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Electron Spectroscopy—A typical configuration



Lens

Hemispherical
Electrostatic
Analyze

Multi-Channel
Detector

The Scienta R4000
(plus SPECS, MBS)

Nilsson et al., Journal of Electron 
Spectroscopy and Related Phenomena 70
(1994) 117-128
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Crossed-wires—2D
Up to 	 1GHz

X   Y



	106-108

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

eachPb-DOPED GLASS

Diam.
Down to 5 
microns



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:
Scienta SES “2002”

Soft x-ray
spectrometer:

Scienta
XES 300

Loadlock
for sample

introduction

X-ray
tube

Chamber
rotation

Diff.
seal

Detector carousel:
Scienta 2D detection—ARPES

Diff.
seal

5-axis sample
manipulator:

Permits using all 
relevant soft x-ray 

spectroscopies
on a single 

sample: PS, PD, 
PH; XAS (e- or 

photon 
detection), 

XES/REXS/RIXS, 
with MCD, MLD

Light from ALS 
elliptically polarized

undulator (80-1500 eV) LHe

New ultralow
temp, 	6 K
(June ’07)

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

Multi-Technique
Spectrometer/
Diffractometer

(Soft X-Ray/XUV)
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Paper 1
“Basic Concepts of XPS”

Figure 3
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“Basic Concepts of XPS”

Figure 3
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on surface
orientation



“Basic Concepts of XPS”
Figure 3
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BEST CURRENT SOLUTION TO AN OLD 
PROBLEM: CHARGING IN INSULATORS

(a)

e- only,
shifted

completely
to higher BE!
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Basic Energetics of Photoelectron Emission
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CALCULATION OF V0 FOR AN IDEAL FREE-ELECTRON METAL




Cu = 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:
more experimental and theoretical details

Valence-level photoemission

Core-level photoemission:
peak intensities and surface analysis

Photoemission with high ambient pressure
around the sample



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

<< Ekin

�

1. Excitation: differential
photoelectric cross section (d�/d�)
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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 d� ��nis--

mi:    0    0
msi : +1/2 –1/2

Ef p--
mf : +1    0   –1   +1   0  -1
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Mn4s

Mn3d

Mn3sMn3s

Mn3pMn3p

Mn2p

Mn2sMn2s

PHOTOELECTRIC  CROSS SECTIONS FOR Mn

K1s   L12s L2 2p1/2 L3 2p3/2 M1 3s M2 3p1/2  M3 3p3/2 M4-5 3d NN11 4s4s
25 Mn 6539  769.1 649.9   638.7 82.3 47.2      47.2 �5 ��55

Binding energies in eV:

http://ulisse.elettra.trieste.it/services/elements/WebElements.html

Cooper minimumCooper minimum

Photon Energy (eV)
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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

PHOTOELECTRIC  CROSS SECTIONS FOR C







PHOTOELECTRIC  CROSS SECTIONS FOR H



PHOTOELECTRIC  CROSS SECTIONS FOR Ne



PHOTOELECTRIC  CROSS SECTIONS FOR Ag



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

h� � 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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PHOTOELECTRIC  CROSS SECTIONS FOR Mn



RESONANT PHOTOEMISSION FOR Mn-A MANY-ELECTRON EFFECT



SINGLE-ATOM
RESONANT

PHOTOEMISSION:
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES:  DIPOLE LIMIT
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Multi-Atom Resonant Photoemission

Kay et al.,
Science 281, 679 (‘98);
Corrected picture in
PRB 61, 5119 (‘01)�

Microscopic
Q.M. picture
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Mannella et al., to be published

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

More
later



kh� = 2�/�h� = 0.75 Å-1 @  1.49 keV � kh� • [<rnl> � 1 Å] � 0.75—Non-dipole imp?
0.075 Å-1 @  149 eV � kh� • [<rnl> � 1 Å] � 0.075—Dipole ~OK

