Contents

It O AU CEION it o sosuiosin waonts o iR i s iy s G TR oo e T8 o) R TS XXiXx

PART ONE
INTERACTION OF X-RAYS AND PARTICLE BEAMS WITH MATERIALS

Chapter 1
Waves, Particle Beams and Matter ................ .. ... ..cciiiiiiniin.n.
121 RAdiations s.oc s i i ot o Gerdaih 6. s it S0 6 e s s w
1:1.1  Electtomagnetic WaVes . u s sivmsns wr o s sus o sie bres s o e wa
1:1:2 PATHCIC BEAMNS :r5 . vieaiones wions wisiionsuaias i diabions it + soionsroy 51 feria w60 koo 8 5o
1.2 Units and Physical Quantities ................c ittt innnnenn.n.
1.3 Relation between Energy and Wavelength............................
1.3.1 Electromagnetic Waves . .. ......oceeivioosnsasassssonsnseonnss
13521 BLECTTONS % 55500 51 0 mas 5555 5 < e.0os5 5oL sk o b 6 s 7 5 (6000 34605,
15923] * INCUTOMNS] ot e st poiiogriss sl dns kbl 15 4 WG4 SO AEE 5] LELE
1.4 Range of Radiations used in Material Science ........................
1.4.1 Radiations dealt with ifi ThiS BOOK:« s ¢ s s s biess 611 sioons oo 570 s
1.5 Basic Atomic Theory. Energy Levels in Atoms .......................
151 Quantum NUMBEES: « ... o o i s o i oo mre i sim bom i s
1.5.2 Electron Energy Levels.......cooveviveeeoneronsonessoecnsoses
BIDIIOBTADIY v 50515 5 e s el o 050 0415 5485060 51758 5050560 1150, 4 B 68 38

O 0O NAAANULMWULM A DSBS PP WWWW

Chapter 2
Basics on Radiation-Matter Interactions ................................. 10
2.1 . General ‘CONSIAETALIONS: 45 w1 sisis a5 8 o s dosdons i o.6r vt R 10
2151 (ODSErVEAUELLECES, o s iiaress i s ailsrsi s ss marpaiass e sl 10
2.1.1.1 Effects on Radiation ... ....coccvoeesoercanosocnnoees 10
2:0:1:2 ETfects On IMAter i wn nim.ss oiiosimse s e sr s 4 11
2.1.2 Radiation-Specimen Energy Transfer ......................... 11
2.1.2.1 Elastic INteractions ... . v« vsiewswmisismn e s s ssiesssssess 11
2.1.2.2 Inelastic Interactions . ............coviiiiirennnennnn. 11
2.1.3 Interaction Cross-S€CtiON . ..........c.uvirereenennenennenennn 12
2.1.3.1 Scattering CrOSS-SECHON i oo s s sisiors wosis s 12
2.1:4 Mean Free Path .. .. ....cocueeemeeoniiooes s amssms o i s o s a s enss 13



vi Contents

202 X-TaV INTETACLION = ¢ 5w omis s si-50mraim. 65 @R EHTw SR T SRR R 13
2:2.1 Elastic; INTerACTION. . i s mia s e s srsiione o st sl e A ke 406 13
2.2.2 'Inelastic INTeractiONS . a3 v oo b6 s e i e s b 13

2.2.2.1 Excitation of Atomic Core Levels .................... 13
2222 COMPEON EELECE . suums: s wsmsmsne msi sumste momrsnassns wos Gismae o 14

223 ElectroniInt eraCtION: am sgsts i msismsiots it s il miemh e v s e Gt 15

2.3.1 Blastic) Interaction .. .o s s s o ssesis s o i st e e 15
2.3.1.] ' Basic ThEOTN: uiosesetis b aemsm e s s Summ st e 15

2:3:1:2 'Interaction BEfetsto . . msm s st smmnhmm e oo 16
Thermal|BEITect :.c i s rotowtionssnrs sttt Bamesssniesammasism s 16

Chemical BEFECE « uw v o bionsins el srsis dnsinsas stons sibigibibnae 17

Displacement EXfect ..o s s mnsm o sismesmmsmsasms s 17

2.3.1.3 Characteristics of Elastic Electron Scattering........... 18

2:3:2: Inelastic INTerACTION s sva s s s i botins osbRa sl o e o TS 18
23,201, Basiti Theoryi s i oi.s s o awsem b e e e .o 18

2.3.2.2 Interaction BEfectS .. v vism ssms e ss se s s e s s 19

Excitation of Valence and Conduction Levels .......... 19

Excitation of Atomic Core Levels .................... 19

Conversion to Electromagnetic Energy ................ 19

2.3.2.3 Characteristics of Inelastic Electron Scattering ......... 20

2:4. NeUtron. INTETACTION s s o s s sasns s o s iss ) s/ a5 ais s sie w4 Shitader s ot Dot sa 20
2:5% TONINCCTACION sz, rage s ats I afien 5 o¥inilish i olan AT 55150 16, D & ks B (0 ARt 20
1O, SPULTETING wi-dits misio e Besm o5 e o A6 A O 18 5 s 21

Ton. IMPIANCATION o qx s aiss sis o aem b e s wew st suans 21

2.6 Energetic Balanceé of INtEraction « . «is s s s s o s aus s s 55 ois s sioisl s sl wiv sie 21

B OB ADIIY 5555 17555 w5805 4575000550 50 501 65 8 956k i (650 65 S0 SV 5y Bl 22

Chapter 3

Basic Theory of Elastic Scattering .................... ... ... oo, 24

3.1 Definition:of the Scattering: OBJECt ... ... w i ce oo iineos o 55 i net oo o 505467 o sk s 24
3.0.1 Scattering: POWEE (:w i s i 55 50+ 9 5 6ow-0a5s 5 6 5 sasts 24

3.1.1.1 Scattering Power as a Continuous Function ........... 24
3.1.1.2 Scattering Power as a Discontinuous Distribution ...... 24
3:1.2 StructureIEUICEION.. .o am imi s i oo staisd sormsiies ssars iiigwn'is 8558 dsr s iomariop it 579§ 25
3.1.3 Distribution Function ........... ..ottt iiiininnnnns 25
3.1.4 Size PUNRCHION! s s avii ey vioss 6ot b i s s b B »(60ei b o 6l Fe 27

3.2. .Amplitude of Scattéred RaAIATIONS «:cs: 5o mesm s s srisre s v s axssions isoissate 27

3.2.1 General Expression of Scattered Amplitude .................... 27
3.2.1.1 Scattering VIeCOT ., ouuiisin v brum vt v sl s v igmore 5 ratine 28
3.2.1.2 Scattering AMPUINAC « «s o5 058 5 sismin oo w5 i sssrisin 0516 b s 28
3.2.1.3 Fourier Transform of Scattering Amplitude............ 29

Conventional "WEItING « <-vi s o dios s mmss mamse@smae o 29

Fourier: INVETSION! ... s sree s e ds ot sl sie) srsa se-5 @il o 29

3.2.1:4 SiZ€ FaCtOT i s oo et 55510 sxstows 15 508 550,805 5 Bresolo o o Gansd 31
3:2:1.5 FOTIIL FACEOT s s s 50w 50 o5 5575508 1 555 e 0 55 8 0414, 6 66 31

3.2.2 Physical Significance of Scattering Power ..................... 31

3.2.2.1 Scattering Power for X-rays ...........cciviiiiiiinn. 32



Contents vii

3.2.2.2 Scattering Power for Electrons ....................... 33

3.2.2.3 Scattering Power for Thermal Neutrons ............... 34

TO. SUITIATISE! 15 co fi 60555 5558 505558558050 5,605 55 L6 1 S i ot 34

3.3 Intensity of Scattered Radiations .................ccovviivernnnnnnn.. 34

3.3.1 General Expression of Scattered Intensity ..................... 34

3.3.1.1 Distribution of Discrete Scattering Elements ........... 35

3.3.1.2 Continuous Distribution of Scattering Matter .......... 36

3.3.1:3:  SI1Z8 EETCOLS 550 5045 w0m s 60515 550015 6 61 whonsi s s o0 6 et #5 snerin s e 36

3.3.1.4 Interference Function .....................ccovvunn.. 38

3.3.1.5 Forward Scattered Intensity..............covvuuneeen... 38

Distribution of Discrete Scattering Elements ........... 38

Continuous Distribution of Scattering Power .......... 38

3.3.1.6 Intensity Weighted Reciprocal Space .................. 39

3.3.1.7 Angular Variation of Scattered Intensity .............. 39

Non-crystalline Object ...........ccovviiniinnnnnn.. 39

CEYSTAIIIE OBJECt: ¢ 3 i bramss 565 50 5755 0 ion o tas csios s i ionsfies 40

STNALL OBICCES i35 51 610 e 650300 ez o' s 58 s 6 o 100855 1 o 545t 0 40

To Summarise ........ccoviiiiiiiiiiiiiiiiannn. 41

3.3.2 Fourier Transform of Scattered Intensity ...................... 40

RETEYENCE ICNADTELS, 5« 515 57555550 5 5055555 11558 506 505555 o s o o m 18 0 8 26 S 15 11 41

BIbIOBTAPIY 5 cpaerigs At mih Al iokfs 53 cpeeiah s Snes B s A i S e 3 B S 4 e S 41
Chapter 4

Elastic Scattering by Individual Atoms. Atomic Scattering Amplitude. . ...... 42

4.1 Atomic Scattering Factor for X-rays ............covuiuiuununnnen... 42

4.2 Atomic Scattering Amplitude for Electrons ...................ccvo.... 44

4.3 Atomic Scattering Amplitude for Thermal Neutrons .................. 46

4.4 Temperature Effect. Debye-Waller Factor ...................c........ 47

RETETEnCe/ CRAPTCRS s wsssmus s vimitssm oot siotesyss sesh ialons i suuo b & G dud aas Brsid dhbis 3 is 47

BibLIORTADIY i« «vv ¢ w0 wen st ot i svo e w500 008 5 306 05 05 0 60 005 1 508 31 6 o s 816 8 515 47
Chapter 5

Diffraction by a Crystal . ........... ... ... ittt 48

5.1 Definitions: Lattice, Crystal, Diffraction..............coovvuuneeon... 48

5.2 Geometrical Diffraction Theory ............ovuuiiiirmneeeinnnnnnn. 50

5.2.1 Diffraction Conditions Expressed in the Direct Lattice .......... 50

5.2.1.1 Laue Condition ..........c.ovvueeronnneeesssmvansssns 50

5:2.1.2 Bragg ‘Condition . ... sw e s sw s ssmisssssesessssns 51

5.2.2 Diffraction Conditions Expressed in the Reciprocal Lattice ...... 53

5.2.2.1 Laue Condition in the Reciprocal Lattice.............. 53

5.2.2.2 Ewald Construction..............ccoiiiiiiiieenennnn. 54

5.3 Kinematic Diffraction Theory ............ovuuurmimenneeeeeennnnnnn. 55

5.3.1 Diffracted AMPIIUAE .« viv o cvvinssiossossssssossssnssssssonasas 55

5:3:lul  "GENETAl BXDECSBION, 4556 1.u 5 o vuoivs o o o ok vt s o v sy o 11 f a6 i o 55

