Physics 243A--Surface and Interface Physics of Materials:
Basic Concepts and Spectroscopy—CRN 46760
Fall Quarter, 2016

Surface and interface physics has had a dramatic growth in importance in recent years due to the increased
interest in nanometer-scale structures and materials, which may have a majority of their atoms at the surface or at
buried interfaces between two phases. Such surface and interface structures are crucial in a wide variety of
technological applications, including very large scale integrated circuits, magnetic storage media, photovoltaic cells,
batteries and fuel cells, chemical catalysis, corrosion inhibition, tribology (friction and lubrication), environmental
science, and biological science. Such surface/interface systems often exhibit markedly different properties from those
of the constituent bulk materials, as for example surface composition alterations, surface relaxations or distortions of
atomic positions relative to the underlying lattice, and unusual surface electronic or magnetic properties (e.g.,
superconductivity or ferromagnetism). Buried surfaces or interfaces are ubiquitous in technology and are similarly
varied in properties. Beyond this, the component bulk materials are often complex mixtures of several elements, which
also can exhibit surprising “emergent” properties that require detailed characterization.

A number of experimental techniques, theoretical models, and computational methods have thus been developed in
order to better understand and control such surfaces, interfaces, and complex materials. Synchrotron radiation has
also become an indispensible tool for such systems, with about 50 such facilities worldwide, and the number growing
steadily.

Physics 243A will introduce these subjects as the first of a two-quarter A/B sequence that will be offered in 2016-
2017. 243A will first consider some basic properties of surfaces, including their thermodynamics, their electronic
structure, and the theoretical approaches that are used to model them, and then turn to the principal spectroscopic
probes of surfaces, interfaces, and complex multi-element materials. Special emphasis will be on photoelectron
spectroscopy (photoemission) and the complementary Auger electron spectroscopy, using both laboratory excitation
sources and synchrotron radiation, and the various other spectroscopies and techniques provided by synchrotron
radiation: x-ray absorption and x-ray emission spectroscopies, as enhanced by standing-wave excitation. This course
is designed to be complementary in subject matter to the subsequent quarters of Physics 243. 243B will probably be
taught in 2016-17 by Prof. Chiang, and will stress surface atomic structure and microscopy.

Instructor: Chuck Fadley, Physics 241, Telephone: 510-334-8567, E-mail: fadley@physics.ucdavis.edu.
Teaching Assistant: Galina Malovichko, Physics 221, E-mail: malovichko@ms.physics.ucdavis.edu
Consultant and substitute lecturer: Shh-Chieh Lin, Physics 221, E-mail: shclin@ucdavis.edu
Some recommended prior course experience:
eIntroduction to quantum mechanics (Physics 115A and/or 215A) and/or quantum chemistry (Chemistry 210A)
eIntroduction to solid state physics or materials science (Physics 140A and/or Physics 240A)
eIntroduction to surface analytical chemistry (Chemistry 241A)
eIntroduction to structure and properties of materials (Chem. Eng. And Mat. Sci. 162 and/or 272)
Course website: http://243a.physics.ucdavis.edu/ , to be updated regularly from the current 2014 version
Time and place: Tuesdays, Thursdays, 12:10-1:30, Physics 185, plus possible supplementary lectures to be arranged
to compensate for some instructor absence during the quarter.
Textbooks:
Required:
¢'Modern Techniques of Surface Science", D.P. Woodruff and T.A. Delchar, 2nd Edition (Cambridge University
Press, 1994)—a readable text on experimental methods in surface science
o”Physics at Surfaces", A. Zangwill (Cambridge University Press, 1988)--a thorough treatment of the various
aspects of surface physics, including concise theoretical discussions of many topics, free download from
course website
#”Physics of Surfaces and Interfaces", H. Ibach (Springer, 2006)--a thorough treatment of the various aspects of
surface physics, and available for free download from course website
e Copies of current review articles on photoelectron spectroscopy and diffraction, synchrotron radiation, and
other topics, to be handed out in class
Recommended for additional theoretical background:
¢'Concepts in Surface Physics", M.C. Desjonqueres and D. Spanjaard, 2" Edition (Springer Verlag, 1996,
corrected printing 1998)-- contains much more detail concerning the theoretical methods of surface physics,
and a useful general reference, e.g. to augment the two textbooks. Derivations are done in detail. Excerpts
from this book will be handed out in class.
--Course assessment: Grading in the course will be based on the following:

Graded problem sets 40%

Midterm exam-Tuesday, 1 Nov. 20% (Open books and notes, calculators allowed, but not computers/phones)

Comprehensive final 40% (Open books and notes, calculators allowed, but not computers/phones)
100%

--Final examination: Tuesday, December 6™, 10:30-12:30 PM, Physics 185, or, if desirable, another timeslot by
unanimous agreement.

Texts, lecture slides
and other reading
material will be
available as pdf e-
files at the course
website:
http://www.physics.
ucdavis.edu/Classes/
Physics243A/



God made the bulk; surfaces
were invented by the deuvil.
Wolfgang Pauli
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Reading and Problem Assignments for Physics 243A
Surface Physics of Materials: Spectroscopy, Fall, 2014
(In order of coverage in lecture)
Reading:

e Woodruff and Delchar, "Modern Techniques of Surface Science", 2" Edition--
Chapter 1
Chapter 2: Sections 2.1, pp.22 (bottom)-23(top) on Wood notation for surface structures,
2.4, and 2.5 (pp. 31-37)
Chapter 6: 6.1, 6.9, 6.10, 6.11
Chapter 3: Sections 3.1, 3.2, 3.3, 3.5

e Zangwill, “Physics at Surfaces”, downloadable Chapters 1-5 (see course website)--

Chapter 1: Everything except "The roughening transition”

Chapter 3: pp. 28-34, pp. 49-52 on STM

Pages 85-86, 192-196, 204-212

Chapter 2: All

Chapter 4: Introduction, with lighter reading of The jellium model, One-dimensional band
theory, and Three-dimensional band theory, and detailed reading of Photoelectron
spectroscopy, Metals, and Alloys

¢ Ibach, “Physics of Surfaces and Interfaces”, downloadable book (see course website)—
Chapter 2: 2.1, 2.2

e Attwood, Downloadeable excerpt on synchrotron radiation from the book
“Soft X-Rays and Extreme Ultraviolet Radiation” (see course website)

Problem assignments:

Problem set 1-all. Due Thursday, October 13th






H! He?
Periodic Table, with the Outer Electron Configurations of Neutral
Ls Atoms in Their Ground States 1s?
Li® Be’ | The notation used to describe the electronic configuration of atoms B> |C* N’ o* F Ne'
and ions is discussed in all textbooks of introductory atomic physics.
, The letters s, p, d, . . . signify electrons having orl)ital{‘mgular ‘ o
2s 2s momentum 0, 1, 2, . . . in units H; the number to the left of the | 25°2p |25°2p*|25*2p° | 2522p*| 2572p°| 25°2p°
Na' | mg" letter denotes the principal quantum number of one orbit, and the Al |si p's g6 ci |ars
superscript to the right denotes the number of electrons in the orbit.
3s 3s* 3s?3p |3s*3p” | 3s*3p?*|3s?3p* | 35*3p°®| 3s23p*
K Ca® | Sc?' | TiZ | v Cr* | Mn* | Fe? | Co* | Ni*® | Cu® | Zn* | Ga*' |Ge?* |As® |Se? |Br» |Kr
3d 3d* | 3d4* | 3d> | 3d® | 3d¢ 3d" | 3d® | 3d™ | 3d'"
4s 4s* 4s® 45> | 45t | 4s 45 | 4s® | 45* 4s* | 4s 4s® | 4s*4p [4s*4p® | 4s*4p®|45s*4p* | 45°4p® | 4s°4p®
Rb.’” Sr'm Y39 Zr'“) Nb‘“ Mo-‘? Tc4.'l Ru44 Rh45 pd46 Ag47 cd'tx In-|9 Sn50 SbSl Te52 l53 xesq
4d 4d* | 4d* | 4d® | 4d¢ | 4d" | 4d* 4d™ | 4d" | 4d"
53 55 562 | 55 | 5s 5s 5s 5s 5s - 5s | 55* | 5s°5p | 55*5p*] 5s*5p° | 55%5p* | 55*5p° | 5525
Cs®> | Ba* | La> | Hf? | Ta™ | W* | Re™ | Os™ | Ir”” Pt™ | Au™ | Hg* | TI** |[Pb** |Bi®® |Po% |At* |Rn®
4fl-i
5d 5d* | 5d® | 5d* | 5d° |5d¢ |5d° | 5d° | 5d'° | 54
6s 6s® 6s* 6s> | 6s° |65 |65° |65 |- 6s 6s 6s> | 65°6p | 656p*|65*6p° | 65°6p*|65%6p° | 65°6p*
Fr87 | Ra*® | Ac*®
Ce*® | Pr Nd® | PmS | Sm® | Euss | Gdé* | Tbh*s Dy%¢ | Ho®" | Ers® Tm®® | Yb7 Lu®
6d 4f2 4f& 4f4 4f5 4f6 4f7 4f7 4f8 4f10 4f11 4f12 4f13 4f14 4fl4
7s Ts? 7s? 5d 5d 5d
6s? 652 6s? 6s* 65> 6s? 6s? 6s? 6s? 6s® | 6s2 6s* 6s? 6s?
Th"o Pa9| U92 Np93 Pu94 Am95 cm96 Bk97 Cf98 E599 FmIOO Mdlol N0102 Lr103
- 5% | 5f* |5 |5/ |57 |57
64 |64 |6a 6d 7
7s? 7s? 7s? 7s? 7s? 78% 7s?
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Table 3 Crystal structures of the elements

