Complete Reading and Problem Assignments for Physics 243A

Surface Physics of Materials: Spectroscopy, Fall, 2016

READING:
¢ 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), 2.9.6 on standing waves
Chapter 6: 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 85-8, 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
Chapter 8: 8.2
DESJONQUERES AND SPANJAARD, “CONCEPTS OF SURFACE PHYSICS”, EXCERPTS DOWNLOADABLE FROM
COURSE WEBSITE:
On equilibrium shapes of surfaces, thermodynamics, kinetics and adsorption isotherms,STM current calculation, photoelectron diffraction
and Debye-Waller factors. No need to follow every step, but as needed to fill in the line of arguments in lecture and Zangwill
o FADLEY, “BASIC CONCEPTS OF XPS”, HANDED OUT, BUT ALSO DOWNLOADEABLE—
Read all of it
o FADLEY, “THE STUDY OF SURFACE STRUCTURES BY PHOTOELECTRON DIFFRACTION AND AUGER ELECTRON DIFFRACTION”,
PAGES 421-450 only, DOWNLOADABLE FROM COURSE WEBSITE
with other examples and exercises using the EDAC web program introduced in lecture
o ATTWOOD, DOWNLOADEABLE EXCERPT ON SYNCHROTRON RADIATION FROM THE BOOK
“Soft X-Rays and Extreme Ultraviolet Radiation” (see course website)
o SIX READING DOWNLOADS FROM THE COURSE WEBSITE: If needed for comprehension at level of lectures or to use programs
1) Molecular orbital basics
2) Tight-binding basics
3) Core-Hole Multiplets with Charge Transfer--Basic Theory, or similar pages from Book by de Groot and Kotani
4) Brief Manual for SESSA spectral simulation program
5) Brief Manual for CTM4XAS20 charge-transfer multiplet simulation program
[ 7) Optional only for physics students: Basic theory for the Hubbard Model of bonding }

PROBLEM ASSIGNMENT 4-FINAL: Not all problems assigned
Problem Asst. 4—4.5, 4.7(a) only, 5.1, 5.2, 5.3.5.4,5.7, 5.8, 5.9, 5.10, due Friday, December 2nd

REMAINING LECTURE SCHEDULE:
22 November, Happy Thanksgiving!, 29 November and 1 December

FINAL EXAMINATION: TUESDAY, DECEMBER 6TH, 10:30-12:30 PM, PHYSICS 185
Open book: You may use lecture notes, copies of lecture slides, textbooks, and laptops, with signed
affirmation as follows:
I will not make use of any hardcopy or online material from prior versions of this course
that is not posted at the current course website.
Copying from such material will be considered as cheating.
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Outline—Here to end of quarter

‘ -Core-level chemical shifts: Koopmans’, relaxation, the potential
model

*Various other final state effects providing information in core-
level spectra

*Photoelectron diffraction, extended x-ray absorption fine
structure (EXAFS, XAFS)

*Photoelectron spectroscopy at realistic pressures in the multi-
Torr range

Photoelectron microscopy: adding lateral spatial resolution in 2
dimensions

*Valence-band spectra: low-energy UPS limit and high-energy
XPS limit
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Basic energetics—Many e picture
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Koopmans’ Theorem Calculation of C 1s Chemical Shifts in Small C-Containing Molecules
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Figure 18 -- Plot of carbon ls binding energies calculated via
Koopmans' Theorem against experimental binding energies for several
carbon-containing gaseous molecules. For some molecules, more than
one calculated value is presented. The slope of the straight line
is unity. The two scales are shifted with respect to one another by
15 eV, largely due to relaxation effects. All of the theoretical

calculations were of roughly double-zeta accuracy or better. (From
Shirley, reference 7.)

"Basic Concepts of XPS"
Figure 18



GROUND-STATE POTENTIAL MODEL FOR CORE-LEVEL
—net charge g CHEMICAL SHIFTS
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POTENTIAL MODEL CALCULATION OF
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Outline—Here to end of quarter

Core-level chemical shifts: Koopmans’, relaxation, the potential
model

‘-Various other final state effects providing information in core-
level spectra

*Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

*Photoelectron diffraction, extended x-ray absorption fine
structure (EXAFS, XAFS)

*Photoelectron spectroscopy at realistic pressures in the multi-
Torr range

Photoelectron microscopy: adding lateral spatial resolution in 2
dimensions
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn?2*
“ONE-ELECTRON” THEORY
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn?2*
“ONE-ELECTRON” THEORY
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Ethane: C 1s NEXAFS, with shakeup also
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Ethane-

C 1s photoemission:
“Conjugate shake-up”
C 1s~>unoccupied MO
+occupied MO to free
electron

Normalised intensity (counts)
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SATELLITES & CHARGE-TRANSFER SCREENING
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FIG. 2. The Cu2p spectrum of|CuCl, |1ogether with the
expected mulnplet splittings, represented by bars, for the
__g3d9 level as calculated and discussed in the text. yan DEA. LAAN
ET AL. , PHYS,
Ev. B 23, 436T
(1284)
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FIG+1. Cu2p photoelectron spectra of Cu dihalides. The
lines leading to a final state with a ligand hole (L) show a
chemical shift.



Screening

depends on
lonicity/covalency->
satellite intensities
and energy spacings
can be used to
measure interaction
parameters
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FIG. 1. Theoretical 2p core-level XPS spectra (solid line)
compared with experimental data (dots) after background sub-
traction for Mn cations with varying valence. Emission due to
the Mn LMV Auger peak is observed on the high-binding-

energy side of the 2p,,, spin-orbit peak, partially obscuring the
2p, , satellite structure.



The Hubbard model-mixing a localized on-site

picture and a delocalized band picture (optional)

See problem 5 in Chapter 32 of
Ashcroft and Mermin, "Solid State
Physics", which this paper goes
through in nice detail:

B Alvarez-Fernandez and J A Blanco

Eur. J. Phys. 23 (2002) 11-16
* Potential, V +243A download at website

H=h +h+Vp 0@‘““ ()
where /1, and h, are one-electron Hamiltonians and Vg/is the Coulomb repulsion potential
between the two electrons when they are found to be on the same atom. In order to solve
the problem we shall use the following procedure. First we consider a hydrogen molecule in
which an atom at R is described in the spatial representation by a single orbital electronic level
|R) When there is no electron on the atom | R, 0),, acoum 1.€. an empty level, the energy is zero,
if there is one electron of either spin in the level |R T)L,l, or |R V)aown 118 €nergy is Eq, and
if there are two electrons of opposite spins in the level IR, 1 )singler the energy is 2Eg + U.
The last additional positive energy U represents the intra-atomic Coulomb repulsion between

the two localized electrons, = Jy ;.. The amplitude
for tunnelling is represented by the off-diagonal term 1n the one-electron Hamiltonian
oz

_—iv
distance. r

7
0‘\3\*‘% (RIh|R) = (R'|h|R) = —t (2)
A The same U and t used in the de Groot multiplet program (to come later)

