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Electron Spectroscopy—A typical configuration
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With proper lens imaging in vertical angle-
an energy vs angle image at detector

159 Initial energy 65 eV, final energy 10 eV
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MULTICHANNEL DETECTION GEOMETRIES
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The Microchannel Plate Electron (and Photon) Multiplier
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The MicroMott Electron
Spin Detector

MICROMOTT DETECTOR
(LBNL/Florida State Univ./UC Davis)
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Basic energetics

_ p=Vacuum _ [=Fermi
hv = Ebinding + Ekinetic =E binding + ¢spectrometer

+ E

kinetic

One-Electron Picture of Photoemission from a Surface
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Measuring
Electron Binding
Energies
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Figure 3 -- Energy level diagram for a metallic specimen in electrical

equilibrium with an electron spectrometer, The closely spaced leavels
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

Paper1 insulating specimens, with the only difference being that Ep lies
1] : ” somewhere between the filled valence bands and the empty conduction
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rovided that suitable specimen biasing has been utilized. For this
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Work functions of the Elements

[eV]
After L. Ley and M. Cardona, ]'; :_ \ {“} r,
“Photoemission in Solids™, Springer 1979 o B

:T. 5 :T.'-J i & | f'uz ﬁ: f'.—l- f‘.ﬁ i f'u_' (et =t T i 7 |
Ce] PrfNd|PmSmJEa JGd}JThb]DvHo ] Er JTm ] Yb J Lu

) a1 a2 a3 04 a5 a6 a7 0% a4 [ [ (1] 102 |03

ThjfPa] U NplPujJAm|JCm]JBK]JCtj Es JFmJMd] No | Lr




Electron Work Functions of the Elements

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

Element

As

Ba
Ee
Bi

Surface crystallographic

orientation

Ag polycrystalline
(100)4.64
(110)4.52
(111)4.74

polycrystalline
(100)4.41
(110)4.08

(111)4.24

Al

Au polycrystalline 5
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(111)5.31
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Measuring Electron e
Binding Energies: Specimen —

Charging Effects

For Insulators
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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 “Basic Concepts Of XPS”
levels. An analogous diagram also applies to semiconducting or -
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Basic Energetics of Photoelectron Emission

_ p=Vacuum _ [=Fermi
hv = Ebinding + Ekinetic =E binding + ¢spectrometer

+ E

kinetic

One-Electron Picture of Photoemission from a Surface
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One-Electron Picture of Photoemission from a Surface—3D
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CALCULATION OF V, FOR AN IDEAL FREE-ELECTRON 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).
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The electronic structure of a transition metal—fcc Cu
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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 (/eft) are from [7.5]. The experimental data agree very
well, not only among themselves, but also with the calculation
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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
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PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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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 L. LINDAU

Subshell Photoionization Cross Sections

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

GRAPH 1. Atomic Subshell Photoionization Cross Sections for 0-1500 eV, 1 < Z < 103
See page 6 for Explanation of Graphs
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COOPER MINIMUM IN Ag 4d (Z = 47) CROSS SECTION : Expt. & Theory

100

L } —— atomic Ag (HF)
N & Ag on Si (experiment)

10

Photoionization Cross Section o (arbitrary units)

1 i i '] 1 l 1 1 '] L ]. L 1 L | r
50 100 150 200
Photon Energy hv (V)

FIG. 5. Partial photoionization cross section for 44 electrons
of Ag in logarithmic scale. Qur experimental 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.
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FIG. 6. Asymmetry porameter for 4d electrons of Ag. Our
eaperimental data for the Ag/Si interface (squares) are com-
pared with the data for atomic Ag (circles), the RRPA predic-
tion for atomic Pd by Radojevie and Johnson (solid line, veloci-
ty form; short-dashed line, length form), and the HS calcula-
tions for atomic Ag by Manson (long-dashed linel.

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



TOTAL SUBSHELL CRoSS SecTion: J 9%t yn-

cn,(gf):4”“;’“° (hu)lfRz_ﬁ(Ef)+(1+I)Rmﬂ(Ef)]\-

= fum oVER ALL WMy Mg IN SuBSHELL niL

RADIAL MATRIK ELEMENTS To L*+17 CHANNELS:®

(. -] (-] ;
R{il(Ef)'—— j Rai(r)rRg7, &1(!‘)?’2 dp== J- Pui(r)rPgf, g*l(r) dp
e L 0 -

DIFFERENTIAL CROSS SECTUN. WNPOLARAZED
dU’nI

7 (El)=y= [1 — 3Bni(ET) Pe(cos «)]

I 5
-——-’i [1+3Bu(EN)QG sin? a— 1)]
. 2
= A+Bsin« PERN FoR.
ASYHMMETRY PARAMNETER® LL1 INTERPENENG

{{({-1DR,;_ 12(Ef)t(1+ 1)(“‘2)514_}_2@!2_ - ../... S

<Ol DRy (BN Ri_1(EY) cos [81,.1(ET) — 8, _1(E)]
QI+ DR AZETY + (I + 1) Ruy 1 2(E)]

Bui(EY) =

$

“1(5‘) S CNTINWKWA ORBITAL PHASE SHIETS
IN AToniC PoTENTIAL V()



J. I. YEH and L. LINDAU Subshell Photoionization Cross Sections

COOPER MINIMUM IN In 4d (Z = 49) GRAPH I. Atomic Subshell Photoionization Cross Sections for 0~1500 eV, 1 < Z < 103
CROSS SECTION—Radial Matrix See page 6 for Explanation of Graphs
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In binding energies(eV) are:
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J. ). YEH and |. LINDAU Subshell Photoionization Cross Secti

ATOMIC % NUCLEAR DPATA TABLES 32, 4s (19g8)
GRAPH . Atomic Subzhell Photoionization Cross Sections for 0—1500 eV, 1 < 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
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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
t=p+f

7.0l Atomic Expt. (Krause et al.) _|
Mn(g) ¢ 3d
6.0 Theory (Garvin et al.) |
i — MBPT 1
5.0 o
IMn3d 4.0 A

