Reading and Problem Assignments for Physics 243A

Surface Physics of Materials: Spectroscopy, Fall, 2014

READING:
o 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
o 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
Chapter 10: pp. 244-249 on bond lengths, no ion scattering
e IBACH, “PHYSICS OF SURFACES AND INTERFACES”, DOWNLOADABLE BOOK (SEE COURSE WEBSITE)—
Chapter 2: 2.1, 2.2
o DESJONQUERES AND SPANJAARD, “CONCEPTS OF SURFACE PHYSICS”, EXCERPTS DOWNLOADABLE FROM
COURSE WEBSITE:
On equilibrium shapes of surfaces, thermodynamics, kinetics and adsorption isotherms, and on STM current calculation. No need to follow
every step, but this fills in the line of arguments in Zangwill and lecture
o FADLEY, “BASIC CONCEPTS OF XPS”, HANDED OUT, BUT ALSO DOWNLOADEABLE—
Sections |, Il, and Ill, with remaining sections by the end of the course
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
¢ 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:
1) Molecular orbital basics
2) Tight-binding basics
3) Dejonqueres and Spanjaard handout-Photoelectron Diffraction Theory/Debye-Waller Factors
4) Core-Hole Multiplets with Charge Transfer--Basic Theory
5) Brief Manual for SESSA spectral simulation program
6) Brief Manual for CTM4XAS20 charge-transfer multiplet simulation program
[7) Optional only for physics students: Basic theory for the Hubbard Model of bonding]

PROBLEM SET 3-FINAL: Not all problems assigned
Problems 3.3, 3.4, 4.1,4.2, 4.4, 4.5,5.1, 5.2, 5.3, 5.4, 5.7, 5.8, 5.9(a),(b) only, 5.10, DUE FRIDAY, 12 DECEMBER

REMAINING LECTURE SCHEDULE:
NO LECTURES: 2 DECEMBER AND 9 DECEMBER
12:10 MAKEUP + 2:10 REGULAR LECTURES: 25 NOVEMBER, 4 DECEMBER, AND 11 DECEMBER

TOUR OF LBNL: SATURDAY, 13 DECEMBER

FINAL EXAMINATION: TUESDAY, 16 DECEMBER, 10:30 AM-12:30 PM, PHYSICS 285 (unless moved by unanimous consent)
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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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BINDING- ENERGIES & KOOPMANS' THEOREM .
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KooPHMANS' THEONEM CALSULATION OF SHIFTS
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Figure 18 -- Plot of carbon 1s 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 qg CHEMICAL SHIFTS

electrons (molecular orbitals, bands)
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POTENTIAL MODEL CALCULATION OF
CARBON CHEMICAL SHIFTS
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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



hy

-

e

7 /7}7 s 777
THOTOELECTRON 4£(@)- rLASTIC = DIFFRACTION v

FCREEN ING € *°
(®ecararioN) ToN

\ hocE

k
=nll

ADDITIONAL SOURCES
OF STRUCTURE (AND<
INFORMATION!) IN
SPECTRA BEYOND
CHEMICAL SHIFTS

@ “do,.¢

\/ = covered

- V. > eeFracON
ikl so far

Ao = INELASTIC + ATTENUATION

—_— DI ’
T DISTRIBUTED ArMoNG

SeiN-onB\T spuTTIvG (Basy) \/

+ MWLTIPLET SPUTTING (oren- €EEE

SHEW SUSTEMS), XSTAL FIELD

+ CoRLBLATION [CANFIGUANTION (EmmE

INTRBAKET 4N
SHAKRE-UL |SHAKB -0LE (€~ NotE
SCRBBJING [NoN-SCARARNING :
CONFPIGURATION INTERACTIA

4+ ViszATIoNAL EYXC(TATIONS

RESONANT PHaTOEMISS(ON (hy \/
= Ep ie)
REaceY ALL AT
oONCE , BT
Sum RulBS ¢
™G RELP

