Outline
Surface, interface, and nanoscience—short introduction
Some surface concepts and techniques—photoemission
Synchrotron radiation: experimental aspects
Electronic structure—a brief review

The basic synchrotron radiation techniques:
more experimental and theoretical details

Core-level photoemission
E) Valence-level photoemission

Microscopy with photoemission (Later lecturers)



Outline

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

» Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

« Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

» Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

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



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

Angle-Resolved Photoemission (ARPES)

E¢(Ks)= ke =Ki)|
Er(ke)-Vo ~ #°K7 /2mg K,

|
hv : Surface
- ' Barrier
™ e e
V\q, E;(k;)~hv—E;(k;)~ #°kf / 2m,
Q\/ gbulk(and/or gsurf)
4
5 .. B . .
kf = ki T 9bulk (+gsurf) + khv + kphonon
Brillouin High energy alo
Zorle High temp.
E;(k;)
_ i L |2
I(Ef, k¢ ) < £.<¢photoe(Ef =hv +E;j, k¢ = ki + g)|r|tp(E,-,k,- >‘

“Direct” or k-conserving transitions
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Expectations
from simple
direct-
transition
theory

+ symmetry
considerations
in matrix

elements
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Figure 28 Brillouin zones of the face-centered
cubic lattice. The cells are in reciprocal space, and
the reciprocal lattice is body-centered, as drawn.
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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 (left) are from [7.5]. The experimental data agree very
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Wave vector

The electronic structure of a transition metal—fcc Cu

‘ Qw 15t - 3d%04g!

ELECTLOMNIC BAMDS

bbb bl R L d
10 ¢ DBNSITY ofF QTM'C_.‘

M\ ING
3d LILE

tninG

Experimental
points from
angle-resolved
10 photoelectron
spectroscopy



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 state ncar the zone boundary
(Heimann, Hermanson, Miosga and Neddermeyer, 1979). Compare
with Fig. 4.17.

@ THEORY
Fa - 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 expreoms
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”?:

f
DIRECT TRANSITIONS IN XPS OF TUNGSTEN Ak*T—f>
————= ¥ +PHONONSj‘Ak”
+g:K <k, .\
Ae*+SOLID
ANGLE

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

g

--f t’.rr.r.flr!.r.ff?r/]’{]n416° TTT77
ALTLERRIm AML LI,

ACCEPTANCE
2T, a(W)= 3164, hv=1253.6 eV CONE OF £ 1.5
a k'=9.15(2w/a), k,,=0.32(27/a), a=48° khv @ / 48!—?—-9-

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

e lattice recoil, phonon creation—-more
Brillouin Zone averaging

—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:(K;)= E,,” = Rf,n

Angular acceptance

— 2 2 —
Ef(kf)—Vo x /] Kf /2me Kf
hv Surface
Barrier
D =V, Zone averaging
V\«W E; (k) ~hv —E;(k;)~ #°k% / 2m,
Q\/ gbulk(and/or gsurf)
4
J . . ~ -
ki = Ki + 9puik (+9surr ) + Kny w
Brillouin High energy alo
Zorle High temp.
Ei(k;)
~ i L NN
I(Ef, k¢ ) o £.<‘pphotoe(Ef =hv +Ej, ke =k + g)|r|<p(E,-,k,- >‘

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



. . TABLE 1. Tabslation of fermal digploeenonts t0 TRy hler faeters [WITY - expl=4 0% %1 in the XPS pe-
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Ca 230 4008 119 6.21 1.94 0.0% 6.24 0.0
Waller factor oo st e
— ¥ L 30842 5.9 L
= 1 p ) er 630 51.996 215 0.06
N M 410 54,938 4,72 .0
exp(-3g* (U(T))) 3w i i
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¥ & o aE.71 56T .01
O i3 63,564 .84 LR
I(E,T) = &n BT 65T
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i 240 1820 945 FET 4.0
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. 08 06 1902 0,92 0,28
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Phys. Rev. 22, Aa 165 196967 Bl 0.0
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Some classic
cases

in the XPS
limit:
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XPS and HXPS in k space:

hv = 1254 eV
g :=10(2m/a)y, olor_\’g [010]
g = +
4 e I W YU -
k \\\\\\\\\\\\\\\ ’::I:f‘? ______ "kh
1 4
ACCEPTANCE
° +1.5°
o alW) = 316 A CONE OF
‘_'—;—» If,h'lf.ﬁfl\ 1 Fa Vo 1o N Ko Py N0 | 48?-7‘; =
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= ~ - -
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hy
(b) hv = 10,000 eV