3.0

2.0 Non-Resonant = 1.0

1.0f3 X

1 Z i G
20 30 40 50 60 70 80 90 100 100
Photon Energy, hv (eV)



SINGLE-ATOM } HOTOELECTRON SPECTROMETRY OF MANGANESE VAPOR . . . 1316
RESONANT H."‘ VAPOR.
PHOTOEMISSION: :of e e e
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the partially filled 3d subshell of Mn.
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MATRIX ELEMENTS IN THE SOFT X-RAY SPECTROSCOPIES: DIPOLE LIMIT
e Photoelectron spectroscopy/photoemission: {(free)

hv
- <+ =Vacuum
¢f(1)|r ¢l(1)‘ _____ Vacuum
ofbound) hy p{bound)
o Near-edqge x-ray absorption:
ée (o, (|F|o, (M)
e Auger electron emission:
o? Direct o2 Exchange |2
<¢f(1)¢1(2)| 2, (N0,(2)) - <¢1(1)¢f(2)\ 9,(19,(2))
12 1
Vacuum — — — — —
» X-ray emission: ?;

1oc|é o (@,(1|F |, (1))



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

e Resonant photoemission:

2

Ioc (@, ()| €7 |4,(1)+ D] (@m (1€ |,(1)
x 8(hv - (E,, - E,))
Direct
D¢

Vacuum — — |- — —
Resonant
\4%\ Prm

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

2 hv \%\P

hv'=
ey z<q’f("’)|é°F|‘Pm(N)><‘Pm(N)|é o 7%, (N)) hv- AE
f | m hv + E,(N)-E_(N)—iT

xo(hv —(E,,(N) - E;(N)))




Multi-Atom Resonant Photoemission

Microscopic

Q.M. picture

Ex. —MnO(001): O1s emission, resonance with Mn2p,, ,

<Ep 1571 015> |

_____________ Photo e~, E = 100 eV

! =p
<Ep, Mn2p,, 1€ O1s,Mn3d>

ﬂ.“-—;@-——-MﬂSd

Strong
<Mn3d lg*r | Mn2p,,,>

Mn2p3/,
.o 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)

-—
=

O1s intensity (arb. units)

o O 18,0, =50,=90° |

1.
1.0p More

| later
0.8 NIO -— Experiment

— X-ray optical theory
0.6
Ni 2p,,

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
d o *s &
o) : N Y
L (Z—][l + B P,(cos@)+(8+y cos” @ )sin cos ¢ ]¢\
T )" =N “
DiPoLE NON-DIPOLE '
: &
with:
1 2 k‘li’
P,(cosd ) = 5(3(:05 a-1)
O angle integrated cross section i pole electron anisotropy parameter
B: electron anisotropy parameter 8: non-dipole electron anisotropy parameter
.= . -5 -ip -9 2 2
- * Kraunse et ol.
DIPOLE NON-DIPOLE T

Lindfa et af,
Krossig et all .
k, =21/, =0.75 A1@ 1.49 keV - k, * [<r,> ~ 1 A] ~ 0.75—Non-dipole imp?
0.075 A"@ 149 eV - k,, * [<r,,> ~ 1 A] ~ 0.075—Dipole ~OK



BEYOND THE DIPOLE APPRoXIMATION ¢
FREE-ATOM DIFFERENTIAL CROSS SECTIONS
( KeAWSE, Pnys. REV. 177,151 '%9)

120
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Figure 1J -- Experimental angular distributions of 3s (= Mp), 3p
(= My 45), and 3d (= M, 5) photoelectrons excited from gaseous Kr with
MgKa J'(-vrays. 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. (From Krause, reference 142.)

nL (3A+28) FADLEY, "BASIC <& LINDAU

... - CaNcePTS oF xes” TABLES “Basic Concepts of XPS”
(SNB+2) Figure 10



Non-dipole effects in 2p emission from Ne

_ | Lindte ot oL.
10 Ne &Zp H* _+4_+
~ P5+ |
o | H
o (0.5F /+,
= 0. |
Initptlhd‘lt
Particle
7 (1-¢7) Arpnat .
u_”:.; 0.0 | | 1 | 1
0 200 400 600 800 1000 1200
i Photon energy (eV)

+ see Phys. Rev. Lett.

fi

18, 4553 (*93): Lindle et at.
15, 4336 ('95): Krassig et al.



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

| ] — s Vs e S SRS el T TR

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

and elastic
scattering (f(0)--later)

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



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

Photoemission is a surface sensitive experiment

¥4

Changing angle: I(z)=1 g /osin® @e
1st way to vary surface sensitivity 0 V.
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w_______Graphite - _g
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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 NMumber of Target Atom, 22= |3 (1¢=22¢=92) Atomic Number of Target Atorm, 22= 25| (1¢=2£2<=92)
Cursar Energy <« | < | * | > | Cursor Energy €« | < | b | 3> |

Lithium Manganese
nm
[E 0 ] (After 5. Tanuma, C.J Powell & D.R.Fenn1993.19971) E]ngn] [After S Tanuma C.J Powell & D.R.FPenn1393,1991)
| Target Atam, z2 = 3 | Target Atam, 22 =

Electran Ener%y Elet] = EI Electron Ener%y El e‘v’] = 1[IEIEI
7.0 HMEE-EM, lambdalnm] =3.414 IMFP-2hd. lamBdalnm] = 1.657

Plasmunene yEpI[ \g = 78957 Plasmnnene yEpI \rE| )
6.0 anma [ Vi’“ a0 anma, 1/

eta-2hd [1/1 Angstrum =053 eta-2h [1/(e Angstrnmj 0.o1a
50 Densm of valence electran, L Densm&y of valence electron, U
' ele Dns,"c:m 3] =0.076 U [ele Dnafcm 3] IZIEM?
Q/&ngstrum =1.900 (&&ngstrnm 108
40 {Angstrom]  =51.81 21 {Angstram] = 33 B4
3.0
2.0 1.0
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Inelastic mean free paths in solids

Estimation from the TPP-2M formula: any compound

A~ 1= z

(&

where

B[ Bn(3E) —(C/ E)+ (D EY)]

A = —010 + 0.944,*(5},5-;]1*‘2 + 0.069 o

y = 0191570

o= 1597 — 091U

D= 534 - 2080

U = NplM = E.18294

and E = 28.8 (N,p/M)' is the free-electron
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
compound), M is the atomic or molecular
weight, and E, 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)



CORE PHOTOELECTRON INTENSITIES AND COMPOSITION
hv\lh" (%:¥:2) Lo Q(,Ekini X,Y)