do
i8S il ELASTIC
Ntﬁ.‘) an QiNeL. mumsag}
I"‘.E.lés,‘:"% /117777777
—-

(ExTrINSIC) E
kin




CORE-LEVEL MULTIPLET
SPLITTINGS IN Mn
COMPOUNDS

“Basic Concepts of XPS”
Figure 31
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn2*:
“ONE-ELECTRON” THEORY
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn2*:
“ONE-ELECTRON” THEORY
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn2*:
“ONE-ELECTRON” THEORY
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<+ MORE COMPLEX MULTIPLETSFOR L > 0
WITH SPIN-ORBIT COUPLING:
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FILLING OF THE MOLECULAR ELECTRONIC STATES
OF DIATOMIC NO AND O,
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FILLING OF THE MOLECULAR ELECTRONIC STATES OF
HOMONUCLEAR DIATOMIC MOLECULES & NO
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Ethane: C 1s NEXAFS, with shakeup also
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FIG. 2. The Cu2p spectrum of|CuCl, |together with the
expected multiplet splittings, represented by bars, for the
2p3d’ level as calculated and discussed in the text. yan DEA. CAAN
ET AL., PHYS,
2Bv. B 23, 43LY
(1284)




Screening

depends on
lonicity/covalency-> More lonic
satellite intensities
can be used to
measure interaction
parameters
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2py34'°L 2oy 3a"L

Binding Energy———

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.
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The Hubbard model-mixing a localized on-site

picture and a delocalized band picture

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

<
o
H=h +h+Vp v (1)
=
where /1, and /&, are one-electron Hamiltonians and V,g/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) ,coum» 1.€. an empty level, the energy is zero,
if there is one electron of either spin in the level |R, 1),, or |R, |)gow, its energy is Ey, and
if there are two electrons of opposite spins in the level [R, 1), the energy is 2Ep + U.
The last additional positive energy U represents the intra-atomic Coulomb repulsion between

the two localized electrons. = J,_ .. The amplitude
for tunnelling is represented by the otff-diagonal term 1n the one-electron Hamiltonian

distance, r

z
o‘\&“% (RIMRY = (R'|h|R) = —t )
A The same U and t used in the de Groot multiplet program (to come later)

(‘4



The Hubbard Model (continued)

Ground-state Hubbard energy: <
O
e‘\ “00 00
Enuvbard = 2Eo + U — (f412 + IJT Energy (eV) 4o ™ AS
) 2 66“ /q%\ .\\\eﬁ
~ . 7
And wave function: snl b E” g% L W
—2']_2 f/_d___,_,lx—v—?
U by ] f Hubburd
DHubbard = —CDU + 4— ~7 1 3 (®) + y)—-20-4f,
‘ -20.8f E,=-10eVandt=0.5eV
-20.8
With o, = _[| VIR Ulev)
V2 \ D 5 10 15 20
o) = |R)|R - Probability
=¥l o eclrons on - 5¢ tywo e"s on same proton
$, = [R )|R ) different protons g g

Electrons on the

same proton E,=-10eVand 1=035eV

U{ey)
O 2 10 15 20



Localized configuration interaction approach to spectrum simulation:

Anderson impurity model for PS, XAS, XES

( Susano, LARESIn ~> SAwWATERY, VAN DR LAAN,

FuzimohZ, OH, ET AL.) Good discussion of model:
Bocquet & Fujimori, J. Elect.
L L Spect. & Rel. Phen. 82, 87
(1 “L
1L u @~ (1996)
.‘/ ¥/ — ] — o< 2
L-M=L == L3 /‘“ﬁ’  SER oleg) = le(wflcwg)l 5(hv e, E)
L or
L L7 L By now:
CTM4XAS program
C T ConE HeLE oN MBTAL for calculating this
E: VALENCE (P) HoLE onN LIGAND for some cases:
_w.: aoldu>+2anﬁdﬂn+m)gﬂ> ,
¢ e
Y= bolga™>+ Sl VLD
WITH (WTRAACTIONS oF | ' Witk IWTBNSITIES FaaM SUDPEN APPRONX .
10Dg= CRNSTAL FLELD (OFTEN NEGLECTED) " bl
A T LEAWN-TS ~HETAL CHANCE TRANSF, BNERGY ' O HowE
= E(™'L) -EWM) T(E..) f I<‘1’_‘(N-1,u)l *P,_(u-a, >
=0 O~ CouLtorB REPULSION ENENCHM As .
U= O s el - aECa") = I, SCh - Eg-Eui)
T = LICANMD P-To-METAL A HUYBAIDIPATIN , n e il i e )
= Cd‘liﬁlr“) (ot > SAme Sumreriv) i qu.(ﬂ t,6)= ¥ (N wiw _ WeE =g

U,= ]
Upd= G = ColR-MelLE-TE—dl /NTERACTION ! oWl ~ J_, = coulomb integral



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 T. 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 transter parameter A, which gives the energy difference between the
(centers of the) 3d™ and 3dHL configurations. The effective value of A (Acf) 1s affected by the
multiplet and crystal field effects on each configuration. In the next version, the value of A will
be given in a parameter-output file.