§=26(2z/a)y

g

kf = 25.80 (2n/a), k,, = 2.54(2n/a) ACCEPTANCE
CONE OF +0.5°

Phonon effects: Approximate fraction of “good” direct transitions
~ Debye-Waller factor = W(T) ~ exp[-g? <u?(T)> ]
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Direct-transition

effects in XPS:
W(110) at 1253.6 eV
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ARPES from W(110): Expt, hv = 260 eV, near-normal emission, ®p, . = 400K

0.90 (b) 470K W =0.85 (c) 607K W = 0.81 (cd) 780K W =0.77

.

(a) 300K W =

One- 3 2 3 3 3
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theory © 10 - - =

Binding energy [eV]
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Binding energy [eV]
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ARPES from W(110): Expt, hv = 860 eV, near-normal emission, ®p, . = 400K

(a) 300KW =0.70 (b) 470K W =0.58 (c) 607K W =0.50 (d) 780K W =041
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ARPES with a non-monochromatized lab. x-ray source: hv =1253.6 eV, T = ~77K
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Tour de force ARPES: W(110), hv = 1253.6
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Tour de force ARPES: W(110), hv = 1253.6

Akf ’
DIRECT TRANSITIONS 1N XPS OF TUNGSTEN 4 f
Ak
/4

. = + PHONONS—
Teg=ky kh_il

Ag*+SOLID
ANGLE

g = 10{27/a)y, along [010]

g Kk >
f~ Nhy ..l;f TPVPIIPII2? /rrfl.63o p
SAALSASL L AL = k hr
ACCEPTANCE
0 CONE OF 1.5°
O(W):B-le, hV:1253.6 eV o 54.7°
k':9.16(27/a), k,, =0.32(27/a), @:54.7° ke
khv @
1,253 eV

K, —K,,, with [k, -k, | =9.35 2m/a




Tour de force ARPES in an extended zone

scheme: W(110), [001] plane, hv = 1253.6 eV
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Tour de force ARPES: W(110), hv = 1253.6
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hv =870 eV
T=780K
W ~ 0.41

And what would happen at 10 keV?:

hv = 10,000 eV
g=26(2z/a)y i

E ' _khv

kf = 25.80 (2n/a), k,, = 2.54(2n/a) ACCEPTANCE
CONE OF +0.5°

Opebye = 310K, <u2> (102 cm?) = 5.34 + 0.0583T —*9"T_ 0,0583T
Debye-Waller Factor = W(T) ~ exp(-k_2 <u?(T)>)

= exp(-C,E,;,<u(T)>) "7  exp(-C,E;,T)

W at4K]W =~ 0.27,|~ 27% direct

at 77K: W = 0.20, ~ 20% direct

at 300K: W ~ 0.017, ~ 2% direct
Correlated vibrations and better theory (e.g. Phys. Rev. B 35, 1147

(‘87) and 53, 7524 (’96) + 54, 14703 (‘96)) may vyield different DT
percentages, but needs further experimental and theoretical study




300

2501

200

Temperature [K]
o
o

100

50

= [mir) [} L)
@ = = ™
| | |

R

)

] ] ] ] ]
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Kinetic energy [eV]



Outline
Surface, interface, and nanoscience—short introduction
Some surface concepts and techniques—photoemission
Synchrotron radiation: experimental aspects
Electronic structure—a brief review

The basic synchrotron radiation techniques:
more experimental and theoretical details

mmm) Core-level photoemission
Valence-level photoemission

Microscopy with photoemission



Outline

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

-- Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

o Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

* Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

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



Looking into the silicon dioxide layer with photoelectron spectroscopy

Few atomic layers
of oxide—Si (001)