Effects beyond the dipole  
approximation



“Basic Concepts of XPS”
Figure 10



Non-dipole effects in 2p emission from Ne



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d�/d�)

2. Transport to the
surface: inelastic
scattering (�e)
and elastic
scattering (f(�)--later)

<< Ekin

�



Electron inelastic attenuation length in solids—the “universal curve”
Photoemission is a surface sensitive experiment

Graphite

Germanium
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z

Changing photon energy:
2nd way to vary surface sensitivity

Changing angle:
1st way to vary surface sensitivity



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

�e �

and Ep = 28.8 (Nv�/M)1/2 is the free-electron 
plasmon energy (in eV), � 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



CORE PHOTOELECTRON INTENSITIES AND COMPOSITION

h Q� kin

h�

Qn j

e kin0

Q

I(Qn j) = 
d� (h� ) zC exp dxdydz

d	 � (E )sin�
              

I (x,y,z)

I (x,y,z) = x-ray flu


 (x,y,z)


 (x,y,z)
            

 = density o
           

f atoms Q quantitative ana

	(E , x,y )

x
l s

 
ysi

�

�

! "
�# $
% &

' �

�

Qn j

e kin

energy-dependent 

energy-de

d� (h� )
differential photoelectric cross section for subshell Qn j

d	 
� (E ) inelastic attenuation length

                               Effective Attenuation L
pen

ength (E
d

A
n

)
e t

D







�

� �

kin energy-dependen
Mean Emission Depth (MED)

=  spectrometer acceptance so	(E , lid x at, ) ey ngl
�

Atom Q
Level n�j

�

h�

z

y
x

e-
kin	(E , x,y )h�I (x,y,z)



CORE PHOTOELECTRON INTENSITIES AND COMPOSITION
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PHOTOELECTRON INTENSITIES FOR SOME USEFUL CASES

Paper 1—Basic Concepts of XPS



Paper 1—Basic Concepts of XPS
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Paper 1—Basic Concepts of XPS
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( )S

Paper 1—Basic 
Concepts of XPS



Average surface
density = )S = ()V)2/3Average surface

density = )S = ()V)2/3Average surface
density = )S = ()V)2/3
Average surface
density = )S = ()V)2/3

Atomic radius
= rMT
= 0.5 n-n dist. 
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Surface sensitivity enhancement for grazing exit angles



Surface 
sensitivity 

enhancement 
for grazing exit 

angles



Surface 
sensitivity 
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angles



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d�/d�)

2. Transport to the
surface: inelastic (�e)
and elastic (f(�)) scattering

<< Ekin

�



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

Intensity increased
by elastic scattering

Intensity decreased
by elastic scatt.



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d�/d�)

2. Transport to the
surface: inelastic (�e)
and elastic (f(�)) scattering

<< Ekin

3. Escape across the
surface barrier (V0)

�
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f(�scat)
�takeoff
*20-30°

Inner potential
�

Ekin � 500-1000 eV

Simplest interpretation:
Average emission depth = �inelasticsin�takeoff

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 �inelastic

f(�scat)

�takeoff
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



T. Hattori et al., Int. J. High Speed Electronics 16 (2006) 353 
SPring8-Japan
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PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d�/d�)

2. Transport to the
surface: inelastic (�e)
and elastic (f(�)) scattering

<< Ekin

3. Escape across the
surface barrier (V0)

�



PHOTOELECTRON DIFFRACTION AND HOLOGRAPHY

Single
Crystal



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

Paper 3
“Study of Surface 

Structures…”
Figure 3




0 = ref. wave


j = obj.
wave

Photoelectron
Diffraction

CO
C1s
500 eV

Unscattered
ref. intens.
I0 � |
0|2

EDAC program: Javier Garcia de Abajo
http://maxwell.optica.csic.es/software/edac/index.html







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

Paper 3
“Study of Surface Structures…”

Figure 8



Paper 3
“Study of Surface Structures…”

Figure 12
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Paper 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

7 atoms:

Online
calculation of 
photoelectron
diffraction
patterns:

Oxygen
1st order
diff. ring







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

12.4
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Average surface
density = )S = ()V)2/3Average surface

density = )S = ()V)2/3Average surface
density = )S = ()V)2/3
Average surface
density = )S = ()V)2/3

Atomic radius
= rMT
= 0.5 n-n dist. 
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�Eexch

V0,Fe
=12.4 eV

Vacuum level


Fe = 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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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

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

�

Si O

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



Si4+

Si3+

Si1+

Si�
Si�

Si-bulk

SiO2

Si2+

+ Assignment of additional
Si�- and Si�-components

relative binding energy (eV)
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ity

 (a
rb

. u
n.

)

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



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

Atomic 
Positions

HIGHER ORDERS      

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

diffraction�
holography:

Element-
specific

short-range 
atomic

structure

�Holographic
fringes

�scat



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

h�fluor or

photo-e-
h�excit

Detector
(small solid angle)

h�excit

h�fluor

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 = 2�/�
3D sampled

region:
�kx� �ky � �kz

k
� I( k )

�

Energy

A
ngleSource=

Emitter Object = Scatterer

ref�
obj�

k̂ r�
�

r
2

ref obj

2 2*
ref ref obj ref obj obj

2

ref0
2

0 ref

*

I( k ) � ( k ) � ( k )

� ( k ) � ( k )� ( k ) � ( k )� ( k ) � ( k )

I( k ) � ( k )I( k ) IHo log ram : �( k )
I � ( k )


 �


 � � �

��

 


� � �

� � � � � �

� ���
�

Weak,
	isotropic
scattering,
no phase
shift

Holographic interference
ref obj� and � k r kr
 � �

� �Phase difference between

Resolution:
�x� 1/�kx
�y� 1/ �ky
�z� 1/ �kz

(Usual phase
problem)

3
Ho log raphic image :
U( r ) �(k )exp[ik r ikr ]d k
 � �'''

� �� �



Typical S emitter
h� = 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
�min � 60°

�

�max � 60°

1st 2nd



Holograms: S/Ni(001)

Experiment

theta

phi

2nd
1st
order

0

15

Theory

theta

phi



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

0

0

3

U( r ) �( k )exp[ ik r ikr ]d k

I( k ) Iwith �
I

and I( k ) from int egration of log arithmic
derivative

ˆ ˆI( h� 
,k ) I( h� 
,k )ˆL( h� ,k )
ˆ ˆI( h� 
,k ) I( h� 
,k ) 


ˆ ˆI( k ) I( k ,k ) A L( hv ,k )d k


 �

�



� � �


! "� � �% &

( 


'''

'

� �� �
�

�

�

�

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



Wider et al. PRL
86, 2337 (2001)

Images around
typical Al emitter

e

Forward
scatt.

M( k,r ) photoe cross sec .
ˆ�̂ k

��



� �

�

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

Single-atom holograms



Cu 3p-Cu(001)--
differential 
photoelectron 
holography

12

3

4

6

e

A

2’

4’

6

4 e
4’

3

2
1

2’

[100] x (Å) [010] y (Å)

[0
01

]z
(Å

)

Imaging of back, side, (and fwd.) scattering atoms
(Omori et al., PRL 88, 055504 (’02) and

animations at http://electron.lbl.gov/marchesini/dph)
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PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (d�/d�)

2. Transport to the
surface: inelastic (�e)
and elastic (f(�)) scattering

<< Ekin

3. Escape across the
surface barrier (V0)

�
I0R

+X-ray refraction/
reflection�

standing wave
formation

(more later)



XFHStanding
Wave LP, RCP, LCP

h�
�SW

XES, RIXS
XFH-1, RXFH

h�’
<h�

REXS, XRD 
XAS, XRO 

h� PS, PD, PH
CD, MCD, SPs

e-

�X
R�X

I �e

exp(-Le/�e)exp(-+XLX)=
exp(-LX/�X)

fe
fX

�X
T<�X

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 - � - i�

(Kramers-Kronig)
� 1-(r0 �X

2/2�),nifXi(0)
+X = 4��/�X

�X
R = �X

I

�SW = �X/(2sin �X
I)

