
 

 

 

 

 

 

 

  

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/  

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: 

Introduction to quantum mechanics (Physics 115A and/or 215A) and/or quantum chemistry (Chemistry 210A) 

Introduction to solid state physics or materials science (Physics 140A and/or Physics 240A) 

Introduction to surface analytical chemistry (Chemistry 241A) 

Introduction 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 

”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 

 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
nd

 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

th
, 10:30-12:30 PM, Physics 185, or, if desirable, another timeslot by 

unanimous agreement. 
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God made the bulk; surfaces 

were invented by the devil. 

  Wolfgang Pauli 
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Some growth modes: • Frank-van der 

Merwe (FvdM) 

= layer-by-

layer growth 

(2D). 

•  Stranski-

Krastanow 

(SK) = layer-

by-layer + 

island ... 

• Volmer-Weber 

(VW) = island 

growth (3D). 

EPITAXY/METASTABILITY 
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Downloadable Springer textbooks from course 

website-with a few assignments in them 

Text for surface 

techniques 

Excellent for 

deeper 

theoretical 

discussions of 

electronic 

structure, 

techniques, 

etc.-Excerpts at 

website 
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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: 
 

 Woodruff and Delchar, "Modern Techniques of Surface Science", 2
nd

 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 
 
 

 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 

 

 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 
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http://www.webelements.com/titanium/atom_sizes.htm 

l 
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Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  

Average surface 

density = S  (V)2/3 

1015 cm-2 

Atomic radius 

= rMT 

= 0.5 n-n dist.  
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High 

Low 
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X-RAY DATA BOOKLET  

Center for X-ray Optics and Advanced Light Source  

Lawrence Berkeley National Laboratory  

http://cxro.lbl.gov/x-ray-data-booklet 
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 Why surfaces, interfaces, structures at the nanometer scale? 

       1 nm = 10 Å = 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 
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Photoelectric effect 

Photoemission or 

Photoelectron spectroscopy 

(PS, PES) 

X-ray photoelectron 

spectroscopy 

(XPS) or 

Electron spectroscopy 

for chemical analysis 

(ESCA) 

Low energy 

electron 

diffraction 

(LEED) 

Scanning tunneling microscopy (STM) 

The electron microscope 
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“The interface 

is the device.” 

19 



Nobel Prizes in Physics and Chemistry--2007 
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Nobel Prize in Physics--2014 
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       Scientific and technological areas involving 

 surface/interface/nano science: 

•Integrated circuits—higher speed, higher density 

22 



http://www.intel.com/technology/mooreslaw/index.htm 

? 

Transistors keep shrinkingMoore’s Law 
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Now  0.065  =65 nm = 650 Å (’05) 

45 nm = 450 Å (’07) 20 nm = 200 Å (now)14 nm (2014) 

IBM 

Science 

2001 

~1 % 

~few atomic 

layers— 

currently  

15 Ǻ SiO2 

Some 

serious 

challenges 

Source Drain 

SiO2HfO2 
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    10 µm — 1971 
    3 µm — 1975 
    1.5 µm — 1982 
    1 µm — 1985 
    800 nm (.80 µm) — 1989 
    600 nm (.60 µm) — 1994 
    350 nm (.35 µm) — 1995 
    250 nm (.25 µm) — 1998 
    180 nm (.18 µm) — 1999 
    130 nm (.13 µm) — 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 

Some history 
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Kinam Kim, Samsung 

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

IVC Conference, Busan, Korea, August, 2016 
27 



What do the interfaces look like? How thick are they? 
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SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM) 

WITH ELECTRON ENERGY LOSS SPECTROSCOPY (EELS) 

Annular 

dark field 

(ADF) detector 

Electron energy 

loss spectrum  

(EELS) 

B 

Imaging 

columns of 

atomssingle 

atoms at edges 
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Probing buried interfaces: transmission 

electron microscope with electron energy 

loss spectroscopy 

J. Res. Nat. Inst. Stds. & Tech. 

Volume 102, Number 1, 

January–February 1997 

C 1s 

Si 2p 

Ekin 

Loss energy 
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Si 2p excitations—

like x-ray 

absorption spectra 
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Chau et al., 

INTEL 

Current SiO2 gate oxide 

thicknesses in the 1 nm 

range  with high-k 

dielectrics, SiwHfxNyOz,… 

a few nm or more 

 65 nm technology  45 nm  32 nm 

Mixed oxides: 

Si+1, Si+2, Si+3, and coord. 