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

- Upd: This 1s the core hole potential. In case of XAS spectra, only the difference between Uyg and
Ugq 18 tmportant.

- Hopping T: The hopping parameters are given for the 4 symmetries in tetragonal symmetry A,
B, E and B,. A (zz) and B1 (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



Group theoretical

High-spin*/Low-spin* symmetry
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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.

MORE IONIC

Park et al.
Phys. Rev. B

37, 10867 (1988)

1 ¥ Core
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MORE COVALENT attraction
{-> DECRENING U=
> Ucd =
1 Compound A (eV) U (eV) T (eV) 0 (eV) (ng)
0 MnF, 9.0 32 15 45 5.12
MnCl, 45 3.2 15 45 532
MnBr, 3.2 32 1.4 45 5.41
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More recent data:
Phys. Rev. B 63, 115119 (2001)
In problem set

For octahedral coord.:

T,=V3(pdo), T,=2pdr)
T,/ T, cc(pda)/(pdm)= —2__.2,

Zp%'ll
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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.

B e e

—_—

Main Satellite
Compound d" Valence A v (pdo) Ay U peak peak Ref.
SrMnO, d’ 4+ 2.0 7.8 —1.5 -0.2 7.1 d'L d'L This work
LaMnO, d* 3+ 45 7.5 ~1.8 1.8 6.8 d'L d°L* This work
MnO d* 2+ 6.5 7.0 -1.1 8.8 1.6 d*'L d’ This work
7.0 7.5 ~0.9 3
From later paper (see next slides) 6.5 6.0 -1.99/V3=-1.1 U/Q = 0.7-1.0, a best fit no. is 0.83.
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VIBRATIONAL
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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



VALENCE BANDS
IN SOLIDS:
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NEARLY-FREE ELECTRONS IN A WEAK PERIODIC POTENTIAL—1 DIM.

e
EXTONDED 20NR.\ | ! R
e\ |
Ve ZUge ¥ |
By, Bk 5
E(k) = S +9ers /.
e )+ |
e 2 Wael
‘f,ﬁ')aurtﬂe ¢ T ! - B 5
T D9 ’ Kp ! |
=ity < g
¢z u e ®
REDUCED ZONE: J | \
= PIRST BRILLOWIN ’
ZoNE '
! DIRECT ;
| TRANSITIONS
A\ | veeTeas
p NG hyv ‘

;-':




The electronic structure
of a nearly free-electron
metal—fcc Al
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ConservAaTion laws v VALBNCE-BAND
PHreTo 8L BCTRON SPEcTROSCOPY !
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Basic energetics

hV — EVacuum + E

_ EFermi

binding kinetic binding

+ (pspectrometer

+ E

kinetic

One-Electron Picture of Photoemission from a Surface

E;(in,i =hv - EE kK *V, f » E;(in =hv - ngk Ein =f Eyin — ¢spectrometer + 0
I I ¢ (T)xexp(ik T)—-r— (F)=exp (iK *T) I
~ Free e- _T_ .
/E ' Before entry Ey, Inside
] ) . Inelastic scattering:” ! =T Y Tkin analyzer
Insl!ge Evini b exp(-LIA)~ : l to analyzer l
soli —
_r— I 4,5 : ? ¢spectroTeter
Valence | E F7ITNIITTIITI I 772727 7 77| V.
Levels | E,(K—&¢(F)=Up (Fexplik -7) 4 7
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(Bloch- :
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Valence-band photoemission:

Angle-Resolved Photoemission (ARPES)