H! a He* 2k
: The data given are at room temperature for the most common form, or at :
hep : e hep-
375 the stated temperature in deg K. For further descriptions of the elements yrs
; 6:12 see Wyckoff, Vol. 1, Chap. 2. Structures labeled complex are described 5:83
there.
Li 7sx | Be e A B C N2k J O F Ne 4k
bec hcp - rhomb. § diamond [ cubic complex fce
3.491 | 2.27 3.567 | 5.66 ©,) 4.46
3.59 (N,) |
Na sk | Mg Al Si P S Ci Ar 4K
bee hecp Crystal structure. fce diamond § complex § complex § complex § fcc
4.225 | 3.21 a lattice parameter, in A 4,05 [5.430 (Cl,) }531
521 | « ¢ lattice parameter, in A, ——
== = i
Ksk | Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 4k
bee fee hep hcp bce § bee cubic bee hep fee fce hep complex § diamond § rhomb. § hex. complex § fcc
5.225 | 5.58 3.31 2.95 3.03 2.88 complex § 2.87 2:51 3:52 3.61 2.66 5.658 chains § (Br,) | 5.64
: 5.27 | 4.68 4.07 4.95
2
Rb sk | Sr Y Zr Nb Mo |Tc Ru Rh Pd Ag Cd In Sn (a)| Sb Te I Xe 4K
bce fee hep hcp bcc  { bec hep hcp fce fecc. §¥ec hcp tetr. diamond § rhomb. ¥ hex. complex § fcc
5.585 | 6.08 3.65 3.23 3.30 3.15 2.74 2.71 3.80 3.89 [4.09 2.98 3.25 6.49 chains () 6.13
573 ¥B15 440 §4.28 | l 5.62 §4.95
Cs sk | Ba La Hf Ta W Re Os Ir Pt Au Hg |TI Pb Bi Po At Rn
bce bee hex. hep bee bee hep hep  ffec e fce rhomb. f§ hcp  ffcc rhomb. §sc
6.045 §5.02 3:77 3.19 3.30 3.16 2.76 2.74 3.84 3.92 4.08 3.46 4.95 3.34 — —
ABAC | 5.05 446 (§4.32 552
L3
Fr Ra Ac
fec Ce Pr | Nd Pm |Sm |Eu Gd |Tb Dy Ho |Er Tm |Yb Lu
% 5 531 fce hex. hex. complex § bce hcp hcp hep hcp hep hcp fcc hep
5.16 3.67 3.66 - 4.58 3.63 3.60 3.59 3.58 | 3.56 3.54 548 | 3.50
ABAC 578 1570 1565 1562 1559 §556 5.55
. s - e o
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
fce tetr. complex § complex § complex § hex.
5.08 | 3.92 364 |— — — — — — —_— —
3.24 ABAC 9
s




CrystalMaker Element Tables

CPK Atomic-lonic Radii
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References:

| C Slater (1964) Journal of Chemical Physics 41:3199-

in ionic structures, Calculared data (Clementi et al., 1963) have been used for: He, Ne, Ar. Kr, Xe, At and R,

Clementi E, Raimondi DL, Reinharde WP (1963) Journal of Chemical Physics 38:2686-

] C Slater (1965) Quantum Theory of Molecules and Solids. Symmetry and Bonds in Crystals Vol 2. McGraw-Hill, NY.

CrystalMaker
SOFT MR

WWW.Cryst iimaker.com




http://Iwww.webelements.com/titanium/atom sizes.htm

Atomic radius WebElements
1. Drag cursor around plot area to show
information.
2. Click on element within plot area to go to
that element.
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http://www.webelements.com/titanium/atom_sizes.htm
http://www.webelements.com/titanium/atom_sizes.htm

H ik Table 4 Density and atomic concentration B o
0.088 The data are given at atmospheric pressure and room temperature, or at the 0.205
stated temperature in deg K. (Crystal modifications as for Table 3.) at 37atm)
Li 78k | Be At0m|C rad|us Average Surface B C N2k | O F Ne 4k
0.542 | 1.82 =r . _ 2/3 247 §3.516 §1.03 151
4700 {121 | = Tmr density = ps= (py) 130 |176 4.36
3023)222 | =0.5n-n dist. ~1015 cm-2 . 1.54 144 |3.16
Na sk | Mg Al Si P S Cl 93k | Ar 4k
1.013§ 1.74 Density in g cm™3 (103kg m3) 270 1233 2.03 1.77
2.652 | 4.30 Concentration in 1022 cm™3 (1028 m™3) 6.02 |5.00 2.66
3.659 § 3.20 Nearest-neighbor distance, in A (107°m) 286 1235 202 1376
Ksk | Ca Sc Ti ' Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Bri2sk| Kr 4k
0.910 §. 1.53 299 |4.51 6.09 7.19 7.47 7.87 | 8.9 8.91 8.93 7:13 5.91 532 577 4.81 4.05 3.09
1.402 | 2.30 4.27 5.66 7.22 8.33 8.18 | 8.50 8.97 9.14 8.45 6.55 5.10 4.42 4.65 3.67 2.36 2.17
4.525 § 3.95 325 2.89 2.62 2.50 2.24 2.48 2.50 2.49 2.56 2.66 244 2.45 3.16 2.32 4.00
Rb sk | Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe 4k
1.629 | 2.58 4.48 6.51 8.58 10.22 | 11.50 § 12.36 | 12.42 }§ 12.00 § 10.50 § 8.65 7.29 5.76 6.69 6.25 495 3.78
1.148 § 1.78 3.02 4.29 5.56 6.42 7.04 7.36 7.26 6.80 5.85 |4.64 3.83 2.91 3:31 2.94 2.36 1.64
4.837 | 4.30 3.55 3.17 2.86 2.72 271 2.65 2.69 2.75 289 }2.98 325 2.81 2.91 2.86 3.54 4.34
Cs sk | Ba La Hf Ta w Re Os Ir Pt Au Hg227§ Ti Pb Bi Po At Rn
1.997 | 3.59 6.17 13.20 § 16.66 | 19.25 | 21.03 | 22.58 | 22.55 § 21.47 | 19.28 | 14.26 | 11.87 § 11.34 | 9.80 9.31
0.905 | 1.60 2.70 4.52 5.55 6.30 6.80 7.14 7.06 6.62 590 |4.26 3.50 3.30 2.82 2.67 — —
-5.235 | 4.35 3.73 343 2.86 2.74 2.74 2.68 2.71 277 2.88 3.01 3.46 3.50 3:07 3.34
Fr Ra Ac
10.07 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
5= 5 2.66 6.77 |6.78 |7.00 754 |525 |789 |827 |853 ]880 ]9.04 932 |6.97 |9.84
3.76 2.91 2.92 293 — 3.03 2.04 3.02 3.22 3.17: 3.22 3.26 332 3.02 1339
365 E3.63 366 3:59 1396 1358 1352 |351 349 347 ]354 |388 }]343
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
11.72 | 15.37 | 19.05 § 20.45 § 19.81 } 11.87 12
3.04 }4.01 4.80 520 | 4.26 2.96 — — e — — — — —
360 {321 275 1262 331 3.61




Table 1 Debye temperature and thermal conductivity?

Li Be

R

P

P 54
1.41 | 1.56 Thermal conductivity at 300 K, in W em™'K 2.37 |1.48
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru

Jeoo |
) (g

054 | 1.38 | 0.51

Cs Ba La g | Hf Ta w Re Os Ir Pt

0.36 0.14 } 0.23 0.58‘ '0.48 0.88 | 1.47 | 0.72

1.74

Fr Ra Ac

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

“Most of the 8 values were supplied by N. Pearlman; references are given the A.I.P. Handbook, 3rd ed; the thermal conductivity values are from 1{3\\".
Powell and Y. S. Touloukian, Science 181, 999 (1973). '



Energy required to form separated
values in parentheses are at 298.15°

temperature is lower.

