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• Valence-band spectra: low-energy UPS limit and high-energy 
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VALENCE BANDS
IN SOLIDS:



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





“The UPS Limit”



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 

/ 2h



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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SURFACE ELECTRONIC STATES



“The UPS Limit”

Vary θ to scan 

θ
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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



“The XPS Limit” Smears
over full 

BZ→
∼densities 
of states

Not 
negligible

Ω



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



Some classic 
cases
in the XPS 
limit:

“Basic Concepts of XPS”
Figure 14



Siegbahn, 2003

Densities of states
From XPS spectra

Broadened
Theo. DOS

XPS

XPS
Broadened
Theo. DOS

“Basic Concepts of XPS”
Figure 13



Direct-transition
effects in XPS: 

W(110) at 1253.6 eV

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

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



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)



Outline
• Valence-band spectra: low-energy UPS limit and high-energy 
XPS limit: Taking the excitation energy up to 5-15 keV

• 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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Au
Inelastic attenuation length

TPP-2M formula
of Tanuma, Powell, Penn

∝ (E kin
)0.75

How much deeper do we
probe at 10 keV?

(nm)

• 2.07

http://www.ss.teen.setsunan.ac.jp/e-imfp.html

4-5x deeper
than normal
XPS

15-20x deeper
than normal
ARPES



ACCEPTANCE
CONE OF ±0.5°

hk ν−
r

hν = 10,000 eV

fk
r

hν = 1254 eV

f
i hk g k k ν+ = −
r r rr

ˆg 26(2 / a )yπ=
r

kf = 25.80 (2π/a), khν = 2.54(2π/a)

g
r

But angular resolutions
of 0.01º with an acceptance
±2º may be possible!

B. Wannberg
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Measurement time: 3 min 40 s
Total resolution:  ca. 80 meV

Gold Valence Spectrum

Takata et al., Spring8 @ 5.495 keV

In the XPS Limit



f(θscat)
θtakeoff
>20-30°

Inner potential
•

Ekin ≈ 500-1000 eV

Simplest interpretation:
Average emission depth = Λinelasticsinθtakeoff

How valid?

E.g.: A. Jablonski and C. J. Powell, 
J. Vac. Sci. Tech. A 21, 274 (2003):
→ Mean Emission Depth (MED)

more relevant than Λinelastic

f(θscat)

θtakeoff
down
to 5-10°

•

Ekin ≈ 10,000 eV

Simpler analysis
Cleaner bulk & surface distinction

C. J. Powell, W. Werner et al., priv. comm.;
C.S.F., Nucl. Inst. & Meth. A 547, 24 (2005)

Varying surface sensitivity for lower 
electron takeoff angles
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Λe(nm)
TPP-2M





“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
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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

• Multiplet splittings

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



*
3 3 1 3

*
2 2 2 2

: ( 1 , )
: ( 1 , )

V
b
V
b

NH NH e E E N s NH
N N e E E N s N

+ −

+ −

→ + Δ =

→ + Δ =

Binding energies:  * = N 1s core hole present

* *
3 3 2 1 2

3 2

3 2

:
( 1 , ) ( 1 , )

( 1 , )

z
V V
b b

V
b

NH N NH N E E E
E N s NH E N s N

E N s NH N

+ ++ → + Δ = Δ − Δ

= −

= Δ −

Adding and subtracting:

The chemical shift

3 3 2 3 2

3 2

: ( 1 , )
( 1 , )

V
b ce ce

V
b

NH NO OH N E E N s NH N E E
E N s NH N

+ ++ → + Δ = Δ − + Δ − Δ

= Δ −

Replacing real N 1s core with equivalent O 1s core:

A thermochemical energy



(Zangwill, p. 87)

Spanjaard et al., Surf. 
Sci. Repts. 5

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

, 1 (1985) 

W

Re

W
Re

ΔEb = ΔHsegregation
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• Valence-band spectra: low-energy UPS limit and high-energy 
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thermochemical energies
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• Spin-orbit splitting, the Fano effect, and spin-polarized outgoing 
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circular dichroism in angular distributions (CDAD)

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



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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Spin
externally
referenced 
to
of sample 

h ak d Mnν

r r

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



FOR A GIVEN nilimimsi: SUM OVER DEGENERATE INITIAL 
STATES mimsi AND AVERAGE OVER FINAL STATES
Ef lfmfmsf ACCESSED FROM EACH mi TO YIELD 
DIFFERENTIAL SUBSHELL PHOTOELECTRIC CROSS 
SECTION :

∝ PROBABILITY PER UNIT SOLID ANGLE OF EXCITING 
ONE ELECTRON FROM SUBSHELL nili INTO THE 
DIRECTION kf

/
i ind dσ Ωlnis--

mi:    0    0
msi :  +1/2 –1/2

Ef p--
mf : +1    0   –1   +1   0  -1

msf : +1/2 +1/2 +1/2 –1/2 –1/2 –1/2

spin 
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spin
down

PLUS SPIN:
α(σ)= msi = +½ = ↑
β(σ)= msi =  -½ = ↓

α(σ)
β(σ)

α(σ)
β(σ)

Δms = 
msf - msi
= 0 !



WITH C1 AND C2 TABULATED CLEBSCH-GORDAN
OR WIGNER 3j SYMBOLS
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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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S.H. Yang , B.S. Mun et al., J. Phys. Cond. Matt. 14

Application to a buried interface: with standing wave excitation

, L406 (2002) 
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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

• 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



Non-magnetic
dichroism effects

due to photoelectron
diffraction

(CDAD)



DIFFRACTION
PEAK





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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“Basic Concepts of XPS”
Figure 36



Doniach-
Sunjic
Line-
shape

Au
5d106s1

Pt
5d96s1

BAND THEORY—D.O.S:

Deconvolute
instrum. contrib.

4.0
•

30.5
•

EF

EF

“Basic Concepts of XPS”
Figure 10

“Basic Concepts of XPS”, Figure 37



Σ = many-body 
“self energy”

= ReΣ + iImΣ

= ΔE
ΔEτlifetime ≈ / 2h

In valence-band studies:   Incoherent peak(s)         Coherent
peak(s)
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SATELLITES & CHARGE-TRANSFER SCREENING
O2-

|
O2- -Cu2+3d9-O2-

|
O2-

e-

“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



MORE IONIC

MORE COVALENT
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SAME SUBSHELL COUPLING +
TOTAL L,S→”MONOPOLE”

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



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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ADDITIONAL SOURCES 
OF STRUCTURE (AND 

INFORMATION!) IN 
SPECTRA BEYOND
CHEMICAL SHIFTS

= covered
so far
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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!
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