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Electron Spectroscopy—A typical configuration
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MULTICHANNEL DETECTION GEOMETRIES
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Next Generation Detection: ALS High-Speed Detector—1D

Ceramic
substrate 768 collector
s _ — strips
i «—— Energy—, |l Amplifier/discriminator chip
AN d"ﬁ-?ﬁ..“s;‘l;.'L e —  (CAFE-M) from HEP

Buffered multichannel
counter chip (BMC)
Microchannel
plates e or hy

e Basic specifications: alil
- 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 200 us—
time-resolved measurements
- programmable, robust
e Operating since July, 2003, final improvements
underway: HV insulation, memory buffering
¢ Reinstallation for fulltime usage: 2008-09




ALS High-Speed Detector: Some First Data in 2004
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Total 2 min. @ 50 msec/spectrum
—7 sec. without CPU
process time.
With future data buffering:
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To be reinstalled for permanent use in 2008-2009




The MicroMott Electron

Spin Detector

Left (Down) Microchannel R

Tang et al.,
Rev. Sci. Inst.
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Ultralow Temperature Gonlomet
Fadley Group -

UC Davis: J. Thomson, D. Hem:
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Measuring Electron Binding Energies:

Basic energetics
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Measuring
Electron Binding
Energies
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“Basic Concepts of XPS”
Figure 3
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Figure 3 -- Energy level diagram for a metallic specimen in electrical

equilibrium with an electron spectrometer. The closely spaced levels
near the Fermi level Ep represent the filled portions of the valence
bands in specimen and spectrometer. The deeper levels are core
levels. An analogous diagram also applies to semiconducting or
insulating specimens, with the only difference being that Ep lies
somewhere between the filled valence bands and the empty conduction
bands above.
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energy and the high-energy cutoff for emission from levels at the
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Work functions of the Elements
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Electron Work Functions of the Elements

From the CRC-Handbook, 73rd edition (1993)

Element

As

Ba
Be
Bi

Surface crystallographic Work function (eV)

orientation
Ag polycrystalline 4.26
(100)4.64
(110)4.52 -
(111)4.74
Al polycrystalline 4.28
(100) 4.41 - Depends
(110)4.086
e on surface

orientation
3.75

Au polycrystalline 5.1

(100)5.47

(110) 5. 37

(111)5.31
4.45
2.7
4.98
4.22
5.0



Measuring Electron s
Binding Energies: Spacimen
Charging Effects -
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Figure 3 -- Energy level diagram for a metallic specimen in electrical
equilibrium with an electron spectrometer. The closely spaced levels

near the Fermi level Ep represent the filled portions of the valen:
bands in specimen and spectrometer. The deeper levels are core
levels. An analogous diagram also applies to semiconducting or
insulating specimens, with the only difference being that Ep lies
somewhere between the filled valence bands and the empty conduction
bands above.
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Basic energetics
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One-Electron Picture of Photoemission from a Surface—3D
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caLtwianoN oF Vo Fo AN IDEAL METAL

Fig. 4.2. Electron density profile at a jellium surface for two choices of

the background density, r, (Lang & Kohn, 1970).
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Fig. 4.3. Electrostatic potential, v(z), and total effective one-electron
potential, v (z), near a jellium surface (Lang & Kohn, 1970).

Vacuum level

6_-1-5_‘-__- 0 /— b-?--- T T
— & 7 WITH

Axd°* | %% TwAGE

Fermi level * POTENTIAL

o
1 -~
0 Verr / ry=4 3 I
| |
=10 —-0.5 0 0.5 1.0
Distance (Fermi wavelengths)
ZANC Wi Lb,
Y Surneace



— Vacuum level-

Oy, = 4.4 eV

2

. Cu

d Fermi level N c
——0._ ___________ _;a ________ _F___.__.__ — — —
« < S a
Vo,Cu - > O
=13.0eV- o
= mhi d/
> 5’ \
< \
> \
e -6F ; \
u :
:
s7
-8r
y -8.6 @V-rrrrrrerrrneenenns (GRE T ) I S
-10F
1 | 1
8 6 A 2 0 L T X K
Density of states (Arb. units) Wave vector

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
well, not only among themselves, but also with the calculation

The electronic structure of a transition metal—fcc Cu
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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:
mmm) peak intensities and surface analysis

Valence-level photoemission

Microscopy with photoemission



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

1. Excitation: differential
photoelectric cross section (do/dQ)
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PHOTOELECTRIC CROSS SECTIONS FOR Mn
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J.J. YEH and I. LINDAU Subshell Photoionization Cross Sections

GRAPH I. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, 1 < Z < 103
See page 6 for Explanation of Graphs
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J. J. YEH and I. LINDAU Subshell Photoionization Cross Sections

GRAPH |. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, 1 = Z = 103
See page 6 for Explanation of Graphs

PHOTOELECTRIC CROSS SECTIONS FOR H
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J. J. YEH and I. LINDAU Subshell Photoionization Cross Sections

GRAPH 1. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, | = Z = 103
See page 6 for Explanation of Graphs

PHOTOELECTRIC CROSS SECTIONS FOR Ne
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GRAPH 1. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, | < Z < 103
See page 6 for Explanation of Graphs

WELELLAN PHOTOELECTRIC CROSS SECTIONS FOR Ag
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Ag binding energies(eV) are:

1s( 2) 246935
3s( 2) 665.102
3d(10) 384.360
5s( 1) 6.42700

2s( 2) 3591.17
3p( 6) 567.203
4p( 8) 62.9041

2p( 6) 3352.94
4s( 2) 94.2146
4d(10) 12.6499



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

100 |-
= } — atomic Ag (HF)
N & Ag on Si (experiment)

10

Photoionization Cross Section o (arbitrary units)

1 i i L i |- 1 L 'l L l 1 'l L | I‘
50 100 150 200

Photon Energy ha (aV)

FIG. 5. Partial photoionization cross section for 4d electrons
of Ag in logarithmic scale. Qur cxperimental data for the Ag/Si
interface (squares) are compared with the Hartree-Fock results
for atomic Ag by Yeh and Lindau (solid line). Note that our ex-
perimental data are normalized at the minimum to the theoreti-
cal value.

Azprmmatey Paramatar §

i e s
sl 1408 18 186 HifH
Fhcion Enargy. he (ev)

FIG. 6. Asymmetry parameter for 14 electrons of Ag. Our
eaperimental data for the Ags/Si interface (squares) are com-
pared with the data for atomic Ag (circles), the REPA predic-
tion for atomic Pd by Radojevic and Johnson (solid line, veloci-
ty form; short-dashed line, length form), and the HS calcula-
tions for atomic Ag by Manson (long-dashed line).

M. Ardehali et al., Phys. Rev. B 39, 8107 (1989)
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J. I. YEH and L. LINDAU Subshell Photoionization Cross Sections

COOPER M I N I M U M I N I n 4d (Z - 49) GRAPH I. Atomic Subshell Photoionization Cross Sections for 0~1500 eV, 1 < Z < 103

- - See 6 for E: tion of Graph:
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In binding energies(eV) are:

1s( 2) 26971.5 2s(2) 3983.01 2p( 6) 3731.41
3s( 2) 764.232 3p( 6) 659.286 4s( 2) 118.953
3d(10) 462.909 4p( 6) 84.0558 5s( 2) 10.1384

4d(10) 26.2168 5p( 1) 4.69781



J. ). YEH and |. LINDAU Subshell Photoionization Cross Sections

ATOMIC % NUCLEAR DATA TABLES 32, 4S (19g5)

GRAPH 1. Atomic Subchell Photoionization Cross Sections for 0—1500 eV, |l < Z< 103
See page 6 for Explanation of Graphs

PHOTOELECTRIC CROSS SECTIONS FOR Mn
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Mn binding energies(eV) are:
1s( 2) 6455.26 2s(2) 755.155 2p( 6) 653.681

3s(2) 90.8814 3p( 6) 60.9150 4s( 2) 7.1467
3d( 5) 12.0486



RESONANT PHOTOEMISSION FOR Mn-A MANY-ELECTRON EFFECT

Ex. — Mn atom: Mn3d emission, resonance with Mn3p

Photo e~, E = 50 eV
f=p+i

| | I | [ 1 | | |

7.0L Atomic Expt. (Krause et al.) _|
Mn(g) Fae
6.0 Theory (Garvin et al.) |
i — MBPT )
5.0 o E

IMn3d 4.0 A
3.0 h\'dp i
2.0 Non-Resonant = 1.0
1.0 3 X i
T (3

| |

20 30 ,40 50' 60 70 80 90 100 100
Photon Energy, hv (eV)



SINGLE-ATOM } HOTOELECTRON SPECTROMETRY OF MANGANESE VAPOR . . . 1318
RESONANT Mwn VAPoR
PHOTOEMISSION: zof G
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FIG. 2. Angular distribution p B of 3d ph rons (upper panel) and partial cross sections of 4s, 3d and satellite peaks
({lower panel). Crosses ( x ) for B are from Ref. 3, from Ref. 6. The resonance near 50 =V is due to the 3p —3d excitation into
the partially filled 3d subshell of Mn.
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
e Photoelectron spectroscopy/photoem:ss:on oAfree)