X

Atom Q

. Level n/j I ‘

I(Qn¢j) =
dog,,;(hv) z :|
dQ A (E,, )sin@
l,,(x,y,z) = x-ray flux

C Ilhv (x,y,z)pQ (X,y,Z) exp[— .Q(Ekin,x, y)dXdde
0

Pq(X,y,2z) = density of atoms Q — quantitative analysis

dog,,;(hv)
dQ
A (E ,;, ) = energy-dependent inelastic attenuation length
— Effective Attenuation Length (EAD) — Mean Emission Depth (MED)
O(E,..,x,y )= energy-dependent spectrometer acceptance solid angle

= energy-dependent differential photoelectric cross sec tion for subshell Qn/ j




CORE PHOTOELECTRON INTENSITIES AND COMPOSITION

Normal
X-ray
tube

Level nij
Atom Q ‘

(Qnsj) =
daQn/j (hV)
dQ
l,,(x,y,z) = x-ray flux

V4

C [ 1, (xy,2)p5(x.y,2) exp[— A(E }D(Ek,-n,x,y)dxdydz
0 e ki

) sin@
Pq(X,y,2z) = density of atoms Q — quantitative analysis
daQn/j (hV)
dQ
A (E ,;, ) = energy-dependent inelastic attenuation length
— Effective Attenuation Length (EAD) — Mean Emission Depth (MED)
O(E,..,x,y )= energy-dependent spectrometer acceptance solid angle

= energy-dependent differential photoelectric cross sec tion for subshell Qn/ j




PHOTOELECTRON INTENSITIES FOR SOME USEFUL CASES
(a) Semi-infinite specimen, atomically clean surface, peak k with Exin=Ey:
No
N(O)= Il Q0(ED Ao EDolEnp der/d As(Ew) |_S ) (115)

This case corresponds to an optimal measurement on a homogeneous
specimen for which no surface contaminant layer is present.

Ek D, (B, )= pereerion
EFFLCIENCY

o (Ei)= EFFECTWVE
Areza

BRoAD %‘

4
~1LL (Bu)= accaprancE

ILLUMINATION / A Q / SouD ANGLE
- '
Ao
$nd Jr
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I k* Subshell Ae}
R Subshe '
’L’\.-“ e=density (cm +3)
/ BRADIATION PENETRATES To

>/> € ESCAPE DETPTHS

/

Paper 1—Basic Concepts of XPS



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

N k(9)=1 oQo(Ek)Ao(E};)Do(Ek)p dak/dQ Ae(Ek) f
x [1—exp (—#/Ae(Ex) sin §)]  (116)
Here, the intensity of a peak originating in a specimen of finite thickness is
predicted to increase with decreasing 0.

,—/'/'/”,(,

o kﬁ‘ subshell, P N, t
_\‘\L(_\"\'L\‘(\ <\ f‘s"ﬁ‘x‘f‘(‘ r

Paper 1—Basic Concepts of XPS
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(¢) Semi-infinite substrate with uniform overlayer of thickness ¢ -
Peak k from substrate with Exjn= Fx:

Nx(0)=IpQo(Fr)Ao(Ex)Do(Ex)p dox/dQ Ae(Ek)
x exp (—t/Ae'(Ex) sin 0) (117)
Peak / from overlayer with Exin=E;:
N 1(0) =] oQ o(Ez)A o(El)D O(EI)P' do t/ dQ Ae'(El)
‘ X [1—exp (—t/Ae'(E)) sin 6)] (118)

where
Ae(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',' Eﬁ
el EL
T4/ Sdadddddid
LA AS t

720 P77 //////////////, T

k) P; A"Q ;
Paper 1—Basic Concepts of XPS
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(d) Semi-infinite substrate with a nou-attenuating overlayer at fractional
monolayer coverage—Peak k from substrate: Eq. (115).
Peak / from overlayer:

Ni(8) = IoQo(Er) Ao(Er) Do(Er) §'(doy/dQ)(sin 6)-1 (120a)
Overlayer/substrate ratio:
N 1(9) | Q o(E 1)A o(Ez)Do(Ez)S '(daz/ dQ)

Ni(6) Qo(Ex)Ao(Ex)Do(Ex)s dox/dQ (Ae(Ey) sin 6/d)

_ I—‘S: ] ' Do(E)Qo(E))Ao(Er)(dor/dQ)d (120b)
Do Ex)Qo(Ex)Ao(Ex) dog/dQ Aesin 8
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 = pg

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

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

e, E
) "ew2)

S
S(cm"’) Paper 1—Basic

€ Concepts of XPS




e Table 4 Density and atomic concentration e B
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.) at 37 atm)
Li 78k | Be Atomic radius B c N 20k § O F Ne
0.542 | 1.82 — 247 13516 }1.03 : f151
a700 |121 | = Tmt Average surface 130 |176 4.36
3.023 § 2.22 = - i i = — 2/3 1.54 C o iad 1346
, 0.5 n-n dist. density = pg = (py) 2 i e P
Na sk | Mg Al Si P S Cl 93k | Ar 4k
1.013 | 1.74 Density in g cm™3 (10%kg m™3) Yognloage D U
2.652 | 4.30 Concentration in 1022 cm™3 (1028 m™3) 6.02 ]5.00 | N 2.66
3.659 | 3.20 Nearest-neighbor distance, in A (1071%m) 286 1235 202 1376
Ksk | Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Bri23k| Kr 4k
09103153 299 451 6.09 |7.19 747 7.87 ] 89 8.91 93 8714 591 537 ¥5 77 84381 405 |3.09
1.402 § 2.30 | 4.27 5.66 | 7.22 833 |8.18 850 |8.97 9.14 845 655 510 442 465 |367 236 |217
45251395 §325 289 262 250 1224 |248 1250 249 256 J266 1244 (245 §3.16 (232 . 1400
Rb sk | Sr yf Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe K
1629 1 258 | 448 ] 6.51 8.58 10.22 § 1150 | 1236 § 1242 | 12.00 § 1050 §8.65 |7.29 576 1669 |625 495 378
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 2.91 331 2.94 2.36 1.64
48371430 1355 1317 308G §070 3071 2.65 1269 1275 289 1298 1325 (281 291 286 354 1434
Cs s« | Ba La Hf Ta w Re Os Ir Pt Au Hg227] TI Pb Bi Po At Rn
1.997 § 359 |6.17 1320 11666 1925 12103 12258 §1 2255 §2]1.47 § 1928 11426 11187 §11.34 1980 §931 |
0905 §1.60 | 2.70 | 4.52 5b5 630 |6.80 |7.14 7.06 |6.62 5,90 §426 |350 ]330 282 2.67 — e
:5:235 1 4.35 373 313 2.86 274 2.74 2.68 271 277 2.88 3.01 3.46 3.50 _3-.07 3.34 =
Fr Ra Ac
10.07 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
— — 2.66 6.77 |6.78 7.00 > 7.54 525 7.89 8.27 8.53 8.80 9.04 g3 6.97 9.84
3.76 291 292} 293 — 3.03 1204 (302 §3:22° ¥317ZmE322:08326 51 3.320 1302 "§:3:39
365 j363 |366 359 1396 1358 §352 1351 §345 §347 __ 354 1388 }343
Th Pa u Np Pu Am Cm Bk Cf Es Fm Md No Lr
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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
HP R Si2 Si
sensitivity (axis) (eleﬁim)
enhancement - 6-80 f38eV -
- - 10k 2%=0.19 & L
for grazing exit el :
angles \_
.“'—2p P
3/2
=
| Y &
5 i .
e —
3 E
s pratve e
I | | L L | I 1 1
%910 100

