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Surface, interface, and nanoscience—short introduction

Some surface concepts and techniques→why photoemission?

Synchrotron radiation: experimental aspects

Electronic structure—a brief review

The basic synchrotron radiation techniques: more details
--Instrumentation for PS

Core-level photoemission

Valence-level photoemission

Microscopy with photoemission
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The Microchannel Plate Electron (and Photon) Multiplier

∼106-108

E.g.- 10 
collisions
with 4-5 e-

eachPb-DOPED GLASS

Diam. 
Down to 5 
microns



Buffered multichannel
counter  chip (BMC)

Ceramic
substrate 768 collector

strips
Amplifier/discriminator chip

(CAFE-M) from HEP
Energy
direction

Microchannel
plates e-, hν

The Next Generation: ALS High-Speed Detector

•Basic specifications:
- 768 channels along one dimension
- ∼75 micron spatial resolution
- >2 GHz overall linear count-rate→

100-1000x faster than present
- spectral readout in as little as 100 μs→

time-resolved measurements
- programmable, robust

•Operating successfully since July, 2003
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ALS High-Speed Detector--Some First Data: 
Photoelectron Diffraction

[001]

45° = θ

NiO

e-hν
1486.7 eV

Ni 2p Spectrum
In

te
ns

ity
 (a

rb
. u

ni
ts

)

350300250200150100500

Azimuthal Angle (deg.)

 50 msec.
 1 sec.

Total 2 min. and 5min.

7 sec. without CPU process time
and 200 microsec per spectrum

with future improvement



The MicroMott Electron
Spin Detector

Or  Th: or  U:
+90e +92e

Tang et al.,
Rev. Sci. Inst.
59, 504 (1988);
Huang et al.,
Rev. Sci. Inst.
73, 3778 (2002)



Electron
spectrometer

Soft x-ray
spectrometer

Sample prep.
chamber: LEED,
Knudsen cells, 
electromagnet,...

5-axis
sample

manipulator

Loadlock
for sample

introduction

MULTI-TECHNIQUE
PHOTOELECTRON
SPECTROMETER/

DIFFRACTOMETER (MTSD)

X-ray
tube

Chamber
rotation



MULTI-TECHNIQUE
SPECTROMETER/

DIFFRACTOMETER (APSD)

Soft x-ray
spectrometer

Sample prep.
chamber: LEED,
Knudsen cells, 
electromagnet,...

ALS
hν Chamber

rotation

5-axis
sample
manipulator



Measuring 
Electron Binding 
Energies

“Basic Concepts of XPS”
Figure 3
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“Basic Concepts of XPS”
Figure 3



High

Low



Depends
on surface
orientation



Measuring Electron
Binding Energies:
Charging Effects
For Insulators

“Basic Concepts of XPS”
Figure 3



(’98)

BEST CURRENT SOLUTION TO AN OLD 
PROBLEM: CHARGING IN INSULATORS

(a)

e- only,
shifted

completely
to higher BE!



One-Electron 
Picture of 
Photoemission 
from a Surface

hν - φs =



One-Electron Picture of Photoemission from a Surface
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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-
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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

Core-level photoemission:
peak intensities and surface analysis

Valence-level photoemission

Microscopy with photoemission



CALCULATING
INTENSITIES IN
PHOTOELECTRON
SPECTRA



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL



PHOTOELECTRON INTENSITIES FOR SOME USEFUL CASES







≡ ρS



Average surface
density = ρS = (ρV)2/3Average surface

density = ρS = (ρV)2/3Average surface
density = ρS = (ρV)2/3
Average surface
density = ρS = (ρV)2/3

Atomic radius
= rMT
= 0.5 n-n dist. 



Surface sensitivity enhancement for grazing exit angles



Surface 
sensitivity 

enhancement 
for grazing exit 

angles



Surface 
sensitivity 

enhancement 
for grazing exit 

angles



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL



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 
up

spin
down

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

α(σ)
β(σ)

α(σ)
β(σ)

Δms = 
msf - msi
= 0 !