- 4 =Vacuum

¢f(1)|r

(1) ‘ ————— Va&cuum

¢I(b oun d) hv
o Near-edqge x-ray absorption:

ée (o, (|70, (M)[
o Auger electron emission:
o2 Direct o2 Exchange |2
oc <¢f(1)¢1(2)|r—|¢3(1)¢2(2)> <¢1(1)¢f(2)\ 9, (1)9,(2))
12 12
Vacuum — - - - -
e X-ray emission: @,

1 <|é o (9,1 F| 0, (1)




MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES:
RESONANT EFFECTS

e Resonant photoemission:

2

Ioc((p,(1)|€0F|g(1)+ D (@m(N)|€0F|0,(1)
x8(hv —(E, —E,))
Direct
Qs

Vacuum - — - - -
Resonant
%$\ Prm

O
e Resonant inelastic x-ray scattering: Vacuum- - - - -

2 hv \%‘P

o[y (FeMIEF I, (N)) (¥, (N) & o |, (N)
| & hv +E,(N)-E,_(N)—iT
x&(hv ~ (E,,(N) - E;(N)))




Multi-Atom Resonant Photoemission

MiCI'OSCOpiC Ex. —MnO(001): O1s emission, resonance with Mn2p, ,
Q.M. picture @ = N Photo €™, E ~ 100 eV
<Ep léer | O1s> / =p
Ep O1s
0000 ——-O———- Mn3d

hv

2P/

—e oo Mn2pz,
L Mn2p,,

Kay et al.,

Science 281, 679 (‘98);
Corrected picture in
PRB 61, 5119 (‘01)«



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

14 O1s, 6, =5°86,=90°

More
later

-»— Experiment

— X-ray optical theory

0.6f

O1s intensity (arb. units)

Ni 2P3/2'U

1 S S S S S
835 840 845 850 855 860 865 870 875 880
Photon energy (eV)

Mannella et al., to be published



Effects beyond the dipole

approximation

The differential cross section for photoionization of randomly oriented
target atoms by 100% linearly polarized photons has the form:

-y
kﬁ
do ) S
i [l +B P (co<;d)+(8+rcos 0L )sin @cos ¢ ]¢
T
DIiPoLE NON-D(POLE g |
, &
with: &,
*
P,(cosd ) = (3 cos’ @-1)
0. angle mlegrated Cross section ) pole electron anisotropy parameter
B: electron anisotropy parameter &: non-dipole electron anisotropy parameter
. - " — -lp - 2
e = Kvrauwnse et ol
DIPOLE NON-DIPOLE T

Lindfa et al,

Kroassig et all.
K., =2n/h,, =0.75A1@ 1.49 keV — k,,, * [<r,> ~ 1 A] ~ 0.75—Non-dipole imp?
0.075A1@ 149 eV — k;,, » [<r,> = 1 A] ~ 0.075—Dipole ~OK



BEYOND THE DIPOLE APPRoXIMATION ¢

FREE-ATOM DIFFERENTIAL CROSS SECTIONS

( KeAUSE, Prys. REV. 177,151('%9)

1
° UMPILARIZED
r‘l-_h?_ 1253.6
1- -
Kr Mg 5 (Mg Kg) Tﬁ\t
' p/8=50/70 | 22T
(N 3 T\ B2t | 445
WA N
: L]
i ' Eh ¢\\\\
il & N
\-‘-‘ 'E
. > P Kr My 3 (Mg Kg)
- A/B=14/86 L* +
-
2 1.61
iE #!§M.|F1p 1‘
=
- \
@
% \ ’
"!\' ;- X $Kr My(Mg Kq)
-, % A 3
:,'l. ; /‘/ Jia, A B)xcA+B sinzu \53832‘00 z-°°
L . 20
; / N
r
0 I
0 30 60 90 120 o -t
180° = al ANGLE (deg)
Figure 1J -- Experimental angular distributions of 3s (= MI)’ Ip
(= My 3), and 3d (=

MgKo X-~rays.

M, 5) photoelectrons excited from gaseous Kr with
The curvés represent least-squares fits to the data poincs

of a relationship of the form of Equation (93), in which A and B were

treated as empirical constants.

""F-a-amp

= (N3 +2)

o 8

(From Krause, reference 142.)

- nean eq. 93; ||t From veu
hL (3A+28) FADLEY, "BASIC < LINDAU
4 ConcePTs ok nps”

TABLES “Basic Concepts of XPS”

Figure 10



Non-dipole effects in 2p emission from Ne

I

. " Uindte et ol
10 Ne 2p H* #4*
~ | ExP/+ _
v H
C"‘% 0.5j‘
Tndependeant
Particle
7 (1-¢7) Arpnat .
L’fio.o L | L | 1 I 1 l ] |
(o, 200 400 600 BOQ 1000 1200
i Photon energy (eV)

+ 5ee Phys.Rev. Lelt. 18, 4553 (*93): Lindle et ol.
0 e 18 4336 ('95): K.rn.ss19 el al.



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

2. Transport to the
surface: inelastic
scattering (A,)

and elastic
scattering (f(6)--later)

1. Excitation: differential
photoelectric cross section (do/dQ)



Electron inelastic attenuation length in solids—the “universal curve”

Photoemission is a surface sensitive experiment

z
Changing angle: I(z)=1 e /osin® @e
1st way to vary surface sensitivity 0 b
. Z ASINO =
o Graphite - —g—

[ Graphite 0] 74 NMean depth

- o Calc. IMFPs e -

: Mod. Bethe Eq. Fit s o Germanium
< 00 —— TPP-2M g ] 3 -
o ! . o~ ; L Ge
E L o IW__eS|ak et aI.| ) g ] ] ssf Cale. IMEPs
5 [ ¢ [lanumaetal S ] = E Mod. Bethe Eq. Fit
8 30_ E 30' — — TPP-2M 1
wo | T o5t i ]
g S 1 A Typical XPS

" L 5 -
E 201 5 20:' . ]
I 2 15}
g | g
~ 10f £ 10 :

; °t ¢ Typical UPS, synch. rad. P5

T TR w0 2000 "To s 1000 1500 2000

Electron Energy (eV) Electron Energy (eV)
ﬁ

Changing photon energy:

2nd way to vary surface sensitivity




Inelastic mean free paths in solids

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

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

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

Atomic Mumber of Target Atom, 22= |3 (1¢=£2¢=92) Atomic Number of Target Atam, Z2= (28] (1¢=22<=92)
Cursar Energy £« | < | > | > | Curzar Energy €« | < | > | >3 |
Lithium Manganese
[Bngn] (After 3. Tanuma,C.J Powell & DR .Fenn,1993,1941) E]ngn] (After S Tanuma, C.J Fowell & DR Fenn, 1993,1591)
| Target Atom, 22 =3 | Target Atom, 22 =25
Electran Energy, E[e%] =1000 Electron Ener%y Elev] =1000
7.0 HkAFF=2h, lambdalnm]™ = 3.414 IMEF-2hd, lambdalnm]”  =1.687
Plasmunene v.EplTe Vg = 7957 Plasmnnene v, Epl [e\/d = 28.02
6.0 anma. [ Vim = 30 anma {
eta-2hd [1/(e¥ Angstrom])] = 0.053 eta M 1 (e Angstram)] = 0.013

Densisty of valence electron, L
U [elecfronsfem™3] =0.947
C T1/Angstraom] =1.108
DO [ev{&sngstrorm] = 3369

= Densm of walence electran, U
’ ele Dnafcm 3] EI 076
{;ﬁngstrum =1.900

JAngstrom]  =51.81

4.0 2.0
3.0
2.0 1.0
1.0
0.0 0.0
0 00 1000 1500 2000 0 500 1000 1500 2000

Electron Energy [e%] Electron Energy [e]



Inelastic mean free paths in solids

Estimation from the TPP-2M formula: any compound
E

e 4 P GE) ~(CT By + (D1 B
L AMCRE) — (T E)+( J]
where
f = 010 + 0.944/(E2+ B + 0,069,
050 and E, = 28.8 (N,p/M)"? is the free-electron
F = 01%1lg ™ plasmon energy (in eV), p is the density (in g

cm3), NV, is the number of valence electrons

per atom (for an element) or molecule (for a
¢o= 157 - 03 compound), M is the atomic or molecular
weight, and E| is the bandgap energy (in
eV). These equations are collectively known

L= 534 — 20sU as the TPP-2M equation.

Tanuma, Powell, Penn, Surf. Interface Anal.

_ _ md
U = N,pi M = E, 18294 21, 165 (1994)



CORE PHOTOELECTRON INTENSITIES AND COMPOSITION

(Qn/s)j) =
daQn/j (hV)

C | I,(x.y,2)p,(x,V,2) exn{— . }ﬂ(hv,x,y)dxdydz
-([ ° ¢ A, sin@

l.,(x,y,z) = x-ray flux
P, (Xx,y,z) = density of atoms Q — quantitative analysis
daQn/j (hV)
dQ

= differential photoelectric cross section for subshell Qn/ j

A\, = inelastic attenuation length
Q(hv,x,y ) = spectrometer acceptance solid angle



PHOTOELECTRON INTENSITIES FOR SOME USEFUL CASES
(a) Semi-infinite specimen, atomically clean surface, peak k with Eyin= E):

/s No
Nk(g)=IoQo(Ej;)Ao(Ek)Do(Ek)p da’k/dQ Ae(Ek) \'D?P \ (l 15)
This case corresponds to an optimal measurement on a homogeneous
specimen for which no surface contaminant layer is present.