5:3:1.2 ISETUCTULE: FACKOT . .« o oo sy s et 05 1 st i s § o) e 4 0§ 16 vy 56

Structure Considered as a Continuous Distribution of
SCALETIE MATTET w: oo st 000 500 5ok 1055 40508 50581 85 s 6 B 56



viii Contents

Structure Considered as a Distribution of Discrete Atoms 57

5.3.1.3 Form Factor ..........ccivviiiiiinnineiinnnnnnnnnnn, 59
5.3.2 Diffracted Intensity ................. Bhomys asm s hapals Aol ey 59
5:3:2.1 General EXPIeSSION ... ... os v s e wes i sneioyons s s s o s ks oo 59
5.3.2.2 Interference Function Expressed in Reciprocal Space.... 59
One-dimensional Analysis ...............covvuveunn.. 60

Three-dimensional Generalisation. Intensity Weighted
Reciprocal Lattice ...........................o.... 60
5.3.2.3 Diffraction Deviation ..............ccovvvereeren.... 63
5.3.2.4 Friedel Law..........cooiiiiiiiiiiiiiiiinannn... 64

5.3.2.5 Fourier Transform of Diffracted Intensity. Patterson
BUNCH O st 5615 0 v s SR B T S T e AR 65
5.3.3 Relationship Between Structure Factor and Space Group Symmetry 67
503.351L  IBASICRY: masninms @ a et el B S & R B 0 s S s s 67
5.3.3.2 Translations Corresponding to Lattice Types........... 68
Primitive TattiCe ...« o swose o s i bn e s ers o s s 6 st 506 ocs s 68
Body-centred Lattice .............cooviiiininnnnn.... 68
All-face Centred Lattice . ............coovvveeeenn.... 68
One-face ‘Centred Lattice o oo e vivas e eeie s siosios ois 70
5.3.3.3 Translational Space Group Operations ................ 70
SCEEWIIAKIS (o387, S U B Do B 0 8 s B BB s 70
GHAC! PLATIES 5.0 5091608 55 s s 0581505, 55 350 i e s st shad 71
5.3.3.4 Examples of Simple Crystal Structures ................ 74
NaCl-type Structure ...............c..iiiunnnnnn... 74
Diamond-type Structure ................ccovvveenn... 75
5.4 Dynamic Diffraction Theory ............coouiiiiiirnennnn.. 75
REFETENCENCIABLETS) 55555155 5550 0 15550 i 7706 5550 5560 58 o o 5 451 it 76
BIDLIORTADIN 1m0y 50 i oo s o 00 0o 1 S s s i el S s 76

Chapter 6

Basic Theory of Electron Diffraction .................................... j/
6.1 Specific Features of Electron Diffraction ............................ 77
6.2 Diffraction Condition Relaxation ...............couvueeeieennnnnnn.. 77
6.3 Diffracted Amplitude and Intensity. Kinematic Theory ................ 79
6.3.1 Diffraction at Infinite Distance................ccoovvrrreenn... 79
6:3:11:  APHINAE . oo cre s oimiiins asnisns sie s il o e Goiitis st aes sl 80
6.3:1.2  TOCCTISIUN.. ¢ o oneve 89 s i & 50000 0 0 5 5 o 515 80
6.3.2 Diffraction at Finite Distance ..................ouuuueennn.... 80
0:3:2: 1 ELESNEL ZOTIES ¢ i, o vrsmioir s i ovsi o some s i s ot s s 5 5 1 o 81
6.3.2.2 AMPIEUAE ... oo v vioie viniesisneioois s sis s 50m 606 s s 505 005 508 005 s 81
6.3.2.3 INtensity.........uuniiiiiittt 82
6.3.3 Extinction Distance .................ouurrnnnneaaaaaannn, 82
6.4 Diffracted Amplitude and Intensity. Dynamic Theory ................. 83
O] TBARICE i 0,000 s 08 o 1 5 0 o 0 B o S0 e B s 83
6.4.2 Two-wave ApproxXimation .................ouuuuumnnnnnnnnnn. 84
Reference Chapters . ..........uuutiiiie ittt e 86

Bibliography . .. .....ooiiiii 86



Contents ix

Chapter 7
Secondary Emission . ............ .. ... e 87
7.1 Atomic Level Excitation and Relaxation ............................. 87
7:1:1 Atomic Energy Levels.::u:uaswaimsmssnsmssnswsmesssessmsms s 87
T:1:2: (Core Lievel EXCIEATION . 5.5 5 s oo s o s i s imiveus o0 6,50505, 50 05805 6 o 0 3 505 o0 88
Tidiid  RCIARACIOTiN, oz cis oummaonss i VANl ol 50515 il 5 VGRSl (eSS S s Mo 88
7.2 Secondary Radiations Induced by Excitation ......................... 89
Ti2:0 PROOCICCITONS & i a5 s oot s 9580 5351 5 15 08 6 w50 558 5 08 B4R 05 o § 90530 0 5. 89
T:2.2; 'Secondary BISCLIONS: : i . i suwiueis o o s o 6 et #1150 e 5 515 L 9w o5 8 o0 s 3 90
7.3 Bremsstrahlung . ...... ...ttt i i i 91
7.4 Secondary Radiations Induced by Relaxation......................... 92
Tidsl (ChatacteriStie: XeTaVs v wism D% (5 mblm 1 5o b w506 Lol swe s i s mals 93
7.4.1.1 Permitted Transitions and Notation................... 93
Notation of Transitions ..................cccivunn.. 93
Selection RUIES ;5 o6 srsiiingns 6 subing Mah & ases b 55 s s 93
LIN€ NOCAION 55 s s svs 55 60w 518 58 515 555 51 8 1 00 S 0% 05 G 93
Tilil 2 MOSCIEY TLAW: s 60 s sussis 55 8 it s wsiinsos o sk 83650005700 81560 5 e 6 & sbiand 94
7.:4.1.3 Line INteNSities.. « . covvvvvmownviwememon oomenmanmenenns 94
Excitation Cross-section ................cooviiununnn. 95
Probability of Radiative Relaxation................... 95
Transition Probability'.:: «: assmsmscmsimsins cms asmsus s 96
7414 Chemical SRifE ..o dam o s i o o oot somies & iefe s 90s 55505 om0 96
T.:40.5 PractiCal TS ;s s s simsis s oo smsmss o msms 65 wu 97
7:4.2. ‘Characteristic: AUger ElECIIONS i usssinsassaswsasivssssmsmiins 98
7:4.2.1 Auger Electron ENergy : oo ss.w s suasm smsnsass s 98
7.4.2.2 Permitted Transitions ...............c.ccviirernenn... 99
7:4:2.3 LiNE INTENSIIES v & o svviasois wmsw s @osm s B em s 10 3 44 50 5 5 475 98 100
7:4.2.4 Effect on the: X-ray SPECtTUML .« o os e wsmsimswsssswsmns 100
T4:205 Chemicali STt s voni s opomssmmneinewasmsi e e s i 100
RELCTENCENCNADCES! 5oiii 5 i i 500545 ool RO a3 [ o o o o i 1R il 100
BIDLIOETADNN 5 5 it 45 55058 40608 515 S 4050 1805 W08 51 6 0.2 0910 60 B b 0. 00 S 5750 3 1905 0 i 3 100
Chapter 8
Absorption of Radiations in Materials ................................... 102
8k Xeray ADSOTPIION. ciseiim: s hieia s dim s ez & fowsing b sl g 102
8.1,1 General ADSOTPUON LLAW w« s s s 5 6 5550 o 5866 518555 o brs o1 8 61 s 818 565 1o 6 3y 3 102
8:1:2; ADSOTDLION JEABCS 5 riivis snsi s oo a v 5.8 Wi s By sits g d 0 5 iage Bo s Ao 103
8.1.3 Absorption Additivity........... ..ot 104
8.2 Electron AbsSOrption ...........iiiiiiiiiiii i 104
8:2:1 'EnereViLosS smiasiarhs iBi 45EEw be B LA HE 5 S0 B A e T 105
B.2:2, IOCENSILY LLOSS s soa 5o miimnisms momnems s ams sus o 50s o5 5es 30 608 66,905 5 0 60 6 28 107
B:3 INCULTON A DS OTD IOM s 5525505 i 5 w5505 s s ot s 0ol i 158 st ol 88w 83 05000 & fov 107
Reference! CIADEEES .. o.isooorsim o wmssiors s oiscs ) s i osiar s i s o s « s ) s 2 s vl .05 600 €58 108

BibliogTaphy 2 cecine 5% mite s 7655 w510 56 0 S4B s bEAS 5 45 5 11 .50 B LG M B s im0 108



