered by objects of cotnparablesize such as trecs, houses, and build-

ings. However, long-wave radio waves with wavelengths in kilometers do not become scattered

by these objects because the object sizes now are much smaller than the wavelength.

When X-rays strike a crystal, the EM waves penetrate the crystal structure. Each plane of

atoms in the crystal reflects a portion of the waves. The reflected waves from different planes

then interfere with each other and give rise to a diffracted beam which is at a well-defined angle

'0 to the incident beam as depicted in Figure Al. Some of the incident beam goes through the

crystal undiffracted and some of the beam becomes diffracted. Further, the diffracted rays exist

only in certain directions. These diffraction directions correspond to well-defined diffraction

angles 20, as defined in Figure Al. The diffraction angle 20. the wavelength of the X-rays A,
and the interplanar separation d of the diffraction planes within the crystal are related through

the Bragg diffraction condition, that is,

Bra88's!aw	 2ei sin (1 = nA	 a = 1, 2,1	 lAM
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Consider X-rays penetrating a crystal structure and becoming reflected by a given set of

atomic planes as shown in Figure A.2. We can consider an X-ray beam to be many parallel waves

that are in phase. These waves penetrate the crystal structure and become reflected at successive

atomic planes. The interplanar separation of these planes is d. Waves reflected from adjacent atomic

planes interfere constructively to constitute a diffracted beam only when the path difference be-

tween the rays is an integer multiple of the wavelength—a requirement of consfrudive interference.

This will only he the case for certain directions of reflection. For simplicity, we will consider two

waves A and B in an X-ray beam being reflected from two consecutive atomic planes in the crys-

tal. The angle between the X-rays and the atomic planes is as defined in Figure A.2. Initially the

waves A and B are in phase. Wave A is reflected from the first plane, whereas wave B is reflected

from the second plane. When wave A is reflected at 0 wave B is at P. Wave B becomes reflected

from 0' on the second plane and then moves along reflected B'. Wave B has to travel a further dis-

tance, P0'Q, equivalent to 2d sin  before reaching wave A. l'he path difference between the two

reflected waves A' and B' is P0'Q or 2d sin 0. For constructive interference this must be nA where

n is an integer. Otherwise the reflected waves will interfere destructively and cancel each other out.

Thus the condition for the existence of a diffracted beam is that the path difference between A' and

B' should be a multiple of the wavelength ).; which is Equation A.]. The diffraction condition in

Equation A.l is referred to as Bragg's law. The angle 0 is called the Bragg angle, whereas 20 is

called the diffraction angle. The index n is called the order of diffraction. The incidence angle 9 is

the angle between the incident X-ray and the atomic planes within the crystal and not the angle at

the actual crystal surface. The crystal surface, whatever shape, does not affect the diffraction

process because X-rays penetrate the crystal and then become diffracted by a series of parallel

atomic planes. The Bragg diffraction condition has much wider applications than just crystallogra-

phy; for example, it is of contral importance to the operation of modem semiconductor lasers.

X-ray Diffraction and Study of Crystal Structures

When an X-ray beam is incident on a single crystal, the scattered beam from a given set of planes

in the crystal is at an angle 29 that satisfies the Bragg law. In three dimensions; all directions

from the crystal that are at an angle 20 to the incident beam define acone at shown in Figure A3a
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tTSZed sit Figure A.3a, the diffracted beans is along one particular direction on the diffraction cone
fit that set of diffraction planes (hkOwith aparticular orientation to the jot beam,

'fle&aaae WN"quil' Of" ifig crystal strucuus involves irradiating a single crystal with
a white -cay beam that has a wide ralgc of wavelengths. Aphotogi-aphic plate is used to capture
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the difl'raclion paliem as shown in Figure A.3b. Effectively we are scanning the wavelength A

and picking up diffractions from various (hkl) planes each time the Bragg condition is satisfied.

linus. whenever A and d for a particular set of (hkl) planes satisfy the Bragg condition, there is

a diffraction. The difbactioo pastern is a spot pattern where each spot is the result of diffraction
1mm a given set of (W) planes oriented in a particular way to the incident beam. By using a

range of wavelengths we ensure that the required wavelength is available for obtaining diffrac-

tion for a given set olpianes. The relative positions of the spots are used to determine the crys-

talstructure.
One of the simplest methods for studying crystal structures is the powder technique ihich

involves irradiating a powdered crystal, or a polycrystalline sample, with a collimated X-ray
beam of known wavelength (monochromatic) as shown iii Figure Ak Powdering the crystal
enables a given set of (hkl) planes to receive the X-rays at many different angles 0 and at many

different oriental ions, or tilts. Put differently, it allows the angle 0 to be scanned for differently

oriented crystals. Since all possible crystal orientations are present by virtue powdering, the dif-
fracted rays form diffraction cones and the diffraction pattern developed on a photographic plate

has diffraction rings as shown in Figure A3c.
Each diffraction flog in the powder technique in Figure Ak represents diffraction from a

Oven set of (hU) planes. Whenever the angle 0 satisfies the Bragg law for a given set of atomic

planes, with Miller indices (hid) and with an interplanar separation d, there is a diffracted

beam. An X-ray detector placed at an angle 20 with respect to the through-beans will register a
peak in the detected X-ray intensity, as shown in Figure A.4a. The instrument that allows this
type of X-ray diffraction study is called a difTractonleter. ilie variation of the detected intensity
with the diffraction angle 20 represents the diffraction pattern of the crystal. The particular dif-
fraction pattern depicted in Figure A.4b in for aluminum, an FCC crystal. Different crystals
exhibit different diffraction patterns.