E¢(Ks)=
Ef(kf) o VO - hV - El(kl) Rf!” - Rf!”
~ #°K? / 2m, p
hv Surface
Barrier
=V0
E;(k;)~hv—E;(k;)+V, ~ #°k? / 2m,
gbulk(and/or gsurf)
ke = k; + gbulk +§surf) +Kpy + kphonon
Bri"OUin “The UPS Limlt” ngh energy aIO
Zoge High temp.
Ei(k;)
. ) .. Y
I(Ey, K ) < |& o (photoe (Er = hv + E; Ky = K; + ) Flo(E K )

“Direct” or k-conserving transitions



EXAMPCE !
NORMAL-EMISSION
UPS FRoOM
Cu(oo1)

Smearing
due to
phonons

X

Ak ]

SIMPLE

Ap,Az~h[2
n AK, A= V2
v Ak, =~ 1/(2A,)
3 For Cu@E,;,~80¢eV,

. A ~4 A, Ak,~ 0.12 A

- -1
With Ag and Compare 2n/a = 0.98 A

solid angle fL
-9

A

€ (in yz mivror plane)
f ~P Polarizaﬁon

"REDUCED BaULLOWN
SONE

DT MODEL: Direct: k' ='Ei+3*§<(

E’ (-I.(i)= initial band structure

Ef (kF)» 42 (K)12/2m

Constant motrix
elements



Expectations
from simple
direct-
transition
theory

+ symmetry
considerations
in matrix

elements
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Cu (001)
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INTENSITY (Arb. Units)

Cu (001)
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Cu: ANGLE-RESOLVED Photon energy (cV)
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Figure 28 Brillouin zones of the face-centered "-8' B (“;'” ‘t d’) .
cubic lattice. The cells are in reciprocal space, and I
the reciprocal lattice is body-centered, as drawn. ' , '
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20| | 40 60 80
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Fe (001)]

SPIN-RESOLVED hv (eV)
BAND STRUCTURE |60| 35 921
T 1
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EXPT. | |

Fe: ANGLE AND | - |Fe {100)

SPIN-RESOLVED hy =60 eV

SPECTRA AT I POINT 8 ™ AVY=0.3 (Room TenP)
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SrTiO; and La, 4,Sr, 3;3MnO; band structures and DOS

Energy (eV

SrTiO;-band insulator Lay 675r0.33Mn0O,- Half-Metallic
. Ferromagnet
" Projected DOSs
0 Spin-up Spin-down
S0 | -
40
30
20 3
> in =
Expt’l. bandgap Expt’l. band
- 3.3eV offset 3.0 eV
Ul ;
.10 :
[, Pai
20 50 W
RN
40 \ 14 ] N /
AN
e WX WM R I
60 Plucinski, TB —— Spin-up Zheng, Binggeli, J. Phys.
10 2 with expt’l. Hand offset —— Spin-down Cond. Matt. 21, 115602 (2009)
| Chikamatsu et al., Plucinski, TBP
W T 1 X 7 M T T PRB 73, 195105 (2006);

Plucinski, TBP
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SURFACE ELECTRONIC STATES

-
k‘lk‘ = k“

®STRONGLY LOoCALITED NEAR SURFACE
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ConservAaTion laws Ny VALENCE-BAND
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—— Vacuum level

The electronic structure of a transition metal—fcc Cu
O, = 4.4 eV

2 ‘ 2
" - Cw f5*----34'%¢s*
Fermi level Sy ELECTLOMIC BAMDS
L. R = apalongI-L — & — - ——f— — —10 ¢ PBMSITY oF STATE,
~ ¥ g 11> direction -
VO,Cu iy > \ M\ ING
=13.0eV- o \ o2
\
ey { 3d LILE
= f d/ Gap along I'-L : = A =%
K <111> direction ) A\ } MR ING
w
Experimental
-81 points from
angle-resolved
0k 11  photoelectron
spectroscopy
L | 1
8 6 b 2 0 L { i X K r

Density of states (Arb. units_) Wave vector

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
well, not only among themselves, but also with the calculation



Surface states
on Cu(111)

Shockley
surface
state

Tamm
surface
state

Zangwill,
Surface Physics,

Fig. 4.21. Expcnmcmal dispersion of Cu(111) surface states plotted
with a projection of the bulk bands: (a) Shockley state near the zone
center (Kevan, 1983); (b) Tamm statc ncar the zone boundary
(Heimann, Hermanson, Miosga and Neddermeyer, 1979). Compare
with Fig. 4.17.