X Contents

PART TWO
RADIATION GENERATION AND MEASUREMENT

Chapter 9
Sources of X-rays, Electrons, Thermal Neutrons and Ions . ................. 111
9l XETAY SONTCES ju5r5 tos o sy 551081 vt 5250558 50 .6 68 616 0 5 o el e oy sl ol s 111
9151 CXCTAY TUDES) i st st sswmsriom ovasssioneriets oo ions o as s BHOE for okt 1SRt 111
9.1.1.1 Hot Cathode Tubes.............ccovviiiiiiieiennnn. 111
9.1.1:2" /Cold Cathiode TUBES s ;. a5 i s e s i 75558 655567558 B s 112
9113 "TATREE COICE. : xismvmasonsrane ous o1 e oike ool o e 00 s ks W BT w8 113
9.1.1.4. "Collimators s msmsmm i oS8 i mi b st i 114
9.1.2 Monochromatic Radiation ...................ccviiviinian.. 114
9.1.2.1 Absorption Edge Filtering ........................... 114
9.1.2.2 Crystal Monochromator ..............oovvviunnnnnnn. 115
Plane Monochromator ................ccovviinnn.... 116
Focusing Monochromator ........................... 116
9.1.3 Synchrotron Radiation .............c.couiiiinrernneennnnnnn. 118
92 [B)CCITON SOUECER: . sxs svavavessonam wisrsns 8o deses sterislaiiohs 659 ah iows, ) swn 88 sl Spaina GHomali 118
9.2.1 Thermionic Emission ................cuuiiiiinieeeenunnnnn. 119
9.2.2 Field EMISSION . ¢ .o vvwosiowasiosmsnssowsessnisssssssssssis 121
9.2.3 Operating Conditions ................cciiiiiiniieeeeennnnnnn. 121
952300 VACUUIN -« 555, 50m0.51 306wt oo oslais o s i 5 s B e s 121
9.2:3.2 Energy DiSPErSION ... ..ciuis w v s s s tos o sasns s 5 516 5d 65 @6 121
9.2.3.3 Focusing of Electron Beams. Electron Optics .......... 122
General Characteristics . ...........coovivviinnnnn... 122
ADCTTATIONS = 50 1 98180 a0 s s o6 o7 18 i G G G 123
Electronoptical Focusing System...................... 125
9.3  INCULTOI SOUICES i o577 s 501 e o s 55 5 8556500 58 608 s 606 60580 60 0 s 0 127
9.4 10N SOUTCES iiwmim s ovs 555 51 . 5508 0 blahs i o8 Socs e 55 5 50 48 SVBHBHGHRER o s 128
9.4.1 Gas Discharge SOUICE . . ....vvuveinmrniinnseeenssenesesnesends 128
9.4.2 Hot Cathode Source ..........cooviiiiiiiiineiiieeeeennnnn. 129
9.4.3 Metal Ion SOUICE . .....ovviiiiit i, 130
9.4.3.1 Surface Ionisation SOUICE ........covvuueemososessos 130
9.4.3.2 LAGUIA MEtal SOUTCE s v vd s e aneres ssstinier s sor s s s o avs o5 130
REFETETICE! CRAPECTS 5 s w.raiosmsisis t5a56ibiiens o/ e a8 e nenasions v o hoirebs il ioha SRt s s e 131
BibliOBrapIVi v as om0 6 B aam s SR e S s e R T e G 131
Chapter 10
Radiation Detectors and Spectrometers. ...................ccovvvvurnnn.... 132
10.1 Instrumental Parameters................ooiiiiinnineineennnnnnnn. 132
10.1.1 Characteristic Detector Parameters ..................c....... 132
10.1.2 Characteristic Spectrometer Parameters ..................... 133
10.2 X-ray Detection and Measurement ...................c.ccvvvveeennn.. 134
10.2.1 Qualitative Detection ..............ccoviiiiiiiiiinnnnnnnnn. 134
10.2.2 Intensity Measurement. Ionisation Detectors ................. 135
10.2.2.1 Gas Ionisation Detectors .............coovvvun.... 135

Basic/ PHNCIDLE! . . v v o i oo oo sasns lats sse s 50 s s 135



Contents xi

Working Regions. Multiplication Factor............ 136

Proportional Counter «: s s smswasmsmanwssmsmpansns 138

Geiger-Miiller Counter...........ccovevvinnienennn 138

10.2.2:2 SOl DELECLOTS « 1515 or s 1000a o6 555 i vws 1r v et 6 05 0 miir & 55615 139

Scintillation Counter...........covvveivrevnenenns 139

Semiconductor COUNET . .:uimssmsssansmsanimonsns 140

10.2.2.3 Position Sensitive Detectors................cooovnn. 142

One-dimensional Localising ................oconnn. 142

Two-dimensional Localising ...................... 142

10.2.3 Energy Measurements. X-ray Spectrometers ................. 143

10.2.3.1 Wavelength-dispersive Spectrometers............... 143

Plane Analysing Crystal Spectrometer.............. 143

Focusing Spectrometer .......ccoovvevonrancnsanes 143

Amnalysing Crystals ..o miwsssssamsiss o aess o s sion e 144

Main, CharacteriStics: v . o a oo w55 @ smam 5w mere s o 145

10.2.3.2 Energy-dispersive Spectrometer.................... 146
Relationship between Energy Resolution and Counting

SUAtiSTICS: ouie s s arsics s om s bunsl§ 208 (6 Rk b .80 01 5 0 910019 146

SHLL) SPECtrOMETEr: . v o s s 6.5 518 w08 5 v o9 o0 8 90 430 B30 147

Comparison of X-ray Spectrometers ............... 148

10.3 Electron and Ion Detection and Measurement ......... & 255 8 el 5 149

10.3.1 Detection and Intensity Measurement of an Electron Beam .... 149

10.3.1.1 Qualitative Detection. Fluorescent Screen and

Photographic Film........ceeivvieerineneiiiennn 149

10.3.1.2 Direct Measurement ............c.coeuiinennennennns 149

10.3.1.3 Indirect Measurement. Electron Detectors .......... 149

Scintillation COUNLET . . i .5 w5 s wis s m s w8 w896 s 149

Semiconductor Detector ........covviiiiiiiiin 150

ChanneltTon. .. sowws i i pims: 579 imivos 119 s w s sm 151

10.3.2 Electron SpectrOMELErS . . .. oo s s s eisswsionsios s sessimemasssns 151

10.3.2.1 Electron Spectrometer with Angular Dispersion .. ... 151

Electrostatic Analysers ............ccovviuninnenn. 151

Magnetic Prism Analyser......cocveeeevercrancaas 152

ReSOIULION: : i 5 o 555505 58 15504 08 91 gk B 6 00 i 8.0 79 80 0 w4k 153

Energy Filtering . . co.msmsmusmsasivn s womssn: o pms 153

10.3.2.2 Electron Spectrometer without Angular Dispersion .. 153

Solid State Detector ........covvevverneenneennnnn 153

Retarding Voltage Spectrometer ................... 153

10.3.3 Detection and Intensity Measurement of an Ion Beam ........ 154

10.3.4 Ion Spectrometers. Mass Spectrometry ....................u 155

10.3.4.1 Electrostatic Prism Energy Selector ................ 155

10.3.4.2 Magnetic Prism Mass Analyser.................... 155

10.3.4.3 Quadrupole Mass Analyser .............oovinnnn. 156

10.3.4.4 Time of Flight Mass Analyser..................... 156

10.3.4.5 Mass ResOIution. ......ccovvienrininrenncineennnens 157

10.4 Neutron Detection and Measurement .. ..........cooiveieenennennenas 157

10.5 Accuracy of Intensity Measurements. Count Statistics ................ 158



xii Contents

10.5.1 Frequency Distribution..............o.oo v, 158
10.5.2 Probable Statistical Error.................oouriinneon i, 159
10.5.3 Probable Count Error in the Presence of Background ........ 159
10.5.4 Dead Time COrrection ................coouuureeonneonnniii. 160
REFETENOE CHADLELS « . . cvvnewevsim s wns bt o sis s s 5 6 58 008 5600 s o e e mm e 160
Bibliography . ...........iii 160
PART THREE
DIFFRACTION TECHNIQUES APPLIED TO MATERIAL ANALYSIS
Chapter 11
X-ray and Neutron Diffraction Applied to Crystalline Materials. .. .......... 165
11.1 Laue Method. Crystal Symmetry and Orientation.................... 166
VI3 BESIE PRIBEIDIE - o oo v 555 00 008 ik sse w08 500 9.5 08 .58 AT b 555 i s m s 166
11.1.1.1 Primary Radiation and Sample.................... 166
11.1.1.2  Instrumental Layout and Diffraction Pattern ....... 166
11.1.1.3 Indexing the Laue Pattern........................ 168
Transmission Mode .............................. 168
Back-reflection Mode ............................ 169
I1.L1.2 Applications ..o, 171
11.1.2.1 Point Group Symmetry. Laue Groups ............. 172
11.1.2.2 Crystal Orientation .............................. 172
11.2  Rotation Method. Crystal Structure Analysis........................ 173
11.2.1 Basic Principle ..., 173
11.2.1.1 Primary Radiation and Sample.................... 173
11.2.1.2 Basic Layout...............ccouuuurivunnnoonii. 174
11.2.1.3 Display of the Diffraction Pattern................. 174
11.2.2 Interpreting the Diffraction Pattern......................... 175
11.2.2.1 Lattice Parameters....................covooon. .. 175
11.2.2.2 Indexing the Pattern. Intensity Weighted Reciprocal
Lattice ... 178
11.2.2.3 Structure Analysis ...................... T 180
11.2.3 Improved Variants..................ooouioinen i, 180
11.2.3.1 Weissenberg Camera ..................cc.coooon... 181
11.2.3.2 Retigraph and Precession Camera ................. 181
11.2.3.3 Single Crystal Diffractometer ..................... 183
11.2.3.4 Conclusion ...............couuuiiuuuniii. 183
11.3 Powder Method. Analysis of Polycrystalline Materials ............... 184
11.3.1 Basic Principle ...............ooiuiiei i, 184
11.3.1.1 Primary Radiation and Sample.................... 184
11.3.1.2 Display of the Diffraction Pattern................. 184
11.3.1.3 Diffracted Intensity ...................ccooo oo . 185
Symmetry-related Multiplicity ................... .. 185
Nearly Equal Interplanar Spacings................. 185
11.3.2  Instrumental Layout—...............ouuurmoonnn i 185

11.3.2.1 Debye-Scherrer Camera . ......................... 185



11.3:3

11.3.4

11.4.1

11.4.2
11.4.3
11.4.4
11.4.5

Contents xiii

ST a5 01 s i oo 57 5 0 58 51 600 B (0 SAI05 3 48 185
SPECITHCTL, 5557 s i 0 T i s oo s ok MAE TS RATHE 186
Measurements on the Diffraction Pattern........... 188
Advantages and Inconveniences ................... 189
11.3.2.2 FocuSing CamMECYas, .. ... s s m s s s @ 80 w06 98585 5 65 63 190
11.3.2.3 Powder Difftactometer . . ... s s sis o b asans s sme s s as 191
Operating Modes . .........ovviiiiiiiiinnn... 191
SPECIICTL « 55 505 05 10308 618 515.9 51 -0 8480 e 04 08 4 o 6 3 o v v 1900 192
DeVElOPMENTS ..« o cociws 56 3 s i 5 5im0 6 s 50 508 15 46 5w o B v 8 0 192
11.3.2.4 Primary Radiation............... ...t 193
Applications of the Powder Method ........................ 194
11.3.3.1 Identifying Crystalline Species. Powder Data File ... 194
11.3.3.2. Quantitative Analysis ....s:cswmsnsmoensssmnsmsesss 195
11.3,3.3 Lattice PATAIMELETS . v« v oo o o i wie oo oro s i b o §555580 50 196
QUAAFALIC FIOTINS w56 505 5 wowes it s 6w in s 0wt o w wombace o 197
Cubic Lattice PArameters « ;s o s ss e enswscmsssnsison 198
Parameters of Lattices with a Main Axis ........... 201
Low-symmetry Lattice Parameters ................. 201
11.3.3.4 Crystal Structure Analysis .................un.. 202
11:3.3.5 IGFAINISIZE : vvsnimvesis oie ssms 8 VE s a8s ms sl ki mses o 203
11.3.3.6 Preferential Orientations ..............c.ccovunennn 204
EIBTe TeXTULEI . 1 istovetors winoiions tors b fha s i Siciian s 0% 1SR GLTS 204
Lamellar TEXEUTE « oo s siams wsm v wamsasn s msimmsmen 206
General TEXtUTe s s s omms @ waamsms maesa s s imsis 207
11.3.3.7 Order-Disorder Transformations .................. 207
Analysis of Poorly Crystallised and Amorphous Materials . . . .. 209