In the case of cubic crystals, the interplanar spacing ii is related to the Miller indices of a

plane (Irk!). The separation dik, between adjacent (hid) planes is given by
Interplanar

	

dhal 
=	 IA.21	 separation in

cubic crystals

where a is the lattice parameter (side of the cubic unit cell). When we substitute ford = d11 , in

the Bragg condition in Equation A. 1, square both sides, and rearrange the equation, we find

2A2	
Bragg

0)(sin	 =	 _(h2 + k -f I')	 IA.31	 condition for
a cubic crystals

This is essentially Bragg's law rue ci.k crystals. The diffraction angle increases with
(h 2 + k2 + f2), llighex-order Miller indices, those with greater values of (Jr 2 + k 1 -1- /1), give

rise to wider diffraction angles. For example, the diffraction angle for (Ill) is smaller than that

for (200) 	 (h	 ki + I') is  for (lll)and 4 for (200). Furthermore, with A and a vat-
uestli are typically iwolil at 	 diffraction, second- and higher-order diffraction peaks,

ri=2,3----- can benikdout.
lithe case of the simple uihk crystalall possible(hkl) plahes give rise to diffraction peaks

with diffraction angles satisfying the Bragg law or Equation Al The latter equation therefore
letines a diffiaction pattern for the simple cubic crystal structure because it generates all the
pok values olo for all the plaiesintlnc cubic crystal. In the case of FCC and BCCcrystMt,
however.ntlall (Ijkd) plem give rise todiffraciknu peaks Predicted by Equation A.3. Examination
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(bi A schematic diagram illustrating the intensity of X-rays as detecied in (a) versus the dlffrixtiois angle,

28, for an FCC crystal (e.g., Al).

Figure A.4 A schematic diagram of a diffractorneler and the diffraction pattern obtained hone on FCC

crystal.

of the diffraction pattern in Figure A.4b for an FCC crystal shows that only those planes with

Miller indices that are either all odd or all even integers give rise to diffraction peaks. There are

no diffractions from those planes with mixed odd and even integers.
The Bragg law for the cubic crystals in Equation A.3 is a necessary diffraction condition

but not sufficient because diffraction involves the interaction of EM waves with the electrons in

the crystal. To determine whether there will be a diffraction peak from a set of planes in a crys-

tal we also have to consider the distributions of the atoms and their electrons in the crystal. In

FCC and BCC structures diffractions from certain planes are missing because the atoms on these

planes give rise to out-of-phase reflections
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B
Flux, Luminous Flux, and the

Brightness of Radiation.

Many optoelectrontc tight emitting devices are compared by their luminous efficiencies, which

requires a knowledge of photometry. Radiometry is the science of radiation measurement, for

example, the measurement of emitted, absorbed, reflected, transmitted radiation energy; radia-

tion is understood to mean electromagnetic energy in the optical frequency range (ultraviolet,

visible, and infrared). Photometry, on the other hand, is a subset of radiometry in which radia-

tion is measured with respect to the spectral responsivity of the eye, that is, over the visible

spectrum and by taking into account the spectral visual sensitivity of the eye under normal light

adapted conditions, i.e., pholopic conditions.

Flux () in radiometry has three related definitions, radiant, luminous and photon flux,

which correspond to the rate of flow of radiation energy, perceptible visual energy, and pho-

tons, respectively. (Notice that, in radiometry, these fluxes are not defined in terms oil flow per

unit area.) For example, radiant flux is the energy flow per unit time in the units of Watts. Ra-

diornetric quantities, such as radianiflux in,., radiant energy flow per unit time, usually have a sub-

script e and invariably involve energy or power. Radiornetric ajeciral quantities, such as spccroil

radiant jiux 0, refer to the radiometric quantity per unit wavelength; i.e., il A = dd/dA is the

radiant flux per unit wavelength.

Luminous flux or photometric flux 5, , is the visual "brightness' of a source as observed

by an average daylight adapted eye and is proportional to the radiant flux (radiation power emit-

ted) of the sourer and the efficiency of the eye to detect the speciruni of the emitted radiation.