Table 1 Cohesive Energies® of the elements

in kcal mol~1 by 4.184

To obtain the energy in J mol™
— 103, To obtain the energy in ergs per atom, multiply

neutral atoms from the solid at 0°K; the
K or at the melting point, whichever

1, multiply the energy

He

2.67

Be the energy in €V per atom by 1.60219 x 10712, B c N o
3.33 5,81 7.36
76.9 134, 170. (114) | (60)
Mg Al Si P S
1.53 eV per atom —> §3.34 j4.64 2.86
35.3 kcal per mole- 76.9 107 (79.2) ] 66.1
K Ca Cr Mn Fe Co Ni Cu In Ga Ge As ‘Se
s
0.941 § 1.825 4.10 298 4.29 4387 | 4435 | 3.50 1.35 2.78 3.87 3.0 2.13 .
21.7 42.1 94.5 68.7 98.9 101.2 | 102.3 | 80.B 31.1 64.2 89.3 69. 49,2 (28.2)
h e ———
Rb Sr Mo Tc Ru Rh Pd Ag Cd
0.858 6.810 6615 1 5.752 | 3.936 | 2.96 1.160
19.8 (39.1) 157.1 1526 ] 132.7 | 90.8 68.3 26.76
Cs Ba w Re Os Ir Pt Au Hg
08271186 4.491 § 6.35 8.089 | 8.66 8.10 6.93 5.852 § 3.78 [(0.694)
19.1 (42.8) ] 103.6 § 146. 186.6 | 200. 187. {187) ] 160. 135.0 § 87.3 J(16.0)
Fr Ra Ac " —
Ce Pr Nd Pm Sm Eu l Gd Tb Dy
‘ I 4,37 3.9 3.35 2.11 1.80 4.14 4.1 3.1
10 fso |772 ias.s 415 |osa |oa |7
Th Pa U Np Pu Am |Cm |Bk Cf
5926 | 546 5.405 | 4.55 4.0 2.6
136.7 | 126 124.7 | 105 92 &0




Work functions of the Elements

H ,
[eV]
- ___________ __________ ___________|
I." ]; After L. Ley and M. Cardona, ]; {r \ {“} r, \L_”
. ¢ “Photoemission in Solids™, Springer 1979 ] o e
24§13 4514 - - - -
¥ 12 13 14 15 16 17 E
Na | Mg Al | Si P S Cl | Ar
235 4250 458 - - - -
[ 200 2 22 23 24 25 2 T 28 20 30 3] 32 33 34 315 36
KJCalScelTi]V CrMnFe ] CoNiJCulZn|Ga]QGe] As | Se | Br | Kr
22 2RI os Al Ao AR A A4 45 A4 440 pany) e 4n - -
5 BEEE BEEH IEGE Y 420 43 44 | 45 40 | 47 ] ax ] 40 ] 50 51 s2 | 53 | 54
Rl Sr Y JZr i NbfMo Te JRu J Rh ] Pd ]y AgJCd ] In | Sn ] Sh ] Te I Xe
cofashsa b aobao b as ) - Vaedansaslas e s aalar e - ;
55 S 57 72 73 74 75 Th 77 & 70 i | B2 =3 w4 35 B
CsJBajQlLa]JHfl Ta]lWJ]Re]Os§jIr Pt f Au J]HeJ TI | Pb | Bi | Po | At | Rn
IR 2333541 453047 33334534537 407) 44 - - -
87 BE &4 HI h
Ir | Ra | Ac g
58 54 i ] G2 o3 v n) i 67 [ Es i34 T 71
Cel PriNd|PmSm}JEa]GdjTb Dy jHo ] Er fTm] Yb | Lu
ey a1 02 Q3 04 a5 0 Q7 08 Q9 [0 0] 102 103
Thj{Pa] U NplPu]JAm|Cm] Bk ] Cfj Es | FmJMd] No | Lr
o)
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X-RAY DATA BOOKLET
Center for X-ray Optics and Advanced Light Source

Introduction

X-Ray Properties of Elements

Electron Binding Energies

X-Ray Energy Emission Energies

Fluorescence Yields for K and L Shells

Principal Auger Electron Energies

Subshell Photoionization Cross-Sections

Mass Absorption Coefficients

Atomic Scattering Factors

Energy Levels of Few Electron Ions

Periodic Table of X-Ray Properties
Synchrotron Radiation

Characteristics of Synchrotron Radiation

History of X-rays and Synchrotron Radiation

Synchrotron Facilities
Scattering Processes

Scattering of X-rays from Electrons and Atoms

Low-Energy Electron Ranges in Matter
Optics and Detectors

Crystal and Multilaver Elements

Specular Reflectivities for Grazing-Incidence Mirrors

Gratings and Monochromators
Zone Plates
X-Ray Detectors

Miscellaneous
Physical Constants
Physical Properties of the Elements
Electromagnetic Relations
Radioactivity and Radiation Protection
Useful Formulas

Lawrence Berkeley National Laboratory

X-ray data booklet

Download the PDF [8 Mb]
http://cxro.lbl.gov/x-ray-data-booklet
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e \Why surfaces, interfaces, structures at the nanometer scale?
1 nm =10 A =0.001 micron
Cube of 1 nm sides has 75% of its atoms on the surface
‘ Many areas of science/technology

->Driven by advances in experimental techniques for

characterizing them, many important applications areas
and Nobel Prizes along the way

17



The Nobel Prize in Physics 1937

§ The Nobel Prize in Physics 1921

"for their experimental discovery of the diffraction of electrons by

"for his services to Theoretical Physics, and especially for his
crystals"

discovery of the law of the photoelectric effect”

Low energy

electron
Photoelectric effect-> diffraction
Photoemission or (LEED)

Photoelectron spectroscopy
(PS, PES)

Clinton Joseph George Paget

Ml Ew=ED Davisson Thomson

il¥) The Nobel Prize in Physics 1986

The Nobel Prize in Physics 1981

"for his fundamental "for their design of the scanning tunneling

"for his contribution work in electron microscope"

to the development opti;s, and for the

of high-resolution design of the first

electron electron .

spectroscopy" X'ray phOtoeleCtI‘OI’l microscope The electron mICI’OSCOpe
spectroscopy
(XPS) or

Electron spectroscopy
for chemical analysis
(ESCA)

Kai M. Siegbahn Ernst Ruska Gerd Binnig Heinrich Rohre18

Scanning tunneling microscopy (STM)



“The interface
is the device.”

Zhores |. Alferov Herbert Kroemer Jack S. Kilby
Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2000 was awarded "for basic work on
information and communication technology" with one half jointly
to Zhores I. Alferov and Herbert Kroemer "for developing
semiconductor heterostructures used in high-speed- and opto-
electronics"” and the other half to Jack S. Kilby "for his part in the
invention of the integrated circuit”.

19



Nobel Prizes in Physics and Chemistry--2007

From Spinwaves to Giant Magnetoresistance (GMR) and Beyond

Feter Grinberg held his Mobel Lecture on 8 December 2007, at
Aula Magna, Stockholm University. He was introduced by
Profezsar Per Carlson, Chairman of the Nobel Committee for
FPhy=ics.

Albert Fert delivered his Nobel Lecture on 8 December 2007, at
Aula Magna, Stockholm University. He was introduced by
Professor Per Carlson, Chairman of the Mobel Committee for
Fhys=ics.

Gerhard Ertl delivered his Nobel Lecture on 8 December 2007, at
Aula Magna, Stockholm University, where he was introduced by

Professor Gunnar von Heijne, Chairman of the Nobel Committee
for Chemistry.
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Nobel Prize in Physics--2014

The Nobel Prize in Physics
2014

Photo: Yasuo lil. N. Elmehed. © Nobel lll. N. Eimehed. © Nobel
Nakamura/Meijo Media 2014 Media 2014
University . . o

2 Hiroshi Amano Shuji Nakamura

Isamu Akasaki g 3
3 Prize share: 1/3 Prize share: 1/3
Prize share: 1/3

Emitted tight
The Nobel Prize in Physics 2014 was awarded jointly to Isamu =

Akasaki, Hiroshi Amano and Shuji Nakamura "for the invention of
efficient blue light-emitting diodes which has enabled bright and
energy-saving white light sources".

Anode wire

Anodel
e Cathodelead




Scientific and technological areas involving
surface/interface/nano science:

‘-Integrated circuits—higher speed, higher density

22



Transistors keep shrinking=>Moore’s Law

Dual-Core Intel® [tanium® 2 Processor P 7

7

MOOQORE'S LAW Intel® Itankum® 2 Processor 5

Intel® Ranium® Processor

P
7
Intel® Pentium® 4 Processer

Intel* Pentium® Bl Processtr
7’
b
Intel* Pentium® Il Fgmﬂuf
Intel* Pentium® ProcgsSor H_.-F-"’J
p 4
Intel486 Processor |

v
P 7’
Intel386™ che;uh///
P
2

transistors
10,000,000,000

-7?
1,000,000,000
100,000,000
10,000,000
1,000,000
100,000

10,000

1.000

1970 1975 1980 1985 1950 1995 2000 2005 2070

http://www.intel.com/technology/mooreslaw/index.htm
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And the Shrink Goes On...