Plus other
Examples 
from Yeh and 
Lindau
in Sec. 1.5 of 
X-Ray Data
Booklet, and 
plots for all
elements at:
http://
ulisse.elettra.
trieste.it/
elements/
WebElements.
html













COOPER MINIMUM IN Ag 4d (Z = 47) CROSS SECTION : Expt. & Theory

M. Ardehali et al., Phys. Rev. B 39, 8107 (1989)



COOPER MINIMUM IN In 4d

hν ≈ 135 eV

Goldberg, Kono, Fadley
J. Elect. Spect. 21, 285 (‘81)

COOPER MINIMUM IN In 4d (Z = 49) 
CROSS SECTION—Radial Matrix 
Element Variation
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SINGLE-ATOM
RESONANT

PHOTOEMISSION:



•

hv

ϕi(bound)

ϕf(free)
Vacuum

MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES:  DIPOLE LIMIT
• Photoelectron spectroscopy/photoemission:

2ˆ (1) (1)f iI e rϕ ϕ∝ •
r

• Near-edge x-ray absorption:
2ˆ (1) (1)f iI e rϕ ϕ∝ •

r

ϕi(bound)

ϕf(bound)
Vacuum

hv

• Auger  electron emission:
2 22
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• X-ray emission: 2ˆ (1) (1)f iI e rϕ ϕ∝ •
r

ϕfϕiVacuum

•

•

••

ϕfDirect Exchange



hv
hv’=
hv- ΔEΨm

Ψi
ΨfΔE

• Resonant inelastic x-ray scattering:

• Resonant photoemission:
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X-ray optical theory

Photon energy (eV)

Experiment

Ni 2p3/2

Ni 2p1/2

O 1s, θinc = 5°, θe = 90°

NiO

Mannella et al., to be published

Multi-Atom Resonant Photoemission—
O 1s emission from NiO(001)

More
later



khν = 2π/λhν = 0.75 Å-1 @  1.49 keV → khν • [<rnl> ≈ 1 Å]  ≈ 0.75—Non-dipole imp?
0.075 Å-1 @  149 eV → khν • [<rnl> ≈ 1 Å]  ≈ 0.075—Dipole ~OK



“Basic Concepts of XPS”
Figure 10



Non-dipole effects in 2p emission from Ne



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL



Why are electrons
so useful as probes
of surfaces?

Most up-to-date
collection of 
experimental data:
NIST Electron 
Effective-
Attenuation-
Length Database—
http://www.nist.go
v/srd/nist82.htm



Lithium Manganese

Web calculation for elements from:  http://www.ss.teen.setsunan.ac.jp/e-imfp2.html

Inelastic mean free paths in solids
Database of experimental and theoretically estimated mean free paths at
http://www.nist.gov/srd/webguide/nist71/71imfp.htm#elements

Plus estimation with the TPP-2M (TPP-2) formula of Tanuma, Powell, Penn:



Inelastic mean free paths in solids

Λe  ≈

and Ep = 28.8 (Nvρ/M)1/2 is the free-electron 
plasmon energy (in eV), ρ is the density (in g 
cm-3), Nv is the number of valence electrons 
per atom (for an element) or molecule (for a 
compound), M is the atomic or molecular 
weight, and Eg is the bandgap energy (in 
eV). These equations are collectively known 
as the TPP-2M equation.

Tanuma, Powell, Penn, Surf. Interface Anal. 
21, 165 (1994)

Estimation from the TPP-2M formula: any compound



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL



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

Varying surface sensitivity for lower 
electron takeoff angles



EFFECTS OF 
ELASTIC 
SCATTERING ON 
ANGULAR 
DISTRIBUTIONS:
POLYCRYSTALLINE 
OR AMORPHOUS
SAMPLE

Intensity increased
by elastic scattering

Intensity decreased
by elastic scatt.