While the eye can see a red color source, it cannot see air source, and the luminous flux

of the infrared source would be zero. Similarly, the eye is less efficient in the violet than in the

green region, and less radiant flux in needed to have a grceo .source at the same luminous flux

as the blue source. Luminous flux cli , is measured in lumens (lm), and at a particular wave-

length it is given by	 -
Luminous

it, = cli. x K x	
flux in !u,nns

where it', is the radiant flux (in Watts), K is aconversion cotistatit (statidardized to be 633 Ira/WI,

q,,, (also denoted as V) is the Iunii,ums efficiency (luminous efficacy) of the daylight adapted

eye, which is unity at 555 nra; in,, depends oil the wavelength. By definition, a I W light source

emitting at 555 rim (green, where 't,, = I) emits a luminous flux of 633 ho. The saitie I W light

source at (iSO rim (red), where ,,,, = 11.11, emits only 70 Inn. Wlicii we buy a light bulb, we are

essentially paying foi tuitions because it is luminous flux that the eye perceives. A typical 60 W

incandescent lamp provides roughl y 9(X) Ins. Fluorescent tubes provide more luminous flux

55
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output than incandescent lamps for the same electric power input as they have more spectral

emission in the visible region and make better use of the eye's spectral sensitivity. Some exam-

ples are 1(X) W incandescent lamps, 130-1800 Im, depending on the filament operating tem-

perature (hence bulb design), and 25W compact fluorescent lamps, 15(X)-1750 Im.

Luminous efficacy or a light source (such as a lamp) in the lighting industry is the effi-

ciency with which an electric light source converts the input electric power (W) into an emitted

luminous flux (]in). A l(XJ W light bulb producing 17(X) mi has an efficacy of 17 lniiW. While

at present the LED efficacies are below those of fluorescent tubes, rapid advances in LED tech-

nologies are bringing the expected efficacies to around 50 lm/W or higher. LEDs as solid-state

lamps have much longer lifetimes and much higher reliability, and hence are expected to be

more economical than incandescent and fluorescent lamps.

Irom let is ri9ht &hoof Faraday, Thooroi Hry Ilootny, Ch.del Wbeo19ove, (toed
brewsier and John iyv4oti Pro)eoor Tyndall has been oittib*d oath the hrii denroroino.
hoer 118541 of Irbi being goofed along a wotOr jr. wfoch is based to blot iniensini

refeCOfl.
I SOURCE; Conriesy of AlP Emilo Segrè Visual Archrnei, Zetery Collection.
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d(subsciipt)	 donor, e.g., N = donor concentration (m3)
dc	 direct current
d 	 piezoelectric coefficients

E

E,,, Ea

Er, E.

E

E, EFO

E

(subscript)
eff (subscript)
EHP
EM

EMF(emf)

F

I
1(E)

FCC

FET

energy; electric field (V m) (Ch. 9)
acceptor and donor energy levels

conduction band edge, valence band edge
exchange interaction energy

Fermi energy, Fermi energy at OK
bandgap energy

magnetic energy

electric field (V m)

dielectric strength or breakdown field (V m')
local electric field
electronic charge (l.W2x 10' 9 C)
electron, e.g., IL, = electron drift mobility; electronic
effective, e.g., ILn = effective drift mobility
electron-hole pair

electromagnetic
electromagnetic force (V)

force (N); function
frequency; function
Fenni-Dirac function

face-cantered cubic
field effect transistor

G	 rate of generation
Gph	 rate of pliotogeneration

parallel conductance (Q')
g(E)	 density of states

g	 conductance; transconductance (A/V); piezoelectric voltage coefficient (Ch. 7)
incremental or dynamic conductance (A/ V)
mutual transconductance (A/V)

H, H	 magnetic field intensity (strength), magnetizing field (A m)
h	 Planck's constant (6.6261 x lO	 Js)
h	 Planck's constant divided by2ir( = 1.0546 x lO 	 Is)
At (subscript)	 hole, e.g., gk = hole drift mobility
h, hfr	 dc current gain, small-signal (ac) current gain in the common emitter

configuration
HCP	 hexagonal close-packed
HF	 high frequency

I	 electric current (A), moment of inertia (kg n1 2) (Ch. I)
I	 light intensity (W m2)
! i (subscript)	 quantity related to ionic polarization

breakdown Current

18 IC, IE	 base, collector, and emitter currents in a BIT
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C
Major Symbols and Abbreviations

A	 area: cross-sectional area: amplification

ci	 lattice pill anielei:  acceleration; amplitude of vibrations: halt-channel thick-

ness in a IFET (Ch. 6)

a (subscript)	 acceptor, e.g.. N, = acceptor cOflCefltIaILOTt (in )

ac	 alternating current

1)01W gadius (0.0529 Din)

A t . A t,	 voltage amplification, power atopli fication

A [IF 	 atomic packing factor

B. It	 itlaglictic field vector (T), nagnel ic field

B	 frequency hanmlwidlh

B	 cot cal inannetic field

iiiii.thllLlifl iliaSIletIc lieki
Richanisim -Bushman constant, effective Richardscmn--Dushnian constant

BC	 base collector

BCC	 body-centerd cubic

BE	 base emitter

Bit'	 bipolar Janet ion transistor

C	 capacitance: cotnlxWitilm: the Noislheim c,fticient (fl nil

spcei1 of light 0 x J0,,i s 	 specific heat capacity I) K 	 kg

depletion layer c:Ipacitaiice

niola, heat Cdpaeily (I K	 inol 1

C,	 diltusion	 junclioll

specific hemil capacity (J K' kg t)

lieil.capacity per Unit VolUme IJ K	 in

('B	 C(iitilIICtiQit band: common base

CE	 cmuioti entitter

('MOS	 complementary MOS

('N	 coordination number

CVI)	 chemical vapor deposition

/	 diffusion coefficient (1,11 S ): Ihickticss: electric diplacentrtt (C it)