Ex—> D, (E, )= peTecTon
& EFFLCIBNCY
N A, (EK) = EFFECTWE

* AREA

BRoAD ’/ %*

' 4
= 7~ L1 (BL)= accaprance

[

ITLLUMINATION / A ’g" / SoudD ANLGLE
- |
Ao
$nd Jr
Y Siﬁe

kKth Subshell o

e = density (cm3)
/ “RADIATION PENETRATES To
>/> €  ESCAPE DETPTHS

/

Paper 1—Basic Concepts of XPS



(b) Specimen of thickness ¢, atomically clean surface, peak k with Exin= Ex:

Ni(0)=10Q0(Ex)Ao(Ex)Do(Ex)p dox/dQ Ae(Ek)
x [1—exp (—t/Ae(Ex) sin )]  (116)
Here, the intensity of a peak originating in a specimen of finite thickness is
predicted to increase with decreasing 6.

IO
o
///:j%r///,,/, _\L__
Ykt subshell, P, A, t

Pl il e

A 4:_‘_4“4-
\\\\\\\\\\\\\\\\ T.

Paper 1—Basic Concepts of XPS



(¢) Semi-infinite substrate with uniform overlayer of thickness ¢ -
Peak k from substrate with Exjn= Fx:

Nx(0)=1oQo(Fx)Ao(Ex)Do(Ex)p dox/dQ Ae(Erx)
x exp (—t/Ae'(Ex) sin 0) (117)
Peak / from overlayer with Exin=E;:
Ni(0)=1oQo(E)Ao(E))Do(Er)p’ doy/dQ2 Ae'(EY)

X [1—exp (—t/Ae'(EY) sin 6)]  (118)
where
A e(Ex)=an attenuation length in the substrate

A¢'(Ex)=an attenuation length in the overlayer
p=an atomic density in the substrate
p'=an atomic density in the overlayer.

e MO t
////////f/// T
k) P;A'Q

Paper 1—Basic Concepts of XPS



(d) Semi-infinite substrate with a nou-attenuating overlayer at fractional
monolayer coverage—Peak k from substrate: Eq. (115).
Peak / from overlayer:

Ni(8) =TIoQo(Er) Ao(E)Do(Er) ' (dor/dQ)(sin 6)-1 (120a)
Overlayer/substrate ratio:
Ni(0) _ Qo(Er)Ao(Er)Do(Er)s'(day/ dQ)
Ni(0) Qo(Ex)Ao(Ex)Do(Er)s dox/dQ (Ae(Ek) sin 0/d)

B I—S: ' Do(E1)Qo(Er)Ao(Er)(doi/dQ)d
B Do’ Ex)Qo(Ex)Ao(Ex) dox/dQ Ae sin 6

(120b)

wita
s'=the mean surface density of atoms in which peak / originates in
cm—2
s=the mean surface density of substrate atoms in cm-2 = Ps

s'/s=the fractional monolayer coverage of the atomic species in which
peak / originates

d=the mean separation betwe=a layers of density s in the substrate
(calculable from s/p). ,Ex

e, £,
S'(em2)

s(cm-t) Paper 1—Basic

€ Concepts of XPS




Mg Table 4 Density and atomic concentration Habox
0.088 The data are given at atmospheric pressure and room temperature, or at the 0.205
stated temperature in deg K. (Crystal modifications as for Table 3.) kat 37atm)
Li 78x | Be Atomic radius B c N 20k § O F Ne sk
0.542 | 1.82 — 247 13516 |1.03 151
4700|121 | T "mt Average surface 130 |17.6 4.36
3.023 ] 2.22 — - i i = — 2/3 1.64 . 11342 1316
3.023 0.5 n-n dist. density = pg = (py) | L
Na sk | Mg Al Si P S Cl 93k | Ar 4k
1013 | 1.74 Density in g cm 3 (10°%kg m3) sk s leos
2.652 | 4.30 Concentration in 1022 cm™2 (1028 m~3) > |6.02 |5.00 | oS 2.66
1 3.659 | 3.20 Nearest-neighbor distance, in A (1071%m) 286 1235 200 1376
Ksk | Ca Sc Ti vV Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Bri23k| Kr 4k
0.910 § 1.53 299 {451 6.09 7.19 7.47 7.87 189 8.91 8.93 7.13 5.91 5.3 577 1481 4.05 3.09
1.402 § 2.30 4.27 5.66 7.22 8.33 8.18 8.50 8.97 9.14 8.45 6.55 5.10 4.42 4.65 3.67 2.36 2:17
45251395 §1326 289 262 1250 1224 248 §250 249 1256 266 244 1245 1316 1232 ' 4.00
Rb sk | Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te I Xe 4k
1.629 | 2.58 4.48 6.51 8.58 10.22 | 11.50 | 12.36 | 12.42 | 12.00 | 10.50 | 8.65 71.29 5.76 6.69 6.25 495 1378
1.148 § 1.78 3.02 4.29 5.56 6.42 7.04 7.36 7.26 6.80 5.85 4.64 3.83 2.91 3.31 2.94 2.36 1.64
4.837 § 4.30 3.55 3.17 2.86 272 271 2.65 2.69 25 2.89 2.98 325 281 2.91 2.86 3.54 4.34
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Surface sensitivity enhancement for grazing exit angles
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Fig. 5. Illustration of the basic mechanism producing surface sensitivity
enhancement for low electron exit angles 6. The average depth for no-loss
emission as measured perpendicular to the surface is Agsiné.
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Surface Silicon: t(oxide) = 15A
L, Si2 Si2
sensitivity ey T S I
enhancement - 6-80 _;3-8ev -
for grazing exit

angles
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Fadley, Progvess in Suface Scumer, 16, 275 ('8Y)
Fig. 7. Si2p spectra at three electron exit angles for a Si specimen
with 2 15-A thick oxide overlayer. Note the complete reversal of the

relative intensities of oxide and element between high and low 8.
(From Hi1l et al., ref. (19).)
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Figure 44 -- Broad-scan core spectra at low and high exit-angles for

a Si specimen with a thin oxide overlayer (v QR) and an outermost
carbon contaminant overlayer approximately 1-2 monolayers in thitkness.
The Cls and Ols signals are markedly enhanced in relative intensiy at
low 0 due to the general effect presented in Figure 43. (From Falley.

reference 17.)



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

P

2. Transport to the
surface: inelastic (A,)
and elastic (f(0)) scattering

1. Excitation: differential
photoelectric cross section (do/dQ)



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

hy

FORMALISM AND PARAMETERS FOR QUANTITATIVE SURFACE ANALYSIS
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PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

3. Escape across the
P * surface barrier (Vo)

2. Transport to the
surface: inelastic (A,)
and elastic (f(0)) scattering

1. Excitation: differential
photoelectric cross section (do/dQ)




One-Electron Picture of Photoemission from a Surface
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Electron Refraction at the Surface Due to the Inner Potential
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O
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Fig. 14. Calculation of electron refraction effects for different
electron kinetic energies and a typical Vo value of 15eV. The degree

of refraction is indicated by the difference 6' (internal) — 6 (external)
Contours of equal probablility of internal reflection are also shown.
(From ref. (5).)



Varying surface sensitivity for lower

electron takeoff angles

Simplest interpretation:
Average emission depth = A, .,.<icS1NOakeofs
How valid?

E,.. ~ 500-1000 eV

0takeoff

>20-30°

Inner

E.g.: A. Jablonski and C. J. Powell,

J. Vac. Sci. Tech. A 21, 274 (2003):

— Mean Emission Depth (MED)
more relevant than A

inelastic



Varying surface sensitivity for lower

electron takeoff angles

Simplest interpretation:
Average emission depth = A, .,.<icS1NOakeofs
How valid?