(‘4



The Hubbard model-mixing a localized on-site picture

and a delocalized band picture (continued)

Ground-state Hubbard energy:

3
oﬂﬁ& @”ﬂi§&°
Exubbard = 2Ep + %U — /4> + U - Energy (eV) ‘0&&6& . ‘b\e&\ ‘,\P
~ . z \ﬁo z QJ\&
And wave function: ot E L W
/ —20.2| P o
U U I f Hubburd
(DHubbnd — —CDO + 4_ 4_ 5 (Dl + ®2J_2D'4 I
“ -20.6f E =-10eVandt=05eV
. | . . ] ~20.8
With &, = —[|R)|R V[R)] U{eVv)
f .\ 0 5 10 15 20
P = [R)] Probability
"o Electrons on of two e™s on same proton
O, = |R )|R ) different protons g _g

Electrons on the

same proton E,=-10eVand 1=05eV

u{ay)
0 5> 10 15 20



Localized configuration interaction approach to spectrum simulation:

Anderson impurity model (AIM, SIAM) for PS, XAS, XES

( Susane, Larsson ~» SAwaTERN, VAN DEA LAAN,

FuzimeaZ, OH, ET AL.) Good discussion of model:

Bocquet & Fujimori, J. Elect.

L L Spect. & Rel. Phen. 82, 87
| L o (1996)
. */I"". L s L—S/M‘Q i olex) = E|<‘Iff|c|‘1'g>|26(hv-ek—Ef)
L By now:
Book by de Groot and Kotan
T CORE HOLE oN RBTAL (@website) and the

= VALENCE () HoLB oN LIGAND CTM4XAS program
, for calculating this
Y.z a,|d*>+ £ a, 14" LS for some cases:

Yx bl d™>+ Shled™ VLD

it

WITH INTRAACTIONS oF | ‘ Witk INTBNSITIES FaaM SUDDEN APPROX .
10Dg= CRNSTAL FLELD (ofTEN NG GLECTED) e e ek
A = LEAVI-TO =METAL ChANCE TRANSE, BNERGY s HoeE
= E(aM'L)-EWN) T(EL..) ¢ f Klu»\cm-a,u)t P, (N, D
U,,= ™ 2 d-oc CoutortB RREPULSIIN ENENCM s .
W7 L Bl e (W) - 2ECA*) & Jyg SChv - Ep-Eui)
i w “’ oo i e WHEBRE. . '\U (N-1,&) = ’{' (N with k HetE = g)
= <A HIPL) (% > same sumneriy) 2. ‘

U . -
Upd: G = Conk-koiE-Ts—d NTEenon ! < wles> » J 4 = coulomb integral


http://www.anorg.chem.uu.nl/CTM4XAS/index.html
http://www.anorg.chem.uu.nl/CTM4XAS/index.html
http://www.anorg.chem.uu.nl/CTM4XAS/index.html

From Bocquet & Fujimori, J.
Elect.Spect. & Rel. Phen. 82,

The electronic structures of transition-metal (TM)
compounds, particularly the 3d TM halides, oxides
and chalcogenides, have long provided intriguing pro-

blems for physicists and chemists. These compounds
are highly correlated electron systems where the
essential physics can be described in terms of a few
interaction strengths, namely the on-site d—d coloum-
bic repulsion energy U, the ligand-to-metal charge-
transfer energy A, and the ligand p—metal d hybridi-
zation strength 7. Core-level X-ray photoemission
spectroscopy (XPS) is a useful probe of the valence
electronic structures of TM compounds, and has been
successfully used in recent years to extract parame

values for these interaction strengths [1-5]. In

87 (1996):

From CTM manual:

C: Charge Transfer Parameters

- Delta: This 1s the charge transfer parameter A. which gives the energy difference between the
(centers of the) 3d™ and 3L configurations. The effective value of A (Aex) 15 affected by the
multiplet and crystal field effects on each configuration. In the next version, the value of Acgr will
be given in a parameter-output file.

- Udd: This 1s the value of the Hubbard U.

- Upd: Thus 1s the core hole potential. In case of XAS spectra, only the difference between Uyq and
Uqq 1s important.

- Hopping T: The hopping parameters are given for the 4 symmetries in tetragonal symmetry A,
By, E and By. A (z°) and Bl (xz-yz) are part of the eg-orbitals and E (xz, yz) and B, (xy) are part
of the ty, orbitals. In Oh symmetry the values of A;=B; and E=B,. (This 1s not yet automatic in
the test-version).

Originated in the Hubbard Model: Ashcroft and Mermin, pp. 689-691, article at website,
and (downloadable) book by de Groot and Kotani



Group theoretical

High-spin*/Low-spin*

Bonding- %z |

Delocalized; T e, f

symmetry
! ;\Bl” o banding
xZ-yZ

4 zdxz_yz }

A

372-r2

7

3d orbitals _.-'; 10 Dq '.'.A‘,“]H >0 ;\b

E Xstal fld. Exchange *
Non/Weakly-Bonding- | xy % 2. )
Localized e I - VZ, ZX d
z \%
vy

a
Xy
dyz
' k

High-spin*: 10Dqg << J,,

Low-spin*: 10Dq >> J,, Jy calculated from atomic

exchange integrals: K3g 34

47



Calculating all these effects in XPS, XAS, XES, RIXS
The CTM4XAS Program

i) e (5]
M Downloading a progrant X { & Google x \{ [ Course Announcement X )/ [ CTM4XAS Home X '\\7
« » ¢ O

| CTM4XAS Home
i32 Apps W Bookmarks ™M Gmail:ChuckFadley & ] Google Calendar & My Google Drive-Get [ ConnectFrom Off Cz ? i

“ TUTORIALS SUPPORT REGISTER ABOUT US

Co

Core level X-ray spectroscopy at your fingertips |

Register and follow download and install sequence 48



http://www.anorg.chem.uu.nl/CTM4XAS/
http://www.anorg.chem.uu.nl/CTM4XAS/
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Park et al.
Phys. Rev. B
37, 10867 (1988)
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FIG. 6. Fits of the cluster model results with the experimen-
tal 2p;,, spectra of the manganese dihalides. The parameters
used are listed in Table II. A Lorentzian broadening is 2.6-3.0
eV, and a Gaussian broadening of 1.2 eV (FWHM) was used.
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FIG. 1. Theoretical 2p core-level XPS spectra (solid line)
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From later paper and Brief Manual 6.5 6.0 -1.9943=-11  U/(Q = core hole attraction) = 0.7-1.0, a best fit no. is 0.83.