1 ,lensit (kg tn 3); distance; separation of the atomic planes in a crystal,

separation of capacitor plates: piezlccIric coefficient; mean grain sue

;Ch 2,

855
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instantaneous current (A); small-signal (ac) current, 1= SI

i (subscript)	 intrinsic, e.g., n1 = intrinsic concentration
small signal base, collector, and anittet currents Ole, SIc,Sle) in BJT

IC	 integrated circuit

J current density (Am)

J	 total angular momentum vector

j imaginary constant:
critical current density (Am
pyroelectric current density

JFFF	 junction FF1'

K	 spring constant (Ch. 1); phonon wavevector (m'); bulk modulus (Pa);
dielectric constant (Ch. 7)

k	 Boltzmann constant (k = R/NA = 1.3807 x 10	 J K); wavenumber
(k = 2x/A) , wavevector (m`); electromechanical coupling factor (Ch. 7)

KE	 kinetic energy

L	 total orbital angular momentum

L	 length inductance
length; mean free path; orbital angular momentum quantum number

La,	 channel length inaFEr
L, L	 electron and hole diffusion lengths

lengths of then- and p-regions outside depletion region in apn junction

In (x)	 natural logarithm of x

LCAO	 linear combination of atomic orbitals

M,M	 magnetization vector (Am magnetization (Am)

M	 multiplication in avalanche effect

Mu	 relative atomic mass; atomic mass; "atomic weight (g mol')

M,	 remanent or residual magnetization (A m'); reduced mass of two bodies A

and B, M, = MA MBAMA + M3)

MW	 saturation magnetization (A m')

m	 mass (kg)

Me 	 mass of the electron in free space (9J0939 x 10 kg)

m	 effective mass of the electron inacrystal
effective mass of a hole in a crystal

mj	 magnetic quantum number
spin magnetic quantum number

MOS (MOST)	 metal-oxide-semiconductor (transistor)
MOSFET	 metal-oxide-semiconductor FEY

N	 number of atoms or molecules; number of atoms per unit 
volume (m3)

(Chs. land 9); number of turns on a coil (Ch. 8)

NA	 Avogndro's number (6.022 x 10 mol')

R	 electron concentration (number per unit volume); atomic concentration;
principal quantum number, integer number; refractive index (Ch. 9)

heavily doped n-region

n.	 number of atoms per unit volume
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N. N	 effective density of stales at the conduction and valence band edges (w)

N6, N	 donor and ionized donor concentrations (of3)

n,, n	 refractive index for extraordinary and ordinary waves in a bicefringent crystal

ni	 intrinsic concentration (m)

n, p1,,	 equilibrium majority carrier concentrations (m )

,r, P.	 equilibrium minority carrier concentrations (m3)

N,	 concentration of electron scattering centers
velocity density function; vacancy concentration (of3)

P	 probability; pressure (Pa); power (W) or power loss (W)

PIP	 electric dipole moment (Cm)

P	 hole concentration (of 3); momentum (kg m s d ); pyroekctric coefficient

(C m K') (Ch. 7)
heavily doped p-region

Pv	 average dipole moment per molecule

Pe	 electron momentum (kg m s)

PE	 potential energy

Pinduad	 induced dipole moment (Cm)

N	 permanent dipole moment (C m)

PET	 polyester, polyethylene terephthalate

PZT	 lead zirconate titanate

Q	 charge (C); heat (3); quality factor
rate of heat flow (W)

q	 charge (C); an integer number used in lattice vibrations (Ch. 4)

R	 gas constant (N A k = 8.3145 J mol' K); resistance; radius; reflection coef-

ficient (Ch, 3); rate of recombination (Ch. 5)

R	 reflectance (Ch. 9)

Xj, Sy	 pyroelectric current and voltage responsivities

r	 position vector

r	 radial distance; radius; interatomic separation; resistance per unit length

reflection coefficient (Ch. 9)

RH	 Hall coefficient (m 3 C')

r0	 bond length, equilibrium separation

mis	 root mean square

S	 total spin momentum, intrinsic angular momentum; Poynting vector (Ch. 9)

S	 cross-sectional area of a scattering center; Seebeck coefficient Ihennoelectric

power (V of t ); strain (Ch. 7)

Sb,-4	 number of states per unit volume in the band

Si	 strain along direcuonj

SCL	 space charge layer

T	 temperature in Kelvin; transmission coefficient

T	 transmittance
time (s); thickness (m)
transmission coefficient

land	 loss tangent
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Tc	
Curie temperature

TI	
critical temperature (K)

Tj	
mechanical stress along direction  (Pa)

IC	 thermocouple

TCC	 temperature coefficient of capacitance (K)

ICR	 temperature coefficient of resistivity (K I)

U	 total internal energy

u	 mean speed (of electron) (ins I)

v	 voltage; volume; PE function of the electron, PE(x)