�CRIT
I = (2� )1/2

i



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

A LITTLE X-RAY OPTICS

= �h�

(Sometimes negative through absorption resonances)

= e2/4�-0mee2 = 2.817 x 10-15 m

�CRIT = critical grazing angle at 
which  reflectivity begins (R � 0.20)

= [2�]0.5

Incident Reflected

Transmitted
& Absorbed

Fresnel
Equations

I(z) =
I(0)exp(-L/�h�)z

L



X-ray scattering
factor:
fi

= Refi+i(Imfi)

coana
Rectangle

coana
Rectangle



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

Website



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

�CRIT = Grazing angle at which
reflectivity begins

(R � 0.20)

= [2�]0.5



Optical constants through Mn 2p edges of MnO—
Web data without absorption peaks
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RPE theoryExperiment
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Optical constants of MnO
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ISW (|E2|) � |
inc + 
refl|2
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inc|2 + 
inc
refl* + 
inc*
refl
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refl|2 SW modulation
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�SW (|E2|) =
�x/2sin�inc

Standing wave formation:

�inc �refl = �inc

�
x


inc


refl
R � Irefl � |
refl|2

1st order Bragg:
�x =2dMLsin�Bragg

�Bragg =

� dML

Periodic atomic planes: dML . 	5 �--Si(111)—.3.74Å, LaB66(001) --.23.52Å�5.88�,
mica—10.0 Å; or Synthetic multilayers: dML � 	20-40 �

dML�inc’

% modulation �
100 x 4/R:

E.g. R = 5% �
90% modulation

R = 1% �
40% modulation



Standing wave formation in reflection from a surface,
or single-crystal Bragg planes+, or a multilayer mirror

Incident Reflected

�SW (|E2|) =
�x/2sin�inc

+Standing waves via Bragg reflection of hard x-rays: Batterman, Phys. Rev A 133, 759 (1964)

ee-- h�

R1

I(h� ) 1 R(h� ) 2 R(h� ) f cos[�(h� ) 2�P ]� � � �

inc inc inc incI(� ) 1 R(� ) 2 R(� ) f cos[�(� ) 2�P ]� � � �
� Rocking curve:

� Energy scan:

with: f = coherent fraction of atoms, P = phase of coherent-atom position
� Phase scan with wedge-shaped sample (“Swedge” method):

% modulation �
100 x 4/R

XMCD—Kim, Kortright,
PRL 86, 1347 (2001)



CORE PHOTOELECTRON INTENSITIES AND COMPOSITION

h Q� kin
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e kin0
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Calculating XRO effects on spectroscopy--YangX-ray Optical 
Calculations :

- n (h�) =
1 -� (h�) + i�(h�)

-variable polarization

-multiple reflection/
refraction

-exact treatment of 
interlayer intermixing 
a/o roughness

-electric field at i-th
layer:

Photoemission:

-differential cross 
section

-inelastic attenuation

-surface refraction

X-ray emission:

-fluorescence yield

� �
 �2 2
SW,i i i| E (z) |  | E (z) E (z) |

Multilayer PS, XES--S.-H. Yang et al., Surf.Sci.Lett. 461, L557 (‘00); J.Phys.C.M. 14, L406 (‘02) 

i-th

j-th

1st layer

Substrate

2nd layer

d1

d2

di

dj

2�1

2�i

ni=1-�i+i�i

nj=1-�j+i�j

nv=1

ns=1-�s+i�s
z

nim(z)=1-�im(z)+i�im(z)