Charge transfer, e-- e- coulomb integral:
Shift ~ qg;J;, sip S

L, « ,- € - -
I¢2p(r1)¢3p(rZ)r_¢2p(r1)¢3p(r2)dv1dv2
12

Few atomic layers
of oxide—Si (011)

No. of photoelectrons from the silicon 2p level

B —— -
-7 6 -54-3-2-1 01 2 3
Himpsel et al., Phys. Rev. B 38, 6086 (88) Relative energy (in electron-volts)
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LOOPMANS' THEONEM CALSULATION OF SHIFTS

| S LI I T I A !

- Carbon is - CoeRE 4
- Free molecutas

315

LINE oF 2

2 UNIT SLOPE
- 310 =
e . -
vt .
i K
—CoHy ]
CoH i
305 My,
P fie fe i edpe o gn ) 1 -
290 295 300

E,(Cis), eV v
DIFF. = ,S‘E"_lcu_s I15eV s consTanT = 5% or E.

Lo Ak, (cte, - cHy = - A€, 1" en,

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



POTENTIAL MODEL FOR CORE-LEVEL CHEMICAL SHIFTS
—net charge qg

electrons (molecular orbitals, bands)

m C—net charge q.

ore electrons

—net charge q, % s

Core binding energy on A in
molecule ABC =

Core binding energy of free ion A
with charge q,

+ qge?/rpg + qce?/rac

(+ relaxation corrections) lon of charge q,




FREE-ION
(INTRAATOMIC)
ASPECTS OF
SHIFTS:
KOOPMANS’
THEOREM &
CLASSICAL
CHARGED SHELL

“Basic Concepts of XPS”
Figure 19
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POTENTIAL MODEL CALCULATION OF
CARBON CHEMICAL SHIFTS
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Outline

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

» Core-level chemical shifts: the potential model

‘- Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

o Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

* Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

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



CORRELATION OF THERMOCHEMICAL DATA
WITH CHEMICAL SHIFTS: EQUIVALENT-CORE OR (Z+1) MODEL

N core = N 1s2 = N°*

1s2=-2e
\
+/e

Assume:
N6+* core with
1s hole = N6+*

1sl=-1e 1s2=-2e
\ \
o+t7e = e+8e
= O%* core

Plus see pp. 92-93
in “Basic Concepts
of XPS”

Relative E, eV

4@ CH3NH,
(CH3),NH
I N I S T N

For exampl

—

—.*

e—

=

-4 -3 -2 - o | 2 3
Thermo. Estd. Rel. E, eV

Jolly et al.



Binding energies: "= N 1s core hole present
NH, —> NH;* +e :AE = E“,’(N1S,NH3)
N, > N. +e :AE,=E/(N1s,N,)
Adding and subtracting:
NH,+N:"— NH: +N,: AE =AE,-AE,
= E/ (N1s,NH,) — E/ (N1s,N,)
= AE) (N1s,NH, — N,)
The chemical shift
Replacing real N 1s core with equivalent O 1s core:
NH, + NO* - OH; +N,: AE = AE'(N1s,NH, - N,)+ AE—=AE__

= AE! (N1s,NH, — N,)
A thermochemical energy



DERIVATION OF HEAT OF SURFACE SEGREGATION FROM
SURFACE CORE-LEVEL CHEMICAL SHIFTS

Fig. 4.30. The XPS surface core level shift approach to the heat of

segregation of a binary alloy (Egelhoff, 1983).  (Zangwill, p. 87) AE, = AH

surf. segregation

a W0l &fy,
Clean surface
XPS of
surface Z
b W{I0) &fy,,
f +10L oxygen
XPS o
bulk Z

Initial state

Spanjaard et al., Surf. Sci.
Repts. 5, 1 (1985)
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Outline

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

» Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

‘- Multiplet splittings and magnetism

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

* Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

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



Multiplet splitting in core levels of transition metal oxides

BE = hv - By, = E'(N-1) - Eo (N

Open 3d F|naI In|t|aI
shell, state state
net spin S,
hv — Upon s VB(3d)
photoemission,

two possible

41—1—‘ 3s > final states :17‘ 3s > 417‘ 3S >

eff
K 3s,VB(3d)