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



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL



Electron Refraction at the Surface Due to the Inner Potential

Observed
Low-Index
Directions
Above 
W(110)





Surface sensitivity enhancement for grazing exit angles

∴ BEST QUANTITATIVE
ANALYSIS FOR RANGE
20-30° ≤ θ ≤ 90°



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
+Instrumentation for PS and XES

Core-level photoemission:
photoelectron diffraction

Valence-level photoemission

Microscopy with photoemission



XFHStanding
Wave LP, RCP, LCP

hν

λSW

XES, RIXS
XFH-1, RXFH

hν’
<hν

REXS, XRD 
XAS, XRO 

hν PS, PD, PH
CD, MCD, SPs

e-

θX
RθX

I θe

exp(-Le/Λe)exp(-μXLX)=
exp(-LX/ΛX)

fe
fX

θX
T<θX

I

X-ray Fluorescence Holography
(XFH, XFH-1 ), Resonant XFH (RXFH)

X-ray Emission Spectroscopy (XES),
Resonant Inelastic X-ray Scattering (RIXS)
Resonant Elastic X-ray Scattering (REXS)
X-Ray Diffraction (XRD)
X-ray Absorption Spectroscopy (XAS)
X-Ray Optical measurements (XRO)
Photoelectron Spectroscopy (PS),
Diffraction (PD), Holography (PH)

+ Circular Dichroism (CD), 
Magnetic CD (MCD),
Spin Polarization (SP)

fX

fe

Multi-atom resonant
photoemission (MARPE)

fX

RX

Some basic measurements:

V0

n = 1 - δ - iβ

(Kramers-Kronig)
≈ 1-(r0 λX

2/2π)ΣnifXi(0)
μX = 4πβ/λX

θX
R = θX

I

λSW = λX/(2sin θX
I)

θCRIT
I = (2δ )1/2

i



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL



PHOTOELECTRON DIFFRACTION AND HOLOGRAPHY

Single
Crystal



EFFECTS OF 
ELASTIC 
SCATTERING ON 
ANGULAR 
DISTRIBUTIONS:
SINGLE-CRYSTAL
SAMPLE→→
PHOTOELECTRON
DIFFRACTION
And 
PHOTOELECTRON
HOLOGRAPHY

“Study of Surface 
Structures…”

Figure 3



Bond Lengths 
&

Atomic 
Positions

HIGHER ORDERS      

FORWARD SCATT. = “OTH ORDER” Bond & Low-Index
Directions

Photoelectron 
diffraction:
A Simple 
Picture

→Holographic
fringes

θscat







Photoelectron 
diffraction:

Simple single-
scattering 

theory for s-
subshell
emission

“Study of Surface 
Structures…”

Figure 3







ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING

“Study of Surface Structures…”
Figure 2



ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING







Vibrational effects
on diffraction







Case study:
Determining

the orientation of 
an adsorbed 

molecule from 
photoelectron 

diffraction at about 
1 keV energy

“Study of Surface Structures…”
Figure 8



“Study of Surface Structures…”
Figure 12



1

2

1

3

“Study of Surface Structures…”
Figure 9





• 12

3

X 4 domains
rotated by 90°

http://csic.sw.ehu.es/jga/software/edac/a.html

2.87
Å

d
C-O =1.16Å35°Z =

1.0 Å

Online 
calculation of 
photoelectron
diffraction 
patterns:

7 atoms:

Oxygen
1st order
diff. ring







8.1 eV from band struct.
+ work function = 4.3 eV
= 12.4 eV

12.4



Average surface
density = ρS = (ρV)2/3Average surface

density = ρS = (ρV)2/3Average surface
density = ρS = (ρV)2/3
Average surface
density = ρS = (ρV)2/3

Atomic radius
= rMT
= 0.5 n-n dist. 