11.3.4.1 Poorly Crystallised Materials. Mixed-layered Structures 209
11.3.4.2 Short-distance Ordering in Non-crystalline Materials . 210
11.3.4.3 Size Distribution in Amorphous Materials. Small-angle

SCATCCTINGD: 554 o s 12 o8 57, o ak's o Bt ¥l ks 56 PG 210

11.4 X-ray and Neutron Diffraction Applied to Crystal Structure Analysis .. 211
Point Group SYMMELTV: & . s s sus ¢ 955608 a8 s a6 w0 o ms 06 o4 211

11.4.1.1 Crystal with a Polyhedral Form ................... 211

11.4.1.2 Crystal without any Polyhedral Form .............. 212

Lattice Parameters. ... ..covvtiinininneeeeninnennnns 212
Unit'Cell'{COontent &; srrms ios (rnmed s o im Ml s/Im s Ei A g etam s 212

Space Group: SYMMELTY. = .« e ws a5 85w 5 6806 m55 686505560 213

ATOTHIC POSIIOIS & r aimiseiiors ioi 5 so i izsn o b oetiod o0 s e 16 5,350 4656 1675 B0 AN 50658 214

11.4.5.1 Trial-and-error Method .............. ... ... . ..., 214

Structure Completely Determined by the Space Group 214
Structure Determined by the Space Group to One

PATATIIELET .6 cususmnisns s ioios srivks s Gnioils s w5t 14505 @ BHE 1 .81 215
Comparing the Measured and Calculated Intensities . 215
11.4.5.2 Fourier Transform Methods ...................... 217
PattersSon [SETICS i o« sis s 506 w8 @b o m s was B i3 @565 217

Phase Determination through the Patterson Function 217
Direct Methods. Fourier Series .................... 218



xiv Contents
Structure Refinement ............................ 218
Practical Calculations ............................ 218
11.4.5.3 Fourier Projections .................ouoveronono... 219
Two-dimensional Fourier Series. Fourier-Bragg
PYOIGREION: s 1.0 16 56w 5w 560598 810 8 55 505 555 s o 5 e 219
Analogical Methods. Photosumming ............... 219
One-dimensional Fourier Series.................... 220
11.4.6 Applications of Neutron Diffraction ........................ 222
11.4.6.1 Practice ......ovvuioonronssorasnenseennssornness 222
11.4.6.2 Application to Hydrogen Compounds.............. 224
11.4.6.3 Order-Disorder Transformations .................. 224
11.4.6.4 Structures of Magnetic Compounds................ 224
11,47 Conclusion ..............oooiiuuiniinn 224
Reference Chapters ..................oooiiiniie e 225
POBIGERRPIIGT .5 0. v o0 s o s s 450 5 55 3888 1 1 e e 225
Chapter 12
Electron Diffraction on Thin Crystalline Layers........................... 226
12.1 Parallel Beam High-energy Electron Diffraction ..................... 226
12.1.1 Particular Features of High-energy Electron Diffraction. ... ... 226
12.1.1.1 Diffraction Angles................c.ovovvnrii.. 227
12.1.1.2  Reflecting Sphere.................oovuenevnii. ... 227
12.1.1.3 Diffraction Condition Relaxation.................. 227
12.1.2  Instrumental Layouts ..................ooueuononononnn. .. 229
12.1.2.1 Macrodiffraction ......................ooovii. .. 230
12.1.2.2  Microdiffraction through Aperture Selection .. ...... 231
PIBCIBE & 5 50 1.5 60 55 5 05 i 8 8 5 s s 231
Selection EIrors ...........oouvunueunnnnnnnn . 231
12.1.2.3 Microdiffraction and Nanodiffraction through Beam
Selection . ....viiiiiiiiiiii i e e 232
12.1.2.4 Specimen ..........covvuvivninininininnnnin, 233
12.1.3 Diffraction Patterns from Single Crystals.................... 233
12.1.3.1 Observed Diffraction Pattern ..................... 233
Zone Diffraction Pattern ......................... 233
LO0C ZOTE ¢ 5505 o 58 s om0 8 8 i 6 5 5 0 i o 233
Double Diffraction ................. ... ... ... .. 237
Kikuchi Patterns ................................ 239
Form and Size Effects ........................... 243
Crystal Lattice Deformations and Defects .......... 243
Superlattice Diffraction Pattern ................... 245
12.1.3.2  Applications of Single Crystal Diffraction Patterns . . 245
Crystal Orientation ......................... ... .. 245
Crystal LAMIGE &, oo it vn s mnsnsmss bsoos 5o s dace o 248
SPBCE QIO -« 5.v 5w 5.5 55 5 555 w05 56 5548 s 5080k s 5 608 i e 249
Crystal Structure ................c.ovuvrinnii.. 250
Crystal Defects and Poorly Crystallised Materials ... 250

12.1.4 Diffraction Patterns from Polycrystalline Materials . . . . ....... 250



Contents XV

12.1.4.1 Observed Diffraction Pattern ..................... 251

Generation of the Diffraction Pattern.............. 251

Ring Intensity......ccocvevsinsnescsnscarsrnneaes 252

Ring Continuity ......c.covvvevvivisiiaccniasnssons 252

Errors of Measurement. . .........cocvvieienenennn 252

12.1.4.2 Applications of Powder Diffraction Patterns........ 254

Lattice! ParamiEtersi : s « s w s s i s s i o5 € 870 80 sva s 0 0w 254

Identification of Crystalline Species................ 254

Grain SizZe .. ovvvii ittt ittt s 254

Orientation TeXtUre........cvovveeieeneerneennnens 254

12.2 Convergent Beam Electron Diffraction ................coooiiinin 258
12.2.1 Basic Principle and Observed Diffraction Patterns............ 258
12.2.1.1 Instrumental Layout ...........ccvvuiiiiniennanns 258

12.2.1.2 General Outline of the Diffraction Pattern ......... 259

12.2.1.3 Diffraction Disc Intensity and Fine Structure ....... 260

12.2.2 Instrumental Layout ........coouiiiiiiiniinrriaeennennenn 261
12.2.3 Applications of CBD ..........cciiiiiiiiiiiiiiiiiiiiin 263
12.2.3.1 Zone-axis Parameter ..............ccoiiiiiiiiiann, 263

12.2.3.2 Crystal Thickness. : - cu:coomssssssmsassssmosesmons 263

12.2.3.3 Crystal Symmetry ............cccoveuurunannnesss 264

12.2.3.4 Identification of Crystal Species................... 264

12.3 Low-energy Electron Diffraction...............cooiiiiiiiiiiit 265
12.3.1 Basic Principle ... ..ccvomvemesosiimosnsmsmonsinsmssasmss e 265
12.3.2 Instrumental Layout ...........coiiiniiiiiiiinrnnennnennns 265
12.3.3 Display of the Diffraction Pattern.......................... 265
12.3.3.1 Surface LattiCe . .« s swssnevssanmessnosasionsonensi 265

12.3.3.2 Diffraction Condition ... ::s:vsusiminsecsnsmvsmes 266

12.3.3.3 Diffracted Intensities. Surface Structure ............ 268

12.3.4 Application to Crystal Surface Structure Analysis ............ 268
12.3.4.1 Intrinsic ‘Crystal SUrface: ... sscesesmsnnsmssoemonss 268

12.3.4.2 Adsorption LAYers. . ccscmswosssasmassamsmnssss 269

12.3.4.3 ALAChINENLS: v «ioviv o oo ove o oo o100 8816 e 505 5 5 0 650 558 1§ 4 4 269

12.4 ConClUSION . ..ot oit ittt rineneueearonsassosasesssssossnsananasaass 270
Reference Chapters ... ....covueettinneterunesernnaaserassssconnetenanns 270
Bibliography . . ..ttt e 271

PART FOUR
X-RAY, ELECTRON AND SECONDARY ION SPECTROMETRY
APPLIED TO MATERIAL ANALYSIS

Chapter 13

Important Parameters in Spectrometry ............... ... 275

13.1 Qualitative Elemental Analysis .............ccoiiiiiiiiiiiiainnn. 276
13.1.1 Composition Parameters of the Specimen ................... 276

13.1.1.1 Number of Atoms of an Element in a Volume Unit . 276
13.1.1.2 Total Number of Atoms of the Specimen in a Volume
VIRMAE, oo 6 05 26 0 0 8 0 o 0 05 0 2 0600 B8 § 0 4 9 0 009 B o 276



xvi

Contents

13.1.1.3 Number of Atoms of an Element in a Surface Unit . 277

13.1.1.4 Mass Fraction and Atomic Fraction ............... 277

13.1.2 Detection Limit of an Element ...................cooooon... 277

13.1.2.1 Definitions ..........covviiienneernnnreinnnnn.. 277

13.1.2.2 Detection Limits Related to the Count Rate . ....... 277

13.1.2.3 Minimum Detectable Mass Fraction ............... 278

13.2  Quantitative Elemental Analysis .................ooououinrnnnnnnn.. 279

13.2.1 Parameters Characterising an Element ...................... 280

13.2.2 Parameters Characterising the Matrix ....................... 280

13.2.2.1 Attenuation of the Characteristic Intensity.......... 280

13.2.2.2 Enhancement of the Characteristic Intensity ........ 280

13.2.2.3 Matrix Correction ............cooveverrnnrennin.. 281

13.2.3 Instrumental Parameters .....................o.ooonoonin... 281

13.2.4 Measured Intensity ................oouriuneonn 281

13.2.4.1 Intensity from a Volume Unit..................... 282

13.2.4.2 Intensity from a Surface Unit..................... 282

13.2.4.3 Instrumental Intensity............................ 282

RETETENCE CHADLELS o« s ¢ s vs o v vo s vmwimios msis de 5608 58 55 5 58 5.6 918 525 %50 ot e st ss e e 283