High-k + Metal Gate Transistors

351 Process .25 Process HK+MG
Technology Technology Metal Gute bl
RN G P - 5 M * Increases the gate field effect
i R e L 3R = Low resistance layer
High-k Dielectric Metal
gate
* Increases the gate field effect ,/ _ ‘
Tisi * Allows use of thicker dielectric layer ‘
R to reduce gate leakage - ~=—— High-k gate oxice
. | T HK + MG Combined FIY
Sourc RN i TiSi . Pt . . e
(A S 1 . rain Al 2 Drive current increased >20°%
/ 'ﬁ“ 0.25u (>20% higher performance) Silicon substrate
Now 0.065 p =65 nm = 650 A (,05) « Or source-drain leakage reduced >5x

g5 M = 450 A (107) 520 nm =200 A (now)>14 nm (2014) | bbb

1 Tunnelin Popant atoms | ~1 0/
f 1 Gate TR [ ,.\.,o\k,.\. N
~eWat0m|C\\‘:\ \\\ . D ores S 2 s S
layers— QNS SIQ,IHIO, | K%M
Channel @ . o X
currently Electron 51133 ’HW
us icon
15 A sio,

Source

Source Gate Drain
- +

Gate oxide »

Cross section of a MOS transistor. Electron n smcon\> electror ——/

n silicon I B M
tunneling through the gate oxide (left inset) )
and high-concentration dopant interactions SCIéﬂCe
(right inset) are posing fundamental limitations

to continuing historical transistor scaling trends. World’'s Smallest Transistor 2001

P silicon




Some history

10 um — 1971
3 um — 1975

1.5 pm — 1982

1 um — 1985

800 nm (.80 um) — 1989
600 nm (.60 um) — 1994
350 nm (.35 um) — 1995
250 nm (.25 pum) — 1998
180 nm (.18 um) — 1999
130 nm (.13 um) — 2000

90 nm — 2002
65 nm — 2006
45 nm — 2008
32 nm — 2010
22 nm — 2012

14 nm — approx. 2014 (tunneling still a problem, heat density like sun)
10 nm — approx. 2016

7 nm — approx. 2018

5 nm — approx. 2020 25
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' Challenge in Sub 10nm

There wrll be more challenges in Sub—1 Onm scahng

' Sub-10nm
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Kinam Kim, Samsung
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\ Logic CMOS Technology Outlook o

3D structure will enhance scalability and performance

28nm

Planar 3D FinFET Gate All Around

@
i
=
S
£
0
-
-
2]
a.

High-K Metal Gate Multi Work Function Material Nanowire
Si, SiGe n-v

ArF-

Kinam Kim, Samsung
IVC Conference, Busan, Korea, August, 2016




What do the interfaces look like? How thick are they?

FIG. 2. Topological structure of various silicon subaxides at the Si0,/%

(100) interface. The structure is based on the plastic ball and spake made}
proposed by Ohdomari er al.° ‘ 28



SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM)
WITH ELECTRON ENERGY LOSS SPECTROSCOPY (EELS)

Source

Lenses

—@
o
O .
U\ Imaging
Sarnol B! columns of
RS " To) atoms->single
@ 9
e /°Y ; atoms at edges
‘—' —‘
Annular S —— —

dark field =S R
(ADF) detector

Electron energy
o= " ': loss spectrum
Electron > s (EELS)
spectrometer % 29
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Probing buried interfaces: transmission
electron microscope with electron energy
loss spectroscopy
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HIGH-RESOLUTION TRANSHMISSION
e~ MICROSCoPY OF Si0a/Sc
INTERFACES

( GosDNICK ET AL., PHYS .REV, B 32 817U(8S)
AMo RPHOUS

REF.
PLANE |

/Y
Si11)

FIG. 5. HRTEM micrograph of Si-SiO, interface of sample 1.
1000°< , Oy oMLY
SMoOTH INTERFACE

o, = St
IN TETRA-
HEDRAL
“=DiArond”
STALETURE
= 6-MEMBEL
UNG- 31



SCANNING TRANSHISSION _ _ _
e” uSCOPY wiTH EELS | SI 2p excitations—

» like x-ray
—— — absorption spectra

-
<«

AE = 0.1V
A¥X, Ay
T O.Znvn

Differential scattering probability (arbitrary units)

95 100 105 110
Energy loss (eV)

FIG. 1 Left, Incoherent dark-field image of the Si-SiO, interface for a
steam-formed oxide. The elongated bright structures coincide with
chains of Si atom pairs, oriented along the ¢110) directions. Right,
EELS spectra obtained at eight locations indicated by the circles at the
left. The bulk Si onset (Si°) is near 100 eV. The Si0, (Si**) structure
lies between 105 and 108 eV. At the interface, a fairly strong Si**
signal is seen for the first time in the bulk. Some structure corresponding
to electronic defect states in the silicon gap also appears to be present.

P.E . BaTson,
NaTwrE, 364,
72701993
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Fig. 2 High resolution TEM cross section of 1.2nm

cneu et physical SiO, gate oxide at the 90nm logic techgplogy
node. - 65 nm technology = 45 nm = 32 nm
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FIG. 2. Topological structure of various silicon subaxides ar the SiQ,/Si

(100) interface. The structure is based on the plastic ball and spake made}
proposed by Ohdomari et al.°

34



L drh bop#
?3I’L§{ﬁ¥‘ 3l
L L U LT s R R Rt o

Inten_sity (arb)
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Fig. 2. Spectroscopic-imaging of Lag7Sro3MnO3/SrTiO3 multilayers grown
" at Po; = 1 mtorr and at a laser spot size of (A and B) 7.5 and (C and D)
1.6x 1072 cm?. (A and C) La elemental maps and (B and D) red-green-blue
false color B-site maps, obtained by combining the Ti (red) and Mn (green

TiL, 4 Mn-L, ,

| .
400 500 600 700 800
Energy Loss (eV) and blue) maps extracted from the spectrum images. The multilayer

grown with a smaller laser spot size shows less abrupt interfaces and an

TEM"‘AEELS: Nice intro.‘ Mu"er et al extended defect, marked by a white arrow in D. The growth directio§5is from

) “? bottom to top.
Science 319, 1073 (2008) Proc. Nat. Acad. Sci. 107, 11682 (2010)



PHOTOELECTRON SPECTROSCOPY

THE FHOTOELECTRIC EFFECT (BINSTEIN,I905)!
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Chemical shifts
In core electron
binding energies

NEED STATE-
Srac e
STRURETVRAL

INFORMATION!

“PHOTOELECTRON SPECTRA
OX\DIZED SiLCON
CHENICAL SHIFTS OF CORE LEVELS
! l l I I T T 1 I

58 oxve

Si 2p,,,
hr = 130 eV

,

2/

é. Si(100)
g s oxwe
E

8

o]

g

Initial -State Energy (eV relative to bulk Si2p3/2)

HIMPSEL ET AL., PHYS.REV. B, 38, (08Y('%0)
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Scientific and technological areas related to
surface/interface/nano science:

sIntegrated circuits—higher speed, higher density

‘-Magnetic storage and circuits—higher density, magnetic logic

38



“Moore’s Law” for magnetic storage

AREAL DENSITY MEGABITS/SQUARE INCH

106 — @ IBM DISC DRIVE PRODUCTS
" # INDUSTRY LAB DEMOS RANGEQF ¢
: POSSIBLE j .
105 | mLUEi
2 £
15t AFC MEDIA » :
o | ::n Doubling
« & eyery|year!
100 CGR I . Yy
i 15t GMR HEAD
10° E
r 0 CGR 1st MR HEAD ¥
107 F 15t THIN s
FILM HEAD
- lf 35 MILLION
2 5 MILL
F 25 CGR - » INCREASE
1 ~
___F
1077 L /
E ;"
02—
-/ IBM RAMAC FIRST HARDDIS DRIVE Al
.m,_a | ] | 1 | 1 | | ]
1960 1970 1980 1990 2000 2010
PRODUCTION YEAR

AFC=ANTIFERROMAGNETICALLY COUPLED

GMR=GIANT MAGNETORESISTIVE

http://www.research.ibm.com/
journal/sj/422/grochowski.html

Harris, Awschalom
Physics World,
Jan. ‘99

2015: 1.3 Thits/in?2 = 150 Gbytes/in?~ 25
+® nm x 25 nm x 14 nm thick = 400,000
atoms/bit, read at GHz rates with head at
5-7 nm above disc

—

How for can we go?