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

ΔEexch

V0,Fe
=12.4 eV

Vacuum level

φFe = 4.3 eV

-8.1 eV





Z =
∞

1.0 Å

0.5 Å

0.0 Å

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

7 atoms:

2 atoms:

Oxygen-
1st order
diff. ring

Iron-
1st order
diff. ring



CO/Fe(001)—Effect of CO bond dist.

d
CO =1.16Å

1.00 Å

2.00 Å



19 atoms:

31 atoms:

CO/Fe(001)—Effect of cluster size

19 ≈ 31, AND SO “CONVERGED” AT 19 OR LESS



CO/Fe(001)—Effect of scattering order

Single scattering:

Fourth order scattering:

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



Linear p polarization:

Right circular polarization:

Left circular polarization:

Circular 
dichroism
in angular
distributions
(CDAD)—more
later

Effect of varying the polarization?:  C 1s emission from CO
Ekin = 200 eV



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

Scattering order:

1st 2nd 3rd

4th 5th 6th

Converged at 5th



Cu nearest-neighbor 
chains along [110]—
Effect of scattering 
order

Plus cf. Figs. 6 and 7 in C.F., “The 
Study of Surface Structures by 

Photoelectron Diffraction and Auger 
Electron Diffraction”



Fingerprint
identification
of short-range
atomic 
structure
and symmetry



Some growth modes:

HOPG graphite



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

Fe
W1
W2



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

[100]



Clean W(110) 4f Surface Peak: R-Factor Analysis
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Fraction with Iexp
and Itheo diff. slope

Expt.

Theory
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E bin  / eV

Spin-orbit-splitting 0.58 eV

Si0 width 0.48 eV

Si1+ shift / width 0.9 / 0.59 eV

Si2+ shift / width 1.74 / 0.72 eV

Si3+ shift / width 2.46 / 0.84 eV

Si4+ shift / width 3.54 / 1.42 eV
F.J. Himpsel et al, Phys. Rev. B 38 (1988) 6084
S. Dreiner et al. (Westphal group), Phys. Rev. Lett. 86, 4068 (2001)

Case study: 
Interface 
structure of 
SiOx/SiO2

(Westphal et al.)



Experimental diffraction patterns for SiO2/Si(100)

Si0 Si1+ Si2+

Si3+ Si4+

3000 L

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



Si4+

Ekin=80 eVEkin=80 eV

Ekin=80 eV Ekin=80 eV

d [Å] 1,82 ± 0,02
α [°] 20 ± 1 
x [Å] 0,18 ± 0,02
z1 [Å] -0,01 ± 0,02
z2 [Å] 0,5 ± 0,02 
z3 [Å] -0,27 ± 0,02

R-Faktor 0,14 
 

 

Structure determination by R-factor analysis: SiOx/Si(100)

Si4+ Si2+exp.

sim.
z
3

z
2

z
1x

Si4+

Si2+

z1

z3

z2

z1

x x

d

α

Si O

Phys. Rev. Lett. 86, 4068 (2001)



Si4+

Si3+

Si1+

Siβ
Siα

Si-bulk

SiO2

Si2+

+ Assignment of additional
Siα- and Siβ-components

relative binding energy (eV)
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te
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ity

 (a
rb

. u
n.

)

S. Dreiner et al. (Westphal group)



Some 
Comple-
mentary
Surface
Structure
Probes



Case study:
1 ML of FeO
on Pt(111):
A combined
LEED, STM, 
XPD study

Galloway et al., Surf. Sci. 198, 127 (’93);
J. Vac. Sci. Tech. A12, 2302 (’94).
Y.J. Kim et al., 
Phys. Rev. B 55, R 13448 (’97);
Surf. Sci. 416, 68 (’98)

LEED

STM



Superlattice or
Moiré
structure

•

• •

••

Remaining
Questions:
-Is Fe or O on top?
-Fe-O interlayer spacing?
-Fe-O orientation?

or

1 ML of FeO
on Pt(111):
Structural model
from
LEED and STM

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



LEED

STM

XPD

Y.J. Kim et al., 
Phys. Rev. B 55, R 13448 (’97);
Surf. Sci. 416, 68 (’98)

