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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 (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:



NEARLY-FREE ELECTRONS IN A WEAK PERIODIC POTENTIAL—1 DIM.





Valence-band photoemission:
Angle-Resolved Photoemission (ARPES)
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Smearing
due to 

phonons

ΔpzΔz ≈
ΔkzΛe≈ ½
Δkz ≈ 1/(2Λe)
For Cu @ Ekin ≈ 80 eV,
Λe ≈ 4 Å, Δkz ≈ 0.12 Å-1

Compare 2π/a = 0.98 Å-1 

/ 2



Expectations 
from simple 

direct-
transition 

theory 
+ symmetry 

considerations 
in matrix 

elements



Increased
Phonon
smearing



Increased
Phonon
smearing



Cu:  ANGLE-RESOLVED
PHOTOEMISSION AND
BAND-MAPPING
ALONG (001)
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Cu:  ANGLE-RESOLVED
PHOTOEMISSION AND
BAND-MAPPING
ALONG (110)

P.Thiry, Ph.D. 
thesis, Univ. 
of Paris (1980)



Hathaway et al., Phys. Rev. B 31, 7603 (’85)

ΔEexch

V0,Fe
=12.4 eV

- 8.6 eV

Vacuum level

φFe = 4.3 eV



Fe:  ANGLE AND 
SPIN-RESOLVED
SPECTRA AT Γ POINT



Experiment- spin-resolved PS
La0.70Sr0.30MnO3 as thin film

Park et al.,  Nature, PRB 392, 794 (1998)
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The electronic structure of a transition metal—fcc Cu

Experimental
points from 
angle-resolved
photoelectron
spectroscopy

φCu = 4.4 eV

V0,Cu
=13.0eV

- 8.6 eV

Vacuum level

Gap along Γ-L
<111> direction

Gap along Γ-L
<111> direction



Shockley
surface

state

Tamm
surface

state

Surface states
on Cu(111)

Zangwill,
Surface Physics,

Gap

Gap



Zangwill,
Surface Physics,



khν @
1,253 eV

Valence-Band Photoemission at High Energy--
What & Where is the “XPS Limit”?:

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

What all happens when you go to higher 
photon energies?
• non-dipole effect the photon momentum
• angular acceptance→B.Z. averaging
• lattice recoil, phonon creation→more

Brillouin Zone averaging
→The XPS limit of full B.Z. averaging and

D.O.S. sensitivity



Valence-band photoemission—at higher energy
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Angular acceptance

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

Zone averaging



hν = 1487 eV

W(T) = 
Debye-
Waller factor 
=

I(E,T) =
W(T)IDT

+[1-W(T)]INDT

2 21exp( g U (T ) )
3

−

Shevchik, Phys.
Rev. B 20, 3020 (‘79);
Hussain et al.,
Phys. Rev. 22,
3750 (‘80)

Estimating
phonon effects:
1st approx.

G
reater than 50%

 direct transitions
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Some classic 
cases
in the XPS 
limit:

“Basic Concepts of XPS”
Figure 14



ACCEPTANCE
CONE OF ±0.5°

hk ν−

hν = 10,000 eV

fk

hν = 1254 eV

f
i hk g k k ν+ = −

ˆg 26(2 / a )yπ=

kf = 25.80 (2π/a), khν = 2.54(2π/a)

g

XPS and HXPS in k space:
(a)

(b)

Phonon effects:  Approximate fraction of “good” direct transitions 
≈ Debye-Waller factor = W(T) ≈ exp[-g2 <u2(T)> ]

= Mean-squared
vibrational displacement



Direct-transition
effects in XPS: 

W(110) at 1253.6 eV

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

Present if 
vibrations stiff 
enough (Debye
T high enough), 
but suppressed 
as temperature is 
raised.



Symmetry-related
spectra shifted by

6.0° for best match.
Theoretical 4.8°

due to khν

Effect of photon
momentum
on k conservation:
W(110) at 1253.6 eV

Hussain et al.,
Phys. Rev. 22,
3750 (1980)
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Theory-Minar, Braun, Ebert

ExptExpt-Plucinski et al.