@ THEORY
r - Fig. 4.17. Surface states (dashed curves) and bulk projected ban
2IN K Cu(111) surface according to a six-layer surface band structure
calculation (Euceda, Bylander & Kleinman, 1983).
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Fig. 4.20. Photoemission energy distribution curves from Cu(111) at
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”?:

kf
DIRECT TRANSITIONS IN XPS OF TUNGSTEN 4 lT_{»
o —a * + PHONONS— 5
K+g=k <k
T
Ag*+SOLID
ANGLE

g = 10{2m/a)y, along [O]O]

g9

-

9

a(W)=3.16A, hv=1253.6 &V
k'=9.15(2m/a), k,, =0.32(27/a), a=48°

What all happens when you go to higher
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

D.O.S. sensitivity

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

ACCEPTANCE
CONE OF *1.5°

khv @ ¢ 48;-?__8-
1,253 eV

Hussain et al., Phys.
Rev. B 22, 3750 (‘80)



Valence-band photoemission—at higher energy

E:(K;)= ki =K
f(_f) I o _f’”AnguIaracceptance
Es(k)-Vy =~ #°KE /2my K, w
Surface
Barrier

" Zone averaging:
=Vo XPS (DOS) limit

>

Brillouin High energy alo
Zoge High temp.
Ei(k;)

) ) . 2
I(Ef, k¢ ) o £.<‘pphotoe(Ef =hv +E;j, ks :ki+g)|r|¢(Ei’ki >‘

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



Angle-Resolved Photoemission at High Energy--

—

i‘:i =Ef_khv _gn

hv = 1254 eV

§,: 10{2w/a)§, along [010]
g

9

a=3.16, 2r/a = 1.99 A

kf=9.15 (2n/a) = 18.19

For Aks, = 0.05 A1 - 0.157° e
k., = 0.32(2n/a) = 0.64A-1

Hussain et al.....CF,
Phys. Rev. B 22 3750

Additional effects at higher energies: (1980) Phys. Rev. B 34,
* Non-dipole--the photon momentum k,, 5226 (1936)
 Angular acceptance—B.Z. averaging Shevchik, Phys. Rev.
- Lattice recoil>phonon creation—>more B.Z. averaging, B 16, 3428 (1977)
Fraction DTs ~ Debye-Waller factor = W(T) ~ exp[- (kf)? <u?(T)>] Takata et al.,
~ exp[-C, (k)?T/(mBp?)] ~ exp(-C,E,;,T) Phys. Rev. B 75,
>the “XPS limit” of full B.Z. averaging and D.O.S. sensitivity 233404 (2007)

- core-like photoelectron diffraction Alvarez et al., PRB 54, 14703 (1996)

- Recoil leads to peak shifts and broadening: g (v~ [ﬂ}b— ~55x10" [Ekin(ev)—‘
recoil kin M ( 2 mU)



Li

0.85

Be

2.00

Na

1 41

Mg

'1.56

Table 1 Debye temperature and thermal conductivity”

S T

T s B e s T
o G B SNBSS e SO T e i Nl S a0 SRR R I G e S s e e

Therrﬁhl “co.rlldﬁctlwtykat“SOO K in Wcm“K 1

Ne

1 02

Ca

Cr Mn Fe Co

Ni

Cu

0.80 1.00

a3
0.60

As

28z
0.50

Se

0.02 |

Br

Kr

Rb

0.58

Sr

147|280

0.17

201

Ru Rh Pd

272 |-
0.72

480
1.50

600
217

275 G
0.23 | 0.54 0.51

Snw

J200
0.67

Sb

211

0.24

Te

53
0.02

Xe

Cs

38

Ba

j 10
0.36

La g8

142

0.14

Hf Ta Re Os Ir

20
1.47

0.72

252
0.23

240
0.58

430

0.48 | 0.88

Pb

0.35

Bi

119

0.08

Po

At

Rn

Fr

Ra

Ac

“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 R. W.

Ce Pr Pm Sm Eu

0.11 | 012 ] « 0431 = B 011

Ho Er

0.16

0.14

Tm

017

|

Lu

0.16

Th Pu

0.54

307
0.28

0.06

Lr

Powell and Y. S. Touloukian, Science 181, 999 (1973).