VbI	
breakdown voltage
built-in voltage

Vv	 pinch-off voltage
reverse bias voltage

r,v	 velocity (ins 1); instantaneous voltage (V)

v i	mean square velocity; mean square voltage
drift velocity in the x direction

VII a,,,	 effective velocity or rots velocity of the electron

Fermi speed

v, V9 	 group velocity

VIh	 thermal velocity

VB	 valence band

W	 width; width of depletion layer with applied voltage; dielectric loss

W.	 width of depletion region with no applied voltage

w,, W	 width of depletion region on the n-side and on the p-side with no applied

voltage

X	 atomic fraction

Y	 admittance W` ); Young's modulus (Pa)

Z	 impedance (12); atomic number, number of electrons in the atom

OF	
polarizability; temperature coefficient of resistivity (K -1 ); absorption coeffi-

cient (n 1); gain or current transfer ratio from emitter to collector of a BIT

current gain Iclig of a BiT; Bohr magneton (9.2740 x to 2' I '); spring

constant (Ch. 4)
Schottky coefficient

y	 emitter injection efficiency (Ch. 6); gyromagnetic ratio (Ch. 8), GrOisciseil

parameter (Ch. 4); loss coefficient in the Lorentz oscillator model

I', 11P4 flux (M- 2 sq ), photon flux (photons ri 2 I)

small change; skin depth (Ch. 2); loss angle (Ch. 7); domain wall thickness

(Ch. 8); penetration depth (Ch. 9)

Es	 change, excess (e.g., An = excess electron concentration)
3 2 /a 2 + a 2 /y 2 + 32/az2

e 0 r,, permittivity of a medium (C V m or F ni 
I); elastic strain

permittivity of free space or absolute permittivity (8.8542 x tO	 CV ' rn-'

 1)
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relative permittivity or dielectric constant
it	 efficiency; quantum efficiency; ideality factor
0
	

angle; an angular spherical coordinate; thermal resistance; angle between a
light ray and normal to a surface (Ch. 9)

thermal conductivity (W in K'); dielectric constant

wavelength (in); thermal coefficient of linear expansion (K I); electron
mean free path in the bulk crystal (Ch. 2); characteristic length (Ch. 8)

11, Is
	

magnetic dipole moment (A m 2)
(Ch. 3)

'C
	

i&,p ,, magnetic permeability (I-I in - '); chemical potential (Ch. 5)
Ii
	

absolute permeability (4in x lO - H in ')
Is
	

relative permeability

magnetic dipole moment (A in2) (Ch. 8)
drift mobility (m 2 V s)

hole drill mobility, electron drift mobility (m 2 V_ i ci)

frequency (11/); Poisson's ratio; volume fraction (Ch. 7)

pi, 3.l4l59.. ; piczoresistive coefficient (Pa t)
I. T
	

longitudinal and transverse piezoresistive coefficients (Pa I)

fl
	

Peltier coefficient (V)

p	 resistivity (II m); density (kg in 1); 
charge density (C m3)

PS:
	 energy density (J m 3)

Pflo:
	 net space charge density (C rn3)

pP
	

Joule heating per unit volume (W in

electrical conductivity (il' ni'); surface concentration of change (C ni2)
(Ch. 7)

(55	 polarization charge density (C 111-2)

all
	

free surface charge density (C in

Stefan's Constant (5.670 5 lO W m 2 K-4)

time constant; mean election scattering time; relaxation time; torque (N m)
TI	 mean time to generate an electron-hole pair

angle; an angular spherical coordinate
li
	

work function (1 or eV), magnetic flux (Wb)

radiant flux (W)

metal work function () or eV)

energy required to remove an electron from an n-type semiconductor (Jot eV)

luminous flux (lumens)

volume fraction; electron affinity; susceptibility ( X, is electrical; X. is
magnetic)

'l (xi)
	

total wavefunction

0 0)
	

spatial dependence of the electron wavefunction under steady-state conditions

Ok (x)
	

Bloch wavefunctieti, electron wavefunclion in a crystal

Iiyh
	

hybrid orbital
(1)
	

angular frequency (2m v); oscillation frequency (tad s I)

ionic polarieatmssn resonance frequency (angular)
(C,,	 resonance or natural frequency (angular) of an oscillating system.



Symbol

As

Sc

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo

Tc

RI'

Rh

Pd

Ag

Cd

In

So

Sb

Te

Xe

Cs

Ba

La

Cc

Pr

Nd

Pin

Sin
Ell

Gd

Tb

Dy

Ho

Er

Tin

Yb

Lu

HI

Ta

w

Re

z

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

6!

62

63
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ArPENIMX P

Electronic	 Density (g cm') 	 Crystal in
Structure	 (at 0°C, I atm)	 Solid State

5.72

4.80

3.12

3,74

1.53

2.6

4,5

650

8.55

10.2

11.5

12.2

12.4

12.0

10.5

8.65

7.31

7,30

6.68

6.24

4.92

1.87

3,62

6.15

6.77

6.77

7.