E,.. ~ 500-1000 eV E,.~ 10,000 eV

etakeoff
down

to 5-10°

0takeoff

>20-30°

Inner

E.g.: A. Jablonski and C. J. Powell,

J. Vac. Sci. Tech. A 21, 274 (2003):

— Mean Emission Depth (MED)
more relevant than A

inelastic

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)



Variable takeoff-angle Si 1s photoelectron spectra

from NiGe(12-nm)/SiO,(12-nm)/Si(100)

Si1s Si-O Si-Si
hv =7935 eV
Hard X-ray =
S,
o
A -‘7’
7~15nm <
: 3
12 nm S More_l?ulk
sensitive
0=80°__
0 |
More interface sensitive _— ?go |
| i | |

1848 1844 1840 1836
Binding energy [eV]

T. Hattori et al., Int. J. High Speed Electronics 16 (2006) 353
SPring8-Japan



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:
mm) photoelectron diffraction

Valence-level photoemission

Microscopy with photoemission



Some basic measurements:

. XFH  XES, RIXS REXS, XRD
Stj‘v"d'"g XFH-1, RXFH + XAS, XRO
<h g N PS, PD, PH \
hv {/ L e AN <’ CD, MCD, SP \
~ o ~ S \ I
I

(Kramers-Kronig)
~ 1-(ro My/2m) Zn fy;(0)
Wy = 475[3/'7»)(

o,R =0,/

Asw = Ay/(2sin 6,)
Ocrir = (26 )2

fx

Multi-atom resonant
photoemission (MARPE)

~_ e _ -
x_) X-ray Fluorescehce 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)



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

3. Escape across the
* surface barrier (Vo)

2. Transport to the
surface: inelastic (A,)

and|elastic (f(0)) scattering

1. Excitation: differential
photoelectric cross section (do/dQ)



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

“Study of Surface
Structures...”
Figure 3
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FORWARD SCATT. = “O™ QRDER”— Bend & Low-Index
Directions
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&
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Photoelectron

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



Scanvid - Anae PuoToELEcTiRON DIFFRACTION
Example:
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Scanned - Encansy PHOTOELESTRON DIFF.
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Photoelectron
diffraction:
Simple single-

scattering
theory for s-
subshell
emission

“Study of Surface
Structures...”
Figure 3

SINGLE SCATTERING THEORY
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ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING
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PW vs. SW scattering
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Vibrational effects qbo
on diffraction
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VIBRATIONAL MODELS
CORRELATED DEBYE - o (II)

9 =300K, SIMPLE DEBYE

0.0075A?

MELATED DEBYE - 0y (I0)
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L |Ise
0.85 | 2.00 |
Na Mg

1.56

Table 1 Debye temperature and thermal conductivity®

Thermal conductivity at 300 K, in W cm™'K

B c o 7 Ne
0.27 1 1.29
Al Si S Cl Ar

0.72 | 3.17

Ra

RR—

AR

e

Ce Rr Nd Pm Sm Eu Gd Tb

Dy

S e e

Powell and Y. S. Touloukian, Science 181, 999 (1973).

2 Most of the 8 values were supplied by N. Pearlman; references'are given the A.L.P. Handbook, 3rd ed; the thermal conductivity values are from R. W.



Case study:
Determining
the orientation of
an adsorbed

molecule from
photoelectron

diffraction at about
1 keV energy

“Study of Surface Structures...”
Figure 8

c(2x2)CO on'Ni(001)

INTRAMOLECULAR SCATTERING
th
vht“'ne L/‘o Or(ier
POLARI LA~ l 1”" order
TION N, EXPERIMENT /7 ——— &% 7/
E.G.SEXAPRS,) ——¢:0° %‘ /7 1\
NEXAPS, | ——g:45° 20 | \Yos
GIvES % [ / \ [
2 5 \ s
cos 05.:-\ C| —
A 2 77, l 74 1 ~24°
- € =} ///ﬁ‘//// y 26
| |§, -DQ // Surface +~4o%
V]
(oA . / EFFECT
< , Normal | 07
p - &
= g P e L
2 )
W | THEORY, 8,=10° (VIBRATION)
< Bitt
G = \—._]O2° 24
PETERSSON ceveene ] 5°
BT AL, PRYS. | — —20° 277 N
REV. LETT. N .
42 ,154S (19
118450 o
ORDEAS ET i
AL, SURF, [ ; [ . | '
sei. 3, 30° 50° 70° 90°
i) POLAR ANGLE, 8



TEMPERATURE-
DEPENDENT
ADSOABATS
CRIENTATION

“Study of Surface Structures...”
Figure 12
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ORIENTATION OF A HIGHLN TILTED MOLEC, ON SURFACE

045
Cls
Ols

0.40

CO(a)/Fe(001)]
~[100] AzIMUTH

- ! SURFACE
| NORMAL 2 [oo1]
! |
_ | 2 |
| !
35+2° |
| |
—1 U D U T | l j N T T T T T 1 f
0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
POLAR ANGLEla IS
-(b) 8=35° = 16%

|
|
: | |
|

n [ro0] [010)
_llllllll‘llllvll.llllilll
0° 45° 90°
AZIMUTHAL ANGLE‘

[001]

1
(@)

frsis)

1
O

4 DomAINS
90° APART

Saikl
ET AL.
(FADLEY
Ghou?)
PHYS. REV.
Lerm
63,283
(198%)

“Study of Surface Structures...”
Figure 9



CALCHLRAYER B %5@“%3@5!7?
f@f&ﬁ!?ﬁ (ﬁ?ﬁ z‘“t ORDER

i
o4

17.0919 b

{5t oRDER

8.18%86 |

G A — FWD.=O™"
k‘l(x )-9.712162- . .. . - ; """e SQAN

-9.61418

-18,5162

-9.61418 =0.712162 E.1B98€ i7‘6919

k(&)

-0.05 5 8.023111

-17.6649
0.139084

k, (&)

KADUWELA, BUDGE,
VAN HOUE , FADLEY

-8.76293

0.13%09¢

k(&™)

-8.76293

=17.664%



Online EDAC output for CO/Fe(001) @

CaICUIatlon Of Click on the figure to download data. Oxygen
photoelectron http://csic.sw.ehu.es/jga/software/edac/a.html 1st order
diffraction diff. ring
patterns: " |
@ @
7/ atoms: O®

Left: representation of the cluster rocking around a line parallel to

the z direction and passing by the emitter (vellow atom). The Polar scan of photoemission intensity

dashed lines stand for the xyz axes. Right: top view of the cluster, {logarithmic scale). White/black regions
where the x/y direction {not plotted) runs along the correspond to high/low intensity. The orientation
horizontal/vertical screen direction. Different atomic species have  is the same as in the top-view of the cluster. The
been assigned the colors O, Fe. distance to the center of the figure is proportional

to the polar angle 0. The polar angle range is {0.0,
89.0) (in degrees).

Parameters used in the calculation:

X 4 domains
R rotated by 90°

Tteration order=4
i max=25
VO=10.5 eV

Photoelecton energy=1202 eV
p-polarized light
ZD=1.435 A

Recursion iteration method



Electron Diffraction in Atomic Clusters

for Core Level Photoelectron Diffraction Simulations

Created by F. Javier (arcia de Abajo (CSIC and DIPC, San Sebastian, Spain)
in collaboration with M. A. Van Hove and C. S. Fadley (LBNL, Berkeley, and UCD, Davis, California)

This site allows performing on-line photoelectron diffraction calculations. Multiple scattering (MS) of the photoelectron iz

carried out for a cluster representing a solid or molecule. Select the corresponding parameters and click on the "Calculate"

button below to perform the actual calculation and to produce a plot of the calculated data {a separate window pops out to
digplay it). A numerical data table can be downloaded by clicking on the resulting plot. Click on the different parameter
names in blue to see fuller explanations. Click on the "Preview Cluster” button to display the currently selected atomic
cluster (but without performing a M3 calculation) or the button "Download Cluster” to download the currently selected

cluster. Notice that the scattering phase shifts and excitation radial mairix elements are calculated internally for each cluster
configuration, so that the user does not have to provide them. Please, read the terms of use and the restrictions on input

parameters before using this site for the first time.

Terms and conditions of use

LA

Terms of use Restrictions on input parameters Pazssword:
A password i only necessary for large computation times {click here for more details). Leave it blank otherwise.

Title (optional): [CO/Fe(001)

Cluster definition

The cluster and the list of emitters are defined by a list of commands with the following format {click here or on the

items of this list for further details):

atom symbol x y z layer symbolx yza b o, o,

surface symbol x y z @ type emitter x y z

Fill in the text box with these commands according to the cluster specifications that you need. Some examples are
provided by clicking here (you may cut and paste them to this page and modify them further).



atom O 0.95 0 1.66 2]
atom C 0 0 1.0

surface Fe 1.435 1.435 0 2.87 bcclOD

emitter 0 0 1.0

end

[

The cluster consists of a maximum of |7 atoms. (Warning: a finite number of atoms generally introduces symmetry

breaking, )

The size of the cluster is determined by the distance d = |1U A and the reference point Xq =| A, Yo =

IU A, z, =| A

See cluster shape for more details.

Incoming heam parameters {see figure)
Polar angle 6, = IU degrees

Azimuthal angle @, = I degrees

Polarization:

& Yes & Parabolic
? : _
Plot cluster on output? ~ No Cluster shape: o Spherical
Preview Cluster” | Download Cluster”

Geometry of beam and analyzer

& p-polarization
© g-polarization
o RCP
o LCP

Schematic representation of the geometry

Mobility of cluster & Only the sample moves with constant 3 = IQU degrees
beam, and sample  © Only the analyzer moves
(click here for details): « Both the sample and the analyzer move



Energy and angle scanning parameters (see figure above)

The following entries will select the range of photoelectron energies and angles of emission.

Energy scans for a given emission angle can be chosen by selecting more than one energy of emission and only one
polar angle and one azimuthal angle (the value of each angle iz then taken as the lower limit of the selected angular
range, and the value of the upper limits are disregarded). In this case, the output iz a 1D plot with the photoelectron
intensity as a function of photoelectron energy.