Theory

ARPES with a non-monochromatized lab. x-ray source: hν = 1253.6 eV, T = ∼77K
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khν @
1,253 eV

Tour de force ARPES: W(110), hν = 1253.6 
eV
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•

[010]

[100]

[110]
2π/a

1.414(2π/a)

•

Tour de force ARPES in an extended zone 
scheme: W(110), [001] plane, hν = 1253.6 eV

•

−f hνk k ,  9.35(2π / a)

•
g

=
1g ,  6(1.414)(2π / a )

        8.48(2π / a )

3g

2g

•

9.35(2π/a)-
8.48 (2π/a)

= 0.866(2π/a)
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0.707(2π/a) = 9.35sinΔθ(2π/a)
Δθ = sin-1[0.707/9.35] = 4.33°

Δ



And what would happen at 10 keV?:

ΘDebye = 310K, <u2> (10-20 cm2) = 5.34 + 0.0583T                   0.0583T
Debye-Waller Factor = W(T) ≈ exp(-ke

2 <u2(T)>)
= exp(-C1Ekin<u2(T)>) exp(-C2EkinT)

W   at 4K: 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 yield different DT 
percentages, but needs further experimental and theoretical study

ACCEPTANCE
CONE OF ±0.5°

hk ν−

hν = 10,000 eV

fk

ˆg 26(2 / a )yπ=

kf = 25.80 (2π/a), khν = 2.54(2π/a)

g

High T⎯⎯⎯→

High T⎯⎯⎯→

hν = 870 eV
T = 780K
W ≈ 0.41



Quantitative systematics—Tungsten :

Debye-Waller Factor =More than 

50% band 

sensitive



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



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
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of oxide—Si (001)

Few atomic layers
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Looking into the silicon dioxide layer with photoelectron spectroscopy 

Charge transfer, e-- e- coulomb integral:
≈ =

∫
Si Si2p,Si3p

2
* *
2 p 1 3 p 2 2 p 1 3 p 2 1 2

12

Shift q J
eφ ( r )φ ( r ) φ ( r )φ ( r )dV dV
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q

Himpsel et al., Phys. Rev. B 38, 6086 (’88)





Λe(nm)
TPP-2M



What does
the hole do?



“Basic Concepts of XPS”
Figure 18



POTENTIAL MODEL FOR CORE-LEVEL CHEMICAL SHIFTS

•

•

•
Valence electrons (molecular orbitals, bands)

Core electrons
Atom A

Atom B

Atom C

rAB

e-

•
ZA

ZB

ZCrAC

Core binding energy on A in
molecule ABC =
Core binding energy of free ion A 
with charge qA
+ qBe2/rAB + qCe2/rAC
(+ relaxation corrections)

→net charge qB

→net charge qC

→net charge qA

•

•

•

Ion of charge qA

rAB

e-

•

Point charge qB

Point charge qC

rAC



FREE-ION
(INTRAATOMIC) 

ASPECTS OF 
SHIFTS: 

KOOPMANS’
THEOREM & 
CLASSICAL 

CHARGED SHELL

“Basic Concepts of XPS”
Figure 19



POTENTIAL MODEL CALCULATION OF
CARBON CHEMICAL SHIFTS

“Basic Concepts of XPS”
Figure 24



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



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

Jolly et al.

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

N core = N 1s2 = N5+

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

= O6+ core

≈

+7e

1s2=-2e

•

•

+7e

1s1=-1e

•
• +8e

1s2=-2e

•
•

• For example
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Replacing real N 1s core with equivalent O 1s core:

A thermochemical energy



(Zangwill, p. 87)

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

ΔEb = ΔHsurf. segregation

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



hν

BE = hν - Ekin = E*(N-1) - E0 (N)
Initial
state

Final
state

Multiplet splitting in core levels of transition metal oxides

Upon
photoemission,
two possible
final states3s 3s3s

Open 3d
shell,
net spin SMn

The splitting between the two 
peaks is given by 

ΔE3s ≈ (2SMn + 1) Keff
3s,VB(3d) 

(Van Vleck Theorem) 

For the cubic manganites
in simplest doping model, 

SMn=1/2(4-x) →
ΔE3s ≈ [5-x] Keff
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with Keff

3s, VB ≈ 1.1 eV
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CORE-LEVEL 
MULTIPLET SPLITTINGS 

IN Mn COMPOUNDS

“Basic Concepts of XPS”
Figure 31



ORIGIN OF MULTIPLET SPLITTINGS IN Mn2+:

“ONE-ELECTRON” THEORY

S’=3
L’=1

S’=2
L’=1

General   Mn2+

S=5/2
L=0

S’=3
L’=0

S’=2
L’=0

“Basic Concepts of XPS”
Figure 30



Correlation
CI effects:

anti-parallel
electrons

“Basic Concepts of XPS”
Figure 33





Temperature dependence  of  Mn3s and O1s spectra in a colossal
magnetorestive (CMR) oxide: La0.7Sr0.3MnO3
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Suggested scenario—LSMO, x = 0.3, 0.4

TC
Tsat

(=T*?)#

Loss of long - range 
order at TC:

some percolation

Short - range order 
above TC up to Tsat

Jahn-Teller distortion
# T* = new T scale suggested

from theory
Dagotto et al.