7.26

7,5

5.24

7.90

8.22

8.55

8.80

9,06

9.32

6.90

9,84

13.3

16.4

19.3

21.0

Element

Arsenic

Selenium

Bromine

Krypton

Rubidium

Strontium

Yttrium

Zirconium

Niobium

Molybdenum

Technetium

Ruthenium

Rhodium

Palladium

Silver

Cadmium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

Barium

Lanthanum

Cerium

Praseouymium

Ncodynuiuin

Promethium

Samarium

Europium

Gadolinium

Terbium

Dysprosium

Holmium

Erbium

Thulium

Ytterbium

Lutetium

Hafnium

Tantalum

Tungsten

Rhenium

Atomic
Mass

(g mot')

74,92

78.96

79.90

83.80

85.47

87.62

88.90

91.22

92.9!

95.94

(97.91)

101,07

102.91

106.42

107.87

112.41

114.82

118.71

121.75

127.60

126.91

131.29

132.90

'37.33

138.91

140.12

140.91

144.24

(145)

150.4

151.97

157.25

158.92

162.50

164.93

167.26

168.93

7304

174.97

178.49

180,95

183.84

186.21

IArI3d'°4s2p3

IArl3d'°444

IAr]3du4s2p5

ArJ3d'°4s21,6

jKrJS.u'

[Kr]5s2

IKr!4d'5s2

[Kr]4d1Ss2

IKrI4d4Ss

IKri4d5Ss'

tKri4d55s2

[Kr]4d75s'

FKrl4dtSs'

IKrI4d'51

[Kr]4d'°5s'

[Kr]4d'°5s2

lJ(rI4d'°5s2p'

lKrl4d'°5s2p2

IKrI4d'°5s2p3
IKrj4dO5,u1p4

[Kr]4d'°5s2p5

tKrl4d'°5 SIP 6

tXcI6,u'

[Xe]6s2

jXe)5d'6s2

IXc]4f'5d'6s2

1Xc14f36.c1

[Xe]4J46s2
[Xe]4f56s2

IXe]4f66s2

[Xc]4f76s2

1Xe14f75dt6s2

XcJ4f96s2

Xc]4f'°6.c

[Xcl4f"6s2

IXe 141 06s2

[Xe]4f136s2
[Xc)4f146s2

Xc]4f'45d16s1

[Xc]4f'45d26s2

fXe)4f145d16s2

[Xc14f145d46s2

[Xe]4f'45d6s2

Rhombohedral

Hexagonal

Orthorhombic

FCC

BCC

FCC

HCP

IICP

BCC

BCC

HCP

HCP

FCC

FCC

FCC

HCP

FC'l'

l3C'F

Rltombohedral

Hexagonal

Orthorhombic

FCC

BCC

BCC

HOP

FCC

HCP

HCP

Hexagonal

Rhonibohcdral

BCC

HCP

HCP

HCP

FICP

HCP

HCP

FCC

HCP

HCP

BCC

BCC

IICP



Symbol

H
He
Li
Be
B
C
N
0
F
Ne
Na
Mg
Al
Si
P
S
Cl
Ar
K
Ca
Sc
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
hi
Ga
Ge

z
1
2
3
4
5
6
7
8
9

10
II
12
13
14
IS
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

appendix

D
Elements to Uranium

Element

Hydrogen
Helium
Lithium
Beryllium
Boron
Can
Nitrogen
Oxygen
Huorine
Neon
Sodium
Magnesium
Aluminum
Silicon
Phosphorus
Sulfur
Chlorine
Argon
Potassium
Calcium
Scandium
'ltanium
Vanadium
Chronium
Manganese
Iron
Cobalt
Nickel
Copper
Zinc
Gallium
Germanium

Atomic
Mass

(g mol')

1.008
4.003
6.941
9.012

10.81
12.01
14.007
16.00
18.99
20.18
22.99
24.31
26.98
28.09
30.97
32.06
35.45
39.95
39.09
40.08
44.96
47.87
50.94
52.00
54.95
55.85
58.93
58.69
63.55
65.39
69.72
72.61

Electronic
Structure

Is'
Is1
[He]2s'

IHel2s2
(11e]2s2p'
IHeI2.*2p2
[He]2s2p3

[He]2.c2p4

LHe]2s2p
[He2.p6

jNc l3s'
[Ne]3s2
LNel3s'p'
INel3s2p2
FNel3s2p1
1Nel3s2p4
[Ne]3s2p
INeJ3s2p6
tArl4s'
lArl4s2
[ArJ3d'4s2

Ar13d24s2
1Ar13d34.c2

[Ar]3d54s'

[Ar13d54s2
IAr]3d'4s2
1Ar13d74s2
[Ar]3d84s2

[Ar]3d'04s'

[Arl3d'°4s1
[A03d'041p'

tArI304s21?