10%1 |
@ magnetic cores
v ® ¢ disk file
107 ¢ Vie A thin films
‘ '. ¢ magnetic bubbles
10" I . m optical disks
-+ » \\ 4
S 10} ce Desired:
| - EY ‘\
8_ 1013 “x\“ E e KV
0 b >B5K.T
E 1011 = Vil g
§ N =10 yrs
81 b .
10 . life
| Superparamagnetic ltmit

1950 1970 1990 0‘2010
ear \
‘ 101l Y atoms |
The number of atoms used to store one bit of information with
different forms of magnetic or optical storage has reduced over
the years. The blue region indicates the superparanggnetic

regime, below which thermal fluctuations at room temperature
could alter the orientation of magnetic bits.



o Some new directions
Antiferromagnet . .
¥y with magnetic nanolayer
structures--"spintronics”

andom Access
RAM-Non Volatile)

magnetic

_ metal/oxide M“ﬁﬁ?g‘fy“éeu
Uses “giant magnetoresistance (GMR)” — e <l
and “exchange bias” Li;‘e‘e

--in every high-speedread head now

Crucial surfaces &
buried interfaces
everywhere,
as well as complex =

materials ‘ 1 /
(e.g. colossal
magnetoresistance Read
(CMR))

Current

Line

=

Up to 100 Mbit devices in R&D: applicationsto e.g. cell phgne use




R,-R, 2P

Tunnel MagnetoResistance (TMR) = —4- =

2
Insulator RP 1-P
Parallel
Density of
states
Antiparallel

Ferromagnet 1 Insulator Ferromagnet 2

Room temperature TMR: Miyazaki and Tezuka (Tohoku U.), J. Mag. Mag. Mat. 1995 and Moodera et al. Phys. Rev. Lett. 1995.

H. Ohno



: R,,—R 2P°
Tunnel MagnetoResistance (TMR) = —£—+X = .
Insulator RP 1-P

E E
Parallel | *‘ gun v, ¢
| Density of
f states, no
A

Half-metallic
Ferromagnet

Antiparallel

1

Ferromagnet 1 Insulator Ferromagnet 2

Room temperature TMR: Miyazaki and Tezuka (Tohoku U.), J. Mag. Mag. Mat. 1995 and Moodera et al. Phys. Rev. Lett. 1995.

H. Ohno
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Some key elements Iin
Spintronics/Semiconductors/
Sensors—multilayer
nanostructures

Antiferromagnetic
Exchange Film

Copper Write Colls

Spin Valve/GMR

Contact ~ Contact
Sensor

iy eriicy

' NiFe GMR
MgO Free Film

=== spacer

S=STE ED GROCHOWSKI at ALMADEN

MR
Pinned Film

Crucial buried functional layers
& interfaces everywhere-

Random Access
MRAM-Non Volatile)

->Race Track Memory?
,q

Positive
current
pulse Negative
current

pulse

Bits of data
move right

Information
is stored as
amagnetic
pattern on the
nanowire

Bits move left

Write

device Read device

S. Parkin, IBM Almaden




Toward Nonvolatile CMOS VLSI

=

-
TORaEY

Volatile memory

Non-volatile memory (magnetic or flash)

Hideo Ohno, Tohoku Univ.
IVC Conference, Busan, Korea, August, 2016
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Scientific and technological areas related to
surface/interface/nano science:

sIntegrated circuits—higher speed, higher density
Magnetic storage—higher density, magnetic logic

«Catalysis—auto catalytic converter, petrochemical processing

45



SOME AREAS OF APPUCATION : SWRFACE SCIENCE

PRODULTS
(@) caTaLus\s: 2 ELEAN Al n'.’)

REACTANTS - \Hy0+CHy
(exumsr \ ) SMALL METAL

SH,+CO ~ PART (QLES/CLUSTERS
77 il s (‘pt,Nl,Fc,"')

SUPPORT ~50-1000 ATOMS
(3:.0;1 Al 03‘ "‘)
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Scientific and technological areas related to
surface/interface/nano science:

sIntegrated circuits—higher speed, higher density
Magnetic storage—higher density, magnetic logic
«Catalysis—auto catalytic converter, petrochemical processing

Corrosion—major annual economic cost

47



SOME AMEAS OF APPUCATION ! SURFACE SCENCE

PRODUC
(@) caTaLus\s: " a,_EfN AT,?)

REACTANTS S A \Hy0 +CHy
(exumsr \, ) SHALL METAL

SHy+CO ~ PART (CLES/CLUSTERS
771/ 7775 (e, NiFe)

SUPPORT ~50-1000 ATOMS
(Si0a,Al,0;,°*)

(2) CoRReSION:

02; Hto; H'z,son, joee
WHY So (mEnT?

SUWRRACE
TS e
WL I SRR Cwv RI\CH
4 //// et (Cr OXIDE)

[STaincESS STREL]
Cgi‘ leqo, MI&.‘QQ@ FQ-—77—°?0, )
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Scientific and technological areas related to
surface/interface/nano science:

sIntegrated circuits—higher speed, higher density
Magnetic storage—higher density, magnetic logic
«Catalysis—auto catalytic converter, petrochemical processing

Corrosion—major annual economic cost

Polymer surface modification—promote adhesion, fire resistance,...

49



SURFACE TREATMENT 0F A LOW-FRICTION
POLYMER\C COATING FoR TOoLS

“Terton s' = A MixTURE OF, EPORY AND {c:z;)—x

RS e Ll

Chemlcal shifts
In core electron
b|nd|ng energles

CoNTACT
ANGLES S

'WATER

TOLNMER
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Scientific and technological areas related to
surfacel/interface/nano science;

sIntegrated circuits—higher speed, higher density

Magnetic storage—higher density, magnetic logic

«Catalysis—auto catalytic converter, petrochemical processing
Corrosion—major annual economic cost

*Polymer surface modification—promote adhesion, fire resistance,...

-Batteries, fuel cells, photovoltaic cells—the solar/hydrogen economy?

o1



Interfaces in information and energy technology

Inductive Head P1
Shield2

Shield1
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Interfaces in information and energy technology

Spin Valve/GMR

Inductive Head P1
—— Shield2

Shield1
Antiferromagnetic

Copper Write Coils Exchange Film

Sensor Contact ~= Contact
H - - Hard Bia
&*9&" - < goPtCr.
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“The interface is the
Dran  device.” Kroemer, Nobel, ource
termin: srminal

2000
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device”, Nat. Mater., 11,
91-91, (2012)
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Scientific and technological areas related to
surfacel/interface/nano science;

sIntegrated circuits—higher speed, higher density

Magnetic storage—higher density, magnetic logic

«Catalysis—auto catalytic converter, petrochemical processing
Corrosion—major annual economic cost

*Polymer surface modification—promote adhesion, fire resistance,...
-Batteries, fuel cells, photovoltaic cells—the solar/nydrogen economy?
sLubrication (tribology)—nanometer-scale layers

Atmospheric particulates—ice, carbonaceous,...

*Nuclear reactors and waste storage—how long-lasting?
*Environmental science—retention of contaminants in soil,
reactions on atmospheric particles
*Biomaterials—compatibility through surface interactions

. . . o4
*Sensors—surface reactlons—>change N voltage, resistance



And nano back surgery?!!

« SPINE SURGERY ALTERNATIVE
«NANO PROCEDURESs
[ awrence is a medical doctor, and had back '

pain and numbness down his
leg so severe, he couldn’t walk.

I He had a Nano Procedure
| at the Nano Back Institute,
 and now he’s walking on air.

Our renowned surgical technique requires
NO cutting NO bleeding
NO Drilling NO scarring

titute. | e BACK PAIN ® LEG PAIN ® NECK PAIN
%?;ﬁg?lzl » HERNIATED DISC e STENOSIS * SCIATICA
o T

Covered by most major medical insurance.

CALL TODAY

BackMasfitle ~ 212-873-0380

o Cutng, No Ko R 3 5
Experts in l“!;l«:;n;ml;«:umcstic Spine Surgery g:\?\?f:l: ei\llY351 87(()/2'370&1 St.

Back[nstitute LCOom. ~ Philadelphia & Los Angeles
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1959 — Richard P. Feynman
“There’s plenty of room

at the bottom”

“Why cannot we write the entire 24 volumes of the Encyclopedia
Brittanica on the head of a pin?”

It would be possible if you could print it with dots (= bits) that are 8
nanometers or about 32 metal atoms across, containing about 1000

atoms

+ Many visionary ideas:
Miniaturization of computers
Imaging and manipulation of single atoms or

molecules -»—

But information still stored with about 400,000 atoms, so we are stiQGa
long way from his vision


http://www.zyvex.com/nanotech/feynman.html
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Table 4 Density and atomic concentration

H 4k He 2

0.088 The data are given at atmospheric pressure and room temperature, or at the 0.205
stated temperature in deg K. (Crystal modifications as for Table 3.) at 37atm)
R S i e e i R R R e e e e

Li 7sk | Be Atomic radius B c N2k | O F Ne 4K

0.542 | 1.82 — 2.47 3.516 §1.03 151

a700 121 | = mr Average surface 130 |176 4.36

3.023 | 2.22 = i — - 2/3 : 1.54 144 |}3.16

. = 0.5 n-n dist. density = ps = (py) |

Na sk | Mg Al Si P S Cl 93k | Ar 4k

1.013 § 1.74 Denfity in g cm™3 (103%kg m™3) 270 j233 2.03 1.77

2.652 | 4.30 Concentration in 1022 cm™3 (1028 m™3) 6.02 |5.00 2.66

3.659 | 3.20 Nearest-neighbor distance, in A (1071°m) - 286 §2.35 2.02 |3.76

K sk | Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Brizsk| Kr 4k
0.910 § 1.53 2.99 451 6.09 7.19 7.47 7.87 8.9 8.91 8.93 7:13 5.91 532 577 4.81 4.05 3.09
1.402 | 2.30 4.27 5.66 7:22 8.33 8.18 8.50 8.97 9.14 8.45 6.55 5.10 4.42 4.65 3.67 2.36 2.17
4525 § 3.95 325 2.89 2.62 2.50 2.24 2.48 2.50 2.49 2.56 2.66 244 2.45 3.16 2:32 4.00