Electron energy range: |1 equally-spaced value(s) of the electron energy from [1202 V1o [1202 eV

Polar angle: |5U equally-spaced value(s) of the polar angle & from IU degrees to |89 degrees
Azimuthal angle: |51 equally-spaced value(s) of the azimuthal angle ¢ from IU degrees to I350 degrees
Type of 2D angular © Linear scale Type of azimuthal of polar & Cartesian
representation: ¢ Logarithmic scale angular representation: © Polar

Photoelectron detector half-width acceptance angle = IU degrees. The photoelectron intensities are angle-averaged
over a cone with half aperture given by this parameter.

Multiple scattering parameters

Additional solid parameters 8.1 eV from band struct.

g —l12.4 + work function = 4.3 eV
Inner potential | eV _ BV

Internal code parameters Electronic edge z,, = |1 435 A

Maximum orbital quantum mumber /.., =[5 Inelastic mean free path: either choose a fixed value = |17-8
A

Scattering order = |4 ) )
¢ Jacobi (regular MS) or (if that last entry 1s <0} use the TPP-2M formula

# Recursion with parameters p = I 9 glem’, N, = [10 , Ep = [35.45
eV, and Eg =0 eV

Temperature (K) =| 00  and Debye emperature (K) =| 00

Tteration method:



Mg Table 4 Density and atomic concentration Habox
0.088 The data are given at atmospheric pressure and room temperature, or at the 0.205
stated temperature in deg K. (Crystal modifications as for Table 3.) kat 37atm)
Li 78x | Be Atomic radius B c N 20k § O F Ne sk
0.542 | 1.82 — 247 13516 |1.03 151
4700|121 | T "mt Average surface 130 |17.6 4.36
3.023 ] 2.22 — - i i = — 2/3 1.64 . 11342 1316
3.023 0.5 n-n dist. density = pg = (py) | L
Na sk | Mg Al Si P S Cl 93k | Ar 4k
1013 | 1.74 Density in g cm 3 (10°%kg m3) sk s leos
2.652 | 4.30 Concentration in 1022 cm™2 (1028 m~3) > |6.02 |5.00 | oS 2.66
1 3.659 | 3.20 Nearest-neighbor distance, in A (1071%m) 286 1235 200 1376
Ksk | Ca Sc Ti vV Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Bri23k| Kr 4k
0.910 § 1.53 299 {451 6.09 7.19 7.47 7.87 189 8.91 8.93 7.13 5.91 5.3 577 1481 4.05 3.09
1.402 § 2.30 4.27 5.66 7.22 8.33 8.18 8.50 8.97 9.14 8.45 6.55 5.10 4.42 4.65 3.67 2.36 2:17
45251395 §1326 289 262 1250 1224 248 §250 249 1256 266 244 1245 1316 1232 ' 4.00
Rb sk | Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te I Xe 4k
1.629 | 2.58 4.48 6.51 8.58 10.22 | 11.50 | 12.36 | 12.42 | 12.00 | 10.50 | 8.65 71.29 5.76 6.69 6.25 495 1378
1.148 § 1.78 3.02 4.29 5.56 6.42 7.04 7.36 7.26 6.80 5.85 4.64 3.83 2.91 3.31 2.94 2.36 1.64
4.837 § 4.30 3.55 3.17 2.86 272 271 2.65 2.69 25 2.89 2.98 325 281 2.91 2.86 3.54 4.34
Cs sk | Ba La Hf Ta w Re Os Ir Pt Au Hg227] TI Pb Bi Po At Rn
1.997 § 359 |} 6.17 1320 | 1666 | 19.25 § 21.03 | 2258 } 2255 | 21.47 | 19.28 § 14.26 | 1187 §11.34 1980 ]931 |
0905 160 | 270 |4.52 555 §6.30 680 J7.14 |J7.06 |e6.62 590 §4.26 §350 [3.30 282 2.67 — e
‘h23h 1435 1373 1313 M786 §274 §274 1268 R271 277 288 301 346 350 [3.07 334
Fr Ra Ac
10.07 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
- - 2.66 6.7/ 1678 1700 > 754 }525 |789 827 |853 |880 904 932 697 |98
3.76 2.91 292 293 e 3.03 12.04 302 |3.22 y3 1732200326 ) 33200302 1339
365 j363 {366 359 1396 1358 (352 1351 349 1347 354 388 343
Th Pa u Np Pu Am |Cm |Bk Cf Es Fm Md No Lr
11.72 } 1537 § 1905 § 2045 | 1981 §11.87 '
3.04 |4.01 480 520 f4.26 296 — — — s e —_ —_ —
360 [321 o5 1262 131 S0l
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FIG. 4. Density of states at the equilibrium lattice constant
of Fe for majority- (solid line) and minority- (broken line) spin

states. Hathaway et al., Phys. Rev. B 31, 7603 ('85)
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Initial core-state quantum numbers

Radial el ; & Automatic: core level {e.g. 1s, 28, 2p, etc.) =|15
ial matrix elements:
© Mamual: 1,90 Ry, 10,5, 400 R H00 5 o

Calculate” | Download Input File** | Reset™ |

COMPUTATION TIME: the CPU time needed for the calculation using the default cluster and input parameters (use
Reset to recover default input) is 1.24 seconds on a Pentium II @ 733 MHz. This gives a time scale to estimate the

computation time for other input parameters, keeping in mind that it scales like ~ (n__, - 1) M (Emax+1)3, where /Vis

the number of atoms in the cluster and » cont 15 the scattering order. For reference, the default values are /=48, / a0

and »n___,=2, for which the above number is 7.9 107,

scat

IMPORTANT: READ THESE LINES BEFORE RUNNING THE CODE FOR THE FIRST TIME.
*The results will be plotied on a separate window.
**The input file can be used to run the code locally, for which a copy of the code is needed. This can be ohtained
from F. Javier Garcia de Abajo. An online version of the input-file manual is also available here.
#%%Reset all input values (including cluster specification) to the original settings.

For comments/questions/suggestions, please contact F. Javier Garcia de Abajo at jga@sw.ehu.es



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

2 atoms: Z = b Q.

Q0

Oxygen-
1st order

.Q o o diff. ring
7 atoms: 1.0 A ® 8 - e
. e o
0.5 A $°8 O
T e e

Iron-
5 ® ® 1st order
0.0 A AT 4 o diff. ring



CO/Fe(001)— Effect of CO bond dist.

.Q 0@




CO/Fe(001)—Effect of cluster size

19 atoms: :*‘?é’; I

. ® ®
31 atoms: e &ife. . o
S ol

@ @

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



CO/Fe(001)—Effect of scattering order

Single scattering:

thfe

Fourth order scattering:

‘.';l.‘ o.oo.o.o

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



Effect of varying the polarization?: C 1s emission from CO

E.,=200eV
Linear p polarization:
o e
: : . Circular
Right cn'c.ular polarization: dichroism
’ O in angular
Q . distributions

(CDAD)—more
later

Left circular polarlzatlon




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

®
O
O
O

Scattering order:




Cu nearest-neighbor CU AUGER EMISSION "fioi]"

" Chain Axis

chains along [110]— | Eun 970, dnaz 28e& £ G000

Surface”

] === Multiple-Scattering exp (-L/2A\)

Effect of scattering G ol el e
Order []O]] EMITTER

E II:ch. Atoms SS=mMS

AN

O |MS DEFOCUSSING

T |+PEAK NARROWING ‘

5 PR e

=

o

=

m

= 6

10 /jF\ -

. Lo boao 1 5 b 5 b ¢ Loy 0 o L i
Plus cf. Figs. 6 and 7 in C.F., “The O 10 20 30 40 50 60 70 80 90
Study of Surface Structures by [100]POLAR ANGLE FROM SURFACE [001]

Photoelectron Diffraction and Auger \
Electron Diffraction” KADUWELA ET AL., T. ELECT. SPEcCT. 5%, 223( )




Photoelectron Intensities From Different Surfaces
(Stereographic Projection)

Ni(001):Ni 2p at 636 eV

— S THEVUTHASAN ) )
Ru(0001) :Ru 3d at 1206 eV e Flngerpl’lﬂt
‘ Identification
of short-range
atomic

structure
and symmetry

THEVULTHASAN
“ AL -

MOPG Graphite (0001): C 1s at 946 ev

textured.

OSTERWALDER
‘r At -




® Some growth modes:

(b) &

= s 7 YN, e 3

LAYER- BY i (deM) MIXED |

I%LAND/CLUSTER(VW)

BX Ao %‘i&‘i‘«” 39 /Sﬁgp:dl%
_1; ,r.s@urla.
T \TXED-PHASE T STRAIN.
Fe/Cu(001) EPITAXY/METASTABILY 1105t binaries
fee & bee Fe/Cu(001) FeO/PtG111)

SURFACE ALLOY

Co/Pt DEFECTS/STEPS
Fe/Cu
Cr/Fe

ALLOYING
SURFACTANT

FLOATING
SURFACTANT

Au/Si(111)-Ag Ga/Si(111)-Sn

 Gd/Wti10)

ROUGHNESS

Co/Cu
Cr/Fe

TEXTURING

Tb—Fe
(Amorphous?)