Density (g cin3)
(sat 0°C, 1 atm)

0.00018*

0.54
1.85
2.5
2.3
0.00125*
0.00143*
0.00370*
0.00090*

0.97
1.74
2,70
2.33
1.82
2.0
0.0032*
0.0018*

0.86
1.55
3.0
4.5
5.8
7.19
7.43
7.86
8.90
8.90
8.96
7.14
5.91
5.32

Crystal in
Solid State

HCP
FCP
BCC
[IC?
Rhombohedral
Hexagonal
lICP
Monodinic
Monoclinic
FCC
BCC
[IC?
FCC
Diamond
Triclinic
Orthorhombic
Orthorhombic
FCC
BCC
FCC
11CP
HCP
BCC
BCC
BCC
BCC
HCP
FCC
FCC
l-ICP
Orthorhombic
Diamond

961
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Atomic
mass

(g mot-')

190.2

192.22

195.08

196.97

200.59

204.38

207.2

208.98

(209)

(210)

(222)

(223)

226.02

227.02

232.04

(231.03)

(238.05)

Electronic
Structure

(Xe14f45d6n2

IXeI4f'45d76s2
[Xc)4f'45d6s'

iXcl4f14506s'

IXel4f'50632
Xe]4f45d'°6.v2p'

tXeI4f'5d1°6s1p2
)XeI4J'45d°6.12P3

e)4f145dI6,c2p4

LXe14P5d06P5
(Xe]4f1506s2it

jRnI7s'

lRnl7s2
[Rn6dt7s2

[Rn]6d27s2

IRn)5f2647s2

tRn]5f36d7s'

Density (g cm-3)
('at 0°C,! atm)

22.6

22.5

21.4

'9.3

13.55

11.8

11.34

9.8

9.2

ØØ099*

10,0

11.7

15.4

19.07

Crystal in
Solid Stage

HCP

FCC

FCC

FCC

Rhoinbohedral

l.1CP

FCC

Rhombohedral

SC

Rhoinbohedral

BCC

FCC

FCC

BCT

Orthorhombic

Element
	

Symbol
	

z

Osmium
	

Os
	

76

Iridium
	

Jr
	

77

Platinum
	

Pt
	

78

Gold
	

An
	

79

Mercury
	

Hg
	

80

Thallium
	

TI
	

81

Lead
	

Pb
	

82

Bismuth
	

Bi
	

83

Polonium
	

P0
	

84

Astatine
	

At
	

85

Radon
	

Rn
	

86

Francium
	

Fr
	

87

Radium
	

Ra
	

88

Actinium
	

Ac
	

89

Thorium
	

Th
	

90

Protactinium
	

Pa
	

91

Uranium
	

U
	

92

I don't really start until I get my proofs back from the printers. Then I con begin serious

wnif'ng.°

John Maynard Keynes 11883-19461



oppendix

E
Constants and Useful Information

Physical Constants

Atomic mass unit

Avogadros number

Bohr magneton

Boltzmann constant

Electron mass in free space

Electron charge

Gas constant

Gravitational constant

Permeability of vacuum or

absolute permeability

Permittivity of vacuum or

absolute permittivity

Planck's constant

Planck's constant/ 2,v

Proton rest mass

Rydberg constant

Speed of light

Stefan's constant

amy	 1.66054 x 1027 kg

NA	6.02214 ,< 1023 mol'

fi	 9.2740x 1024JT'

k	 13807 x 10 21 J K' = 8.6174 )< 10 eV K-

Me	 9.10939 x 10- ' kg
e	 .	 1.60218 x 10'9C

R	 8.3145 J K' mor' or m 3 Pa K' mor'
G	 6.6742 x 10" Nm 2 kg 2

It"	 41r  I0-7 Hm' (or WhA m)

F,	 8.8542 x 10 12 F

h	 6.626x 10Js=4,136x 1015eVs

1.055 x 10Js=6.582 x 10'teVs

MP	 1.67262 x 1027kg

R.	 1.0974 x I07m'

C	 2.9979 x 10ams

u,	 5.6704 x 10 8 Wni 2 K

Useful Information

Acceleration due to gravity at 	 g
450 latitude

(Tat 7= 293 K (20 °C)	 kT
(Tat 1= 300 K (27°C)	 kT
Bohr radius	 a,,
I angstrom	 A
I micron

I eV= 1.6022 x 109J

I kJ moE = 0.010364eV atom

I atmosphere (pressure)

=l.013x 10' Pa

9.81 ms2

0.02525 eV

0.02585 eV

0.0529 rim

to- 11 
in

106m

864
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LED Colors

The table gives the wavelength ranges and colors as usually specified for LEDs

Emerald	 Red

Color	 l9We	 green	 Green	 Yellow	 Amber Orange	 orange	 Red	 Deep red Infrared

A (Sin) A <5w. 530-564 565-579 580-587 588-594 5954,06 607-615 616-632 633-760 A , 760

Visible Spectrum

The table gives the typical wavelength ranges and color perception by an average person.