Silicon--Debye-Waller Factors

M = 28.086, ®D=645K
SUU-W T T
- 1
“o. 01\ posixps
250 - ! - -
\ : limit
o :
=2y I
__200 —f’1 ' .
W o
2 |
@ 1501 ! §
= o7 !
& o i !
ORI
1005 | 192 2 @ ]
:
1
L
50_ ga : —
ARPES 8| [® o1® @« ] b .
i i 1000 2000 3000 4000 5000 6000 7000
limit Al Ko, Kinetic energy [eV]
1427 o\l

1TV OV

Plucinski, et al. PRB 78, 035108 (2008);
Phys. Rev. B 84, 045433 (2011)



XPS OF Si¢ VALENCE BANDS

Some classic _, 4 Si

cases 2,000t s ) (cli?ved) 1
. ¢ 3

in the XPS | 500

limit:

1,000
500

THEO.
3. o. s.

(2roADENED) |

“Basic Concepts of XPS”
Figure 14



EXPT'L. INTENSTY/ Tugo. D.0.S.

Densities of states
From XPS spectra
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Figure 13

intensity

8

Au conduction band

40}

10

[i
XPs/ ;
/Broadened
/ Theo. DOS

A
1 I 1 Nl 1 i 1

intensity

10 g+ 8 ¢« 2 0
binding energy/eV

Ag conduction band

Ag{4d) g
/T\”\
I

.

-

“tem e, m
) ‘}_
-Fr-
Lo

- -
-~

i \
.; !
XPS/;'
ji :
L Broadene AgGsp)
ftrsne~™ ! Theo. DO E,
1 --'I’ i 1 4

10 8 [ 4 2 0

binding energy/eV

Siegbahn, 2003



Tungsten--Debye-Waller Factors

and Recoil Energies

W 33’5 = 183.85, ©p = 400K ) DOS/XPS
= \ ;1 I O 4 - -
Ts 2 i ' \ limit
250 | \ 3 Q‘Iz, ~,
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— 200~ © \ i SN -
=3 o 2 %
Qo (==} > o
3 . 05
D 150~ Gy 2
£ \
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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

- -
o
=
=
-~
-
o
-~
-
0
-~
- ¢
=
—
Ul
[ =
(4]
-
(=
[

w(001), T dep
Expr, ¢p:0°

8 :554°
. 9 g 634.

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 12536 ev 001 103 102 101 20! 3?},.»’

- - ~
863" 45" 27°

— |-+ 534
= | —306°
5
-
£ |-+554°
2 | —286°
<
2 |- 5720 s
—C | — 266°[201]
Symmetry-related — 504"
spectra shifted by — 246
6.0° for best match.
. - 61.4°
Theoretical 4.8° o
due to k;,, .
=+ 63.4*(102] .2
. § = 06"

Hussain et al.,
=+ 65.4°
_‘,’8.;‘,.1 <] Phys. Rev. 22,
0 8 6 4 2 & 3750 (1980)

Binding Energy (eV)




Tungsten--Debye-Waller Factors

and Recoil Energies

wW 3(I;I(I) = 183.85, O, = 400K . DOS/XPS
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Hard x-ray ARPES for W(110): (i) (E)0

Binding Energy (eV}
[=>]

p——
L
o

b 110
-

N

-

Binding Energy {eV}
© o

i Mixed: XPS-ARPES limit
T =30 K (Raw data), W = 0.45, hv = 5956 eV

-4 -2 0 2 4 6
Detector Angle {°}

[
o

(EJO

2 9=14.00 (V2 (2wa))  ki-k,, \
H /

Binding Energy (eV)

¢I // \ J o 10 3r/ ~N ~:1"

T =30 K (Corrected) for DOS and XPD

Z1Z
=
o

A[010] K

i 1110] 4.21°

[100] /

Binding Energy (eV)

iUE One-Step Theory (Minar, Braun, Ebert)

-4 -2 0 2 4
Detector Angle (°)

6

Gray, Minar et al., Spring-8, Nature Materials 10, 759 (2011)



(EJ 0 a :
1 [001]

Hard x-ray ARPES for GaAs(001):
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Hard x-ray ARPES--GaAs and DMS Ga, ;Mn, ,;As

Comparing Experiment and One-Step KKR Theory
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GaAs Band Structure

Atomic-Orbital Character and Charge Density Contours

Projected As Character Projected Ga Character
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Photon energy for D-W
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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