HOPG graphite




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

W 4f,, Spectra
with 1.2 ML(1x1) Fe
wi110] Photo e (3
o
o ¢ along W[001] Fmev
:% 2nd Lavyer
220 Interface
g
E—
1.5 -

I I [ .]' I

308 400 402 404 406

o (1x1) Fe Overlayer
@® W Interface
@ W 2nd Layer

KE (eV)
® W Bulk
W 2nd Layer PD W Interface PD

-

15 45 '99'0' 45 15 15 45 90 45 15

TOoBER ET AL.
PR.L.,
19,20850'79)



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

90 75

15 45 75 75 45 15

theta

(100

W a£7/2

Interface Diffraction

Experiment

= 70 eV
Ekxin = 40 eV

SfirfaCca IEEE‘TE',;;\
Multiple Scattering
Theory
(110 atom cluster)

Zpe = 2.165 A
(Bridge Site)

Ly~ CONTINUES BULK
W STRUCLTURE

Srauecrurne DererMinaTION

zq.:q- 2288 (2.24 8 N BULK)



E | Qo Clean W(llO) 4f Surface Peak: R- Factor AnaIyS|s
o] = ' T T
gfg R—factor 1 { R factm- 4 (
53 orel *§ oC z[ A dl
3 g ' exp theo o z[ exp  “iheo ]
E“" , 1of d¢ d¢ _
[« % 0.14 ? 0 7
32.0 31.6 -31.2 e 0z=0.15A | osf
binding energy (eV) \
012} o®e | o08f
Surface
layeronly ~*° o orr
anl R-factor 2 ok
o Z[Iexp - Itheo ]i b |
i 1.2

0.04 -

0z=0.15A | *°r
—— l M‘ | 08
15 45 f5 I5 a5 1% i —
theta f } +
040 | | R-factor 3 4,61 Q Iﬁiotg‘m?hzed
. . | -1actor
Fraction v_\nth losp =ty
S and /,, , diff. slop
14+
0.30 \ 0z=0.10A ]
0.2s ®oey foaz2t
o) e M
06 04 02 00 02 04 06 OP 05 04 02 00 02 04 08 08
15 45 75 15 45 15 0z [/g&] [ 0z [A]
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“PHOTOELECTNRON SPECTRA
OX\DIZED SILWLON

CHEMNICAL SHIPTS OF CORE LEVELS
[ | BEERIE s e IDua e

Si 26, . 5R owdE

hr = 130 eV

Si(100)

srecime  ©

sR oxwpE

-7 -6 -5 -4 -3 -2 -1 0] 1 2 3
Initial -State Energy (eV relative to bulk Sizp,,,)

HIMPSEL ET AL., PHYS.REV. B, 38, ¢e8Y('%0)



100 —————s

: +
Case study: S
Interface > f
0w 70
structure of s I
Si10,/SI0, S &l
(Westphal et al.) g “r
S 30}
g_ s
20 |-
10 -
|

F.J. Himpsel et al, Phys. Rev. B 38 (1988) 6084

-105

Exp. hv=155 eV

—

104 103 102 -101

E.. /eV

XX

-100 -99 -98

Spin-orbit-splitting 0.58 eV

Si? width

Si'* shift / width
Si?* shift / width
Si3* shift / width
Si4* shift / width

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

0.48 eV
0.9/0.59 eV
1.74/0.72 eV
2.46/0.84 eV
3.54/1.42 eV



Experimental diffraction patterns for SiO,/Si(100)

ohi
150 K]
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kin= 80 eV
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S. Dreiner et
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group), Phys.
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Structure determination by R-factor analysis: SiO,/Si(100)

exp.

Si4*
90

120

60

E,;,=80 eV

phi { deg
150 30
180_] L0
3%
E,,;=80 eV
R O R O I P P
80 60 40 20 0 20 40 60 80
- theta { deg
Sim. 50
120 60
phi f deg
150 30
180_ 0
72 % H
T

-y

P r 1 1 1 |1
0 40 20 0 20 40 &0 480
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11 1T 1 1
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Si*
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E,;,=80 eV

I ]
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X 21y z,
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x[A] [0,18 20,02
z,[A] [-0,01+0,02
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R-Faktor| 0,14

Phys. Rev. Lett. 86, 4068 (2001)
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Some
Comple-
mentary
Surface
Structure
Probes

-Type of order:

-Atom & site
specific:
-Sensing

depth:
-Lateral

resolution:

i (PSPDPH) )
o e-

v Q0 000 0. 0 ¢
Q. Q@ QG 0 0 30O

Short (< 103) Short, long Long (> 1003)
and disorder
Yes No No
5-408 Mostly surface 5208
D.O.S.
1 mm? to Single atom 1 mm2to
(300 )2 1 micron?



(a) Low energy electron diffraction

Case study:

LEED
1 ML of FeO
on Pt(111):

A combined
LEED, STM,
XPD study

(b) Scanning tunneling microscopy

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

Y.J. Kim et al., SSA x 58A
Phys. Rev. B 55, R 13448 ('97);

Surf. Sci. 416, 68 ('98)

nm



1 ML of FeO
on Pt(111):

Structural model

from
LEED and STM

4 O Pt © Fe, cornerof

unit cell

~
Remaining =| nio o - @ oxeen
Questions: T
-Is Fe or O on top?
-Fe-O interlayer spacing? X
-Fe-O orientation? Supeﬂattice or
® 0 Moiré
L or 8 structure
N @ ¢ ¥
¢
(b) QOFe, O
O Pt
Galloway et al., Surf. Sci. 198, S Hﬁ

127 ('93); J. Vac. Sci. Tech. A12,
2302 ('94).



(a) Low energy electron diffraction (c) Photoelectron diffraction

Pt 4f, 1414 eV

LEED

N o
-
-
-
\ [11-2] ;
l175 i
1y T : :
theta 'i
Fe 2p, 778 eV °
€ 4p, € 1
£ g
. <
]
3
'
(b) Scanning tunneling microscopy i §
oq\[ &
- [}
I
STM r
ﬁ 2
———————— 0
theta 0
X o
0O 1s,944 eV 8

(hun ‘) Aysuanu

0 2 4
Y.J. Kim et al., 58A x 58A
Phys. Rev. B 55, R 13448 ('97);
Surf. Sci. 416, 68 ('98)

Binding Energy (eV)



FeO/Pt(111)

Forward Scattering

Forward Scattering




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

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




Permits selecting favored domain of growth—2"d layer Pt effect

(@) FeO/Pt(111) - Favored (b) FeO/Pt{111) - Unfavored
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Scanned - Encansy PHOTOELESTRON DIFF.

(V3xV3') AL on S¢(111)

* 41 diffraction curves x taken from Al 2p
0 = 0~70°, p=0~60°

}~1¢oo DATA POINTS

200 = . - . v . 5
e si 2p \ si(111)vaxv3—al hvai80eV ]
: | |
;;E-, 100 | ]
1
E °° e 'H-.;\..\__‘_H_\_J \\ Al 2p ]
[ . AT
40 o / 86 100
Kinctic Encrgy(cv) w“ ‘T AL-,
'
PHOTON ENERGY(ev) ;-:-'--%'.;‘st(“?:::
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Photoelectron
diffraction:
Simple single-

scattering
theory for s-
subshell
emission

SINGLE SCATTERING THEORY
hy (Orders, Feclley,P.R.B 23, 7€1('83) ﬂo

™)
l

o

o

do
(Fﬁ)—-“ it }exp (-L/2A)
SPHERICAL WAVE exp ik [7-j|)
(SW)  pLanE fi(6)———
WAVE 7=l
(PW)

E

-]

“f';?__"u) PATH LENGTW  SCATTBRING

A ELAaSTIC DIFFERENCE PHas e

e = ATOM (P.L.D.) SHIRT
SCATTERWG INELASTIC

. k)| wALLER searTRaIng

.(eJ
Fi) = (& GY = Wit ) expltyfaag)
= amplitude of scattered wave
F,= ( Ei) exp(-Lo/2A)

= amplitude of divect wave

X(Eor E) oC Z—EJ—(& GOS[&V} (1~ cos ej)'l' \‘s (ej,k):,
\ - L v )

S+ FOURIER TRANSFORM OF X(k)@}
PEAKS AT~ PLD.= r3(1-c.s ej) 1




A 2
"PATH-LENGTH DIFF'S. FROM FOWURIBR TTLAN SFORMS
¢c(2x2)S/Cr(001): 450 off normal

& PrRAHARM
@ BALL-
g SCATT:
CoNE
b
3 \@h
Is " 1
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3 5L
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2 1.0 | .
= i : I
i ! ¥
0.5 : L
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path—length difference p(A)
* AUTO-NEGLESSIVE DATA GATENSION



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:
> X-ray optical effects on intensities

Valence-level photoemission

Microscopy with photoemission



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

3. Escape across the
* surface barrier (Vo)

2. Transport to the
surface: inelastic (A,)
and elastic (f(0)) scattering

+X-ray refraction/
reflection—
standing wave
formation

(more later)