Color	 Violet	 Blue	 Green	 Yellow	 Orange	 Red

.k (Sm)	 39o-455:' 455-492	 492571	 577-57597-622	 622-780

Complex Numbers

j = ( l)R	 1 = - 1

esp(jO)= Cos 9+isin

Z=a-4-jb=r&°

	a- 3b = re'	 Re(Z) =s

Magnitude2 = 1Z1 2 = ZZ° = 1 -F b2

cosO = -(e' +e'°)

Expansions

,i(nl)	 n(n-l)(n-2)
(I + x) = I +nx+ ------x + A +j-_—

Small x:	 (I + x),	I -i- ox	 sun x	 x	 tan x

Small xinx=x0+Ax:	 f(x)f(x)+Ar(i)
dx a,

tan 0 =
a

lm(Z)=b

bl
Argument = 0 = arclan I -
sinO =	 -

cos 1
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I8nUooan ao. 355 997-161
4 Cadnar

BairIl-or field. 9711
Bohr-or ioroo08. 421-422,410-480
B.k-tai rollape, 170
Bulk modulul.

Cal.eAal
definitram, 684
F, 0111% rolaIow, 684
IeInfeaalIrrt crwlhctnl (lit), 636
volrirric re)licrey. 614

Caparloc
c'coolnacoioor,611 0,34
litleclrK materials. 631

dmekcmer i,61e, 635.670
ordyrra..693

eqlioaltIlI critii,rs 101 paaalleI arid

,rerres.676
polyeorer (POST). 636,677
polymeric 66o, 612
00801mm. 614
oempaarwecoCffIc)e01. 636
lyper occeparell. 63), 639.6Th

Car, 6l-63
a3
B00 nnlrer6aIIerelie 61-62

6I,62
goaplrrlo.frI.bl
Ice dalcirre, 62
peopoillie, (0640). 61

Cr6ce manelulie (0741)63,336,310
Bold c 10 nerO 1... 370

Carrier cmeeoIllu100
n98moIy000rcel.410
mmnorIly airier. 410
of ennoble nenriIcoInlrx, 180-392
ofmlrmne icn rerdtmlor. 380 807
saloralbIli remperalult. 397
r000rfreralole deperuderee of, 736-401

turnout taupe, 393
arrlrurmo rouiot. 398

0141101100 range. 397

Carbide. 969
Cailicoioloioocettm, 135,020.641
Colrreo,65,0,)
Catchycorifroreolo (808,10),1112
Cantlry dioponoroni 6pmalrolm, 703, '164
CB NeeCo.rduttoorbunJ
C_.. roopoels, 726
Ceramic, 00WSs. 22
Cbemrmu'i4TdiOO. 74
nor liutegraled clot 01), 570

Crreolsr brrefrmgtimco, 835417, 041
media. 836
ugiimcal acirvity. 016
npetrllc 10101 power. 816,344

Claddiirg. 791
(lau,ius-M00004!I erijaliOfi. 591-534.

6612 670
Coaoial caNe 8-inure, 628,631

themnal lueokdowti. 8678 0079
('oercmne held leemctullyl, 715.799
laboimoc ermery. II
ColeCokgIcln,6l1-6l4
Clnlliouateolbeaio. 36
('ormnarmor Baie 1CD( BIT cnrliguoatin10

See Brpobr I"..C l,artnnSIO(

rurperrrSd semicrmoolrida. 461
Couprerirothl 69840g, 392 196,461,

465
Cmrrp(emreonaoy 1oant)ple. 269
Ccnpleo dielectric cmmslornl. 063-61.

804-Oil
loss rrangle. 610

laugerl. 807
relaralioni peak. 067

Coorpico porpigaIlw coujIani. 805, 842

[reirgion relracrloe nuiea, 804 88). 642.
645947

rOlantlIOli codlitnelti. 609.642
Pm a- Si. fAr
of haP, 8118
araree abnoqtiion 839-OIl

Caopkl rol10rne )w1111I1i000 Sql

CtnrpIeO ti,ekclntc cuhn,169
C.nnp1oai elIte!. 260
Coniru0r ouIlenilp. 19- 297
Crnrdcloie. 114-127,416-422

ioaitla11, 318- 320
in rniricrarrilU(Ionri. 978 680
ii, silver. 919

('om,rdra,rire bamd IC!)!, 102,374-370.
461

('arcn4o,Iliaicic'clflnri coilceulralIOo,
119.148

Con 'mimnmkctoonu.IlS, 195,801.299
Qanulacilce ill

Iei1oIsaI, 119-148
nhc,ormI. 44 164
in l(rini frbno, 1166 167

Conoloclnnly
acInaalIal CceTgY for. 461
dreltrical, III, 180-181
of eatrironc senorcmdrxl&. 389
of Form, level eletlrns,s o norm!, 310
of rnlrhmnlc oemmcondrncice, 380
olio.omccryslolo ard glanmo, 159-142
ioce.,catrermng-Iini1ttI. 124
oftoel.nb. III, 194-162, 367
Ofrronrmlleraio.I W162
of nemteroilrelomn, 155-159
lerrlper.ntUrr deper*nte of, 122-416,

439-4(36
Co,ouIuunmltly 1111010,0 nIt, 140
Cold"polurbonI. 120-922
Coertomnily u(uarrorn, 422-427

moody slate, 424427
11010 depelokal. 472121

Coolimiouc rarrnloinr n,etwodi (Cl
mmnhal 79

Cooper patru. 740.764
C000drroano.l ,110,her)C64), 12,17

nlefionimnul. 99
Co.. 791
Coeooa nlutharge,622. 610
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