PRL 87, 277202 (2001)

Mannella et al., PRL 92, 166401 (‘04); PRB 70, 224433 (‘04), and to be publ.

Long-range
ferromagnetic

order

Mixed
Mn3+- Mn4+§

§Self-interaction corrected local spin 
density calcs. suggest Mn4+ dominant, but 

conversion to Mn3+ with JT distortion
Banach, Temmerman, PRB 69, 054427 (’04)

Polaronic
Phase—Mn3+





Spin
externally
referenced 
to
of sample 

h ak d Mnν

Spin
internally
referenced 
to spin of
each ion 





Hosaka et al., J. Phys. B
36, 4617 (2003), and
earlier theory from
Bagus and Schaefer,
J. Chem. Phys. 55, 1474
(1971)

Fig. 34
Basic Concepts of XPS

MULTIPLETS IN FREE
MOLECULES



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
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Spin polarization in core photoelectron spectra—expt.



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
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1st Expt.       Magnetic Circular Dichroism 1-e- Theo.

Fe
(c)

(a)

(b)

Baumgarten, Schneider, et al.
Phys. Rev. Lett. 65, (1990) 492

Menchero, Phys. Rev. B 57 (1998 )993



(c) Many-e-
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Menchero, Phys. Rev. Lett. 76 (1996) 3208
Van der Laan et al., J. Phys. Condens. Matter 12 (2000) L275
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Application to a buried interface: with standing wave excitation

S.H. Yang , B.S. Mun et al., J. Phys. Cond. Matt. 14, L406 (2002) 



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



Linear p polarization:

Right circular polarization:

Left circular polarization:

Circular 
dichroism!
Why?

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

•

•

•

Oxygen
forward
scattering
peak

OC
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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

• 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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SAME SUBSHELL COUPLING +
TOTAL L,S→”MONOPOLE”

(N-1)e- SHAKE-UP/
SHAKE-OFF→
”MONOPOLE”1e- DIPOLE→dσ/dΩ



“Basic Concepts of XPS”
Figure 36
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BAND THEORY—D.O.S:
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instrum. contrib.
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•
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•

EF

EF

“Basic Concepts of XPS”
Figure 10

“Basic Concepts of XPS”, Figure 37



Σ = many-body 
“self energy”

= ReΣ + iImΣ

= ΔE
ΔEτlifetime ≈ / 2In valence-band studies:   Incoherent peak(s)         Coherent

peak(s)
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kinetic kinet
Vacuum Fermi
binding binding spectrometer

Vacuum
binding final initial
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Basic energetics—Many e- & many atom picture
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33d9

Cu 2p emission from CuCl2

Multiplets
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2 3 9
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Van der Laan et al., Phys. Rev. B 23 (1981) 4369 
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SATELLITES & CHARGE-TRANSFER SCREENING
O2-

|
O2- -Cu2+3d9-O2-

|
O2-
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“Basic Concepts of XPS”
Figure 38

Binding Energy



CuCl2

CuBr2

CuF2 More Ionic

More Covalent

Screening
depends on
Ionicity/covalency
satellite intensities
can be used to
measure interaction
parameters

Binding Energy



Screening
depends on
Ionicity/covalency
satellite intensities
can be used to
measure interaction
parameters



≈ Jcd



Mn3+

Bonding-
Delocalized

Non-Bonding-
Localized

10 Dq
Xstal fld.

JH > 0
Exchange

Jahn-
Teller

x
y

z

E.g.—Crystal field in Mn3+ with negative octahedral ligands
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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)



VIBRATIONAL STRUCTURE IN VALENCE-LEVEL (MO) SPECTRA



Vibrational
fine structure

Kimura et al.,
“Handbook of HeI

Photoelectron Spectra”



THE UV PHOTOELECTRON SPECTRUM OF HCl



CH4→→ [C(1s hole)H4]+* + e- ≈ [NH4]+ + e-
hν

Equivalent-core

CH distance = 1.10 Å
NH distance = 1.00 Å

“Basic Concepts of XPS”
Figure 40
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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!