Rb sk | Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe 4k
1.629 | 2.58 | 4.48 | 6.51 8.58 1022 § 1150 | 1236 § 1242 § 1200 § 1050 865 | 729 ]576 16.69 1625 J495 |3.78
1.148 § 1.78 | 3.02 | 4.29 556 | 642 |704 |7.36 |7.26 | 680 |58 [|4.64 |383 2091 3:31 294 1236 1.64
4837 14300 §355 1317 §286 1272 1271 265 1269 |275 1289 1298 1325 1281 291 286 |3.54 |4.34

Cs sk | Ba La Hf Ta w Re Os Ir Pt Au Hg227§ Ti Pb Bi Po At Rn
1.997 § 3.59 }6.17 13.20 | 16.66 | 19.25 | 21.03 | 22.58 | 22.55 § 21.47 | 19.28 § 14.26 | 11.87 }11.34 §9.80 }9.31
0.905 § 1.60 270 f452 555 630 680 |7.14 J7.06 662 |59 J426 350 330 |282 j267 |— —
52351435 1373 313 286 274 1274 1268 1271 277 288 301 346 |350 307 }334 :

Fr Ra Ac
10.07 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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® Some growth modes:
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Some possible structures in surface/interface/nanoscience
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TRANSLATIONAL
SYMMETRY

IN BULK SOLIDS:
14 basic types

Good websites/downloads for
simple structures:

iy

Fig. 2.3, The 14 three-dimensional Bra-
vais lattices, The hexagonal lattice and
the two centered cubic lattices are partic-
ularly important in solid state physics
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TRANSLATIONAL
SYMMETRY

AT SURFACES:

5 basic types

+ Various visualizations
of crystal surfaces at:

Table 2.1. The five two-dimensional Bravais nets

Nature

of axes
Shape of Mesh Conventional rule for and
unit mesh symbol choice of axes angles Name
General a#b

parallelogram p None y#90°  Oblique
Rectangle p Two shortest, mutually a#b
c perpendicular vectors y=90°  Rectangular
Square p Two shortest, mutually a=b
perpendicular vectors y=90°  Square
60° angle p Two shortest vectors at a=>b
rhombus 120° to each other y=120° Hexagonal

—— L] L[

Oblique

]

Rectangular

AN

Square

Hexagonal

y X Pv&m'\ﬂ ve
C = centeved.

63


http://www.fhi-berlin.mpg.de/~hermann/Balsac/pictures.html
http://www.fhi-berlin.mpg.de/~hermann/Balsac/pictures.html
http://www.fhi-berlin.mpg.de/~hermann/Balsac/pictures.html
http://www.fhi-berlin.mpg.de/~hermann/Balsac/pictures.html
http://www.fhi-berlin.mpg.de/~hermann/Balsac/pictures.html

Fig. 3.2. Low-index ideal surfaces of a hard-sphere cubic crystal.

WHAT Do su RFACES LOOK LIKE? Vertical and horizontal markings indicate the second and third atom
layers, respectively. Cube face is indicated for (100) to set the scale
SOME fcc AND bcc SURFACES (Nicholas, 1965).

f

+ Various
visualizations of
crystal surfaces at:
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HOW TO DESCRIBE DIFFERENT (hk/) SURFACES OF X WITH ORDERED
ADSORBATE STRUCTURES OF x ON THEM? WOOD NOTATION:
X(hk/)(p x q)R)°-x (Woodruff, pp. 22-23)

Hexagonal surface of X Square surface of X
0 0 O O 0 O O 0 (8] O O " “ A
ge=q 6%0 o o0 aiboi, o >§(ooU1)(«{’2x«/2)R45 -X
0% Yuars o/dx‘o\o A e —— X
Y O==0 olo o!lo
X(111)(N3xV3)R30°-x - g‘ % x\o\ a X ’ \/Z}x"da » iZa ) i
x  Y3a>x"~3 © 0o o 0|0 O_J< o ‘“centered
o} 0 0 % % D T
5 5 o° 6 O B85 © © © 0 0239 %(01)c(2X2)-X
Square surface of X Square surface of X
O o ©° o) O o o O O=-=-0 O o @) @)
X X X X |a | x X
o O— - o o ©O o (o O--0 O O o O
a, x a x X
o o--0 O o o (o] O (o} O O o O o
X a x X X X X
o o o|lo o|lo o o o oo o]o X(001)(2X1)-x
X(001)(2X2)-x 2a X X X
o o] o O ¢ O o O O o O o @) O
X X X X X X
© o o o220 o o © o 0 o o0 O o

Notation: (hk/) = definite set of planes
{hk/} = set of planes with h,k,/ in all permutations
[hk/] = definite direction, | (hk/) planes 65
<hk/> = set of directions with h,k,/ in all permutations



Si(111)-(7x7)—Dimer-adatom-stacking fault model
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Formation Ire patterns—two rotated square lattice
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Moiré patterns in the growth of graphene

Graphene on Ru(0001)-no rotation

J. Phys.: Condens. Matter 24 (2012) 314210

(a)
H sesetetaial
R
:]
C:
Ru\?
(b) G
Ru

A

S OO

Figure 1. Graphene overlayer adsorbed at the Ru(0001) surface [7].
The Ru substrate surface is shown by its topmost three layers. (a)
View perpendicular to the surface. The periodicity of the
superlattice is indicated by arrows referring to moiré lattice vectors.
(b) View almost parallel to the surface, illustrating the periodic
overlayer warping connected with the moiré patterns shown in (a).

Graphene on graphene-3.5° rotation

J. Phys.: Condens. Matter 24 (2012) 314210

Figure 4. Moiré pattern of a graphene layer rotated by

« = 3.5° (indicated by lines at the bottom) [16] with respect to the
underlying graphene. Moiré vectors Ry, , Ry, are shown by arrows
and labeled accordingly. The lattice vectors R . R, of the
underlying graphene monolayer are sketched at the lower left,
where a magnification by a factor 5 is applied for better visibility.
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Electrons as probes of surface and 50
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Some M

Comple- DEiaachon
mentary hv (P8, 72,74 Photo
Surface

Structure 4, %
Probes *Egé“ -
O
Q.20 0 .0 O O U U O
-Type of order: Short (< 102) Short, long Long (> 1003)
and disorder
-Atom & site Yes No No
specific:
-Sensing 5-408 Mostly surface 5-2OR
depth: D.O.S.
-Lateral 1 mm? to Single atom 1 mm21
1 micron?

resolution: (300 )2
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The Davison-Germer Experiment: Details

Intensity = radial distance along
dashed line to data
at angle 9. é

Peak \ %4,

e
V)
v/
0 o
44 eV 48 eV 54 eV 64 eV 68 eV
INT. = STRWNG
MARI MUM

¢~m ’ ‘Ql > ‘rq > ‘hn > ‘i‘os

¢ decreasing =—>
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SCATTERING OF AN € BY AN ATOM:

scattered

waves .
oc Scattering factor =

f(8) = [f(6)|e™v®

incident waves unscattered waves

B
i i
¥ | :
/ |
f

ATTRACTIVE
POTENTIAL

FIGURE 2.15 The scattering of elesisemasaslisssasiation by a group of atoms. Incident plane waves are
reemitted as spherical waves.
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Bragg’s Law in 3D and crystal planes

Figure2 Derivation of the Bragg equation 2d sin § =
nA; here d is the spacing of parallel atomic planes and
2nar is the difference in phase between reflections
from successive planes. What do we mean by a set of
parallel reflecting planes? Any set of parallel planes
will do, provided each plane passes through at least
three non-colinear lattice points! See Fig. 3 for sev-
eral examples. The reflecting planes have nothing to
do with the surface planes bounding the particular
specimen, because the x-rays or neutrons see alll

CONSTRWUWCTWE

Figure 3 Several types of reflecting planes in a simple
cubic crystal lattice. The planes shown are labeled by
their Miller indices. We have shown in each case a set of
two parallel planes. The closest distance between parallel
planes tends to decrease as the indices increase; thus high
index reflections require shorter wavelengths. In principle
the number of different types of reflecting planes is un-
limited if the crystal is infinite.

INTERQREZENCE

BETWAEN PLANES ®or .