— Configuration and spectroscopy — Plotting
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Much more info. and
several examples in the
Brief Manual for

CTM4XAS20 charge-

transfer

multiplet

simulation program,
downloadable from website
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— Configuration and spectroscopy — Plotting
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The same thing
happens in open d-
shell metals, but
more complicated to
simulate!
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VIBRATIONAL
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SPECTRA
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Outline—Here to end of quarter

Core-level chemical shifts: Koopmans’, relaxation, the potential
model

*Various other final state effects providing information in core-
level spectra

‘ Photoelectron diffraction, extended x-ray absorption fine
structure (EXAFS, XAFS)

*Photoelectron spectroscopy at realistic pressures in the multi-
Torr range

Photoelectron microscopy: adding lateral spatial resolution in 2
dimensions

*Valence-band spectra: low-energy UPS limit and high-energy
XPS limit



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

. |

N

| : Q SPECIhEN

l (o}

'\ "I/ : ROTATION
LA

| % -7

|

PENETRATE
DEEN.‘Y = P
(‘10“‘0 A) @ -STEP MODEL
“\ Ste Dirr. cross sEcTION
UNLESS
o, £4° FECTIVE @ TRANSPORT To SuRE :
or :::: Ep ut \/ " Ay & INBLASTIC ATTREAMNATION
5 h‘ .
ELASTIC SCATTERING:
= (
“ieo v Y247 iced spactrometer geometry i et T T e T e T
£* o U ron peak intensities, with various important parameters ahd

ver:c =<s jndicated.

ESCAPE PROM SURE :

H@)e~ EcASTIC ScatTERINC,
DIPPRACTION, a,.'s

Vg & REFRACTION: 8O




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

HIGHER ORDERS — Bond Lengths
Photoelectron \ &

diffraction: Pﬁts?trinoigs
A Simple
Picture

—Holographic
fringes




PHOTOELECTRON DIFFRACTION AND HOLOGRAPHY
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Scanned-angle photoelectron diffraction: Ge(111)

Ge 3d emission from Ge(111)
At 1458 eV

The inside view

High-1.0 \
, [111] | Forward scatt.
L D) peaks
Low-0.5 ® ?
[111] [010]
&
electron ® ()
()
Tran et al.
Surf. Sci.

281, 270 (1993)



Photoelectron Intensities From Different Surfaces
(Stereographic Projection)

Ni(001):Ni 2p at 636 eV

T!CI.V‘U‘-.NASAN . .

AL .

Ru(0001) :Ru 3d at 1206 eV . -Flnge-r-prlnl-t
identification
of short-range
atomic
structure
and symmetry

THEVULTHASAN
ET AL,

WMOPG  Graphite (0001): C 1ls at 946 ev

textured.

OSTERWALIER
ET AL,
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EFFECTS OF
ELASTIC
SCATTERING ON
ANGULAR
DISTRIBUTIONS:
SINGLE-CRYSTAL
SAMPLE-—
PHOTOELECTRON
DIFFRACTION
And
PHOTOELECTRON
HOLOGRAPHY
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Photoelectron
diffraction:
Simple single-

scattering
theory for s-

subshell

emission

SINGLE SCATTERING THEORY
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FrRoMm SINGLE=- SCATTERING THEORY
(E.G.,P.R.B22,66085('80),P.R. B2} #81('83))
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Vibrational effects P,
on diffraction: The
Debye Waller factor  tmiTTER

s

jth SCATTERER
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Table 1 Debye temperature and thermal conductivity”

T B T e O o e s

Li Be

027 | 1.29

: . S - St T e : g < S e
1.41 | 1.56 Thermal conductivity at 300 K, in W cm™'K™! : 1.48
K Ca Sc Ti '} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

410
0.08

Zr Nb Mo Tc Ru Rh

|21 fos faso | F’éﬁﬁi
0.23 | 054 | 1.38 | 0.51 | 1.17

Ta W Re Os Ir

023 1 oss | 1.74 | 0.48 | 0.88 |1.47 |

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

“Most of the 6 values were supplied by N. Pearlman; references are given the A.I.P. Handbook, 3rd ed; the thermal conductivity values are from R. W.
Powell and Y. S. Touloukian, Science 181, 999 (1973).



Determining
the orientation of an
adsorbed molecule

from photoelectron
diffraction at about
1 keV energy

c(2x2)CO on'Ni(001)
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Cls EMISSION
a) Ni(110)+c0o-300K : SATURATION
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ORIENTATION OF A HIGHLY TILTED MoLEC. ON SURFACE.

(@) CO(a5)/Fe(001)
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CALCULATED 2w INTENSITY
Co(«;3) /Fe(s01) _— 274 orDer

17.0919

8.18986

ky(R)

Z0.712162 | |

-9.61418

-18.5162
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k(&)
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KADUWELA, BUDEE,
VAN NROVE , FADLEY
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Online EDAC output for CO/Fe(001) @

Iculation of
caicu at ° ° Click on the figure to download data. Oxygen

p!‘°t°e|_ec“'°“ http://garciadeabajos-group.icfo.es/widgets/edac/index.html 1ft orfler
diffraction diff. ring

patterns:
7 atoms:
Left: representation of the cluster rocking around a line parallel to
the z direction and passing by the emitter (vellow atom). The Polar scan of photoemission intensity
dashed lines stand for the xyz axes. Right: top view of the cluster, {logarithmic scale). White/black regions
where the x/y direction {not plotted) runs along the correspond to high/low intensity. The orientation
horizontal/vertical screen direction. Different atomic species have  is the same as in the top-view of the cluster. The
been assigned the colors O, Fe. distance to the center of the figure is proportional
to the polar angle 8. The polar angle range is {0.0,
89.0) (in degrees).
Parameters used in the calculation: .
X 4 domains
M=T atoms o)
] Iteration order=4 rotated by 20
User friendly web-based I =25
program for PD calculations ) 1"“"0210-5 v
. . . Photoelecton energy=1202 eV
by Javier Garcia de Abajo, p-polarized light
DIPC, Donostia-San zm1435 A

Recursion iteration method

Sebastian, Spain



Electron Diffraction in Atomic Clusters

for Core Level Photoelectron Diffraction Simulations

Created by F. Javier (arcia de Abajo (CSIC and DIPC, San Sebastian, Spain)
in collaboration with M. A. Van Hove and C. S. Fadley (LBNL, Berkeley, and UCD, Davis, California)

This site allows performing on-line photoelectron diffraction calculations. Multiple scattering (MS) of the photoelectron is

carried out for a cluster representing a solid or molecule. Select the corresponding parameters and click on the "Calculate”

button below to perform the actual calculation and to produce a plot of the calculated data {a separate window pops out to
digplay it). A numerical data table can be downloaded by clicking on the resulting plot. Click on the different parameter
names in blue to see fuller explanations. Click on the "Preview Cluster” button to display the currently selected atomic
cluster (but without performing a M3 calculation) or the button "Download Cluster” to download the currently selected

cluster. Notice that the scattering phase shifts and excitation radial mairix elements are calculated internally for each cluster
configuration, so that the user does not have to provide them. Please, read the terms of use and the restrictions on input

parameters before using this site for the first time.