Vacuum, V0

intermixed 1-2

intermixed i-j

�i

�j

�1

�2

�s

�v

e-h�incid (s, p, RCP or LCP)
h�emission

�e�h�
�h�

em



Standing Wave Behavior During a Rocking Curve Scan

Reflectivity
Relative phase

With thanks to Martin Tolkiehn, Dimitri Novikov, Hasylab

+Same general forms if photon 
energy is scanned 



Reflected

�SW (|E2|) =
�x/2sin�inc

+Standing waves via Bragg reflection of hard x-rays: Batterman, Phys. Rev A 133, 759 (1964)

ee-- h�

R1

I(h� ) 1 R(h� ) 2 R(h� ) f cos[�(h� ) 2�P ]� � � �

inc inc inc incI(� ) 1 R(� ) 2 R(� ) f cos[�(� ) 2�P ]� � � �
� Rocking curve:

� Energy scan:

with: f = coherent fraction of atoms, P = phase of coherent-atom position
� Phase scan with wedge-shaped sample (“Swedge” method):

% modulation �
100 x 4/R

XMCD—Kim, Kortright,
PRL 86, 1347 (2001)

Incident

Standing wave formation in reflection from a surface,
or single-crystal Bragg planes+, or a multilayer mirror
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Scanned sample
Si-wafer
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B4C

Fe
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Mirror

	6.0 mm

MFe
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Interface
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Scanned standing wave
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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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Experimental + Calculated
Photoemission Yield Ratio

I(Fe 3p)/I(Cr 3p) from Fe/Cr wedge
on standing-wave multilayer

Sample pos’n. scan--
Standing wave scan

�h�=11.8 Å

�h�=8.6o

0.30

0.33

0.36

0.39

0.30

0.33

0.36

0.39 �h�=9.4o

0.30

0.36

0.42

0.48 �h�=10.6o

5

�
;o)

45 60 75 90 105 120
0.28

0.32

0.36

0.40

0.44

Cr thickness (Å)

C
r3

p/
Fe

3p
 In

te
ns

ity
 R

at
io

Sample position scan 
� Cr Thickness &

Standing Wave Scan

Photoelectron

Incoming beam

70 deg.
�hv

MFe

Photoelectron

Incoming beam

70 deg.
�hv

Photoelectron

Incoming beam

70 deg.
�hv

Photoelectron

Incoming beam

70 deg.
�hv

MFe

0.24

0.30

0.36

0.42

0.48

0.54
dCr=36 Å

0.30

0.33

0.36

0.39

0.20

0.25

0.30

0.35

0.40

dCr=45 Å

0.30

0.33

0.36

0.39

0.20

0.25

0.30

0.35

0.40

dCr=90 Å

0.30

0.36

0.42

0.48

7 8 9 10 11 12 13 14 15

0.30

0.36

0.42

0.48

0.54
dCr=118 Å

Incidence Photon Angle (�h�;
o)

0.28

0.32

0.36

0.40

0.44

Sample angle scan--
Rocking curves

Sample angle scanSample angle scanSample angle scanSample angle scan
� Rocking curves



Fe & Cr 2p MCD Data from wedge (Fe/Cr)+SWG
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Theory

Depth-
resolution
~0 2-3 Å

Non-destructive,
depth-resolved 
det’n. of 
composition and 
magnetization 
profiles from 
standing-wave 
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photoemission
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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 h�inc �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

h�inc
h�em e-

	30-60
periods

Si

SixNyOz Ultrathin
gate oxide

films

X

Z

Microscope resolution

Three-dimensional
spectromicroscopy

e-

1Y

Standing
wave



Si/MoSi2 multilayer
4 nm period

	4 nm Ag

Step ca. 30 
microns

Microscope field of view
	50 microns, approx. 1 period 

	16�

Beam spot:
	35 x 10 microns

Scanning h�
through Bragg

resonance

2 nm Co
0.25 nm Au

Adding depth resolution to the photoelectron microscope
via standing wave excitation

F. Kronast et al., Appl. Phys. Lett. 93, 243116 (2008)
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Spin-Polarized Photoelectron 
Microscope—BESSY, Berlin
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Imaging with 
element-specific 

photoelectron peaks
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