<«<—— Binding Energy (eV)

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 Hill 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 43) and an outermost
carbon contaminant overlayer approximately 1-2 momolayers in Chitkness.
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

2. Transport to the
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FORMALISM AND PARAMETERS FOR QUANTITATIVE SURFACE ANALYSIS

EFFECTS OF — g Py
ELASTIC e
SCATTERING ON

ANGULAR
DISTRIBUTIONS:
POLYCRYSTALLINE
OR AMORPHOUS
SAMPLE

- Al Ky

f
[l

Photoelectron intensity (arb. units)
Photoelectron intensity (arb. units)

0 = L1 '} D = L L
0 30 60 30 0 30 60 S0
Angle of x-rays ¥ (deg) Angle of x-rays W (deg)
15

Palladium 4s -’tr
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® EXPERIMENT

JadLensE,
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Figura 4. Dependence of the photoelectron intansity emitted normal to the surface on the angle of Al Kx x-rays with respect to the
— direction of analysis. Circles and solid line: Monte Carlo calculations accounting for elastic collisions of photoslectrons; dashed line: result
of common simple formalism of XPS in which elastic collisions are neglected. (a) Silicon 2s photoelectrons; (b) copper 3s photoelectrons:

(e} palladium 4s photoslegirons. tTain from Rel. 20).
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PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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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

0 =tan . {\jsinz (e —-EKQ— /;osﬂ'}
2 kin 0 Observed
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Y\ - 1* Above
< Lo W(10)

e N W
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B 1‘5.' 45 75 75 a5 =15
o ; .
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6-6 (°)

““““““ E(eV) =
O

60 80

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, . .sticSINOiakeoft
How valid?

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

0takeoff
down

to 5-10°

Inner etakeoff

>20-30°

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 -a
7~15nm <
1 3
12 nm £ More_l?ulk
sensitive
0=80°_
0o |
More interface sensitive _— ?20 |
| | | |

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:
more experimental and theoretical details

Valence-level photoemission

Core-level photoemission:
mmm) photoelectron diffraction

Photoemission with high ambient pressure
around the sample



Some basic measurements:

: XFH  XES, RIXS REXS, XRD
St‘j‘vnd'"g XFH',RXFH @y XAS, XRO
ave | p, RCP, LCP hy’ y ===
<h S\ PS, PD, PH
hv '/ ke Z > (< CD, MCD, SP

1
I
I

N -
9 XTraV Fluorescehce Holography
fy (XFH, XFH-! ), Resonant XFH (RXFH)

X-ray Emission Spectroscopy (XES),
Resonant Inelastic X-ray Scattering (RIXS)

(Kramers-Kronig)
~ 1-(ry A 2/21) 2nf,;(0)

Multi-atom resonant

|
= S it Resonant Elastic X-ray Scattering (REXS)
x = 4mBlx photoemission (MARPE) y payDiffraction (XRD)
o,R =0, 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)

Asw = Ay/(2sin 6,)
Ocrir = (25 )"2



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL
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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

: .  CORE-LEVEL
‘Pno‘::-e' entensitv (hy, 6, @)
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s i N =
Azimuthal Polar Normal Noottnol
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e-

Ag- VARIED

NPD
OPD Twwovauerr, sav-
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SINGLE SCATTERING THEORY DETECTOR

EFFECTS OF | . OF DIFFRACTION s
ELASTIC e %
SCATTERING ON  A—"
ANGULAR p e T
DISTRIBUTIONS: e -V,
SINGLE-CRYSTAL Sxcrearion W g Aes5-204
SAMPLE—— * YY) = D exp(-L/24,), mm;?“
PHOTOELECTRON SINGME-  Spher iy OTROME)
DIFFRACTION GRusTAL  Wave W=
And SussTRATE _ o i Atemic SO
PHOTOELECTRON i S o el ) S
HOLOGRAPHY
= ALL BOND DISTANCE INFORHMATION IN:
Paper 3 PATH LENGTH DIFFERENCE = I (1-cos 8))
“Study of Surface
Structures...” . PHASE DIFFERENCE = kr; (1-Co8©;)
Figure 3 = kr e '|2 ;-’

Jd



FORWARD SCATT. = "O™H ORDER"”— Bond & Low-Index
Diraections

HIGHER ORDERS — Bond Lengths

&
Atomlc
Poslitions

Helographic
fringes

Unscattered
ref. intens.

Iy o | #yl?