[ 2, = 2d 3in @] BRAGG'S LAV

l_ﬂ—

2,3, Al A, £ 24
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TRANSLATIONAL o7
SYMMETRY ‘-\
IN BULK SOLIDS: =y
14 basic types

Monoclinic
Triclinic Primitive Base centered
Good websites/downloads for D I
simple structures: Orthorhombic
ik,
Primitive Base centered Body centered Face centered

i
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¥
T
v

-
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- /

Tetragonal
Primitive Body centered

Hexagonal Rhombohedral

Fig. 2.3, The 14 three-dimensional Bra-
vais lattices, The hexagonal lattice and Cublc

the two centered cubic lattices are partic- )

ularly important in solid state physics Primitive Body centered  Face centered 78
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Bragg’s Law, the Reciprocal Lattice and the Ewald Sphere Construction in 3D and 2D

3D

a,b,and ¢ are primitive (non-centered) unit cell vectors
Elastic scattering:|k'|=|K|

k=K + g, ,with

g, =har+kb*+/c*

- bx¢ cxa axb I
a*=2rrT, b*=2rr—,c*=2rrT , V=a<bxc

79



Reciprocal lattice vectors
and 15t Brillouin zone for

% Real fcc
the bulk fcc lattice: | |
fuminve Primitive
d by planes halfwa e |
Sounded by p - - Y @t (2Y), unit cell:
to nearest recip. lattice Betaled) 1 atorm
point E"*‘ﬁ*’"l .
o
PNITINE W Reciprocal
S L SF * | B
/ o'z e of fcc = bec
-zf (rey-2)
b*= | '
W
¥ (x4 349)
- Ky er: p
i (3-9+2)®"

Figure 28 Brillouin zones of the face-centered
cubic lattice. The cells are in reciprocal space, and

the reciprocal lattice is body-centered, as drawn
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TRANSLATIONAL
SYMMETRY

AT SURFACES:

5 basic types

+ Various visualizations
of crystal surfaces at:

Table 2.1. The five two-dimensional Bravais nets

Nature

of axes
Shape of Mesh Conventional rule for and
unit mesh symbol choice of axes angles Name
General a#b

parallelogram p None y#90°  Oblique
Rectangle p Two shortest, mutually a#b
c perpendicular vectors y=90°  Rectangular
Square p Two shortest, mutually a=b
perpendicular vectors y=90°  Square
60° angle p Two shortest vectors at a=>b
rhombus 120° to each other y=120° Hexagonal

—— L] L[

Oblique

]

Rectangular

AN

Square

Hexagonal

y X Pv&m'\ﬂ ve
C = centeved.
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Bragg’s Law, the Reciprocal Lattice and the Ewald Sphere Construction in 3D and 2D

3D

a,b,and ¢ are primitive (non-centered) unit cell vectors

Elastic scattering:|k'|=|K|

k=K + g, ,with

g, =har+kb*+/c*

<'?1*=211'—bxC , p*=2m 2 ,c*=2m axb
\Y \Y

, V=asbxc

I
2D Specular

(00) beam

\'k’

>

»——-q—*

171y N
Y & \
dRVAFRIA \
/ |1 k| \

30 20 10 00 10 20 30
a and b are primitive (non-centered) unit cell vectors
A is unit vector along surface normal
Elastic scattering: | K |=| K |
K, =K, +dp,with
g,, =ha*+kb*

b x 1 ixa 82

- - nxa - = .
ar=2rx , b*=27x ,A=aeb xn




Fig. 3.2. Low-index ideal surfaces of a hard-sphere cubic crystal.

WHAT Do su RFACES LOOK LIKE? Vertical and horizontal markings indicate the second and third atom
layers, respectively. Cube face is indicated for (100) to set the scale
SOME fcc AND bcc SURFACES (Nicholas, 1965).

f SVRFPACE
T

[
(100)

Bwuik
uMmr

CeLL

(110)

+ Various
visualizations of
crystal surfaces at:
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Reciprocal lattice vectors
and 15t Brillouin zone for
the bulk and (110) fcc
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The experimental
pattern from Ni(111)

Figure 27b  The fcc structure with one corner sliced off to expose a hll) plane. The (111) planes
are close-packed layers of spheres. (After W. G. Moffatt, G. W. Pearsall, and J. Wulff, Structure,
Vol. 1 of Structure and properties of materials, Wiley, 1964.)
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The Davison-Germer Experiment: Details Explained

Intensity = radial distance along
dashed line to data

at angle ¢. é
Peak . %,

%
v/
v/
0 44 eV 48 eV 54 eV 64 eV 68 eV
INT. = STRNG
3 2dsin€ =n3- MAR! MUM
ZD: dgSim =ma- ¢.,.. ’ é" > b > Pen > $e

(n=1, m=1)
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Low ENERGM ELECTRON DIFFRACTION =

TWO-DIMENSIODNAC
SURFACE RECI\PRO-
CAL LATTICE '

LONG -MANGE
OMVERL REQUAED
OVER 2 1008,

E=V

~50-300 eV

3020 10 00 10 20 30



- - DaviSSon ¢
Low Energy Electron Diffraction GERMER

REVISA\TED
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screen +5keV

. =17=078 el
P
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dimensional surface
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two-cdimensional
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ELECTRON DIFFMCTION IN 2D Frermt LINEAR
(1D ) ARAANS OF ATOMS !
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[142]

HEXAG ONAL
(444) TERRACE

SPoTS WITH

SPUTTINGS

‘ Figure 1.36. Diffraction pattern of a platinum crystal face that was cut 6°27°
1 'DU.E 1"0 LQ %‘ with respect to the (111) crystal face in the direction of the (110) face. Note the

Pﬁm .b doubling of the diffraction spots.
STEPS Pt (stepped) = 5¢111) X (100)

[170] ][1“]
g

TERRACE - (111)
HExXAGoNA L

-STEP- (001)

S QULARE

Figure 1.37. Schematic representation of the platinum surface that exhibits
ordered atomic steps.

Periodicity |
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SOME TYPICAL LEED PATTERNS:

Si(111)-(7x7) (V3 x Y3)R30° Ag/Si(111)

® = spots seen without any

reconstruction or adsorption
of simple Si(111) surface
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LEED: Si(111)7x7
. A

» Longer periodicities in real
space give closer spots in k-

space.

Real Space:

S1 surface atoms

» Higher energy LEED images

show spots closer together.
K-Space




Bragg’s Law, the Reciprocal Lattice and the Ewald Sphere Construction in 3D and 2D

3D

a,b,and ¢ are primitive (non-centered) unit cell vectors

Elastic scattering:|k'|=|K|

k=K + g, ,with

g, =har+kb*+/c*

<'?1*=211'—bxC , p*=2m 2 ,c*=2m axb
\Y \Y

, V=asbxc

I
2D Specular

(00) beam

\'k’

>

»——-q—*

171y N
Y & \
dRVAFRIA \
/ |1 k| \

30 20 10 00 10 20 30
a and b are primitive (non-centered) unit cell vectors
A is unit vector along surface normal
Elastic scattering: | K |=| K |
K, =K, +dp,with
g,, =ha*+kb*

b x 1 ixa 93

- - nxa - = .
ar=2rx , b*=27x ,A=aeb xn




Reflection High-Energy Electron Diffraction (RHEED)

A powerful tool for monitoring epitaxial layer growth in real time

3D view RHEED screen
1
reciprocal rods ! ' '\
\
part of the J » .
Ewald sphere

~

e 1ncident beam

10-30 keV

See Woodruff, Section 2.8
94



Reflection High-Energy Electron Diffraction (RHEED)

reciprocal lattice
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Process image

(Stcking atoms / e-beam)

&: Coverage rate on

growing surface
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(a) 2D (b) 3D

(c) quasi-2D
(d) quasi-3D




(b)

)
~

Atomically Resolved Surface Structure of
SrTiO3(001) Thin Films Grown in Step-
Flow Mode by Pulsed Laser Deposition

L I i ' L

0 5 10 45 “200 25
Growth Time (scc)

RHEED Intensity (arb. units)

Figure 1

(a) RHEED intensity oscillations during SrTiO;(001) homoepitaxial growth at 1100°C in an
oxygen partial pressure of 1x10™ Torr.

(b) RHEED pattern of 10 u.c. SrTiO;(001) thin film after growth.

(c) Wide-area constant-current STM image of homoepitaxially-grown SrTiO5(001) thin film
(thickness: 35 u.c.) showing a clear step and terrace structure with a single unit cell height
(200 nm x 200 nm. Sample-bias-voltage ¥, = +2 V. and the set-point tunneling current ;=
40 pA).