The splitting between the two
peaks is given by I¢3s(r )‘Psd(f) ‘P3d(" )o,.(F,)dV,dV,

12

AE;¢ ~ (25, + 1) K* 3 \g(3q)

(Van Vleck Theorem) E.g., MnF,

For the cubic manganites
in simplest doping model,
Sy,=1/2(4-x) — Photo e-
AE;s ~ [5-X] K*M'3¢ yg)3q) spin
with Kef, s~ 1.1 eV >
Binding energy (eV)

Tail

Photoe- intensity




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

Mn2+ 3523p63d5 65

53 $it < T
% 5 §:5C/) ZN
_ L=

Moo 3e3p03d° Mot 3s23p°3d°
|
[3s(%s) 3d5(55)]ser33(zs) 30Cs)1%s | | 3PPy 3829y 1%e 13p° Pp) 3a5(“b)15yl'{3p5(29) 3d°(*p)178) 13p° (%p) 3¢° (®s)17P
¥ H,HT ¢ THH, | S'=2 S'=3
S=2 \ _J) S=3I L'=1"%5 L'=1
L’=0 exchange L'=0 | * | 7
i- Configuration interaction, 14
| matrix diagemalization
G“m‘.: AL SPIN |
_- I —
AEp(ne) = @s+) 5“ | \
Mt ik / W ;
W VOLENCE | B
BEY(I) = b%gsa, ; |
5 5 54
s | 3
I :
*, B | °p,
[ ] ! e i S !
50 l‘ 40 / | 30 20 10 0
I.@f_ & SCOE o
I, (28'+1) I ety e

€- €7 SUANELATION , BuT JUST

2+  “Basic Co ts of XPS”
General Mn ic Loncepts o “DIFFERENT CoueLinG IN 3pS34F

Figure 30



Mn3s ’s

ComPaRiISoON OF
GAS -PHASE AND
SeLiD~-STATE

SPECTRA 2 5
| (@) Cd,;Mn, . Te
EXPT. : (@) (b)(d), hv=1486.7 eV
HERRSHEIER ET AL,
PHNS.REV. LETT, |
61, 2592 (1988)
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Mn3p
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Temperature dependence of Mn3s and O1s spectra in a colossal

magnetorestive (CMR) oxide: La, ,Sr, ;MnO,

Multiplet AE ;g o Chemical
Splitting: (2Sy,*+1) Shift:
- T =135K
TT _-1230KK Timax = 500 K
max " T.=370K
T =370K T=110K

T=110K

"llllll |

\

Photoelectron Intensity (a.u.)

96 94 92 90 88 86 84 82 80 78 533 532 531 530 5R9 528 527 526 525

Binding Energy (eV) Binding Energy (eV)

Increase of the Mn3s splitting-reversible Increase of O1s BE-reversible



T dependence of Mn 3s binding energies

T dependence of bulk O 1s binding energy

— Tc Tsat
% 1000—- .. m ; . Tc ,Tsat
£ “? e 0. —
= 80, / . AEg oc (2Syy,+1) e roE
c ] .. /f 3s Mn = 300 /
I ) s /m
G o Pe° o E a0, ]
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Temperature (K) Temperature (K)
(a) v =1090¢Y - ) Theory: self-interaction
_ L RO corrected local spin
2 oV density results for
.g O more positive LSMO — elongating 3
B42.5 642.0 6415 641.0 640.5 640.0 . . +
3 1 Grdns vy \/ Mn higher spin, octahedron makes Mn
more negative more stable than Mn4*
___ —T=520K Banach, Temmerman,

670 660 650
Binding Energy (eV)

680

Mannella et al.,

640

PRB 69, 054427 ('04)

Phys. Rev. Lett. 92, 166401 (2004)