[11-2]



Forward Scattering

Forward Scattering

0.65 Å 20°•• •

••
•



0.65 Å

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

Y.J. Kim et al.
Phys. Rev. B 55, R 13448 (’97)

Forward Scattering



Permits selecting favored domain of growth—2nd layer Pt effect





Photoelectron 
diffraction:

Simple single-
scattering 

theory for s-
subshell
emission
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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:
X-ray optical effects on intensities

Valence-level photoemission

Microscopy with photoemission



CALCULATION OF PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL



XFHStanding
Wave LP, RCP, LCP

hν

λSW

XES, RIXS
XFH-1, RXFH

hν’
<hν

REXS, XRD 
XAS, XRO 

hν PS, PD, PH
CD, MCD, SPs

e-

θX
RθX

I θe

exp(-Le/Λe)exp(-μXLX)=
exp(-LX/ΛX)

fe
fX

θX
T<θX

I

X-ray Flourescence Holography
(XFH, XFH-1 ), Resonant XFH (RXFH)

X-ray Emission Spectroscopy (XES),
Resonant Inelastic X-ray Scattering (RIXS)
Resonant Elastic X-ray Scattering (REXS)
X-Ray Diffraction (XRD)
X-ray Absorption Spectroscopy (XAS)
X-Ray Optical measurements (XRO)
Photoelectron Spectroscopy (PS),
Diffraction (PD), Holography (PH)

+ Circular Dichroism (CD), 
Magnetic CD (MCD),
Spin Polarization (SP)

fX

fe

Multi-atom resonant
photoemission (MARPE)

fX

RX

Some basic measurements:

V0

n = 1 - δ - iβ

(Kramers-Kronig)
≈ 1-(r0 λX

2/2π)ΣnifXi(0)
μX = 4πβ/λX

θX
R = θX

I

λSW = λX/(2sin θX
I)

θCRIT
I = (2δ )1/2

i



Online data and calculations at:
http://www-cxro.lbl.gov/optical_constants/

A LITTLE X-RAY OPTICS

= Λhν

(Sometimes negative through absorption resonances)

= e2/4πε0mee2 = 2.817 x 10-15 m

θCRIT = critical grazing angle at 
which  reflectivity begins (R ≈ 0.20)         

= [2δ]0.5

Incident Reflected

Transmitted
& Absorbed

Fresnel
Equations

I(z) =
I(0)exp(-L/Λhν)z

L



X-ray scattering
factor:
fi

= Refi+i(Imfi)



http://www-cxro.lbl.gov/optical_constants/

Website



SOME X-RAY OPTICAL
EFFECTS:  REDUCED
PENETRATION DEPTHS
AND INCREASED
REFLECITIVITY AT
GRAZING INCIDENCE
ANGLES

θCRIT = Grazing angle at which
reflectivity begins

(R ≈ 0.20)

= [2δ]0.5



Optical constants through Mn 2p edges of MnO—
Web data without absorption peaks
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Q.M. theory (MARPE)

Q.M. theory (MARPE)

Experiment

RPE theoryExperiment
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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

Core-level photoemission
X-ray optical effects on emission→

Use of standing waves to probe buried interfaces 

Valence-level photoemission

Microscopy with photoemission
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λSW (|E2|) =
λx/2sinθinc

Standing wave formation:

θinc θrefl = θinc

λ
x

φinc

φrefl
R ∝ Irefl ∝ |φrefl|2

θinc’

ISW (|E2|) ∝ |φinc + φrefl|2
= |φinc|2 + φincφrefl* + φinc*φrefl

+ |φrefl|2 SW modulation

% modulation ≈
100 x 4√R ‡

‡ E.g. R = 5% → ∼90% or ±45%



1st order Bragg:
λx =2dMLsinθinc’
sinθinc’ = λx/2dML

Multilayer 
mirror = 
Standing wave 
generator:
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λSW (|E2|) =
λx/2sinθinc