Terms and conditions of use

LA

Terms of use Restrictions on input parameters Pazssword:
A password is only necessary for large computation times {click here for more details). Leave it blank otherwise.

Title (optional): [CO/Fe(001)

Cluster definition

The cluster and the list of emitters are defined by a list of commands with the following format {click here or on the

items of this list for further details):

atom symbol x y z layer symbolx yza b o, o,

surface symbol x y z @ type emitter x y z

Fill in the text box with these commands according to the cluster specifications that you need. Some examples are
provided by clicking here (you may cut and paste them to this page and modify them further).



atom O 0.95 0 1.66 -]
atom © 0 0 1.0

surface Fe 1.435 1.435 0 Z2.87 bcclOO

emitter 0 0 1.0

end

=

The cluster consists of a maximum of |7 atoms. (Warning: a finite number of atoms generally introduces symmetry
breaking, )

The size of the cluster is determined by the distance d_ = |1U A and the reference point Xy = I A, Yo =

IU A, z, =| A

See cluster shape for more details.

& Yes & Parabolic
? - _
Plot cluster on output? ~ No Cluster shape: ¢ Spherical
Preview Cluster” | Download Cluster®

Geometry of beam and analyzer

Incoming heam parameters (see figure)
Polar angle 6, = IU degrees

Azimuthal angle ¢, = I degrees

& p-polarization
© g-polarization
o RCP
o LCP

Polarization:

Schematic representation of the geometry

Mobility of cluster & Only the sample moves with constant 3 = IQU degrees
beam, and sample  © Only the analyzer moves
(click here for details): « Both the sample and the analyzer move



Energy and angle scanning parameters (see figure above)

The following entries will select the range of photoelectron energies and angles of emission.

Energy scans for a given emission angle can be chosen by selecting more than one energy of emission and only one
polar angle and one azimuthal angle (the value of each angle iz then taken as the lower limit of the selected angular

range, and the value of the upper limits are disregarded). In this case, the output iz a 1D plot with the photoelectron
intensity as a function of photoelectron energy.

Electron energy range: |1 equally-spaced value(s) of the electron energy from |12U2 eV to |12U2 eV

Polar angle: |5U equally-spaced value(s) of the polar angle 6 from IU degrees to |89 degrees
Azimuthal angle: |51 equally-spaced value(s) of the azimuthal angle  from IU degrees to I350 degrees
Type of 2D angular © Linear scale Type of azimuthal of polar # Cartesian
representation: # Logarithmic scale angular representation: ¢ Polar

Photoelectron detector half-width acceptance angle = IU degrees. The photoelectron intensities are angle-averaged
over a cone with half aperture given by this parameter.

Multiple scattering parameters

Additional solid parameters 8.1 eV from band struct.
. _ + work function = 4.3 eV
Inner potential I/, = |12-4 eV

=12.4eV
Internal code parameters Electronic edge z,, = |1 435 A

Meximum orbital quantum mimber /..., = Z Inelastic mean free path: either choose a fixed value = |17-8
Scattering order = |4 A

. or (if that last entry is <0) use the TPP-2M formula
Tteration method: « Jacobi _(regular MS) : —lg91 3 =10 —[35.45
& Recursion with parameters p I : glem®, N, , Ep I :

eV, and E - 0 eV
Temperature (K) =| 00  and Debye emperaiure (K) =| o0



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 7ex | Be Atomic radius B (% N 20k { O F Ne 4k
0.542 | 1.82 — 247 13516 1103 151
a700 121 | = Tmr Average surface 130 |17.6 4.36
3.023 | 2.22 = - i ity = = 213 : 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 Density in g cm™3 (103kg m™3) 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 §2.35 202 1376
Ksk | Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Bri23k| 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
1402 § 2.30 | 4.27 5.66 7.22 833 | 8.18 | 8.50 8.97 9.14 | 8.45 6.55 5.10 J4.42 (4.65 3.67 2.36 2.17
4525 1395 § 325 289 |2.62 250 224 248 250 249 256 J266 |244 |245 316 1232 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 7.29 576 |]6.69 }6.25 ]4.95 3.78
1.148 | 1.78 3.02 |4.29 5.56 6.42 7.04 7.36 7.26 6.80 5.85 (464 |3.83 291 3:31 2.94 2.36 1.64
4.837 | 4.30 3.55 317 286 §272 271 265 | 269 | 275 289 1298 1325 12381 291 286 354 434
Cs sk | Ba La Hf Ta w Re Os Ir Pt Au Hg227§ Ti Pb Bi Po At Rn
1.997 | 359 |} 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 3.73 313 286 1274 §274 1268 1271 277 288 |} 3.01 3.46 350 1 3.0/ 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 |7.89 |827 |853 880 |9.04 932 |697 |os4
3.76 291 |292 J293 [— 303 (204 [302 |322 |317 |322 |326 |332 |302 |339
3.65 3.63 § 366 359 |39 |358 3.52 3.51 349 [|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
3.04 j4.01 4.80 5.20 | 4.26 2.96 — — — — — — — —
360 {321 275 262 131 3.61




Fe (001)
$PIN-RESOLVED _hv (eV)
BAND STRUWCTURE le_g, 35 21
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FIG. 4. Density of states at the equilibrium lattice constant r' A H

of Fe for majority- (solid line) and minority- (broken line) spin
states. E.KISKER ET AL., PHYS.REV. B

Hathaway et al., Phys. Rev. B 31, 7603 ('85) 31 324 (4ass)



Initial core-state quantum numbers

Radial el ; & Automatic: core level {e.g 1s, 28, 2p, etc.) =|15
ial matrix elements:
© Mamal: 1,90 Ry, 10,5, 00 R H00 5 0

Calculate” | Download Input File** | Reset™* |

COMPUTATION TIME: the CPU time needed for the calculation using the defanlt cluster and input parameters {use
Reset to recover default input) is 1.24 seconds on a Pentium IIT @ 733 MHz. This gives a time scale to estimate the

computation time for other input parameters, keeping in mind that it scales like ~ (n__, - 1) i (Jmax+1)3, where /is

the number of atoms in the cluster and » soat 15 the scattering order. For reference, the default values are /=48, / a0

and »___,=2, for which the above number iz 7.9 10°.

scat

IMPORTANT: READ THESE LINES BEFORE RUNNING THE CODE FOR THE FIRST TIME.
*The results will be ploited on a separate window.
**The input file can he used to run the code locally, for which a copy of the code is needed. This can be ohtained
from F. Javier Garcia de Abajo. An online version of the input-file manual is also available here.
#%%Reset all input values (including cluster specification) to the original settings.