Bibliography . ...t 283
Chapter 14

Elemental Analysis by X-ray Fluorescence ................................ 284

14.1 Basic Principle and Instrumental Layout............................ 284

14.1.1 Primary Excitation Radiation ................ ... ... ...... 284

14.1.1.1 X-ray Excitation ....................00 oo .. 285

Excitation by the Characteristic Lines .............. 285

Excitation by the Continuous Background.......... 285

Instrumental Conditions.......................... 285

14.1.1.2  Excitation by Radioactivity ....................... 286

14.1.2  Spectrometer. .............ovuiuuennuna 286

14.1.2.1 Wavelength-dispersive Spectrometer................ 286

14.1.2.2 Energy-dispersive Spectrometer.................... 287

14.2  Qualitative Analysis.................coouuninii 287

14.2.1 Detection Limits .................coouurinrenonnn . 287

14.2.2  Identifying Uncertainties .................................. 288

14.3  Quantitative Analysis.................oouiirieo 290

14.3.1 NAGITEE BEIEEE o« v 50 n e 0 6 58 0 8 08 5 o s s 290

14.3.1.1 Absorption Effect ........................... .. .. 291

14.3.1.2 Secondary Fluorescence Effect .................... 294

14.3.1.3 GEAIN BB . . v v me s v s semn o8 s m 68065 0 s s 295

14.3.1.4 Total Correction .................oooueonevni. 295

14.3.2  Practical Methods of Quantitative Analysis .................. 295

14.3.2.1 Intensity Measurements .......................... 295

14.3.2.2 Correction Procedures ........................... 296

Linear Approximation ........................... 296

Matrix Correction ............................... 297



Contents xvii
Mathematical Correction Methods . ................ 300
Trace Analysis ........c.ccouiiiiiiniiiiiinennnn 300
14.3,2.3 Accuracy of ANAIYSIS . ..esuusorssssmsmnsmwsgamsens . 301
14.4 'Specimen PTEPATACION. ... .. c.s ai s o s s o 6. o155 1o 048 05 0565808 15 016 0§ 0 19 04 1 5 301
14.5 Applications to Material Analysis................oiiiiiiiiii, v 302
Reference Chapters ... ...vvuieteinnt et iiiin e iiiieeiiaeeennanenenns 302
BibIIORTADINY: 55 55 155 155w 515 65 1058 0806505906 08 8 0% 505 0 60078 10 B 05 30 ) 0 i 6 00 2 59 0 0 0 0 303
Chapter 15

Electron Probe Microanalysis ... ...ttt 304
15.1 Basic Principles and Instrumentation ..................ccoiiiiin.., 304
15.1.1 EIeCtron:PIODBE ... . o i sus i s i 606 5555 be 5 51 5 050 506505 5 65§ 5 6 16 9630 90 8 59 3 5 0 8 305
15.1.2 Spectrometer......ovvvivuintrirnnrernneienonseocnonsonanns 305
15.1.3 Operating Modes .........coviiiiiiiiiiiiniiiniiineinnnnns 306
15:1.8.1 Stationary PIODE . sz mumsmmsssmes s smsnssmsmssss 306
15.1.3.2 'Scanning ProODE: .. as s s s o s msesms o me os @5 58 e 685 s 306
15.2 Qualitative Microanalysis ............coviiiiiiiiiiininneenennann. 307
15.2.1 Spatial Resolution ............c.coviiiuiiiiiiiniiiineeennn. 307
15.2.1.1 Emission Volume............cooiviiiniininiinann. 307
15.2.1.2 Emission Surface :..:s:s:svivsnsssinsassosmvswanses 308
Thick SPeCimen «...cww:wsmninishessmignini@s@sin; 308
Thin Specimen ...........cooiiiiiiiiiininn., 309
15.2.2 Stationary Probe Operation : « «:osmsmsswsmmsussssnsmemasnsns 309
15.2.2.1 Detection Limits ....::vscaimssnswsmasssmsnanses 309
15.2.2.2 Thick Specimen Analysis by Microprobe ........... 310

15.2.2.3 Thick Specimen Analysis by Scanning Electron
JAY, 5763 (0 107 ) o T-JH A 310
15.2.2.4 Thin Specimen Analysis ..:..coessssesinsmasmsmens 311
15.2.3 Scanting IMOAE: ...« i o s oe i simemins o a5 i 5k 518 506 0 508 55 8505 311
15.2.3.1 Scanning X-ray Microanalysis..................... 311
Linear Seanmiig: «ssipsensnsasinipaimsssamiaimnse 311
Plane Scanning. Distribution Maps ................ 312
15.2.3.2 Miscellaneous Scanning Images.................... 312
15.2.3.3 Kossel Pattern ............cooiiitiniiiiiiiinn. 314
15.3 Quantitative Analysis of Thick Specimen ........................ ... 314
15.3.1 Matrix BEFECS: .o o.u o5 s s mis s msia s s @m0 a0 6 wi5 5 655085608088 008 315
15.3.1.1 Atomic Number Effect................. ... .. ..... 316
15.3.1.2 Absorption Effect ........ ... ... .. .. il 318
15.3.1.3 Fluorescence Effect ............ccivviviiininnnn. 319
15.3.2. Correction Methods ... :wsewausmessssassamesssmsssessnsn 319
15.3.2.1 ZAF Method ...........ccoiiiiiiiiiiiiiiin.. 320
15.3.2.2 Limitation of ZAF ...... ... ..., 320
Light EIEIENtS ;o wsassmsmsmasmssinnimsmes @i 320
Thin. SpeCciMens: : .« «: s s s s.s i mswmsmswsw o mbm e s 60 321
15.3.3 Accuracy of Analysis ..........c.couiiiiiiiiiiiiiiniinnn 321
15.3.3.1 Instrumental Errors..............cooiiiiiiinn. 321
15.3.3.2 Errors due to the Specimen . ...................... 321



xviii Contents
15.3.3:3 StatiStical BEITOTS s sisssrsisism simssis s mis s s ms s sms o 322
1573:8:8" {COrrectiONEITOTS: -« s sis s 5 e s s A5 s w e s 322
15.3.3.5 Currently Observed Accuracy ..................... 322
15:3.4 ‘Specimnen: PreparatiOon e s oo 6 b b s b et s sins o G54 322
15.3.4.1 Specimen to be Analysed ......................... 322
15:3:4.2, "TeSt SATDIES: i1 5550565 .t tasmnisr sl s, 50 o b o oss . 323
15.3.5 Applications to Material Analysis .......................... 323
15.4 Quantitative Analysis of Thin Specimens ........................... 323
15.4.1 Basic Formulation. Matrix Corrections . ..................... 324
15.4.1.1 Relationship between Intensities and Concentrations . 324
15.4.1.2 Thin Specimen Matrix Corrections................. 324
Atomic Number Correction................cuuun.. 324
ADbSOTPtion COrTECON o v i s ws e sioowss oo sim 5w s ik s 325
Fluorescence COrTection . - « sussw o sie s s s aie shopis s 325
15.4.1.3 Thin Specimen Approximation .................... 326
15.4.1.4 Concentration Ratio of Two Elements ............. 326
15:4.2 Practical Methods of ANALYSIS ;v ws s s s s dwios s wsms s 327
15.4.2.1 Concentration Ratios . .uwmsssmiass s b v 5w 327
Method without a Test Sample.................... 327
Methods with Thin Test Sample................... 327
15.4.2.2 Absolute Multi-element Analysis .................. 328
15.4.2.3 Accuracy of ANALYSIS .. csws s oinswem e snss swoimms 329
Systematic BITOTS . .. v.cvis i o515 550 0 ion siovitls s i o 1o ssovmsosre 329
Statistical Errors ............oiiiiiiiiiineinnnn. 330
Currently Observed Accuracy ............coovueunn.. 330
154.2:4 ADDPNCAIONS 5 5060 sisis i 5 omiarisss o 615056 5689 § 50570 8 i s 13 332
Reference "ChaPLeTS : s r .ot s 5mimis i s who i i s s usishalss 3 6oia stolis: § 550 81951 & e ionilin i 332
BIB11O QT AP 15 1.5 v smsshs o & sogorraionss for & porpsSha 1 § 50 5iss BLESE: 6.0 BUGKE ©) §'GLFHETHbn) 0 b S rioior s 332

Chapter 16

Electron Spectrometry for Surface Amalysis............................... 333
16.1 Photoelectron Spectrometry . ......ovuirititniie e e e enennnnn 334
16.1.1 Basic Principle ..........c.iiiiiiiii ittt ittt 334
16:1.2 | INStEUTHENLAL LATOUL i sesiorm s o s wns o sisseiions s a6 s 5@ §eE 335
16:1:2:1 Primary Radiation .. sosmisnme swes 5w smssneacssses 336
16:1:2:2) | SPeClOMEter:., ois s arivitying Srhim o o T o 337
16.1:.2.3  SPECIMCT. . vsivessivoilons BT E T i pss sy Baien s s 337
16.1.2.4 Spectrum Acquisition and Processing .............. 337
16131 APDHCAIONS: 5.55mtaimsrinimesiei shs. s iais o o55550 5ia LS B08 i [ v 318 3766 4 339
16.1.3.1 Measurement of Energy Levels.................... 339
16.1.3.2 Qualitative Surface Analysis ...................... 339
16:1:3.3 Surface BONAING: .. v« swsvsm vwsim 55 55w s 5 s Ssmmns 340
16.1.3.4 Quantitative Surface Analysis ..................... 340
16.1.3.5 Applications to Materials......................... 341
16.2 Auger Electron Spectrometry ..........cvuiitiininninenneneennennnn 341
16.2.1 Basic PHNCIDIE: suus msioi i s ses st i s ses s ou o466 s iovs o e 0 4 341
16:2.2 Instrumental LAYOME s c o i omsie o o oo wisve sie g-am6 5 58 e s o 555733 342



Contents Xix

16.2.2.1 X-ray Excitation ..............cciiiiiiiiiiniin.. 342

16.2.2.2 Electron EXCICAtION. « s s v msmsw st s msmeass o5 e s i s 342

Retarding Field Spectrometer Combined with LEED . 342

Angular Dispersive Spectrometers ................. 343

Auger Microprobe and Scanning Microscope ....... 344

16.2.3 Specimen Preparation .............c.oovuuiviinienneennennnnnn 344

16:2:4. ADDIICAIONS & 6 155 s s 01w 906 05 10 550 519 8 5130905 008 050 808 916 81 B 76 08 06 09 3 18 344

16.2.4.1 Qualitative Surface Analysis ...................... 345

16.2.4.2 Surface Bonding .............. ..o, 345

16.2.4.3 Quantitative Surface Analysis ..................... 345

16.2.4.4 Applications to Materials......................... 346

16,3 COMCIUSION . v« oo s w00 01 01010 0 mc 55 1 v s o 5w 5 & 88 o 50655 ok i 6 610 o 600 3 50 5 346

Reference Chapters ... .ouu ittt ittt ittt ettt ettt 349

BIDLOETADIY 1551 6550 5.5 515 05 508 185 615 15508 01 55 59 976 305 16 A6 § 605 10 ¢ 8 8 o 09 3 80 0 40 8 608 08 918 01 5 4 349
Chapter 17 »