CcoO
C1s

Photoelectron
Diffraction EDAC program: Javier Garcia de Abajo

http://maxwell.optica.csic.es/software/edac/index.htmi



Scanwegd - Anae ProTosLecToN DIFFRACTION
Example:
Ge(111) - Ge3d Photoelectron Hologram
E,;. = 1458 eV

NMGH-1.0

Low =05

.+)'/

w ~ 400 DATA
e-
)
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TRAN ET AL.,
Surr, Sci, 284,

20('e3) ¢
BUD G, INTUNTA
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Photoelectron
diffraction:
Simple single-

scattering
theory for s-
subshell
emission

“Study of Surface
Structures...”
Figure 3

SINGLE SCATTERING THEORY
hy (Orders, Faclley, P.R.B 23, 791('83)

P

SPHERICAL WAVE
(SW)  pLanNE f(6)——
WAVE I

(PW)

exp(ik [7-7j])

YX(Eor E) oC Z—F";__(L) GGS[kY:j (1- cos Bj)'l' ‘G (OJ‘,E)J
J ° \ - -
(ceusTer) : s

PATH LENGTW SCATTERING
DIFFERENCE PHasE

(*.L.D) SHIBT
INELASTIC

% guasme
e = AToM
SCATTERWG

NN LICT) scatrieme
il J* " Js
F:iu') B (E- r.l) r

; V(‘ a'Q CIP("'LJ/M.)
= amplitude of scattered wave
Fe = ( 33) exp(— Lo/2A)

= amplitude of diveet wave



From SINGLE=- SCATTERING THEORY:
(€.G., P.R.B2L, GOBT('80), P.R. B2 7£1('83))

I(i)ee |¢+Z¢-|z Z ON EINITE CLUSTER,
o< |8,[* +§.(H *)+zzz¢¢>

* Ll -
Ir $;4% SnaLL W T Q‘J{-ﬁ.f‘ , A NGCES
SARN CONDITION FOR SIMPLE HOLOGRAPHY:

T(R) w By + 2F, SIFj6pleos[kr; (- cosepe Wi, ]

I‘, PATH Ll:.N(rTH SCATTE.UNG
VIFFELENCE 'PHA';E.
I¢k)- I
X(E )= __I_’T_e_ =1 {?letﬂj\lcos[hs-(‘l- cos aj)i'*j(ejah)]} '

>
wiItH . Fg = (€ ©) exp(~Lo/2A,)

amplitude of diveet wave = I/"“-
|F,'(0j)| = (&% )I—.F"%O-E-I-W(BJ)E;LP (-L;/724.,)

-E = omp(t.’l‘u.dc of scalteved wave
_ 2, %
& |a2: W; = exp (-—AILJ uJ)
_|:» J

r_,‘ - = exp(-2k* (1- cosej)tl})

—
Live EXAFS(/SEXAFS, BuT THERE:
® ADD CENTRAL ATOM PHASE SHFT §,
u'!" => T Fon AcL SCATTERERS
2 cos-‘a'sm IN ANG(E (VTEGRATION
& ti(r:jﬁ EV_"/r:l. IN ouT/BACK PATHS



CALCULATION OF €@=ATeM SCATTERING
FAQTO‘IS ¢

't PLANB=-WAVE SCATTERING |
M
\ “PARTIAL= WAVE METHOD
PHASE SHIET

SR - PW ‘ch\t 8
/V(r) *F( Q)= 23(22+1)e ‘:...8 P (cos ©)

Rpnox S K, o

T ANV TEXTBOOK ON SCATTERING



ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING

1.0
X MAGNITUDE OF SCATTERING
tWe) ) FACTOR FOR NICKEL
fle)= I-lee i 0wy ('PL.ANE— WANE 50V
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= ErFECT " Study of Surface Structures...

Figure 2



ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING
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Vibrational effects P,
on diffraction
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VIBRATIONAL MODELS
CORRELATED DEBYE - o (II)

0.0075A% _
9 =300K, SIMPLE DEBYE 1 o

__—=="""CORRELATED DEBYE - 0y, |
o~ CORRELATED DEBYE- o~’; (1)

8,:375K, SIMPLE DEBYE
CORRELATED DEBYE - oy; (1)

(@)= o2, 1st TWO LAYERS (BF) T=295K
i (b) = o2, OTHER LAYERS (BF) | 1
OOO E | 1 1 l 1 | | 1 I | | i 1 l 1 | | |
o | 10 20 30 40

INTERATOMIC DISTANCE, r; (A)

SAGURTON , BuLLoci , FADLEY, SUAF. SCI .]
[_ 192 293 (1983)



0.85 | 2.00

Na Mg

Thermal conductivity at

Table 1 Debye temperature and thermal conductivity®

0.72

3.17

Gd

Yb

SEE———— S S

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

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




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
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TEMPERATURE-
DEPENDENT
ADSORBATS
CRIENTATION

Paper 3
“Study of Surface Structures...”
Figure 12
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ORIENTATION OF A HIGHLN TILTED MoLEC, ON SURFACE
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Online EDAC output for CO/Fe(001) @

calculation of _
Click on the figure to dovnload data.

p!“’toe'_ecu’o“ http://csic.sw.ehu.es/jga/software/edac/a.html
diffraction

patterns:

Oxygen
1st order
diff. ring

7 atoms:

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 0O, Fe. distance to the center of the figure is proportional
to the polar angle 8. The polar angle range is (0.0,

89.0) (in degrees).

Parameters used in the calculation:

X 4 domains
A7 atoms rotated by 90°

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

Photoelecton energy=1202 eV
p-polarized light
z,=1.435 A

Recursion iteration method



Electron Diffraction in Atomic Clusters

for Core Level Photoelectron Diffraction Simulations

Created by F. Javier (Garcia 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 is

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
display 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 MS 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

LR

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

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

Cluster definition

The cluster and the list of emitters are detfined by a list of commands with the following format {click here or on the
items of thiz 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 © 0.85 0 1.66 N
atom - 0 0 1.0

surface Fe 1.435 1.435 0 Z.87 bccliO

emitter 0 0 1.0

end

[

The cluster congists 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,= I A

See cluster shape for more details.

“ Yes & Parabolic
? - _
Plot cluster on output? - No Cluster shape: ¢ Spherical
Preview Cluster” Download Cluster”

Geometry of beam and analyzer

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

Azimuthal angle ¢, = I degrees

@ p-polarization
€ g-polarization
© RCP
© LCP

Polarization:

Schematic representation of the geometry

Mobility of cluster & Only the sample moves with constant p =90 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 1s 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 1s 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 eV ito [1202 ¢V

Polar angle: |50 equally-spaced value(s) of the polar angle 6 from IU degrees to |89 degrees
Azimuthal angle: |51 equally-spaced value(s) of the azimuthal angle ¢ from IU degrees to |3'30 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.