sites 
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Transmission electron microscopy images with energy loss spectroscopy 

La0.7Sr0.3MnO3 

SrTiO3 Ti 

Mn 

Proc. Nat. Acad. Sci. 107, 11682 (2010) 

La,Sr 

TEM+EELS:Nice intro.- Muller et al., 

Science 319, 1073 (2008) 

Perovskite lattice 

35 



36 



Chemical shifts 

In core electron 

binding energies 
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      Scientific and technological areas related to 

      surface/interface/nano science: 

•Integrated circuits—higher speed, higher density 

•Magnetic storage and circuits—higher density, magnetic logic 

38 



Physics Today, ‘95 
Superparamagnetic limit 

How for can we go? 

10  
atoms 

Harris, Awschalom 

Physics World, 

Jan. ‘99 

101 

A
to

m
s
 p

e
r 

b
it

 

Desired: 

E = KV 

>55kBT 

10 yrs 

life 

KV   kBT 

“Moore’s Law” for magnetic storage 

http://www.research.ibm.com/ 

journal/sj/422/grochowski.html 

IBM DISC DRIVE PRODUCTS 

INDUSTRY LAB DEMOS  

1960        1970         1980        I990         2000       2010 

6 

2015: 1.3 Tbits/in2 = 150 Gbytes/in2  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 

Doubling 

every year! 
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Magnetic Random Access

Memory (MRAM-Non Volatile) 

Up to 100 Mbit devices in R&D: applications to e.g. cell phone use

Antiferromagnet

Ferro-

magnet

Non-

magnetic

metal/oxide

Crucial surfaces & 
buried interfaces 

everywhere,
as well as complex

materials
(e.g. colossal 

magnetoresistance 
(CMR))

Some new directions

with magnetic nanolayer

structures--”spintronics”

Uses “giant magnetoresistance (GMR)”

and “exchange bias”

--in every high-speed read head now
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H. Ohno 

Density of 

states 

Insulator 
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H. Ohno 

Half-metallic 

Ferromagnet 

Density of 

states, no  

Insulator 
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Magnetic Random Access 

Memory (MRAM-Non Volatile)  

Antiferromagnet 

Ferro- 

magnet 

Crucial buried functional layers 

& interfaces everywhere- 

What do we want to know: 

 Interface mixing/roughness/ 

concentration profiles 

 Depth-dependent 

magnetization profiles 

 Depth-dependent densities of 

states 

 Depth-dependent band 

structure? 

Non- 

magnetic 

metal/oxide 

Some key elements in 

Spintronics/Semiconductors/ 

Sensors—multilayer 

nanostructures 
Magnetic 

Tunnel Junctions 

MgO 

spacer Race Track Memory? 

S. Parkin, IBM Almaden 
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Hideo Ohno, Tohoku Univ. 

IVC Conference, Busan, Korea, August, 2016 

(magnetic or flash) 
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      Scientific and technological areas related to 

      surface/interface/nano science: 

•Integrated 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—the hydrogen economy? 

•Lubrication (tribology)—nanometer-scale layers 

•Atmospheric particulates—ice, carbonaceous,… 

•Nuclear reactors and waste storage—how long-lasting? 

•Environmental science—retention of contaminants in soil 

•Biomaterials—compatibility through surface interactions 

•Sensors—surface reactionschange in voltage, resistance 
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      Scientific and technological areas related to 

      surface/interface/nano science: 

•Integrated 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—the hydrogen economy? 

•Lubrication (tribology)—nanometer-scale layers 

•Atmospheric particulates—ice, carbonaceous,… 

•Nuclear reactors and waste storage—how long-lasting? 

•Environmental science—retention of contaminants in soil 

•Biomaterials—compatibility through surface interactions 

•Sensors—surface reactionschange in voltage, resistance 
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      Scientific and technological areas related to 

      surface/interface/nano science: 

•Integrated 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—the hydrogen economy? 

•Lubrication (tribology)—nanometer-scale layers 

•Atmospheric particulates—ice, carbonaceous,… 

•Nuclear reactors and waste storage—how long-lasting? 

•Environmental science—retention of contaminants in soil 

•Biomaterials—compatibility through surface interactions 

•Sensors—surface reactionschange in voltage, resistance 
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Chemical shifts 

In core electron 

binding energies 
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      Scientific and technological areas related to 

      surface/interface/nano science: 

•Integrated 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? 