X-ray Absorption Spectrometry and Electron Energy Loss Spectrometry . . ... 350

17.1 X-ray Absorption Spectrometry (EXAFS)........cooiiiiiiinn.... 351

1701 BasiC PTITCIDIS! s s s mnim s vosisms 0516 505 05 518 9 5 8 15518 505 €8 5 6§ 51 8 ) 558 351

17.1.1:1 Absorption SpectIUIy: « . u s w e issmsesimsesd e 65w s 351

17.1.1.2 Fine Structure. .........c.couierniiinnenennennennnn 352

Observed Effects . ocnvuvimemmsmmsmnsssmmsssossss 353

Interpretation of the Extended Fine Structure. EXAFS 353

Fine Structure near to the Absorption Edge ........ 356

17.1.2 Practice of EXAFS Spectrometry...........ovvuiuieneennnn. 356

17.1.2.1 Instrumental Layout ...............cooieuniinn... 357

XETAY SOUTCE 5100 515 65 55506 58 0505 98 6 501 3 10 Bvs 10 6 5 8 10 31 8 0 4 00 2 48 3 357

Monochromator and Focusing .................... 357

17.1.2.2 Setting up the Interference Function ............... 358

Absorption Function...............coooivinnn.. 359

Interference FUNCLION &« wiv s wsmsmms o sms i 585505655 360

17.1.2.3 Extracting Structural Data::s:wisosnssssninmsasses 360

Direct Fourier Transform......................... 360

Fitting of Experimental and Theoretical Spectra..... 360

Fourier Filtering. . ..., 361

17.1.2.4 - Possibilities and Limitations .. .c.oeevevemacsinenns 361

17.1.3  Applications ........ccouriiiiniiin i 362

17.2 Electron Energy Loss Spectrometry (EELS) ......................... 362

17251 BasiC PriNCIDIE o ssmsmsimmsoe i s 55555 5o 5565 565 955 ¢ b g 155 0 570 518 363

17.2.1.1 Experimental Parameters .........cccooveevesueenns 363

17.2.1.2 Observed Spectrum ...........covviiiiiniinneenn. 364

Around Zero-energy-loss Region .................. 364

Low-energy-loss Region .......................... 365

High-energy-loss Region.......................... 366

17.2.2 Instrumental Layout ...........c.cooiiininiiinennennnnennenns 367

17.2.2.1 Spectrometer and Detector........................ 367

17.2.2.2 SPECIMEN . . vvvvwvvevwrvanssusnsnssmansnnessssens 367



XX Contents

17.2.3 Qualitative Analysis. Detection Limits ...................... 367

17.2.4 Quantitative Analysis .............oiiiiiniiiiiiiiiia. 369

17.2.4.1 Absolute Quantitative Analysis.................... 369

17.2.4.2 Concentration Ratio of Two Elements ............. 370

17.2:4.3 Accuracy Of ANALYSIS .« s 5 e e e sis i s 5w o 56 5 s i a0 o 370

1725 ADPHCATIONS . i si5ivas e siveimstions b i srt il s it sie i o) o 58 i v, iy of & 370

Reference Chapters ... ..ooviiii et ettt ettt et et 371

Bibliography ....... 4 8 RS B B B8 S 18 oA S8 () B B B S S W B B 371
Chapter 18

Secondary Ion Mass Spectrometry for Surface Analysis .................... 372

18.1 Basic Principles and Instrumental Layout........................... 372

18.1.1 Purely Analytical Facility..................coiiiiinin... 373

18.1.1.1 Primary Ion Source...........c.covviuiiiuneinnnnn. 373

18112 'SPECUNICTE o ss.i s st i i 51 5 5 55 s 0 ook G050 518 o 5 8450 i i 374

18.1.1.3 Mass Spectrometer ..............cveieriennennnnn. 374

18.1.1.4 Data Acquisition and Processing .................. 374

18.1.2 Ion Emission MiCroSCOPY . ... vvviei e ie e 375

18.1.2.1 Stigmatic IMABES ..oeiwsiw s s oo is s 5w iens woesos 375

18.1.2.2 Scanning Images ..............cciiiiiiiinnn.... 3735

18.2 Specimen Analysis . .........couiinitiiiii i e 375

18.2.1 Analytical Modes..........covviiiniiiiiiiieinnenneennn. 375

18.2:1.1 SuUrface ANALYSIS: « s sm o005 55e0m e ms o i 590508 655 565 375

18.2.1.2 Depth Concentration Profiling .................... 376

18.2.2 Spatial Resolution ...............oiiiiiiiiiiiiniinn.. 376

18.2.2.1 Surface Resolution .....................ccooiunn. 376

18.2.2.2 Depth Profiling ReSOIItiON. . & « oo wismswsiosimsmsns 376

Stationary Analysing Mode ....................... 376

Scanning Analysing Mode ........................ 376

Limiting Parameters of Depth Resolution .......... 377

18.2:3 'QuAltatiVE ANALYSIS 5w os o s misis 650500 5 51550806 558 o £ 5inmwseon ot 5 377

18.2.3.1 Observed Emission Spectrum ..................... 377

Emission Parameters............................. 317

TON. SPECIES. s 40506 514 10505 s 085 005 5 8 318 06 508 8,56 7 6 6 378

Experimental Spectrum........................... 378

18.2.3.2 Detection Limits ................ccvviiiiiinn... 379

18.2.3.3 Minimum Volume to be Sputtered................. 379

18.2.3.4 Choice of Primary Ions .......................... 380

18.2.4 Quantitative ANALYSIS « c . s s s s seessmaiom o osnsnnissssnsmes 381

18.2.4.1 Analytical Parameters.....................ouou... 381

Sputtering Yield ............... ... . i, 382

Ionisation Degree..............oouviiiiiiinnaa... 382

18.2:4.2 ADalytical PTACKHCE 5« oo sivm s o maie soisi o oo 6w s s 383

18.2.4.3 Accuracy of Analysis ................cooiiiinn... 383

18.3 Specimen Preparation .................uiuuiiiiiiiiiiiiiiaa... 383



Contents XXi

184, ADPDUCAIONS s omramwiwm s mz s me s 55 @ 5055 08 6 5 £ 58850 EamEEPLMEWSES 384
Reference CHAPLOIS: « s.c 555 5w o6 s s s 6o mo e @5 semsse s ss@aessasssssms 396
BIBLIOBTADEY <. v s o 0 vt 0 60 i 1010 0 01 00 8 8 o €03 0860 08 i 396
PART FIVE
TECHNIQUES OF ELECTRON MICROSCOPY
Chapter 19
Transmission Electron Microscopy. . .........ooiiiiiiiiiiineen.. 391
19.1 . Basic Components and Characteristics .. ......ccvvevenniiirneenoies 393
19.1.1 EICCITON SOUTCE .o oivv oo im oo oo o oins ne o im o vs i oo 8 50 68 6005 06 81 8 80 6 0 bk 393
19.1.2 Electron Lenses. Aberrations and Resolution ................ 394
19.1.2.1 General Characteristics . ............c..ovvuienun.n 394
19:1:2.2. Point ResOIUtION o5« :uusmsmsmmsssmnansasnsans s 394
Point Imaging by a Perfect Objective Lens ......... 395
Resolution Consistent with Aberrations ............ 396
19.1.2.3 Resolution Tests. .......covuveineennerneenneennns 399
19.1.2.4 Depth of Field and Depth of Focus................ 399
Depth of FIeld ... ... ooomemsinims s o snsmpessaimngs 399
Depth of Focus ............coiiiiiiiiiiiinn.. 401
19.1.2.5 Specimen Stage ...........c.ciiiiiiiiiiiiii. 402
19.1.2.6 Observing and Recording . ........................ 402
19.1.2.7 Vacuum System ............c.couiiuiiiinvenennann 402
19.1.2.8 Attachments and Developments ................... 403
19.1.2.9 Summary: Main Characteristics of a TEM.......... 404
19.2 Image Contrast. Geometrical Interpretation ......................... 404
19.2.1 Generation of Contrast. .......c.coveeeieneceiosvarssssossn 404
19.2.1.1 Specimen Effect ........... ... ... L, 404
19:2.1.2; Instrumental EHect «: wususnasmsmpensmsuminswsmmnsw 404
19.2.2 Scattering and Diffraction Contrast.................c..c.on. 404
19.2.2.1 Amorphous Scattering Object . .................... 404
19.2.2.2 Crystalline Diffracting Object. Bright Field and Dark
Eield Imiagei. s msmpinsnsnsimimnimsnsmesmsgsumis 405
Bright Fi1eld ImMage: oo e s s ms oo msmsmnsssemgsss 405
Dark Field IMage.. . ..o v msiosmsdismngsiass b 407
Multiple Dark Field Imaging...................... 407
Selective Dark Field Imaging...................... 407
19:2.2.3 {SURMALY (¢ 15 05 w15 515 65555 505 15505 05 0608 308 0 5 06 508 80 300 48 8 1 0 408
19.3 Crystal Image Contrast. Kinematic and Dynamic Interpretation ....... 408
19.3.1 Column Approximation .............c..coveeuuieernnnneeiins 409
19.3.2 Image of a Perfect Crystal ......:cciuwensmusmsmosnsosossmes 409
19.3.2.1 Thickness Fringes :.:.e:scsnisssmsasmossinssossis 411
19.3.2.2 Bend FrNZESL. o v ot e oo eiooin oo o sm i on m o mss 8 05 50 5k 855 411
19.3.2.3 Bright Field Complementarity. Failure of Kinematic Theory 411
19.3.2.4 Conclusion ...........c.oiiiiiniiiniineinniniaa 415
19:3.3 Image of a Real Crystal ... c.susnsmasmswsnmmamenmasnasinmsssss 415

19.3.3.1 Effect of Lattice Distortions ............c.uveenns 415



xxii Contents
Displacement Vector ............coovviiiinnienn.. 415
Defect-induced Contrast.... ... ovevcnrnswvinsnsnss 416
Extinction. of Defect CONLLASE 5 s« « v 5 5 0 wimars o s 58 417
19:3.3.:2 'Stacking Faults : oo sesssemes s s e i s be s s ss 417
19.3.33 DISIOCATIONS! iocinsies s s o i s s 585483553 & s 555 418
Screw Dislocation ...........ccoiiiiiiiiiiiiiinnn. 418
Edge DiSIOCAtION u.icoismsim s 5 1 550508 o d e s 5y & 0 st s 419
General DiSlOCALION s v e orssnsss 56656065558 515 558 420
19.3.3.4 Inclusions and Precipitates........................ 420
19.3.3.5 Mutual Orientation of Two Phases. Moiré Pattern .. 422
Rotation MOoIt€ PAttern ss.csie u oo sis w v s pis o608 6 678 o8 40 424
Parallel MOir€ Pattern ... o siss oo sy oo s b5 o5 425
19.4 Structure Resolution. High-resolution Electron Microscopy ........... 428
1941 StrUcture IMABINE « o v @ smws shs et s oy atire e @ o i ws o o0 staas abs 429