For comments/questions/suggestions, please contact F. Javier Garcia de Abajo at jga@sw.ehu.es




CO/Fe(001)—Effect of CO height z
above first Fe plane

2 atoms: = oo @ .
Oxygen-
| 1st order
.Q O O diff. ring
7 atoms: 1.0A .‘. a O..
Lee °® °
0.5 A $-8 oo
T e @

iron-
1st order
diff. ring

___________



CO/Fe(001)—Effect of CO bond dist.
7.0,




CO/Fe(001)—Effect of CO height z
above first Fe plane

2 atoms: Z =

©
Oxygen-
, 1st order
OQ ¢ o diff. ring
7 atoms: 1.0 A ® S O O®
© ® ©o
0.5 A $°8 O
T o @
Iron-
| ® © 1st order
0.0 A ' 84 4 O® diff. ring

----------



CO/Fe(001)—Effect of CO bond dist.
7.0,




CO/Fe(001)—Effect of cluster size

19 atoms: ..**e ..t‘ e O o

31 atoms: o ‘.{'

19 =~ 31, AND SO “CONVERGED” AT 19 OR LESS



CO/Fe(001)—Effect of scattering order

Single scattering:
® @

s

Fourth order scattering:
® @

‘.';l.‘ o.oo.o.o

APPROX. CONVERGED AT SINGLE—FOR THIS
PARTICULAR PROBLEM ONLY!



4-atom Fe nearest-neighbor chain along [110]—
Effect of scattering order

®
o
e
O

Generally need
multiple scattering for
deeper-layer emitters

Scattering order:




Multiple scattering CuAUGER EMISSION , ol
along atomic i E, =917.0eV,dy n= 2.56A

145° "001) .
- ) Surface
chains: === Multiple-Scattering
—— Single-Scattering

exp(-L/2A,)
Cu nearest-neighbor [101] EMITTER

N=2,3,4,5--10
chains along [110]— No. Atoms $S= MS
_2 ' A‘ 45T N

Effect of scattering
MS DEFOCUSSING

order
4 PEAK NARROWING {

INTENSITY (Arb. Units)
D

.]Olnlnlmulllnln

Plus cf. Figs. 6 and 7 in C.F., “The O 10 20 30 40 50 60 70 80 90
Study of Surface Structures by  [|00]POLAR ANGLE FROM SURFACE [001]

Photoelectron Diffraction and Auger i
Electron Diffraction” KADUWELA ET AL., T. ELECT. SPECT. 5%, 223('0)




Effect of varying the polarization?: C 1s emission from CO

E.., =200 eV
Linear p polarization:
® e
Right circul arization: Circular
Ig C|rc.uarpo arization: dichroism
| O In angular
Q . distributions
(CDAD)

Left circular polarlzatlon




CIRCULAR DICHROISM IN
PHOTOELECTRON ANGULAR DISTRIBUTIONS (CDAD)
hv

=) NON-Magnetic J
dichroism effects .., ¢
due to photoelectron e <5
diffraction

mf:O

EMITTER
('pif/l'




Circwear Dicnroism (N Puoroecserron DIFFRACTION

ConsranT-Prass Sunracs oF :
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=
g
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. 4
Ok PLANE /. ... ! 1
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’ FETSN 3
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niin ----- = PEAK
m,
A¢m = X Phase accumulation
¥ Qﬂm“ E\/To a scatterer at R,
- e e .

TPN.T. APPL.PHTS.
32 ,.1480('93)



CIRCULAR. DICHROISM - NON-MAGNETIC SNSTEMS
Si2p -- 250eV = Eg;p

i EXPERIMENT
ANALNZER (2) LCP (b) RCP

% “DAimoN ET AL.
BN TPN. T. APAL.PNYS.
32, L1180 ('93)

Sitoot)

THEORY
(c) LCP (d) RCP

KADUWELA ET AL.
P.R.B 50,6203 ('94)

s

(¢) UNPOLARIZED




INTENSITES IN ProTOBLECTRON SPELTRA!

® GENBARAL'. FiNAL STATE & ( k-Sussweet + ALt OTWGR DESIG.)
A uf o Ot 2
:ut‘ec'e&'l'mcu,u)lil..‘-"‘-lf D (Y (Divece arrrox.
® DerN-OMENHEIMER : €7's FAST, VIBRATIONS SLoW
* 0 A L3f N v 2
INT. |<¢“.v. \¥ e, Ol le- (\Eegn, ®)| éﬁ.w‘, |

ERANCE - CoNDON FACTOR.
® SUDOEN APPRARIMATION: ¥ =¥ = mnae (FasT)

R A
DY 4
e ﬂ@fﬁ’w-m,? -;-. .fk-l (
> tuny | SO
Cn = k mseme

: <z
T 0 10 31 Vg DI [€ B o) Y |2

a * Y
|&<%1 195> SAME SUBSHELL COUPLING +
¢ JOTAL L,S>"MONOPOLE”

L newrae bl
AL

o SLATBR TS, For V= dak (U 4 4y 4s)
W._ v dat (‘f..‘f. - q.'.“f", JUN))
TuToyp o 1€V 1 (Vg 1[04 (M (€145 >

I G 1Bt DI <8, 1 W DI - K1, D [

® PLUS DIFFRACTION EFFECTS IN Yo ESCAPE

A, - + (N-1)e- SHAKE-UP/
spin-orbit + € e 1V 1> SHAKE-OFF—
1e- D|POLE—)dG/dQ ”MONOPOLE”

"Basic Concepts of XPS"
Chapter 3.D.



Photoelectron spin polarization from spin-orbit coupling and

circularly-polarized radiation—The Fano Effect

a7 byl  TNTIS

\. | I +Idown 12+\/1/32
_2/3

——x100 = +50%
T 413 ;

P—==100%
“7

x100

b,

vaCu url

Spin
externally
:M\xB0 referenced

: : to k, and M
: of sample

—EY‘:H%Y; | i EYOT l Yuw : MIRED

m=m#+m= -3/2j-1/2 i 1/2 | 3/2 87




More Realistic  Free Fe 2p
12 o
Theory: Te? /R bl

Single Atom (e
ingile O
g I CP RCP Ekin = 145 eV

%CDAD Spin Pol. (LCP)
Sl

8 . RCP - LCP LcP(T) - LcP)
VoCDAD =t B %P =
rcp+ e *P= ey s zepdy 1
= CIRCULAR DICHROISH A. Kad@¥vela,

IN ANGULAR DISTRIBUTION

unpublished



More Realistic Fe 2p, 10

Theory: Ferromagnetic Cluster
: THE ORY
Ferromagnetic Litat)
Cluster = ADDS PUOTLELECTRON o]
DIFERALTION
LCP RCP
"A&hﬁ'ﬂ@ﬂ'ﬂ
A (LA DaMen
; €r ALY
4 ‘ “Circular
Dichroism
In Angular
e 1098 Distributions”
% CDAD Spln Pol. (LCP) (CDAD)_more
later
; _ RCP - LCP o p_ LCP(M-LCPH)
#CDAD = ep e 'Y P e zer ) ' AL Kadwosvela,

unpublished



Photoelectron diffraction from W(110) interface atoms beneath an Fe overlayer

W 4f, , Spectra

W[110] with 1.2 ML(1x1) Fe

\

D

Photo e

1o = 90° 145 W
¢ along W[001] }'"‘ev

N
(3

Interface
1.2 ML Fe

’t\¥ (arb.)