Additional solid parameters 8.1 eV from band struct.
Internal code parameters =[124 |ev + work function = 4.3 eV
=25 —[a3 |A =124¢eV
: either chooSe a fixed value = |17.8 A
or (if that last entry is <0 use the
with parameters p = |7.87 g-"cm3= N.=8

=[4

iZ1 Jacobi regular MS)

. Ep=13057 |eV.andEz=0
% Recursion )

=300 and =470
{@ core level (e.g. 1s_ 2s, 2p_etc) =15
l=|0 | Ryp+1=|1.0 . S1p+1 =|0.0 . Ryp.1=1|0.0 . B1p-1 =|0.0

Calculate® [ Download Input File™ l

eV


coana
Rectangle


e Table 4 Density and atomic concentration e B
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.) at 37 atm)
Li 78k | Be Atomic radius B c N 20k § O F Ne
0.542 | 1.82 — 247 13516 }1.03 : f151
a700 |121 | = Tmt Average surface 130 |176 4.36
3.023 § 2.22 = - i i = — 2/3 1.54 C o iad 1346
, 0.5 n-n dist. density = pg = (py) 2 i e P
Na sk | Mg Al Si P S Cl 93k | Ar 4k
1.013 | 1.74 Density in g cm™3 (10%kg m™3) Yognloage D U
2.652 | 4.30 Concentration in 1022 cm™3 (1028 m™3) 6.02 ]5.00 | N 2.66
3.659 | 3.20 Nearest-neighbor distance, in A (1071%m) 286 1235 202 1376
Ksk | Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Bri23k| Kr 4k
09103153 299 451 6.09 |7.19 747 7.87 ] 89 8.91 93 8714 591 537 ¥5 77 84381 405 |3.09
1.402 § 2.30 | 4.27 5.66 | 7.22 833 |8.18 850 |8.97 9.14 845 655 510 442 465 |367 236 |217
45251395 §325 289 262 250 1224 |248 1250 249 256 J266 1244 (245 §3.16 (232 . 1400
Rb sk | Sr yf Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe K
1629 1 258 | 448 ] 6.51 8.58 10.22 § 1150 | 1236 § 1242 | 12.00 § 1050 §8.65 |7.29 576 1669 |625 495 378
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 2.91 331 2.94 2.36 1.64
48371430 1355 1317 308G §070 3071 2.65 1269 1275 289 1298 1325 (281 291 286 354 1434
Cs s« | Ba La Hf Ta w Re Os Ir Pt Au Hg227] TI Pb Bi Po At Rn
1.997 § 359 |6.17 1320 11666 1925 12103 12258 §1 2255 §2]1.47 § 1928 11426 11187 §11.34 1980 §931 |
0905 §1.60 | 2.70 | 4.52 5b5 630 |6.80 |7.14 7.06 |6.62 5,90 §426 |350 ]330 282 2.67 — e
:5:235 1 4.35 373 313 2.86 274 2.74 2.68 271 277 2.88 3.01 3.46 3.50 _3-.07 3.34 =
Fr Ra Ac
10.07 Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
— — 2.66 6.77 |6.78 7.00 > 7.54 525 7.89 8.27 8.53 8.80 9.04 g3 6.97 9.84
3.76 291 292} 293 — 3.03 1204 (302 §3:22° ¥317ZmE322:08326 51 3.320 1302 "§:3:39
365 j363 |366 359 1396 1358 §352 1351 §345 §347 __ 354 1388 }343
Th Pa u Np Pu Am Cm Bk Cf Es Fm Md No Lr
11.72 } 1537 § 19.05 § 2045 ] 1681 |} 11.87 '
3.04 4.01 4.80 5.20 4.26 2.96 — — —_ — e — — -
360 §3.21 275 172672 131 361 '
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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

& Automatic: core level (e.g. 1s, 2s, 2p, etc.) =|15

¢ Manual: 1, 0 s Rygp 10 > 8041 00 »Rigy 00 > B9 00
Calculate” | Download Input File™ | Reset™* |

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

computation time for other input parameters, keeping in mind that it scales like ~ (z__, - 1) M (Jmax-l-l)g, where V15

Radial matrix elements:

the number of atoms in the cluster and #____ 1s the scattering order. For reference, the default values are /=48, / a0

scat

and »___,=2, for which the above number iz 7.9 10°.

scat

IMPORTANT: READ THESE LINES BEFORE RUNNING THE CODE FOR THE FIRST TIME.
*The results will be ploited 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 obtained
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.ehues



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

2 atoms: Z =

o0
Oxygen-
; 1st order
o, ® o diff. ring
7 atoms: 1.0 A ® g < O®
.0 o o
0.5 A $°8 O
F ® - C ] ®
Iron-
| @ O 1st order
0.0 A AL o0 diff. ring



CO/Fe(001)—Effect of CO bond dist.
2.0,



CO/Fe(001)—Effect of cluster size

19 atoms: .‘é'?*,' o 0B o

31 atoms: -"{,?{"- :. o® .:

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



CO/Fe(001)—Effect of scattering order

Single scattering:

shfe

Fourth order scattering:

‘.I;l.‘ o.oo:.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:
® e
Circular
Right circ.ular polarization: dichroism
’ ® in angular
Q . distributions

(CDAD)—more
later

Left circular polarlzatlon




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

O
0
Scattering order: ()




Cu nearest-neighbor |CuAUGER EMISSION “fio)"

_ - - ~ Chain Axis
chains along [110]— | Bk 9170 ¢V: dnen 2504 \45539%29
i === Multiple-Scattering exp (-L/2A)
Effect of scattering T Pl iy
order [101] EMITTER

II‘\‘Jo. Atoms SS=nmnS8
e [\

MS DEFOCUSSNG

INTENSITY (Arb. Units)
N

- /l\ —_—

e Lo b o b o b a b o b g 1 o & 4
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  [10()] POLAR ANGLE FROM SURFACE [001]

Photoelectron Diffraction and Auger "
Electron Diffraction” KADUWELA ET AL., T. ELECT. SPecT. 5%, 223 ('0)




Photoelectron Intensities From Different Surfaces
(Stereographic Projection)

Ni(001):Ni 2p at 636 eV

Tn;%;yuns&ﬂ . i}

AL .

Ru(0001) :Ru 3d at 1206 eV F'nge-r-pl'ln?
identification
of short-range
atomic
structure
and symmetry

A

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

textured.

OSTERWALDER
‘r At -




® Some growth modes:

(b) &

==, 7 Y.