19.5

19.4.1.1 Wave Transmission through the Object. Object Function 429
19.4.1.2 Wave Function in the Back Focal Plane of a Perfect

VD] CCEIVEITIOINS cristion i wobans i 16 5ol S RN BRI o 429
19.4.1.3 Effect of Objective Lens Defects. Transfer Function. 430
Objective Lens Aperture. . ........oevvevvnnennnns 430
Spherical Aberration and Defocusing .............. 430
Phase Contrast Transfer Function ................. 431

Wave Function in the Back Focal Plane of a Real
Objective Lens .....covviviiinineninenneennennns 431
19.4.1.4 Wave Function in the Image Plane ................ 431
19:4:1:5 SIrOcture LIAGE. . «ix issumsi s o5t s i 55605 185 5655 432
Absorption Contrast . ..........ccoviiiiiiiiinn. 432
PHaSE CONITASE svvvi wa s aima vad B Emess @ oo momi s mis s 432
19.4.2 Structure Image of a Thin Crystal Platelet................... 433
19.4.3 Direct Interpretation of Structure Images.................... 434
19:4.3.1! 'Operating Mode . o cma s sms s araes s e gims s s 434
19.4.3.2 Two-beam Imaging. Lattice Resolution............. 435
19.4.3.3 Multibeam Imaging. Structure Resolution .......... 439
19.4.4 Indirect Interpretation of Structure Images .................. 440
19:4.4.1 Tmage ProOCESSINE . i susie s byee e o s iooisis ol s oo 440
19.4.4.2 Tmage MOodelling . s s v vimsisms o sve s ingos o8 @ v s s 440
19:4.5 ADDHCATIONS: « im0 wiioisis i wastase i s i wo w16 805 08, 800 918 95 e 441
SPECINTCTN] oy 5 i ahls ST5HeYor 008 oIS 1,50 o BT e SR BT e TN T A 441
19.5.1 Preparation Techniques ......occovvvveeeeroventsenanssnes 441
19.5.1.1 Specimen SUPPOT « . s c.ssui s 5w s ssimis s o as sv s 443
Collodion Film by the Solution Drop Method....... 443
Formvar Film by the Dipping and Flotation Method. 443
Carbon BilMsnmaanmsidneaiacamiams aspemns @ 444
IVIICTORTIAS v 50s itavs i s Arioont B B S LN G SN B Gt 445
Holed FOLS . s o iwm s sosims i a8 toes i o 5000 50 18 445
19.5.1.2 Specimen Preparation ... ..o s s o sisio s oo s 445
GEATTAINE . sy 7T ol am s len o o TR e i 445

ClEAVATE! 51050880000 o 50000 £ 65 395 5 Sl b TE S b b a5 446



Contents xxiii

Ultramicrotome Cutting . .. ..uwisosssansmswsmsesssms 446

Thinning of Bulk Materials . .: :s:wssminscssnsmsns 446

Direct Preparation of Thin Films.................. 447

19.5.1.3 Surface Topography of Bulk Specimen. Replicas .... 447

Direct Replica (Negative Replica).................. 447

Two-stage Replica (Positive Replica) ............... 447

EXtraction REPLICA: . .imim e s iaiies o eisis soisssis s oo 65 551808 448

19.5.2 Effect of Electron Bombardment . .......................... 448

19.5.2.1 - Basic: ConSidETALIONS « s s« s s s ms s s s ms oo oswsmes 449

Atom Displacement Energy ....................... 449

Energy Transfer below Displacement Energy........ 449

Energy Transfer above Displacement Energy........ 450

19.5.2.2 Irradiation Effects in Electron Microscopes......... 450

Thermal Bffect:csus:mimsansmimuintnsmnoms @ves s 450

Chemical Effects ........ccoiiiiiiininnenrnnnnns 451

Atomic Displacements .............. ... 451

19.6 High-voltage Electron MiCTOSCOPY - ...cvvvverrniernrinnrneeeieeens 451

19:6.1 RESOIMEION: s s sosr 5 v 5. 8 w50 5 6.5 8 5538 608 508 605,00 39 8478 6097 0§ 18 80 6.0 6 453

19:6.2 TrradiatiON EELETTS! . i e wimin sinrs i isine oot s §505 605883 FET8 G578 530 453

19.6.3 ADDIHCAIONS & e v 10010 06y 5 o sw 5055008 s ssivr 5 8 150 0y 5 113 151w s 0 0 0w 453

19:7 (CORCIUSION 5 50 05 8 oy svowi 505 0 i 57k 0% i 30000 508 @590 80 2505 B ove s § 5 Honel B e i 23 456

Reference CHaDtOnS . - i : o w5t si5mms 208 a5 @5 2 06 @ 45 5 8 bk 8503 G505 553 B BT 456

Bibliography .. ..o e e 456
Chapter 20

Scanning Electron Microscopy ............ ...ttt 458

2001, Basic PrTICIPIE! ., i eie: suis it s oisiis i ssins 5501 e s i oy o 8 iy § 853 o605 5505 057 3o 80 5, 80518 458

20,2 [Iristrumental LaYOUL. o o s swmnsimns mssmom s60s slomms s o o s el sues Wiond 5 wsma i 459

20:251: Electton: PrODE a: s s s ms casio o s o srdmsn s 5 dmd 5 65 6 s808@ 5 808 5 84 459

20:2.20 {Scanning SYSTEIN .. .ais e s e wers oo s e @506 515 6 5008 50505 855 & $6 461

20.2.3 [SDECIIMICT o s st wn 54008 srionitin 5t s bl e #5108 1618 3 s o' s o S5 10580 461

20:2.4 IMABE PLOCESSIIME oo« s 5w sm e v aiowis s iois s o s 6 s org i s o om i ish s w0 461

20.3 -Emission and Reflection IMABES « s sm s wsmms o5 mss s swons osmeiensms sas 463

20.3.1 Imaging by Secondary Electron Emission and Backscattered Electrons 463

20./3.1.1 Imaging Radiations. . ..o« o onsi s o sto, s s &5 s 58 6 5 463

Secondary Electrons .........c.conviveeraeeninsnes 463

Backscattered Electrons ..................oovu.... 463

20.3:1:2 DEteCtiON: s s s v s soss s @55 0 s 58 B85 8 85 8 @565 8603 W53 463

Secondary Electron Mode ........................ 463

Backscattered Electron Mode ..................... 464

20.3:1.3 1Mage CONTTASE s wow s vms msms ems @es o 855 M as o s 58 wa 466

TOpographic CODIEAS 5.« 5 s ws s 5575 w5 2 b i 8551 5.9 4351839 5 8 466

Composition Contrast............coveuueeuneenn.n. 468

20.3.1.4 Resolution............ccoiiuiiiininennenennnnnnn 468

Secondary Electrons .............coiviiinineninn. 469

Backscattered EIECIIONS «: v omswsmsswsmenwamsns vus 470

20:3.1.5 Depth of BIEld : i umminimns s svsms e w5555 5o 0w s 469



XXiv Contents

20.3.1.6 Basic Operating Mode .............ccovviernvnn... 471
20.3.2 Imaging by X-ray Emission...............cooviiiiiiinn. 471
20.3.3 Imaging by Auger Electron Emission ....................... 471
20.3.4 Imaging by Light Emission. Cathodoluminescence............ 471
204 Scafining Transmission IMARINE w s 5605 wus oo w s s s w syt a6 o she s 354 472
20.5 Miscellaneous IMaging MOAES, : .« i« s m s o 5w o6 0505 508 5168 5808 & 56 5 by svw s 473
20.5.1 Imaging by Absorbed COrTent . ;v siswss s mimesss swiwssvowses 473
20.5.2 1Imaging by Potential CONtrast . .. s« s wos s s s e m s womem o e 473
20.5.3 Imaging by Magnetic Field Contrast ........................ 473
20.5.4 Angular Scanningona Crystal...................ooiiinn... 474
20.5.5 Electron-beam Induced Current .................cooviiinn.. 474
20.5.6 Electroacoustic Imaging ............. ..ottt 474
206 SPECITIEI 5.5 s v wm s e 908 iy § 0 51608 By 610 58 68 6 550 e 08 o Bl 9 00 00 B o 04 s ot 474
20.6.1 Electron and Vacuum Resistance ..................covvun... 475
20.6.2 Surface CONAUCTIVITY « « s v v s 5505 oo w55 558 wrs o o5 515 8 5868975 @ 458 58 & 475
20.6.2.1 Vacuum Evaporation .....ss.msssoeesssesmes s ssss 475
20.6.2.2 Cathode Sputtering i ..« :s:csswswesmsmmsnsinisais 475
20.6.2.3 Low-voltage Operating ............c.vvvvevennenn.. 477
20,7 ADPHCALIONS . 1w 5o 5us 9 fuersss i s 55k s 55008 s 58 e svgs 3 o o) 65 ' 15 asiond i BUOGF38 0 477
RELCTETICE "CHADIEES : 5 515 s i 5o w5 o o $0g by 806 by 50 9006156 618 (3 ot v 650 (0 i 40 8 o 481
BibLIOGTADIY: v 51 515 5018 v 00 510855 6 £ 8918 S8 9106516 578 1 S0 00 § s 0 50 0 o 1 o0 o 481
Chapter 21
Scanning Transmission Electron Microscopy. Analytical Electron Microscopy . 482
21.1 Scanning Transmission Electron Imaging ..................... ... ... 483
21:1.1 Basics of HNAGING: : o s ms m 1m0 615 508 506 065 86 ars w0 8 6 6 9108 208 @ 483
210511 RECIDTOCIT 505 svais 5 5.5 56 61 5 6 520009 63 5 508 645 B3 300 900 0 4 483
DL L. 1.2 RESOIMLION 5. ¢, « i 0 ss s 55k 800 e o 6 0 o 65 B 508 0% 483
21.1.2 Instrumental Layout and Characteristics..................... 484
21.1.2.1 Dedicated Scanning Transmission Electron Microscope 484
COMPONETS: 55555500 55 1 5 s, 35 w55 18 98 80 8 v 6 808 B B 07 88 484
Operating MOAEs .« sv s vim s 590 608 0 58 G0 58 & mmwes 5 5 9 b 486
21.1.2.2 Transmission Electron Microscope with Scanning
ATTACKINENE. + 5 uim 55 51550 500505 5505 03 55 s @ w08 2y 1§ 0 558 50 & 09 08 487
21.1.3 Comparing STEM and Conventional TEM .................. 487
21.2 .Analytical Electron MICTOSCODE « . s.s i &5 wisin o i o ss 6 oo e 66 5.5 858 @8 0058 488
21.2.1 Awvailable Spectrometric Methods . .............. ... ... 488
21.2.2 Comparing X-ray Emission Spectrometry and Electron Energy Loss
SECITOMCLET . 1o ams e 51008 55 8 (1505 8o 6 6 68 78 50 618 o 56 o im0 0 488
21.2.3 Auger Spectrometry as Performed with STEM ............... 490
21.2.4 Elemental Distribution Maps...............coviiiiiiieann. 490
21.3 Specimen Preparation and Applications i swsssswsmswss s isssasersos 490
Reference: ChADUETS! cis s s 5 s w5 50s 5 5505 o 5156 5080 55 505 &0 596 53 5 5 a0 S50 558 L5460 08 S0V 100 90 492
BiblOGIADNY : i 5 6 5.0 50 5 505 508 81 5 155505 505 5055 s 605,00 3080 1 .67 54 4 0K 1 518050 608 11849 DRI 10 540 492
Chapter 22
Scanning Tunnelling Microscopy ................. it 493
22.1 Principle of the Tunmel BEfect . . ... - vuoomae snsiong o s mams s am sty s o 65 o 6 493