Intensi

W[001]
o (1x1) Fe Overlayer T T T | |
Photoelectron s ‘v’VvlznthiaCye ' 308 400 402 404 406
. . e KE (eV)
diffraction: o Wbk //// . i)
n ayer ntertace
some case Windlayer Bb B

studies

15 45 '%o‘ 45 15
ToBER ET Ab.

P.R.L.,
19,2085C'19)



Fe on W(110): Determination of structure by expt./theory comparison

90 75

W 4f75/2
Interface Diffraction

Srauerung DererMinaTION

Experiment

*>[100] hvo = 70 eV
Exin = 40 eV

15 45 75 75 45 15

w -JL'/ 2
Interface Diffra

2oy = 243R

Multiple Scattering z“.-w;' z.zsﬂ (2.24 X IN BuLKk)
Theory
(110 atom cluster)

Zpe = 2.165 A

(Bridge Site)

‘Wv CONTINUES BULK
W STRUCTURE



Looking into the silicon dioxide layer with photoelectron spectroscopy

Few atomic layers
of oxide—Si (001)

Few atomic layers
of oxide—Si (011)

No. of photoelectrons from the silicon 2p level

| | | | | I ' | | |
-f 6 -584-3-2-1 01 2 3
Relative energy (in electron-volts)




100 —1—

40

(Westphal et al.)

30

5 90 + Exp
Case study: > T — sum
Interface >

v 70
structure of s |
Si0,/Si0, S ol

3

S

o

s

20

10

hv= 155 eV
0=0°

F.J. Himpsel et al, Phys. Rev. B 38 (1988) 6084

E. /eV

Spin-orbit-splitting 0.58 eV

Si® width

Sit* shift / width
Si?* shift / width
Si3* shift / width
Si#* shift / width

S. Dreiner et al. (Westphal group), Phys. Rev. Lett. 86, 4068 (2001)

0.48 eV
0.9/0.59 eV
1.7410.72 eV
2.46/0.84 eV
3.54/1.42 eV



Experimental diffraction patterns for SiO,/Si(100)

SiO 120 . 60 3000 L
phi /
15!7//_‘_\\\31
180_ I
29 %
kin= 80 @V
| '

Si%n

phi / deg
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| 0
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I I | 1 1T T T T T T T T 1 I 1T 1 1T 1T 1 1 1
80 60 40 20 0O 20 40 60 80 80 60 40 20 0 20 40 &0 80 G0 40 20 0 20 40 &0 80
thata ! dan theta f den theta / den
= 90
S|3+ 120 60 u
phi f deqg i
150 30
S. Dreiner et
al. (Westphal
180_ | 0 180
group),
Phys. Rev.
Lett. 86,
8 % 3 4068 (2001)
kin~ 80 E‘f i
| | | | | |

T 1 | 1 | |
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simulation results by R-factor analysis, SiO,/Si(100)

Si4 Si%*
Expt. , .
120 60 120 60
phi / deg phi f deg

150

30 150 30
180_] 0 180_] |0
3% 2h %
Eiin=80 eV Ein=80 eV
1 T I I 1T I I 11 I O O O I O P P
80 60 40 20 0 20 40 &0 8O0 80 60 40 20 0 20 40 60 8O0
lhelﬂ,-' deg theta f deg
MS calc. .
120 60 120 60
phi f deg phi f deg
150 30 150 30
180_] |0 180_] 1]

E,,=80 eV

a4 Bh 25
E,i,.=80 eV
T 1 ! T

| 1 1 | ] |
g0 60 40 20 0 20 40 &0 80 80

1 1 1 1T |1
0 40 20 0 20 40 60 480
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T

Si q
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XPD pattern: Fingerprint of molecular orientation

Scattering processes forward
scatien ng

}(Hllk Ier

umlluq' = 1t ;

ox{‘}o
© o o o

C, Scattering situation

Single scattering cluster
(SSC) calculation
for Cg, on 6-ring

Projections ol

mteratonue
J. Osterwalder, R. Fasel, (C-C)
et al., PRL 76, 4733 (’96) directions

XPD Applications - Lecture 6



Some
Comple-
mentary
Surface
Structure
Probes

-Type of order:

-Atom & site
specific:
-Sensing

depth:
-Lateral

resolution:

Short (< 108)
Yes
5-408

1 mm2to
(300R)2

SO i &5{ %*' e
°6°6°6°6°d°d°

A~
R )

{

O 0 0 ¢ 0 O ¢
Q.. .0 0 . 0 0 0 0 0 ¢

Short, long
and disorder
No

Mostly surface
D.O.S.
Single atom

Long (> 1002)
No
5-208

1 mm?2 to
1 micron2



(a) Low energy electron diffraction

Case study:
1 ML of FeO ==
on Pt(111):

A combined
LEED, STM,
XPD study

/112\/

(b) Scanning tunneling microscopy

STM

Galloway et al., Surf. Sci. 198, 127 ('93);
J. Vac. Sci. Tech. A12, 2302 ('94).
Y.J.Kimetal., SSA x 58A
Phys. Rev. B 55, R 13448 ('97);

Surf. Sci. 416, 68 ('98)

nm



1 ML of FeO
on Pt(111):

Structural model

from , .
LEED and STM G %2>~ JOu0k

= Or O o
Remaining =1 nio o r- @ oxeen
Questions: 85 1]

-Is Fe or O on top?
-Fe-O interlayer spacing?

-Fe-O orientation? Superlattice or
® ‘.‘ Moiré
‘o ® or ® structure
(b) QOFe, O
OPt

Galloway et al., Surf. Sci. 198,
127 ('93); J. Vac. Sci. Tech. A12,
2302 ('94).




(a) Low energy electron diffraction (c) Photoelectron diffraction

Pt 4f, 1414 eV

LEED %9 75 XPD

N °
-
™
-
\/ [11_2]§
715, I
12/ 15 45 75 75 45 15 o §
theta %
o
Fe 2p, 778 eV £
90 75 g N
o <
z
0
b
'

(b) Scanning tunneling microscopy

Fe 2p

STM

T
800

XPS Spectru

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

Binding Energy (eV)



FeO/Pt(111)

Forward Scattering

Forward Scattering




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

¥

Y.J. Kim et 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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Core-Level photoelectron diffraction:

Short-range (cluster) vs long-range (Kikuchi) pictures

Lower energies Higher energies
up to ~1 keV Above ~1 keV

(e.g. EDAC program)

Kikuchi
band

'\E{z\/

cluster of reflecting
scattering atoms |attice planes



Core-Level photoelectron
diffraction at higher energies:

“bulk” Bragg reflection—
Kikuchi bands

hk2
KIKUCHI
. BAND

BACKGROUND
INTENSITY

CRYSTAL

201 2 Ae = 2dy,,SING,
O, = Sint(A/2dy,,)

hk2 PLANES



X-ray Photoelectron Diffraction
from Diamond Lattice (111) Surfaces

_ The widths of Kikuchi
Lattice bands scale inversely with
Constants interplanar spacing:

3.57A Ae = 2dy,,SIN6,,,
Oy, = Sint(A./2d},,)

5.43A

J. Osterwalder, R. Fasel, A.
_ _ Stuck, P. Aebi, L. Schlapbach,
Si 2p (1154eV) from Si(111) JESRP 68, 1 (1994)




Core-Level photoelectron diffraction at higher energies:

Expt. compared to Kikuchi and Cluster theories

Diamond
Cc(111)
964eV

(a) experiment (b) dynamical (c) multiple scattering
simulation simulation (EDAC)
Kikuchi Cluster

Winkelmann, Fadley, Garcia de Abajo, New Journal of Physics 10 (2008) 113002



Scanned-energy
photoelectron
diffraction—an
alternative

approach (Shirley,
Woodruff/

Bradshaw,
Lapeyre, Chiang
et al.)

Scannen - EngasN PHOTOELECTRON DiFF,
(V3xV3') AL on Sc(111)

* 41 diffraction curves x taken from Al 2p
*9 = 0~70°, o=0~60°
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Photoelectron
diffraction:
Simple single-

scattering
theory for s-

subshell

emission

Various papers
by Shirley et al.,
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COMPARISON OF SCANNED-ENERGY PD
TO EXTENDED X-RAY ABSORPTION FINE STRUCTURE

“NEAR-ED&GE”:= THEORY OF EXAFS
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Figure 1.1. The x-ray absorption coefficient for the K-edge of copper metal.

l Also scanned-energy,
~CoPPER but integrates over all
15 BINDING electron emission
ENERGY directions



k ( ATOMIC UNIT)

I 2 S & 5 3] 7
02T I = | ]
0.1 = =
y 4
0.0 -

Glitsch = Bragg reflection
S in crystal
O.!
X
0.0 —
S
0.1}
0.0 1
-0.1 | ¥
_ | | 1 1 ik | l ,
0.2 ; 200 400 600 800
cus“nsomnou €06, = 8180 eV E(eV)
EXAFS| OF THE 1s SHELL OF COPPER
CEEZ + PENDRY ,PHYS. REY. B 14 279§
(19718)




Theory of Extended X-Ray Absorption Fine Structure
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Outline—Here to end of quarter

Core-level chemical shifts: Koopmans’, relaxation, the potential
model

*Various other final state effects providing information in core-
level spectra

*Photoelectron diffraction, extended x-ray absorption fine
structure (EXAFS, XAFS)

‘-Photoelectron spectroscopy at realistic pressures in the multi-
Torr range

Photoelectron microscopy: adding lateral spatial resolution in 2
dimensions

*Valence-band spectra: low-energy UPS limit and high-energy
XPS limit
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Ambient Pressure XPS-Bridging the Pressure Gap:

State- and Time- Resolved Oxidation of Si at Multi-Torr Pressures

I ' I ' I ' I -
(a) 0 \ si° o ~9 sec/spectrum . o 0
Tsup=600°C 350 RoaTs, S AN ——
— -7 ~~ "Q&. ..'M_ A AR S
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< P32 < 55 e, e e
~— . ~— "o 6 — - -F"_q.
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i . Time (s Y. Enta et al., J.Vac.Sci.
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Oxidation of Silicon: Time evolution at 580°C, Langmuir form
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Langmuir-type adsorption:

Growth rate Is proportional
to bare Si surface

How to go to higher,
more realistic
pressures?

90 P oD

dt

@ = oxide coverage

P = sticking probability
P = oxygen pressure

n = reaction order

The time evolution follows
n = 1— first-order
Langmuirian

Sticking probability, P =
0.016

Enta et al., PRB 57, 6294 (1998)



Challenges for high-pressure photoemission: analyzer pressure
and short electron mean free fath

H. Siegbahn et al., 1972

Very low efficiency

to pump to pump

P1<< Po ‘ P2<<\F;‘

~1000 times

IMFP: N, @ 500 eV

Detector

1atm ~ 0.003 mm =3 microns
20 torr ~ 0.1 mm = 100 microns
1torr ~2mm

Aperture

The first endstation at a SR facility (ALS,
BL9.3.2):

D.F. Ogletree, H. Bluhm, G. Lebedeyv, C.S.

Fadley, Z. Hussain, M. Salmeron, Rev. Sci.
Instrum. 73 (2002) 3872.

A good review paper:
M. Salmeron and R. Schldgl, Surf. Sci. Rep.
63, 169-199 (2008).



Ambient Pressure XPS-Bridging the Pressure Gap:

State- and Time- Resolved Oxidation of Si at Multi-Torr Pressures

(a) T,,,=600°C | si° (C) - Si(100) oxidation
g Po,=5.0 x 10" Torr 20 S T=450°C
= 32 Pos =1 torr
2> | Si(100) =
A Si2p PS
D
=
6 4 2 | 0
Relative Binding Energy (eV)
Y. Enta et al., PRB 57, 6294 (1998)
Experimental
P Up to cellzzppl?edt?:y e
~10 torr gas lines
(b) S0
_____________________________________ j . 7. 0 ~22 sec/spectrum

) Ogletree et al., Rev. Sci. Inst.
P ~10-7torr 73 3872 (2002)—sR, ALS

or better Bluhm, Salmeron, Schlégl—

Energy
J Analysis

X-rays incident at
15°througha hv

Differential ALS, BESSY
100 nm Al urmbin Analyzer lens Enta, Mun et al., Appl. Phys. Lett.
window pumping pumped - 92, 012110 (2008); J. Appl. Phys.
independently

103, 044104(2008)



Watching the oxide grow in real time: constant P, variable T
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Measuring the concentration profile of ions near an agueous surface
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Outline—Here to end of quarter

Core-level chemical shifts: Koopmans’, relaxation, the potential
model

*Various other final state effects providing information in core-
level spectra

*Photoelectron diffraction, extended x-ray absorption fine
structure (EXAFS, XAFS)

*Photoelectron spectroscopy at realistic pressures in the multi-
Torr range

‘-Photoelectron microscopy: adding lateral spatial resolution in 2
dimensions

*Valence-band spectra: low-energy UPS limit and high-energy
XPS limit



Imaging with soft x-ray microscopes—two types
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Third type: Imaging Zone-Plate X-ray microscope

XM-1 @ ALS

Source Condenser Objective

Condenser
_ zone plate

mirror ).  Pinhole

ALS Bending
Magnet

Micro zone
p|ate Soft x-ray

sensitive

X-ray lens = zone plate
Outer rings 100 atoms
apart

Mutual Indexing System
with kinematic mounts

Visible light
microscope

Fischer et al.