51 



Bridging the Pressure and Materials Gap in Catalysis Interfaces in information and energy technology 

Hard Drive Read Head 

Fuel Cell 

Photovoltaic 

Cell 

Transistor 

The electrochemical 

double layer 



Bridging the Pressure and Materials Gap in Catalysis Interfaces in information and energy technology 

Hard Drive Read Head 

Fuel Cell 

Photovoltaic 

Cell 

Transistor 

The electrochemical 

double layer 

“The interface is the 

device.” Kroemer, Nobel, 

2000 

“The interface is still the 

device”, Nat. Mater., 11, 

91-91, (2012) 



      Scientific and technological areas related to 

      surface/interface/nano science: 

•Integrated 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? 

•Lubrication (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 

•Sensors—surface reactionschange in voltage, resistance 
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And nano back surgery?!! 



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  
 http://www.zyvex.com/nanotech/feynman.html 
 
But information still stored with about 400,000 atoms, so we are still a 
long way from his vision 
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Nanoscience 

is surface science 

57 



1 (sec) = 2.84 x 10-23[T(K)M]1/2S(cm-2)/P(torr) 

S 

Need to work 

at ~10-10-10-11 torr to 

have clean surfaces 

s 
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Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  
Average surface 

density = S = (V)2/3  

Atomic radius 

= rMT 

= 0.5 n-n dist.  
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Some growth modes: 

60 



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: 

 

http://www.dawgsdk.org/cryst

al/en/library/fcc#0002 

 

http://demonstrations.wolfram

.com/CrystalViewer/  
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TRANSLATIONAL 

SYMMETRY 

AT SURFACES: 

5 basic types 

+ Various visualizations 

of crystal surfaces at: 

http://www.fhi-

berlin.mpg.de/~hermann

/Balsac/pictures.html  
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WHAT DO SURFACES LOOK LIKE? 

SOME fcc AND bcc SURFACES 

fcc (110) 

fcc (111) 

fcc (322)-stepped 

+ Various 

visualizations of 

crystal surfaces at: 

http://www.fhi-

berlin.mpg.de/~her

mann/Balsac/pictur

es.html  
64 
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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) 

“centered” 

Hexagonal surface of X Square surface of X 

Square surface of X Square surface of X 

3a 3a 

a 
a 

a 

a 

2a 

 2a 

a a 

a 

a 

2a 2a 2a 

 2a 

X(001)(2X2)-x 

X(111)(3x3)R30-x 

X(001)(2x2)R45-x 

X(001)c(2X2)-x 

X(001)(2X1)-x 

Notation:  (hk) = definite set of planes 

                 {hk} = set of planes with h,k, in all permutations 

                 [hk] = definite direction,  (hk) planes 

                 <hk> = set of directions with h,k, in all permutations 
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Si(111)-(7x7)—Dimer-adatom-stacking fault model 

Low-index fcc metal surfaces 

Low-index NaCl surfaces 

Fcc(111) 

super- 

lattice = a 

Moiré 

pattern: 

    4 degree 

rot’n. 

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

 

 http://www.fhi-berlin.mpg.de/KHsoftware/Balsac/pictures.html  
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Formation of Moire patterns—two rotated square lattices 

Plus demo with two crossed-axis diffraction gratings and laser 67 



Moiré patterns in the growth of graphene 

Graphene on Ru(0001)-no rotation Graphene on graphene-3.5 rotation 

68 



Yb

Offi et al., J. Phys.: Cond. Matt. 

22 (2010) 305002
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Typical XPS

Typical valence ARPES

HAXPES, HXPS

Tanuma, Powell, Penn, Surf. and Interf. Anal. 43, 689 (2011)

“Bulklike”,

Buried layers &

interfaces

:  Optical theory,

TPP-2M

500 6000: This talk

?

Offi et al., PRB 77, 201101R (2008)

CuO

E
A

L
(m

o
n

o
la

y
e

rs
)

E
A

L
(Å

)

Electrons as probes of surface and 

bulk properties 

The only certain 

way to obtain more 

bulk sensitivity 

This talk 
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Some  

Comple- 

mentary 

Surface 

Structure 

Probes 
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CANTILEVER 

FORCE (+/-) 

= AT  

UC DAVIS 

Profs. Chiang,  

da Silva Neto, 

Fadley, 

Hamidian,… 

OR REFLECTION/ABSORPTION 

INFRARED SPECTROSCOPY 
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Why a peak and not 

continuous as in 

Rutherford scattering? 