LAYER- BY i (deM)

MIXEDWMSK)ﬁ

vvvvvv

GLANDCLUSTER il

EX. Fe/W(110) Cu/Ruam1) 3D->2D->1D
i /Wto) j Fe/Stepped W
( e ) VAN ( f) 9 S?M.
INTERDIFFUSION MIXED- PTASE P STRAI
Fe/Cu(001) EPITAXY/METASTABIY imost binaries
fce & bee Fe/Cu(001) FeO/Pt(114)

SURFACE ALLOY

DEFECTS/ STEPS

Gd /We10)

ROUGHNESS

Co/Pt
Fe/Cu Co/Cu
Cr/Fe Cr/Fe

FLOATING. ALLOYING | TEXTURING
SURFACTANT SURFACTANT | 7y _pe
Au/Si(111)-Ag Ga/Si(111)-Sn (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
2.5 10=90°
¢ along W[001]
:% 1 Layer
200 Interface
g
E—

o (1x1) Fe Overlayer
® W Interface

@ W 2nd Layer

® W Bulk

I I | .]' I

398 400 402 404 406
KE (eV)

W 2nd Layer PD W Interface PD

-

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

ToBER ET AL.
PR.L.,
19,2085('79)



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

920 75

W 4f7/2
Interface Diffraction

Srauerurne DererMinaTION

Experiment

i s [100] ho = 70 eV
Ekin = 40 eV

......

15 45 75 75 45 15

W 4fy

fTacea Diff o=

2o = 293R8

Multiple Scattering zq.:ﬁ;' z»zal (’--Iﬂx IN BULK)
Theory
(110 atom cluster)

Exin = 40 eV
Zpe = 2.165 A

(Bridge Site)

Ly~ CONTINUES BULK
W STRUCLTURE



E | s ey Clean W(1 10) 4f Surface Peak: R-Factor Analy5|s
3 = T
Eﬁé R—factor 1 { o R facfm- 4 (
§§ B x Z[Iexp theo \ oc z[ exp _ dltheo ]
g = \ T dg dg "
S oaal ‘ . 0 )
-32.0 -31.6 -31.2 | oof y 0z=0.10A
binding energy (eV) ) za
0.42 ®ee | o3}
Surface
layeronly ™" o] i it TYTYITT
R-factor 2 : B-fastor 5
0.05 - 2 i : =
o« Z[Iexp - Itheo ]i i dlexp dltheo]
s ' g~ dg
5z=0.15A 1
0.03 + l 7 e
g
theta e i = } } } { Ti P ——t t l d .
o | R-factor 3 4] \ Il\g?gg% ) |

Fraction with [,
and /., diff. slop

\ 5z=0.10A

sum

035 |

030 -

0.25 A2 1

0-20 i 1 1 L L 1 1 1 L 'l e + i ¥
0% 04 02 00 02 04 06 ol 06 04 02 00 02 04 065 08

0z [13;]

(4]
15 45 75 75 45 15 0z [A]
theta




PHOTOELECTRON SPECTRA
OX\DIZED SILWLON

CHMENICAL SHIPTS OF CORE L&V&LS
| I I | S TR ST D

Si 29,., . SR ove

hr = 130 eV

Si(100)

sR oxiwpe

-7

Initial -State Energy (eV relative to bulk Sizp,,,)

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



100 ———————7————7 11—

| ——— Sum e=oo

Case study:
Interface
structure of
Si0,/Si0,

(Westphal et al.)

photoelectron intensity / a. u.

E.. /eV
Spin-orbit-splitting 0.58 eV

Si® width

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

F.J. Himpsel et al, Phys. Rev. B 38 (1988) 6084
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)
3000 L

" 90 44 90 "4
S|0 120 60 S|11zu S|212|]
phi / phi / phi / deqg
150 3 150 3 30
180_ | 180_| | | 0
29 % 17 %
L= 80 8V Lin= 80 eV ki = 80 8V
I R P T O R L T T T T T I 1T T I R R T R T
80 60 40 20 0O 20 40 60 80 80 60 40 20 O 20 40 60 80 80 60 40 20 O 20 40 60 80
thota f dan theta f den thota f dan
=24 0 A+ 1}
S|3 120 60 S|4 120 60
phi / deqg phi / deqg
150 30 150 30
180 0 180_ | 0

3% S. Dreiner et

kin~ 80 e‘:.f kin~ 80 e‘:.f al. (Westphal

T T T T T T T T 1 T T T T T T T T 1 group), Phys.
g0 60 40 20 0O 20 40 &0 80 g0 60 40 20 O 20 40 &0 80 Rev. Lett. 86,

theta / deg theta / deg 4068 (2001)



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

I4+
exp. S

120 G0

phi f deg
150 30
180_] |0
3%
=80 &V
T I T T

1 1
40 20 0 20 40 &0 80

120 60

150

E,;,=80 eV

R R R R
G0 40 20 O 20 40 60 80

theta { deg

o [ ]

150

Si%*

0
120

G0

phi f deg
20

180_] | 0
25 %
E,,=80 eV
R R
80 60 40 20 0O 20 40 60 8O0
theta f deg
a0
120 60
phi f deg
150 30
180_ |0
B %
E,,=80 eV
=

11 1 1
80 60 40 20 0O 20
theta { deg

| ] I
40 &0 8O

Si

d

j4+

Si%*

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




(=1
m

+ Assignment of additional
Si%- and Sif-components ~
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Some

Comple-

mentary - APHY
Surface  hw' T EEEOLO
Structure "
Probes

e 0 0 0 0 0 ¢
Q.:040. 0.0 . .0 .0 .0, .0

-Type of order: Short (< 103) Short, long Long (> 1003)
and disorder

-Atom & site Yes No No

specific:

-Sensing 5-408 Mostly surface | 5—202

depth: D.O.S.

-Lateral 1 mm? to Single atom 1 mm? to

resolution: (300 )2 1 micron?




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

(a) Low energy electron diffraction

/112\/

(b) Scanning tunneling microscopy

58A x 58A

nm



1 ML of FeO
on Pt(111):

Structural model

from
LEED and STM

.o . "
° P \A \/ \V4
N ”‘ ) 4 \ o A o A o A A
1 a L\ A A A
O Pt © Fe, cornerof
) unit cell
Remaining =| nio o r. @ oneen

Questions: (85 1]
-Is Fe or O on top?
-Fe-0 interlayer spacing?