Standing wave formation
with a multilayer mirror:

θinc

λ
x

dML

θrefl = θinc

θinc’
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PROBING 
BURIED 
INTERFACES 
WITH
SOFT X-RAY 
STANDING 
WAVES:

S.-H. Yang. B.S. Mun et al.,
Surf. Sci. Lett. 461, L557 (2000); 
J. Phys. Cond. Matt. 14, L406 (2002)
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TRANSMISSION ELECTRON MICROSCOPY IMAGE FOR Fe/Cr/MULTILAYER SWG
(Synthesis-CXRO, and Imaging-NCEM, LBNL)
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Fe & Cr 2p MCD Data from wedge (Fe/Cr)+SWG
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Theory

Depth-
resolution
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depth-resolved 
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Standing-Wave Excited Spectroscopy--Future Possibilities
• Other material pairs in multilayer   
(B4C/W, Al2O3/Pt,…) + epitaxial
multilayers → epitaxial samples
• Smaller periods (to ∼25-30 Å) →
smaller SW period, better resolution
• Lower hνinc →higher Bragg 
angles→perpend.  component of M
• X-ray emission→ deeper layers, 
more sensitivity to SW position

NM, oxide

FM

FM, AFM

GMR, 
exchange
biassing,

tunnel
junction

“Sample”

Wedge

Si-wafer, other substrate

W, other high 
density

B4C, other low density

Clusters,
Self-assembled

monolayers,
Polymer films,
Liquid layers

E.g., Au

B4C, other low density
W, other high density

hνinc
hνem e-

∼30-60
periods

Si

SixNyOz Ultrathin
gate oxide

films

X

Z

Microscope resolution

Three-dimensional
spectromicroscopy

e-

⊕Y

Standing
wave



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:
photoelectron (and x-ray fluorescence) holography

Valence-level photoemission

Microscopy with photoemission
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Principles of photoelectron and
x-ray fluorescence holography:

(a) Inner source holography -direct:

(b) Inner detector holography-inverse:

Emitting 
atom

Scattering
atom

Exciting 
x-rays

Object

Reference

Emitting 
atom

Scattering
atom

Detector
(large solid angle)

Exciting
x-rays

Object
Reference

hνfluor or 

photo-e-
hνexcit

Detector
(small solid angle)

hνexcit

hνfluor

ALS bend
magnet 
beamlines
9.3.1 & 
11.3.1→
superbend?

ALS
undulator
beamlines
7.0.2, 4.0.2

Recent overviews:
G. Faigel and M. Tegze, Rep. Prog. Phys. 62, 355 (1999)

Adams et al., Phys. Stat. Sol. (b) 215, 757 (1999)
C.S.F., M.A Van Hove, et al., J. Phys. B Cond. Matt. 13, 10517 (2001)



The basic imaging ideas
(Gabor; Helmholtz-Kirchoff; Wolf; Szöke; Barton-Tong)

k = 2π/λ
3D sampled

region:
Δkx× Δky × Δkz

k
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A
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r rPhase difference between

Resolution:
Δx≈ 1/Δkx
Δy≈ 1/ Δky
Δz≈ 1/ Δkz

(Usual phase
problem)

3
Ho log raphic image :
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r rr r



Typical S emitter
hν = 1486.6 eV→

Ekin = 1327 eV

Thevuthasan et al.,
Phys. Rev. Lett. 70, 595 (‘93)

0th

1st 2nd 

Inside-source PH-
first adsorbate: 

S/Ni(100)

Range of
hologram
θmin ≈ 60°

θ

θmax ≈ 60°

1st 2nd



Holograms: S/Ni(001)

Experiment
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order
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15
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Holographic Images: S/Ni(001)

Thevuthasan et al., Phys. Rev. Lett. 70, 595 (‘93)



Derivative photoelectron
holography: As and Si
emission from
As/Si(111):