Particles behaving 

as waves (de Broglie): 

          = h/p 

Low Energy 

Electron Diffraction 

(See Woodruff, 

Sections 2.6-2.7 
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The Davison-Germer Experiment: Details 

 decreasing 
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 scattering factor = 

f() = |f()|ei() 
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I(z)= 

I(0)exp(-z/e): 

Strong 

inelastic 

scattering 

attenuation 
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I(z)= 

I(0)exp(-z/e): 

Strong 

inelastic 

scattering 

attenuation 
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Bragg’s Law in 3D and crystal planes 
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TRANSLATIONAL 

SYMMETRY 

IN BULK SOLIDS: 

14 basic types 

Good websites/downloads for 

simple structures: 

 

http://www.dawgsdk.org/cryst

al/en/library/fcc#0002 

 

http://demonstrations.wolfram

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

,

,

hkl

hkl

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

Elastic scattering:|k |=| |

k = + g ,with

g =ha*+kb*+ c*

bxc cxa axb
a*=2π , b*=2π ,c*=2π  , V=a•bxc

V V V

k

k

||

,

,

|| hk

hk

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

n̂ is unit vector along surface normal

Elastic  scattering: | k | | |

k g ,with

g ha*+kb*

ˆ ˆb x n n x a
ˆa*=2 , b*=2 , A=a b x n

A

k

k

A
 



 





k’ 

k’ 

k’ 

k’ 

k’ 
k’ k’ k’ 

k’ 

3D 2D Specular 

(00) beam 
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Reciprocal lattice vectors 
and 1st Brillouin zone for 

the bulk fcc lattice: 
Bounded by planes halfway 

to nearest recip. lattice 
point 

 

 

 
Real fcc 
 

Reciprocal 
of fcc = bcc 

2/a 

[100] 
[110] 

[111] 

Primitive 
unit cell: 
1 atom 
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TRANSLATIONAL 

SYMMETRY 

AT SURFACES: 

5 basic types 

+ Various visualizations 

of crystal surfaces at: 

http://www.fhi-

berlin.mpg.de/~hermann

/Balsac/pictures.html  
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Bragg’s Law, the Reciprocal Lattice and the Ewald Sphere Construction in 3D and 2D 

,

,

hkl

hkl

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

Elastic scattering:|k |=| |
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|| hk

hk

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

n̂ is unit vector along surface normal

Elastic  scattering: | k | | |

k g ,with
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ˆa*=2 , b*=2 , A=a b x n
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k

k

A
 



 





k’ 
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k’ 

k’ 

k’ 
k’ k’ k’ 

k’ 

3D 2D Specular 

(00) beam 
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WHAT DO SURFACES LOOK LIKE? 

SOME fcc AND bcc SURFACES 

fcc (110) 

fcc (111) 

fcc (322)-stepped 

+ Various 

visualizations of 

crystal surfaces at: 

http://www.fhi-

berlin.mpg.de/~her

mann/Balsac/pictur

es.html  
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Reciprocal lattice vectors 
and 1st Brillouin zone for 

the bulk and (110) fcc 
lattice 

  

  
[10] 

[11] 

[01] 
[00] 

Reciprocal lattice vectors 
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The experimental 

pattern from Ni(111) 

Top 

layer 

rows 
Second 

layer 

rows 

(attenuated) 
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The Davison-Germer Experiment: Details Explained 
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From Woodruff, Fig. 2.11  
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SOME TYPICAL LEED PATTERNS: 

Si(111)-(7x7) (3 x 3)R30° Ag/Si(111) 

 = spots seen without any 

 reconstruction or adsorption 

 of simple Si(111) surface 
91 
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Bragg’s Law, the Reciprocal Lattice and the Ewald Sphere Construction in 3D and 2D 

,

,
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hkl

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

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

n̂ is unit vector along surface normal
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3D 2D Specular 

(00) beam 

93 



10-30 keV 

Reflection High-Energy Electron Diffraction (RHEED) 

A powerful tool for monitoring epitaxial layer growth in real time 

See Woodruff, Section 2.8 
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Reflection High-Energy Electron Diffraction (RHEED) 

k 
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Atomically Resolved Surface Structure of 

SrTiO3(001) Thin Films Grown in Step-

Flow Mode by Pulsed Laser Deposition 

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

MICROSCOPY 

 
+ 

Occ. 

V(x) 

E 

x 

O
c

c
. 