1. Excitation: differential
photoelectric cross section (do/dQ)



Some basic measurements:
Standing XFH XES, RIXS REXS, XRD

=TT TS XFH-1, RXFH XAS, XRO
Wave, “Lp, RCP,LCP hv’ e
N PS, PD, PH

<" CD, MCD, SP

q
e

~ exp(-Ly/Ay)

. ~
n=1-95-ip N Y
N ] N N 9 X-fay Flourescence Holography
(Kramers-Kronig) S f fy (XFH, XFH-' ), Resonant XFH (RXFH)
~
~1- 2 £ ﬁ-ray Emission Spectroscopy (XES),
1-(ro Ax Izn)zi:n'fX'(O)M . “ Resonant Inelastic X-ray Scattering (RIXS)
= ulti-atom resonant Resonant Elastic X-ray Scattering (REXS
x = 4nplax photoemission (MARPE) y pay piffraction (XRI)),) . )
OXR = exl X-ray Absorption Spectroscopy (XAS)
— - X-Ray Optical measurements (XRO)
Aew = Ay/(2sin 0,
S ¢ ( X) Photoelectron Spectroscopy (PS),
QCRITI = (25 )1/2 Diffraction (PD), Holography (PH)

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



Incident

A LITTLE X-RAY OPTICS [

Equatio

Reflected

1(2) = Transmitted

(E.G. See pp. 1-38, 1-44, 5-18-5-19 in X-Ray Data Booklet)
1(0)exp(-L/4,,) & Absqrbed

Index of refraction=n=1-5-ip Z

8 =+ no. = refractive decrement <<1 (Sometimes negative through absorption resonances)

B =+ no. = absorptive decrement << 1
Online data and calculations at:

3 and B linked by Kramers-Kronig transform )
http://mwvww-cxro.lbl.gov/optical constants/

n also = 1 - (rJ2n)Aq 22 Nifi(0=fwd. scatt.)

. . v Density=19.52
r. = classical electron radius

= e?/4ng;me? = 2.817 x 1015 m

Any = X-ray wavelength ) |
delta {(dash)
. . beta {solid)
n; = no. i atoms per unit volume '

fi = x-ray scattering factor for ith type of atom, in forward
direction

Exponential absorption length = laps = An/(47B) = A,

OcriT = critical grazing angle at
which reflectivity begins (R = 0.20)
= [28]0'5

100 200 500 1000 2000

Photon Energy (eV)




X-ray scattering
factor:
f; = Ref,+i(Imf;)

|

lign (barns/atom)

Cross sec

10 108

Fig. 3-1.

i I ! | E [ I

Five precesses
o Tha X=rey laowm | —
wmleveoction

= Photoelectvie of fact - =

Wz o et €

Gtot, experiment

105 doﬂr 109

Nucleasr
= Ph V .
hy oton energy (e )‘.‘ -t

1011

Total photon cross section Oyo1 in carbon, as a Junction of
energy, showing the contributions of different processes: .
atomic photo-effect (electrun ejection, photon absorption);
Ocons COherent scattering (Rayleigh scattering—atom neither
tonized nor excited); Oinc. » [ncoherent scattering (Compton
scattering off an electron) x,, pair production, nuclear field;
Ke. Pair production, elect n fleld: o, photonuclear absorp-
tion (nuclear absorptic. . (sually fblfgw d by emission of a
neutron or otter particle). (From R2f 5; figure courtesy of
J. H. Hubbell) ’ : '

R

S mnsTIC
- =y R-vey absevption:TpT e




Atomic Scaltermg Faclors

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

X - Bay Tatenactions with Matter

Contents

@ Introduction
@ Access the atomic scattering factor files.

@ ook up x-ray properties of the elements.
: @ The index of refraction for a compound material.

@ The x-ray attenuation length of a solid. We bS Ite
@ X-ray transmission
# Of a solid.
B Of a gas.
@ X-ray reflectivity
- B Of a thick mirror.

® Of a single laver.

® Of a bilayer.

® Of a multilayer.
@ The diffraction efficiency of a transmission grating.
@ Related calculations:

® Synchrotron bend magnet radiation.

nNewt What's New?
Other x-ray web resources.

These pages utilize JavaScript, but the decaffeinated versions are still available.

Reference

B I.. Henke. E.M. Gullikson, and J.C. Davis. X-ray interactions: photoabsorption,
scattering, transmission, and reflection at - 50-30000 ¢V, 7 1-92, Atomic Data and
Nuclear Data Tables Vol. 54 (no.2), 181-342 (July 1993).

|CXRO | ALS

By Eric Gullikson. Please direct any comments to EMGullikson@lIbl.gov
Server Statistics © 1995-2001




Enuanced Surracs Sensitivity @ Graing
: IDBNVELE

Tne
SOME X-RAY OPTICAL S ayiilomuifion Eavglh @ S vvsdicenuaissiencih
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Optical constants through Mn 2p edges of MnO—
Web data without absorption peaks

delta {dash)
beta {salid)



Optical constant, 5§ Optical constant,

Optlcal constants of MnO

0.012
0.010
0.008
0.006

0.004 |

0.00Z}
o.ooi"-/-

|— = 2p3/2 i

--- Q.M. theory (MARPE)
— Experiment

L, =2py,

.....

0.004}
0.002]
0.000

Kramers-
Kronig

./

-
i
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-0.002 '
-0.004
-0.006

--- Q.M. theory (MARPE)

-0.008 L

6 — Experiment
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X-ray optical effects through core
resonances:

MnO(001)

Penetration depth (A)

(c) °(d), .

(0= T IR ORI o thoe ol o R AR
=
m 0.8 i R -
E 0.4 -] }
E =
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© =
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b 0.2
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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



|sw(|E2|) oC |¢inc + ¢refl|2

Standing wave formation: = I(I)incl2 + (I)inc(l)refl* + (I)inc*(l)refl

2 Y
¥ 9renll sW modulation

d)refl

R oC Irefl oC I(I)refll2

AN sz (IE?|) =
23|n€)Inc

(I)inc

% modulation = ™\
100 x 4VR:
E.g. R=5% —
90% modulation

Ornc. 7 OA R= 1% -

‘\ 40% modulatlon

1

1st order Bra

~ Ay,

refl

X = MLS|n Bra

Periodic atomic planes: d,;, <~5 A--Si(111)—<3.74A, LaB,,(001) --<23.52A->5.88A,
mica—10.0 A; or{Synthetic multilayers: d,, ~ ~20-40




Standing wave formation in reflection from a surface,

or single-crystal Bragg planes*, or a multilayer mirror
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i - |
nnm."”s'n’nn'»'nnmnmnﬁ \mm“... .....nmﬂ\\ '




PHOTOELECTRON (OR X-RAY EMISSION) INTENSITIES AND COMPOSITION

e

hv’

Atom Q

(Qnzj) =

c(hv)

C ||IE(x,y,z X,V,Z Tan exp| —— %
jl (51,2 0o (%.,2)° - p[ A

sin@

}.Q(hv, X,y )dxdydz

|E(x, y,2)|° = x-ray intensity, incl. standing wave modulation
P, (x,y,2) = density of atoms Q — quantitative analysis

do,,,;(hv)

= differential photoelectric (or x —ray emission)

cross sec tion for subshell Qn/ j

A = inelastic attenuation length for electrons or x —rays

e(x)
Q(hv,x,y )= spectrometer acceptance solid angle



X-ray Optical

rmarryyl Calculating XRO effects on spectroscopy--Yang
-n(hv) = _ NVemission )
1-5 (hv) + iB(hv) hvincid (S, p, RCP or LCP) e
-variable polarization 0
\"4
-n}ultl?le reflection/
refraction
0, n=1 *Y" /. Vacuum, V,
-exact treatment of 04 '“—
interlayer intermixing W 1st layer | d;
a/o roughness intermixed 1-2 | 2o
-electric field at i-th ]\/\ / 2nd layer ! d-
layer: 1
o
|Eaw (2= |E/(@)+E @)% . !
\\ei ®/
Photoemission: . i-th I
_ _ ni=1-5;+ip; f I di
-d|ffgrent|al Cross nim(Z)=1-5im(Z)+iBim(Z) intermixed i-j I 2ci
section A
n=1-3;+ip; IN jth | d
. A . j
-inelastic attenuation °
Ja o \
-surface refraction T\ \
X-ray emission: ubstrate ns=1-0s+ifs Os
y 4

-fluorescence yield

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



Standing Wave Behavior During a Rocking Curve Scan—

Emission Intensity from a

Reflectivity
Emission Intensity

4

K, <2 £ Kpg
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Martin Tolkieh :
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With thanks to Martin Tolkiehn, Diamond
Dimitri Novikov, Hasylab



Various Forms of Rocking Curves—

Vertical Shift of Position
Reflectivity
Emission intensity
profile at different
vertical heights
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With thanks to Martin Tolkiehn, Diamond
Dimitri Novikov, Hasylab



Standing wave formation in reflection from a surface,

or single-crystal Bragg planes*, or a multilayer mirror
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PROB'N G BURIED Photoelectron

INTERFACES foviuic Photon
WITH

SOFT X-RAY

STANDING

WAVES:

Multilayer Soft x-ray

mirror standing
wave



PROBING BURIED

INTERFACES —
WlTH electron
SOFT X-RAY X-ray or

X-ray

STANDING Buried
WAVES: Interface™ <Fe )