Imaging Iron Magnetic Domains with Circular- Polarlzed nght
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(b) SEM
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Outline—Here to end of quarter

Core-level chemical shifts: Koopmans’, relaxation, the potential
model

*Various other final state effects providing information in core-
level spectra

*Photoelectron diffraction, extended x-ray absorption fine
structure (EXAFS, XAFS)

*Photoelectron spectroscopy at realistic pressures in the multi-
Torr range

Photoelectron microscopy: adding lateral spatial resolution in 2
dimensions

‘-Valence—band spectra: low-energy UPS limit and high-energy
XPS limit
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NEARLY-FREE ELECTRONS IN A WEAK PERIODIC POTENTIAL—1 DIM.
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Basic energetics
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One-Electron Picture of Photoemission from a Surface
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Valence-band photoemission:

Angle-Resolved Photoemission (ARPES)
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EXxpectations
from simple
direct-
transition
theory

+ symmetry
considerations
in matrix

elements
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SrTiO; and La, 4,Sry 33MNO5 band structures and DOS
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Half-Metallic Ferromagnetism
LDA theory- FM La, ,.sCa, ,5sMnO4
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SURFACE ELECTRONIC STATES
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Fig. 7.12. Bandstructure E (k) for copper along directions of high crystal symmetry
(right). The experimental data were measured by various authors and were presented
collectively by Courths and Hiifner [7.4]. The full lines showing the calculated energy
bands and the density of states (/eft) are from [7.5]. The experimental data agree very
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Fig. 4.21. Experimental dispersion of Cu(111) surface states plotted
S rfa C e Stat e S with a projection of the bulk bands: (a) Shockley state near the zone
u center (Kevan, 1983); (b) Tamm state ncar the zone boundary
(Heimann, Hermanson, Miosga and Neddermeyer, 1979). Compare

on CU(1 1 1) with Fig. 4.17.’
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Fig. 4.20. Photoemission energy distribution curves from Cu(111) st
different collection angles. Equation (4.32) has been used to exprom
the electron kinetic energy in terms of the binding energy of the

electron state (Kevan, 1983).
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Valence-Band Photoemission at High Energy--
What & Where is the “XPS Limit”?:

g = 10(27/a)}, along [010]
g

e

g9

ACCEPTANCE
a(W):= 3164, hy=1253.6 eV CONE OF 1.5 .,
k':9.15(27/a), k,, =0.32(27/a), a=48° k., @ AT
What all happens when you go to higher 1,253 eV

photon energies?
* non-dipole effect>the photon momentum
e angular acceptance—B.Z. averaging
* lattice recoil, phonon creation—»more
B.Z. averaging, energy loss

....the XPS limit of full B.Z. averaging and Hussain et al., Phys.
D.O.S. sensitivity Rev. B 22, 3750 (‘80)



Valence-band photoemission—at higher energy

E; (Kf ) = Ke g1 =Ks )

. Angular acceptance
E (K )-Vo = #°K{ 12mg K, ’ w

Surface
Barrier
:VO

Zone averaging:
XPS (DOS) limit

Brillouin High energy a/o
Zone High temp.
E; (k)

) ) .. BN
I(E; k¢ ) o £.<‘pphotoe(Ef =hv +E; ki =k +g)|r|¢(Ei K >‘

Hussain et al., Phys. Rev. B 34 (1986) 5226.



Angle-Resolved Photoemission at High Energy--

2= [001] ——————
(a) I ki =k _khv_gn
hv = 1254 eV
K1 )\P 'g"n= 10 {27 /a)y, along [0]0]
- H } ] -
= [100] A a =3.16, 2n/a = 1.99 A+

| . kf=9.15 (2n/a) = 18.19
For Aks, =0.05 A1 > 0.157°

Ky, = 0.32(2m/a) = 0.64A1

Additional effects at higher energies:
* Non-dipole--the photon momentum Kk,
* Angular acceptance—B.Z. averaging

* Lattice recoil->phonon creation—»>more B.Z. averaging,
Fraction DTs ~ Debye-Waller factor = W(T) ~exp[- (kf)2 <u?(T)>]

~exp[-C, (K)*T/(M?)] ~exp(-C,E,;nT)

>the “XPS limit” of full B.Z. averaging and D.O.S. sensitivity
—>core-like photoelectron diffraction Alvarez et al., PRB 54, 14703 (1996)

48°

hy

Hussain et al.....CF,
Phys. Rev. B 22 3750
(1980) Phys. Rev. B 34,
5226 (1986)

Shevchik, Phys. Rev.
B 16, 3428 (1977)

Takata et al.,
Phys. Rev. B 75,
233404 (2007)

« Recoil leads to peak shifts and broadening: g .,(eV)z[ﬂ]Ek. ~5.5 X 10-4{Ekin(ev)—l
recol M n

M(amu)



Table 1 Debye temperature and thermal conductivity”

T B T e O o e s

Li Be

027 | 1.29

: . S - St T e : g < S e
1.41 | 1.56 Thermal conductivity at 300 K, in W cm™'K™! : 1.48
K Ca Sc Ti '} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

410
0.08

Zr Nb Mo Tc Ru Rh

|21 fos faso | F’éﬁﬁi
0.23 | 054 | 1.38 | 0.51 | 1.17

Ta W Re Os Ir

023 1 oss | 1.74 | 0.48 | 0.88 |1.47 |

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

“Most of the 6 values were supplied by N. Pearlman; references are given the A.I.P. Handbook, 3rd ed; the thermal conductivity values are from R. W.
Powell and Y. S. Touloukian, Science 181, 999 (1973).



Silicon--Debye-Waller Factors
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Phys. Rev. B 84, 045433 (2011)



Some classic
cases

In the XPS
limit:
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Au conduction band
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Tungsten--Debye-Waller Factors

and Recoil Energies

W | M =183.85, ®, = 400K
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Plucinski, et al. PRB 78, 035108 (2008);
Phys. Rev. B 84, 045433 (2011)



Direct-transition

effects in XPS:
W(110) at 1253.6 eV

Intensity {Arbiirary Units!

w00, T dep.
Expt, ¢ 0°

g -554°
== e 340

Binding Energy [eV)

Present if
vibrations stiff
enough (Debye

T high enough),
but suppressed
as temperature is
raised.

Hussain et al.,
Phys. Rev. 22,
3750 (1980)



Effect of photon
momentum

on k conservation: |
W(110) at 1253.6 eV B

by

-+ 534°
— 306°
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- 574 .
— 26.6"[201]

}

Intansity [Arbitrary Wnits)

Symmetry-related — o4t
spectra shifted by —ue
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Tungsten--Debye-Waller Factors

and Recoil Energies
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Hard x-ray ARPES for W(110):

(iii)

XPS=DOS limit

Binding Energy (eV)

—_—
m

=

=
o

Binding Energy (eV)

M Mixed: XPS-ARPES limit
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Photon energy for D-W
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