See Ibach, pp. 55-56, and 

Dejonqueres and 

Spanjaard, p. 575 (website 

Download) 
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Tip 

Sample 

 

 

More accurate model: 

Tersoff & Hamann, PRL 50, 

1998 (1983) 

Dt(EF) = tip density of states at EF 

 = work function = U0 - EF 

See also Dejonqueres and Spanjaard,  

website download, Eqs. G.18 & G.24 

 

100 



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)) 

• • 
• • DIMERS 
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Si(111)-(7x7)—Dimer-adatom-stacking fault model
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IMAGING, AND 

MANIPULATING, 

ATOMS AT SURFACES 

WITH THE STM 

48 iron atoms on a Cu(111) surface—a “quantum corral” 103 



1989--IBM, written with single xenon 

atoms, using a scanning tunneling 

microscope 

Writing with single atoms—30 years later 
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Some growth modes: 
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Scanning 

tunneling 

microscopy: 

stepped Si(111) 

surface 
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Some growth modes: • Frank-van der 

Merwe (FvdM) 

= layer-by-

layer growth 

(2D). 

•  Stranski-

Krastanow 

(SK) = layer-

by-layer + 

island ... 

• Volmer-Weber 

(VW) = island 

growth (3D). 

EPITAXY/METASTABILITY 
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Tober et al. 

Phys. Rev. B 

53, 5444 (1996). 

Growth mode can 

Depends strongly 

on anneal 

temperature! 

Scanning 

tunneling 

microscopy: 

metal-on-metal 

epitaxial growth 

Island/Cluster 

(VW) 
Layer-by-layer 

(FvdM) 

Mixed (SK) 
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Some growth modes: • Frank-van der 

Merwe (FvdM) 

= layer-by-

layer growth 

(2D). 

•  Stranski-

Krastanow 

(SK) = layer-

by-layer + 

island ... 

• Volmer-Weber 

(VW) = island 

growth (3D). 

EPITAXY/METASTABILITY 

109 



Superlattice = 

Moiré structure 

in metal-on-

metal 

epitaxial 

growth 

(7x14) Moiré pattern 

= superlattice 

E. Tober et al. 

Phys. Rev. B 

53, 544 (’96) 
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Gd(0001)—

hexagonal 

 

W(110)— 

rectangular 

A Moiré pattern—Monolayer Gd on W(110) 
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v0 
e inc 

(c) 

fK

fk

0 = reference 

 wave 

j = object 

wave 

(a) (b) 

CO 

C1s 

500 eV 

ref. intens. 

I0   |0|
2 

Photoelectron Diffraction 

See Woodruff, pp. 152-163 

And website download: Photoelectron Diffraction: An Overview Article, Fadley 
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0.65 Å 

Forward Scattering 

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

(a) (b) 
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LEED 

STM 

XPD 

Y.J. Kim et al.,  

Phys. Rev. B 55, R 13448 (’97); 

Surf. Sci. 416, 68 (’98) 

[11-2] 
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Forward Scattering 

Forward Scattering 

0.65 Å 20° 
• 
• 

• 

• • 

• 
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0.65 Å 

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

Y.J. Kim et al. 

Phys. Rev. B 55, R 13448 (’97) 

Forward Scattering 
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Permits selecting favored domain of growth—2
nd

 layer Pt effect 
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Some  

Comple- 

mentary 

Surface 

Structure 

Probes 
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A typical surface science research system 
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Laboratory-based surface science system: 
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Scienta 

soft x-ray 

spectrometer 

Sample prep. 

chamber: LEED, 

Knudsen cells,  

electromagnet,... 

ALS 

BL 9.3.1 

h = 2-5 keV 
Chamber 

rotation 

5-axis 

sample 

manipulator 

Permits using all relevant soft and hard x-ray spectroscopies on a single sample: 

 PS, PD, PH; XAS (e- or photon detection), XES/RIXS, with MCD, MLD 

SYNCHROTRON RADIATION 

BASED MULTI-TECHNIQUE 

 SPECTROMETER/ 

DIFFRACTOMETER (MTSD) 

Scienta 

electron 

spectrometer 

(hidden) 
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Electron 

spectrometer: 

Scienta SES 200 

Soft x-ray 

spectrometer: 

Scienta 

XES 300 

5-axis 

sample 

manipulator 

Loadlock 

for sample 

introduction 

X-ray 

tube 

Chamber 

rotation 

Diff. 

seal 

Sample prep. 

chamber: LEED, 

Knudsen cells, QCM,  

electromagnet,... 

Diff. 

seal 

Multi-Technique 

Spectrometer/ 

Diffractometer 

122 