22.1.1 WoOEK FUNCHOM. .« ve o ve v v ore i oo om0 a0 a ot 0ot o i miis ok 8 G0 8 508 6 493



Contents XXV

22.1.2 TField. BELECL . o o0 oo i viavsinnin, 5505 oo ki 16 B ik 16 gt 30 608 08 31 & 80 908 o 494

22.1.3 TUNNEL BEFECE o o o o ssiorwisuoio s sitousisto s s & W 6050 $155 8 ileas 1 6805 10 B 494

22.2 Applications of the Tunnel Effect ........ccovimwimineinrvncnainais 496

22.2.1 Field Emission Electron SOUTCES . « « s« v s e e o swiewss maim oo 496

22.22 Field Emission: MICTOSCODY' s isiw i« s o35 58 5 sis s o 6 1o 31 s it 0 9500 50 496

22.2.2.1 Field Electron Emission Microscopy ............... 497

22.2.2.2. Field Ion. MICTOSCODY .« i o iiwin istisssimss i s i s 3 1660 6 30818 497

22.2.2.3 Tunnel Effect Microscopy .........ccovveviuinvenn. 497

22.3 ‘Scanning Tunnelling MiCTOSCODY:« i« s e vuwio o mia s e s 8058 218 55 50w a0 497

2231 Instrutiental LaYOU .o s it cowabis 0805 s 5 6 a5 0o 5 0w s @ 498

22:3.1.1  PIODE PAIT ¢ vy ioisssiorm s oiises ionbim ansions s ionon ois s oy s 8 s 3 499

22.3.1.2 Pin Displacement System. Control and Data Acquisition 499

22.3.1.3) [SPECIMICIN 5 i v6: 5 518 ivsas @55 65 1318 30656 50 & 61 8 16 60 i) 0605 9/ & o .00 500

22.3.1.4 Vibration Damping .. v easmsasimimmins@sms A 500

22.3.2 Possibilities and Developments ...........ccocviiiiniiinann. 502

22530011 RESOIIEION: i vis ol s irain & @ S § 0 b ade BT i & 502

22.3.2.2 Spectrometric Developments ...................... 502

22.3.2.3 Miscellaneous Developments ...............ocovnn 502

22.3.3 Applications to Material Research .......................... 503

22.3.3.1 Basic TunnellingMode...........c.ovvvviiiinnnn. 503

22.3.3.2 WVariants of STM i wsinsmsstsnismin: esssiminmss 504

ReTETENCE CHAPLETS: ¢« 4 imoe wamnsosmare svsaiem s oim v sins @ o iosiosionsioiivesssns 504

BibLOZTADIY: 50 s 5 0565 0 505 o 05 50 1850491 85 568 58 190 850 000 8 0 00000 Gy 413 700 1 o o w e 504
Appendix A

Physical Quantities. Units. Universal Constants. Notations ................. 505

A.1 Main Physical Quantities and their Units................. ... 0. 505

Al ]l VAVEICIEEN i 4 oo i ¢ weisioon T i ing oot oion s 80858100 T 0 B RS SUATHGE S LS 505

Al2 BIEGUENICY. s sy o5 55ra 08 58 o 8 B0 5558 00 550 s 4,8 rgioho oy .o Bo¢ Emt s sl 505

A.1.3 Electrical POtential s mem s msmsmms o5 @os sy v s o s pees s ue o s 0 505

Al BYICTRY i vvote ot oms i ool 8§55 fiRis 1575 B0 S080 60Ry 500 00 Bk S0 800 3.6 05 0 G B 506

A1 S WAVE VECHOT: v e sa e wcs o 5o 516 iimner g o 00028080 400615 061 956 00 6 730 0 5.0 8 0 o 5 B 0 506

A1:6 ATMPHEIAE 15 55 w0t 505 028700 iim0s S50 § s 08 s e 4808 1 W5 95505 w50 1650 B 506

AT INCENSIEY 5m: o 506 om0 058 B 50 6500 5 10 A 0 416 4000 0 8 0 w0 i 300 v i 506

AL PIESSUTC . oo iavs iois i s b 55 515 0 51K A5 408 e 91 § 0% M08 0 6 106 10816 @ 30 507

AsD TINIVETSAl ICONSTATILS 5 1o naioe os vt ion's ooty 4 x s o bifios 45078 wibsiscion s 61 615 008 16130l 60 06 3 507

A.3 Lexicon of Notations and Symbols ...........c..coiiiiiiiiiiiiiiine. 507

AZ. 1 CrystallogTaphy; s s s oo §am 55 i@ 58 08 50 £ 550 G 6 L0500 0861 958 508

TEATEICEE i oo i vovos o smp a0 s S8R B B S 06 0 S0 6 00 BB B B8 0 3 0 0L 508

CRYSTAL eatss s oatova-a sy Fi o ks «ovh s e bRl il SRR RATS: S3R0% 0TS 508

A.3.2 Material Physics. General Radiation-Matter Interaction........ 509

A.3.3 Diffraction and SCALETINEG » «sws s s m e s ws wsmn s w s sew s 509

B4 SPECEOMCIIY .oom s it io s s 55 6050 00 5 8§ 5508 980 4000 8 905 .8 8 R 13 510

A3:S EleCtron, MICTOSTODY o oo riets it sl as s i hoias itas & 5 868 a1 385 5068 5.8 ) sk 5 512

BibLIOZTADIY ¢ 55 5v s w8 s 05 1008 1558 8.5 500 6 4050540 5.6 0 690 3 10 0400 s 108 16 86y o 2 o g v 0 512



XXVi Contents

Appendix B
Reciprocal Space. Reciprocal Lattice .. .......................cc0iiiinn.. 513
B.1.1 Relations Defining Reciprocal Space and Reciprocal Lattice .... 513
RECIPTOCAL SPACE! « i a.ain i) e i o6 o170 i o i a5 s fo w48 b s 5 513
RECIDIOCAl LALICE. 10616 & tunsne tvas avati i (6 om0 s SESEATT o0t 300 e o 08 514
B.1.2 Basic Relations between Direct and Reciprocal Lattice ......... 514
Direct Lattice Vector and Reciprocal Lattice Vector ........... 514
Orientation of Lattice Lines and Planes ...................... 515
Interplanar and Interpoint Distances ......................... 515
B.1.3 Reciprocal Lattices with General Constants ................... 516
Appendix C
Basic Properties of Fourier Transforms .............................c.... 517
Calcl  DERINITION ¢ 5 cmss St oo Ava i Ao s G s oo s s 6 o s 517
C:.1:2 Inverse Fourier TranSforml. i ... oo ea o oioioos aie i sie sraions o sie avs s S17.
C 3! AdditivitTlicre:«mnrans s imms oo ie s e s 517
Colid TranSlAtion ;. s s e ibesiee s e foe s 565 mmieas G s 518
C.1.5 Changing Sign. Symmetry and Antisymmetry ................. 518
Transform of a Real Dissymmetrical Function ................ 518
Transform of a Real Symmetrical Function................... 518
Transform of a Real Antisymmetrical Function ............... 518
C.1.6 Transform of a Product. Convolution ....................... 518
GENETAl TFOTII 51065 i 3 s staieissmits s s do o5 o4riie sl esisb's @ apwlogd 518
Aernative FOTI . .. wviiaie oo wisatons s ivs s siars s o8 wags s 8 5 als shas s 519
PTODETIES (5500550058010 000 s 85 58, 8 00 55 B0 S0 520
Convolution of a Continuous Function by a Distribution....... 520
Applications of Convolution ...............ccoiviiiiiinnnn.. 521
ClT ConVOIILION ISQUATE! . vusliieions s aris o siir o6 o 581655 5 5 01 s 5181060 s s 521
Bibli GBTADIY: 7100 rdvec s o et o drasd GE ARG B D St S S R B T G i 522
Appendix D
Spectrometric Tables. . ......... ...ttt 523
D.1 Comparative Performances of Spectrometric Analysing Techniques. .. .. 523
D.2 Electron Binding Energies in Atoms ............ccoviiiiiniinnrennn.. 524
BIDTOBTADIY: 55 50551 5505105 510 005 5o s v, (8875916 51 8540150 ki v 7 b 9 o 525
Appendix E
Abbreviations and ACronyms . ................0i ittt i 527
E:l  ADDICVIBTIONS 1515 it ki 74 o o550 i sme ' koo @il oo o 11 o o' oo Folomiston b s 527
B2 AACTOMYINIS:. 4. o5 s st oy o it . o a0 o o 680 (6 8 s 0 S e S s 527
Appendix F
RATIOPEOCECTTOM 5.5 5 5550550505 5.1 o 5o i 5 350 0000 63,55 Y 5 88 e sl o 529
F.1 Biological Action of Radiations Used in Material Analysis............. 529
E.11, Radiation IDOSES! ;. a5 sies st s et e i m e miine sl i 530
EXDOSUIE DOSE! sin s i a8 5% o B oot s, s s o v o, 1A Tag oo (o0l i 530

ADSOTDE TIOSE! icx 555155 v 5730550 5055055 sl o o o o 530



Contents XxXvil

EqGUIVAIETIt DIOSE: ¢« xiosems sia siaisma s resrsm s oo mism ais ave sto ol s oo ovs mia 530

Limit DOSE . .ottt e 531

F2 Protective MEaSULESL. . v v o i mse o i s oo o555 6 605 85 558 58 & 506 8/ 808 608 65 558 531
F.2.1 Passive Protection. Radiation Shielding....................... 531
F.2.2 Active Protection ..........ououiiitiiiennrenneennnennnennnns 531
References.......... A M R 8 0 O R 8 6 A A 533
539