3
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Luh, Miller, Chiang, PRL
81, 4160 (1998)



Wider et al. PRL
86, 2337 (2001)

Images around
typical Al emitter

e

Forward
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M( k,r ) photoe cross sec .
ˆε̂ k

−∝
=

r r

Near-node photoelectron
holography:
Al 2s emission from
Al(111)
far node near node

Single-atom holograms



Cu 3p-Cu(001)--
differential 
photoelectron 
holography
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Imaging of back, side, (and fwd.) scattering atoms
(Omori et al., PRL 88, 055504 (’02) and

animations at http://electron.lbl.gov/marchesini/dph)



Principles of photoelectron and
x-ray fluorescence holography:

(a) Inner source holography -direct:

(b) Inner detector holography-inverse:
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9.3.1 & 
11.3.1→
superbend?
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Recent overviews:
G. Faigel and M. Tegze, Rep. Prog. Phys. 62, 355 (1999)

Adams et al., Phys. Stat. Sol. (b) 215, 757 (1999)
C.S.F., M.A Van Hove, et al., J. Phys. B Cond. Matt. 13, 10517 (2001)



Inside-source XFH--the first experiment:
SrTiO3 (100) sample
Mo x-ray tube
Excitation of Sr Kα

@ 14.1 keV with
Mo Kα @ 17.4 keV

Approx. 2 months
data accumulation

1010 photons counted
over 2400 pixels in θ , φ

Monochromator
Mo Kα et al. Sr Kα

Ge solid state
detector

(rotated in θ,φ)

(fixed)

(fixed)

Tegze, Faigel,
Nature 380, 49 (1996)

0

ΔI 0.3 %
I

≈Symmetrized



Images
of Fe2O3Gog et al. PRL

76, 3132 (1996)

0

ΔI 0.5 %
I

≈

Fe Kα

3 energies

Inside-detector XFH--the first experiment:

Expt. Theory

Can be multi-energy→
“MEXH”

Resolution much worse
in perpendicular plane:

Δkx = Δky
>>Δkz



Inside source:
hν = 6.92 keV

Inside detector:
hν = 13.86 keV

Inside detector:
hν = 17.44 keV

Inside detector:
hν = 18.92 keV

XFH at ESRF:  CoO(111)

Multi-energy
transform

Tegze, Faigel, Marchesini et al.,
Phys. Rev. Lett. 82, 4847 (‘99)
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Ni and weaker O images

Multi-Energy Inside-Detector X-Ray Holography of NiO

Marchesini et al.,
Nature 407, 38 (2000)



Imaging light atoms: Imaging a quasicrystal:
Nature 407, 38 (2000) Phys. Rev. Lett. 85, 4723 (2000)

• O around Ni in NiO • method works without true periodicity
• ~150 O and Ni atoms imaged • neighbors around Mn in MnAlPd

• image of average atomic distributionInside detector-
Ni Kα Hologram Inside detector-

Mn Kα Hologram

Images

Image

XFH at ESRF: some highlights



(a) Experimental setup:

ϕ

θ
PC

Motion

Acquisition

Drivers

Acquisition

Motion

Clock

ALSMonochromatic
x-rays

High speed 
motion 
acquisition-
dφ/dt = 
3600o/sec
dθ/dt =
2o/sec

Ge solid state det.-
- up to 4MHz

X-ray Fluorescence Holography at the ALS

(b-e) First data

Future plans
•Sample heating/cooling-
phase-transition studies

•Applications to: strongly
correlated materials
(CMR high-T phases),
magnetic quasicrystals,
bio-relevant crystals

•Development of:
-Resonant and

dichroic XFH
-More efficient pixel

detectors

e-

Det.

(d) Mn-atom image
(scales in Å)

MnO (100)

Fourier 
Trans.

(c) Calc.(b) Expt. +6

-6

+6-6

(La, Sr) Mn O

(e) Expt.
CMR: (La,Sr)3Mn2O7