Suggested scenario—LSMO, x =0.3, 0.4

Tsat
Mn3 Mn#+8 : (=T*?)*

—h N = X
1;\%’—9\*@ Polaronic j>

Phase—M n3*

g@@\{f \1\1
=T

Long-range Loss of long - range Short - range order
ferromagnetic order at T: above Toup to T__,
order some percolation Jahn-Teller distortion
Sself-interaction corrected local spin #T* = new T scale suggested
density calcs. suggest Mn** dominant, but from theory
conversion to Mn3* with JT distortion Dagotto et al.
Banach, Temmerman, PRB 69, 054427 (’04) PRL 87, 277202 (2001)

Mannella et al., PRL 92, 166401 (‘04); PRB 70, 224433 (‘04), and to be publ.
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<+ MORE COMPLEX MULTIPLETSFOR L > 0
WITH SPIN-ORBIT COUPLING:

¥

Mn 2p emission from MnF;:

Mn+3 ... [2p_1 /2]2 [2p3/2]3...3d5
multlplels

15 —.Ingl'z-‘.
/ R
Mn+2 ...[2p12]2[2P3/2]*...3d° d
_&E -2p1/2 J . .
20 Mn+3 .20y o] 2Papal 0308 1
s multiplets :
& ~, ;
3 sf- : ’ .
a ; . .
ARk A1
/ \ 7 | \
e’ T 11~
660 650 640
Binding energy (eV)
3 ; vﬁ“ezcunuﬂ
SPLITTING "

Expt.--Kowalczyk et al., Phys. Rev. B11, 1721 (1975)
Theory--Gupta and Sen, Phys. Rev. B10, 71 (1974)
Park et al ., Phys. Rev. B3E, 10863(1988)
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Outline

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

» Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

o Multiplet splittings

‘0 Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

* Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
level spectra
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Spin polarization in core photoelectron spectra—expt.
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Outline

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

«Core-level chemical shifts: the potential model

«Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

‘ « Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

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



Typical experimental geometry for

energy- and angle-resolved photoemission measurements

X-ray: variable polarization
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Application to a buried interface: with standing wave excitation
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Outline

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

» Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

o Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

* Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

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



Circular dichroism in angular distributions:
C 1s emission from CO, E,; =200 eV

Linear p polarization:

o o

Right circular polarization:
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Oxygen
forward
scattering
peak

Circular
dichroism!
Why?

Left circular polarlzatlon




CIRCULAR DICHROISM IN
PHOTOELECTRON ANGULAR DISTRIBUTIONS (CDAD)

) me=0

——> Non-magnetic
dichroism effects
due to photoelectron
diffraction
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m=+d
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« Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

» Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

o Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

* Magnetic circular dichroism (MCD) in core-level emission

 Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

‘- Various other final state effects providing information in core-
level spectra
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Basic energetics—Many e- & many atom picture
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FIG+1. Cu2p photoelectron spectra of Cu dihalides. The
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chemical shift.



Screening | da* ¢ay 25, nota . 34"
: 2§ LILGAND HOLE
depends on e "Scheenmo’]
.. ' = IN LINE
lonicity/covalency-> Z
; . .. —| -&P3/3 WOLE
satellite intensities o345

uNScREENED"
SATELLITE LINE"

can be used to
measure interaction
parameters

INTENSITY (ARB. UNITS)

BeuUAUET
EY AL., Puvs,
nev. 8 4Yb,
3334 ('92)

I 1 T - I
-30 -20 -10 0 10
RELATIVE BINDING ENERGY (eV)
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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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VIBRATIONAL
STRUCTURE IN
VALENCE-LEVEL (MO)
SPECTRA

Diatomic A-B example

(Also applies to core-
level emission if
equilibrium distance
changes on forming
core hole)
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VIBRATIONAL STRUCTURE IN VALENCE-LEVEL (MO) SPECTRA

H, Hydrogen
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ATOMS AND SIMPLE MOLECULES 27

UV _PHOTOE LECTAON
sStecTRUM OF &0

(9) CO Carbon Monoxide

Bend/inGS6 MO
BenDING T MO
F

'