Multilayer
Mirror<




PROBING
BURIED Photoelectron

INTERFACES

RCP/LCP

WITH
SOFT X-RAY 1604
STANDING

WAVES: a0 A

x\ry
Y4

0.2 mm spot

40.50 A ;g'g?A

period = [ 20.25 A

standing Strong sof
wave X-ray
period standing

40
periods

S.-H. Yang. B.S. Mun et al.,
Surf. Sci. Lett. 461, L557 (2000);
J. Phys. Cond. Matt. 14, L406 (2002)



TRANSMISSION ELECTRON MICROSCOPY IMAGE FOR Fe/Cr/MULTILAYER SWG
(Synthesis-CXRO, and Imaging-NCEM, LBNL)




Sample pos’n. scan-- Sample angle scan--
Standing wave scan Rocking curves

Experimental + Calculated
Photoemission Yield Ratio

] 0.54f
0.48}

I(Fe 3p)/I(Cr 3p) from Fe/Cr wedge [
on standing-wave multilayer 0.36}

1 0.42f

0.33} | 0.36}

0.30}

Sample angle scan 030 1 024]
— Rocking curves

| o.40f
| 0351
0.30
| o025
_' 0.20}

0.39}

0.36}

0.33}

0.30}

0.48} { 040

0.42} { 035

Cr3p/Fe3p Intensity Ratio

0.36} | 0.30}

0.30 | i 0-25 I

— 0.20
0.54}

1 0.48f
| 042}
| o.36}
0.30
45607530105~ T20 78 9 10 1T 12 13 14 15

Cr thickness (A)  Incidence Photon Angle (5, ;°)

T 0.44f

Incoming beam
\4 0.40}

Sample position scan 0.36}
— Cr Thickness &
Standing Wave Scan

0.32

0.28




Cr magnetization
Is antiparallel to
Fe; systematic
variation of MCD
strengths vs d ,

Position B

Position C

/1

+
o

Intensity

Intensity Fe 2p MCD (%)

Fe 2p MCD (%)

Fe & Cr 2p MCD Data from wedge (Fe/Cr)+SWG
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Standing-Wave Excited Spectroscopy--Future Possibilities

e Other material pairs in multilayer
(B,C/W, Al,O,/Pt,...) + epitaxial

multilayers — epitaxial samples FM \»\
e Smaller periods (to ~25-30 A) — : ~—~ GMR
smaller SW period, better resolution NM, oxide exchan,ge
e Lower hv; . —higher Bragg .
angles—perpénd. component of M FM, AFM — +— +— <+— <+— biassing,
e X-ray emission— deeper layers, tunnel
more sensitivity to SW position junction
hv,., e- Standing siN.O
hvine '§M wave -l Ultrathin
“Sampleu Si gate oxide

m ( films
Wedge | Clusters,
a a a Self-assembled
g a a monolayers,

B4C, other low density E.g., Au _
W, other high Pc.>|yr.ner films,
Liquid lavers

densit . .
y Microscope resolution

~30-60 :

o
periods °

B4C, other low density

Three-dimensional
spectromicroscopy

W, other high density

!
Si-wafer, other substrate . z

\




First observation of standing wave effects

in a photoelectron microscope

Elmitec SP-PEEM—BESSY, Berlin

Microscope field of view
~50 microns, approx. 1-2 periods

A 4

Ag 3d Beam spot:
~35 x 10 microns
Scanning hv

4
?Fl?ough Bragg
S resonance

0.25 nm Au
‘2 nm Co

microns

F. Kronast, H. Durr, BESSY
D. Buergler, R. Scheiber,C. Schneider, Julich
CF



i Cls
_ 300E+008 hv: 600eV
=
2.40E+008 - — plateau--above the Ag wedge
off the Ag wedge

1.80E+008

1.20E+008 - AUs1a.712

6.00E+007 - Ag Augers

Photoelectron intensity (a

Mostly Co 3p
0.00E+000 -

| ! | ! | ! | ! | ! |
100 200 300 400 500 600
Kinetic Energy (eV)



Movie:
Ag 3d intenstity moving along the wedge
while scanning over the Bragg energy

5 10 15 20 25 30 35 40 45 50

PEEM image of the Ag wedge
(normalized Ag 3d intensity)

Standing wave
effects
in a photoelectron
microscope



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:
mmm) photoelectron (and x-ray fluorescence) holography

Valence-level photoemission

Microscopy with photoemission



CLASSIC OPTicaL HoLoGRAPHY:
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Real - - Hologram
image A

e
Generation of a real image
Gelectron emission holography,
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FORWARD SCATT. = “O™ ORDER’>— Bond & Low-Index
Directions

Photoelectron

diffraction— HIGHER ORDERS — Bond Lengths

holography: \ &
Element- Atomic
Positions

specific
short-range
atomic
structure

—Holographic
fringes




Principles of photoelectron and
x-ray fluorescence holography:

(a) Inner source holography -direct:

Scattering ovject
ato
e G
ALS hvexcit T Re‘e‘
undulator of
\ 2 \\ f\uga_e_
beamlines Emitting p\\o
7.0.2, 4.0.2 atom

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; Szoke; Barton-Tong)
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. 2x2)S Ni(001
|n_s|de-source PH- A WellBofined 'Il'gst .
first adsorbate:
S/Ni(100)

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



Holograms: S/Ni(001)

Experiment Theory

90




Holographic Images: S/Ni(001)

EXPT. THEORY

Fourier
transform
with scatt.
wave correc.
in sulfur(xy)
plane

Fourier
transform
with scatt.
wave correc.

inyz
plane

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



Derivative photoelectron
holography: As and Si

emission from
As/Si(111):

U(F) = ‘ ([ x(K)exprik-F - ikr ]d’k

with x = I(k)—_lo
N 0
and I(k ) from int egration of log arithmic

derivative
I(hv +&,k)-I(hv -8&,k)

L(hv,k) = k A
(hv.k) [I(hv+6,k)+l(hv—6,k)]6

I(k)=I(k,k)=A j L(hv,k)d’k

Luh, Miller, Chiang, PRL
81, 4160 (1998)
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Single-atom holograms

a} far node geometry (y= 0°)

- Forward
L scatt.

intensity (arb. units)

| M T P T Y

90 60 30 0 30 80

polar angle 9 (deg.)

detectw

nodal plane

b} near node geometry {y = 80°)

intensity (arb. units)

90 60 -30

PRI WP P
30 60 90
polar angle 4 (deg.)

detector
Y @

nodal plane

M(k,F) < \/photoe™ cross sec.
— £ok

Wider et al. PRL

86, 2337 (2001)

{111] directior

Near-node photoelectron
holography:

Al 2s emission from
Al(111)

near node

Images around
typical Al emitter




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

Imaging of back, side, (and fwd.) scattering atoms
(Omori et al., PRL 88, 055504 (’02) and
animations at http://electron.lbl.gov/imarchesini/dph)



Principles of photoelectron and
x-ray fluorescence holography:

\

(a) Inner source holography -direct:
Scattering ovject
ato
erenc®

G
ALS hvexcit T Re‘ ©
undulator fo(
. .. - “\’“"‘%o-e—
beamlines Emitting p\-\o

7.0.2,4.0.2 atom
(b) Inner detector holography-inverse:

nv excit
Scattering
atom
nce
$ efe’®
Y R
Emitting

fluor atom
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:

SrTiO,(100) sample  Symmetrized
Mo x-ray tube

Excitation of Sr Ka
@ 14.1 keV with
Mo Ka @ 17.4 keV
Approx. 2 months
data accumulation
101° photons counted
over 2400 pixels in 9, ¢

Source | —_—
Mo Ko et al.  ‘Graphite

(fixed) ~ Monochromator

‘detector /
Tegze, Faigel, (rotated in 0,¢)
Nature 380, 49 (1996) -—




Inside-detector XFH--the first experiment:

<72 Pesmis Can be multi-energy—
s ¢ MEXH?

Fe Ka -~ Incident
Sample Resolution much worse
B = 55° “ In perpendicular plane:
E = 9.65 keV
5.80
5.84 L. . .
-60° 0° 60° ’
D Monochromator
Al nergi
,_ ~0.5 % 3 energies
0

Images

Gog et al. PRL of F9203
76, 3132 (1996)

0
[001] (A)———=




XFH at ESRF: CoO(111)

Inside source: Inside detector: Multi
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hv =17.44 keV hv =18.92 keV Tegze, Faigel, Marchesini et al.,
Phys. Rev. Lett. 82, 4847 (‘99)
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—>short-range structure

- - Marchesini et al.,
Ni and weaker O images Nature 407, 38 (2000)




XFH at ESRF: some highlights

Imaging light atoms:
Nature 407, 38 (2000)

e O around Ni in NiO
e ~150 O and Ni atoms imaged

Inside detector-
Ni Ka Hologram

Imaging a quasicrystal:
Phys. Rev. Lett. 85, 4723 (2000)

e method works without true periodicity
e neighbors around Mn in MnAIPd
e image of average atomic distribution

_ Inside detector-
A Mn Ko Hologram