(d) —(f) Thickness dependence of surface structure of SrTiO;(001) thin films (40 nm x 40 nm,

Vo=+2V. ;=40 pA). (d) 10 u.c. (¢) 35 u.c. (1) 100 u.c.


http://arxiv.org/ftp/arxiv/papers/1004/1004.0040.pdf
http://arxiv.org/ftp/arxiv/papers/1004/1004.0040.pdf
http://arxiv.org/ftp/arxiv/papers/1004/1004.0040.pdf

SCANNING TUNNELING

MICROSCOPY

See Ibach, pp. 55-56, and
Dejonqueres and
Spanjaard, p. 575 (website
Download)

Scan I e-ZKL
—

(e
S
5
SuRFaCE :

L=

:
Figure 4 Scanning tunneling 2
microscopes can be operated in  © 2
either (a) the constant current Y
mode or (bY the constant height e
mode. The images of the surface
of graphite were made by Rich- N
ard Sonnenfeld at the University =~ 2
of California at Santa Barbara. 3
The constant height mode was ‘/4‘
first used by A. Bryant, D. P. E. = S ]
Smith, and C. F. Quate, Applied =
Physics Letters 48: 832, 1986. - —" -

Ax=AL 2 0.014 !
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THE
SCANNING
TUNNELING

M\cROSCoPE:

eV
W) —

More accurate model:
Tersoff & Hamann, PRL 50,
-ExdzdeV 1998 (1983)

~

d
Figure 3 (a) The wavefunction ////
of an electron in the surface of the %

material to be studied. The wave-
function extends beyond the sur-
face into the empty region. (b)
The sharp tip of a conducting
probe is brought close to the sur-

FIG. 1. Schematic picture of tunneling geometry.
Probe tip has arbitrary shape but is assumed locally
spherical with radius of curvature R, where it ap-
proaches nearest the surface (shaded). Distance of

face. The wavefunation of a sur- nearest jipproach is d. Center of curvature of tip is
face electron penetrates into the labeled r,.
tip, so that th? electron can ‘‘tun- . R
nel” from surface to tip. Compare —_ =1,2 2 2.~4,2
this figure to Figure 6.7b. I=32mn""e qu D t (EF)R kK e
. o T+ Yl 2
J:Cuuﬁﬂ'f/m“-‘m X%I|¢u(ro)' G(EU_EF),

. eV _ - 24§ |, & <= Dy(Eg) = tip density of states at Ex

Ywildh : @ = work function = U, - E

I MR | P OA See also Dejonqueres and Spanjsard,

8'7" ‘J 2mU-E) jong pari{ia

° website download, Eqgs. G.18 & G.24



i
. STM image of (7x7) reconstruction of Si(111)
§ (Binnig et al., Phys. Rev. Lett. 50, 120 ('83))

Dimer-Adatom-Stacking Fault Model
(Takayanagi et al., J. Vac. Sci. Tech. A3, 1502 ('85))
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Si(111)-(7x7)—Dimer-adatom-stacking fault model
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IMAGING, AND
MANIPULATING,

ol PHYSICS
WITH THE STM TOD AY

NOVEMBER 1993




Writing with single atoms—30 years later

Scan I e-ZKL
—

AR ADDH
> » /
» D DB

» » 'es

S HDHH

1989--IBM, written with single xenon
atoms, using a scanning tunneling
microscope 104
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Si(111) 7x7
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Fig. 2. Tunneling image of silicon (111) surface that shows the 7x 7 atomic

reconstruction on terraces separated by atomic steps.

Scanning
tunneling
microscopy:
stepped Si(111)
surface



* Frank-van der

Merwe (FvdM)
= layer-by-
layer growth
(2D).

* Stranski-

Krastanow
(SK) = layer-
by-layer +
island ...

* \Volmer-Weber

(VW) =island
growth (3D).
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GROWTY OF 11 ML Gd on W(it0)
a) as deposited b) 530 K anneal

Scanning
tunneling
microscopy:.
metal-on-metal
epitaxial growth

Growth mode can
Depends strongly
on anneal
temperature!

P Tober et al.
LaM ;™ nmm

SINGLE x ~ 310 v N 53, 5444108996).
LAYER BiamerEe(=d)



* Frank-van der

Merwe (FvdM)
= layer-by-
layer growth
(2D).

* Stranski-

Krastanow
(SK) = layer-
by-layer +
island ...

* \Volmer-Weber

(VW) =island
growth (3D).
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Superlattice =
Moiré structure
In metal-on-
metal

epitaxial
growth

E. Tober et al.
Phys. Rev. B
53, 544 (|’96)

“"WETTING" SINGLE MONOLAVER OF Gl oN W(440)
b) LE&D .

(7x14) Moiré pattern
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A Moiré pattern—MonoIayer Gd on W(110)

1

4P
‘ﬂf i

L JOOCDC
O

I

NN

(X
A
a
L X0
)
Iv‘. &
(A

A \‘; A
LAY AX
\ .' ;
o

o ey

i

. Gd(OOOl)—
~ hexagonal

A

Al

A

1@
(I
v:' y
A IL

N
N
&
1@
Y
1\?
"
?.’

o. .o' O W(110)—
.i’ p .\i'. ... rectangular
' 0 e '050 &

Al

{ .

o
Al
...

;\.? NY
4 »
,I" 9.

01

) . .

Vil
Y
o
.
o

.

WY
{ Y )
AR
A\
.

2214
any V. aVa . V" Fan
A i"é‘..“*
A? .‘l
. Y ANy
AC X )
HOCX
Y '6‘
a o 1!..
. ,&
‘.
.
AN
.
9 v
I
.
\-l' \w
. .
.
2.8
W[ﬁﬂ 1]-——>

| ‘_-:..\g..; . . =@
A= )t o"' o

312 A

111



FORWARD SCATT. = “O™ ORDER”— Bond & Low-Index
Directions

| HIGHER ORDERS — Bond Lengths
&

Atomic (b)

Positions

—>Holographic CO
fringes Cils

\; i Con ey lo @ |¢hl?
S

%\T\Fgfe rence
AR

ref. intens.

hy Q4
‘\ 3 IZf %, Eyin
800 13 : 6
inc v 1
(c) 7 SN, Ko™ Vo
\ i";fm Tkt e,
~ /exﬁ \ fi4 "“‘ : exp (-L/2 Ae) /
Photoelectron Diffraction [ el o/
N Spher. / explik|r=rj]) :
Wave pigng  (6)) E— /
N (SW)  wave r-hil
exp (ik) (PW) _ -
See Woodruff, pp. 152-163 r . explik-r) e 112

And website download: Photoelectron Diffraction: An Oveérview Article, Fadley



X-ray Photoelectron Diffraction:1ML FeO on Pt(111) [

90 75

18 45 7S 7S 48 1%
theta

Fe 2p, 778 eV
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(a) Low energy electron diffraction (c) Photoelectron diffraction

Pt 4f, 1414 eV

LEED %9 75 XPD

N °
-
™
-
\/ [11_2]§
715, I
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Fe 2p, 778 eV £
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o <
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(b) Scanning tunneling microscopy

Fe 2p

STM

T
800

XPS Spectru

15 457575 45 15
theta
O 1s, 944 eV g
— (hun ) Aysusiul i
T ! !
nm
0 2 4
Y.J.Kim et al., 58A x 58A
Phys. Rev. B 55, R 13448 ('97); X 114
Surf. Sci. 416, 68 ('98) ol i

Binding Energy (eV)



FeO/Pt(111)

Forward Scattering

Forward Scattering
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X-ray Photoelectron Diffraction: Fe 2p from 1ML FeO on Pt(111)

¥
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> ' 4 __ _"n \
‘ ' ApY =\ ‘ Pt
Y.J. Kibet al.

Phys. Rev. B 55, R 13448 ('97)



Permits selecting favored domain of growth—2"9 layer Pt effect

(@) FeO/Pt(111) - Favored (b) FeO/Pt(111) - Unfavored
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Some PSH'(E)TO!L!C SCAMING

Comple- 5 ocraniy

mentary n "o o
Surface
Structure

4' 414

Probes *Egé“ -

O

Q.20 0 .0 O O U U O
-Type of order: Short (< 102) Short, long Long (> 1003)

and disorder
-Atom & site Yes No No
specific:
-Sensing 5-408 Mostly surface 5-2OR
depth: D.O.S.
-Lateral 1 mm? to Single atom 1 MM
1 micron?

resolution: (300 )2




A typical surface science research system

> 1 TECHNM\QUE: SURFACE SENSITIVE (& Tons,
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SYNCHROTRON RADIATION
BASED MULTI-TECHNIQUE

SPECTROMETER/
DIFFRACTOMETER (MTSD)

Sample prep.

Scienta chamber: LEED,
electron ( |\ G2 J AR i\ Knudsen cells,

spectrometer ‘AT L A TS T B =t 0L electromagnet,...
(hidden) § INs ‘ ‘ A\ )/

ALS
BL 9.3.1 .
Scienta
hv = 2-5 keV soft x-ray
- spectrometer

Permits using all relevant soft and hard x-ray spectroscopies on a single ®ample:
PS, PD, PH; XAS (e  or photon detection), XES/RIXS, with MCD, MLD

N
qr . | =



| Multi-Technique

AN ~ | Spectrometer/
S-axis /- :

sample/ | Diffractometer

. J——

. Sample prep.
i ,,chamber: LEED,

WAL "knudsen cells, QCM,

< Helectromagnet,...

Loadlock 4 G

for sample -
introduction v
.

| spectrometer:
Scienta SES 200

spectrometer: 88
Scienta |
XES 300
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