Vibrational
fine structure

= 4/ NeN-BONDING
| | He Mo
1 1 L 1 L
14 16 18 20 5y
lonization Energy (V) 6‘.6
KooPHANS ' ST FiNAL STATE *.‘1} .\’
Exptl.® SCF MO [6-31 GI? CI (lonic State) [6-31G]® W
I.(eV) —e(eV) MO Character E(eV) State Configuration
1 14.01 14.99 13.11 125+ 0.93(1™)
—0.15(67, 771, 9)
—0.15(5-, 7=, 84, ‘n
2 16.91 17. 48 i A LA
} 1x (6,5) Toond ) 16.69 130T 0.95(6*!) ; 0.95(5°Y) E %
3 16.91  17.48 C_..._.... — ¢
4 1972 2169 19.20 23 0.92(4~) CORNEL.

--0.16(6-1,7-1,91),
+0.16(5,7-, 8Y),

a) The spectrum : this work, The [,'s: Turner ef al. (215). Secc also other works : Turner
and May (215a) i Carlson and Jonas (54) ; Gardner and Samson (104) ; Edqvist et al. (90) ;
Potts and Williams (182a) ; and Natalis o al. (165). :

b) We used the bond length reported (A 3) : symmetry Cup, Escr=—112.6672 hartree. In 4-31G
caleulations, Egep=—112.5524 hartree and —e(eV)=14,93, 17.41, 17,41, and 21.60.

¢) CI-II. (9, 8)=1x |N»=0.98(SCF). The results obtained in other CI levels are given in
Appendix B,

R @r) ém 8% Y9 -

9
(vacant)
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Kimura et al.,
“Handbook of Hel
Photé)electron Spectra”



THE UV PHOTOELECTRON SPECTRUM OF HCI

1,2
SPIN-ORBIT —ple— ' NON-BowDING CI 3p =z 277 MO
SPLITTING
C\ 3Py, 3Py,
2 h\’;
&/‘/, BoNDING 50 HO
1z 14 16 18
lonization Energy (eV)
kpoPranS' THEO. CONFIG. INT. ON FiNAL STATE
Exptl.® SCF MO [4-31 G]¥ ~CI (lonic State) [4-31 G]®
I.(eV) —e(eV) MO Charactor E(eV) State Configuration
cL
1 12.75 12.77 v 3 =
} 1.97 1! 0.98(87) ;0.98(3) o=
2 12.8 12.77 L_.__f.._.__.wElGHT-
3 1628 1650 (5o ducr ) 16.10 183+ 0.98(7%) ING

a) The spectrum : this work. The [,'s: Frost o al. (102). See also other works : Lempka ef
al. (150) ; Turner et al. (215) ; and Weiss ef al. (224).
b) We used the bond length reported in Ref. (A5) ; symmetry Cap. Egop=—459.5631 hartree,
e) CI-V. |N»=0.99 (SCF).
CI-V': Dy eV)=12.01 and 16.11.
CI-IIl : E(eV)=12, 60 and 16.79.

[ € | |
HO.NOS.W’.\:_V_;SJ ' I

Ry s¢

(FRoM KIMURA ET AL. "HANDBook OF HeT PHoTO-
BLECTRON SPECTRA oF FUND. ORGANIC MeCECULES”) |



ViaraTioNAL FINE STRUCTURE IN Core SPEcTRA

MONOCHROMATIZED
LABoRATORN
¥X-RAY Sovacek

“Basic Concepts of XPS”

Figure 40
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Vibrational fine
structure in C 1s
photoemission
from ethane:

two progressions
v, at 0.407 eV and
v, at 0.176 eV and
various excitations

(Vaivb)

Rennie et al.,
J. Phys. At. Mol. Opt.
Phys. 32, 2691 (1999)
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Outline
Surface, interface, and nanoscience—short introduction
Some surface concepts and techniques—photoemission
Synchrotron radiation: experimental aspects
Electronic structure—a brief review

The basic synchrotron radiation techniques:
more experimental and theoretical details

Core-level photoemission
Valence-level photoemission
Microscopy with photoemission:

All of the above with lateral spatial resolution

of ca. 20 nm, going down to few nm in future
(Next lecturers)



Thank your for your attention!