-Fe-O orientation? Superlattice or
) ... Moiré
®_oOr structure
L N ® ¢
(b) QOFe O
O Pt

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




(a) Low energy electron diffraction

LEED

(b) Scanning tunneling microscopy

STM

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

(c) Photoelectron diffraction

Pt 4f, 1414 eV

theta

Fe 2p, 778 eV

theta

O 1s,944 eV
30 75

15 45 7575
theta

5 15

O 1s

Al Ko Radiation

1000

(hun “ouv) Aysusiu

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"9 layer Pt effect

® FeO/Pt(111) - Favored (b) FeO/Pt(111) - Unfavored
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200

Intensity(Ard. Unit)

150

100

S0

Scanned - Encan~y PHOTOELECTRON DIFF,

(V3xV3') AL on Sc(111)

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

}«anoo DATA POINTS

- =S i
S EP \ si(111)v3xva—-al hv2i850eV ]

i | \

r-h____""“““kﬁ_j \ Al 2p =

; N e S “

: ]

1
S0

40 ’ B0 100
Kinctic Encrgv(cv) w“ ‘T AL.,

PR.L. 31, 282('98)

PHOTON ENERGY (ev) o :

100 150 200 "2‘?—3%&‘“’"“.“‘
E T y ¥ I A : ¥ I d
=f .
. ke o
=F ;
|5 H
E = -
Cr2 = . e
= 2
g 5—4—’ 30.0°
b :
= ol
:l i i b = T L T g .:
2 3 4 (=] 8 o
MOMENTUM k(1/X) |

Eu.= 34ev ¥V 84eV



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

Valence-level photoemission

Core-level photoemission:
BE) Photoelectron diffraction > Photoelectron holography

Photoemission with high ambient pressure
around the sample



CLASSIC OPTicaAL HoLoGRAPHY:
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) N —qete® medium
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Subject . \Xt
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Formation of a hologram = Loser

Hologram
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Real - ,—"' Hologram

image /,,-',

Generation of a real image
Gelectron emission holography,
reference is outgoing spherical &
conjugate is incoming spherical




FORWARD SCATT. = “O™ ORDER— Bond & Low-Index

Photoelectron

. : | Directions
diffraction— |\ HIGHER ORDERS — Bond Lengths
holography: | &
Element- Some
Positions

specific
short-range
atomic
structure

—Holographic
fringes




Principles of photoelectron and
x-ray fluorescence holography:

(a) Inner source holography -direct:

Scattering
ato
ALS hvexcitT
undulator oY
| ° T Wiwet o
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)

PR
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>>>>>>>>>>
AN ENEIE IR
SN ERERERE S

NI
ENEIEIEIEN

S
LI
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PRI
B

Source— D, B
Emitte o

I(K) = | (K)+

obj

' N.Object — Scatterer‘

k=212

region:

ref

= ‘¢ref(k)‘ +HP

Resolution

~1/ Ak,

Ak, x Ak, x Ak, AZ~ 1/ Ak”

Phase difference between
¢ . and @,

._koF—kr

k
( )‘Holographlc interference
ref (k)¢ob_/ (k)+¢ref(k) obj (k)

(k)= |0 (k)|

o k)

Weak,
~isotropic

Ho log ram: x(I?)z

Ho log raphic image :

U(F) = mjx(k)exp[:k-r—:kr]d k

- |2
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scaﬂenng,
hase
shlt
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. 2x2)S Ni(001
|n.S|d9'SOUfC9 PH- A WollDofind 'Il'gst e
first adsorbate:
S/Ni(100)

S
éé ERll= % Range of
. hol
T | 2nd=  hologram

emin ~ 60°

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



Holograms: S/Ni(001)

Experiment Theory

90




Holographic Images: S/Ni(001)

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)



Emitter (As)

Derivative photoelectron

0

holography: As and Si 2

emission from E
AS/S|(111) M (b):=-1.19 A

1 -

- g gy, — . 3 LS 0

U(F) = ‘ ([ x(R)explikeF - ikr ]d’k = 4

] :

with x = I(k)—_lo 2

. 0 .

and I(k ) from int egration of log arithmic 3

derivative <

- - ™~ 1

Lihv. k)= M(hv+8.k)-I(hv -5 k) >

[l(hv +8,k)+1(hv -8,k )]6 3

I(k)=1I(k,k)= A[L(hv,k)d*K ]

€ 5

N L

-4

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




intensity (arb. units)

Single-atom holograms

a) tar node geometry (y= 0°) b) near node geometry (y = 80°)
[}
c
>
£
)
2
7]
c
2
sl oo ool oo bl .E NP P A P P P
90 60 -30 0 30 60 80 90 -60 -30 30 60 90
polar angle 8 (deg.) polar angle ¥ (deg.)

detect
eecz(a v

detect?

M(k,F) < \|photoe™ cross sec.
— fok

Wider et al. PRL
86, 2337 (2001)

[111] directior

Near-node photoelectron
holography:

Al 2s emission from
Al(111)

far node

near node

et

_.? . - 2—.. e
[112} direction (4 )



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)



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

Valence-level photoemission

Core-level photoemission:
=) X-ray optical and standing-wave effects on intensities

Photoemission with high ambient pressure
around the sample



PHOTOELECTRON INTENSITIES—THE 3-STEP MODEL

3. Escape across the
* surface barrier (V,)

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

-Q*lun--l—-hu-———-_-—-—
N
- B - -

+X-ray refraction/

- K =
reflection— _ﬂgy

standing wave _ —
formation /‘( %
4 , 1. Excitation: differential

(more later) X |
— photoelectric cross section (doc/dQ)

P



Some basic measurements:

: XFH  XES, RIXS REXS, XRD
St‘j‘vnd'“g, i XFH', RXFH @4 XAS, XRO
ave/ “Lp,RCP,LCP N hy’
<h R PS, PD, PH
thv “{/ ‘oY s ' CD, MCD, SP
~ \

~ exp(-Lx/Ax)

i N
n=1-5-1p '~ 3
N ] N N 9 X-'fay Flourescence Holography
(Kramers-Kronig) N fy (XFH, XFH-!), Resonant XFH (RXFH)
~
~1- 2 f ﬁ-ray Emission Spectroscopy (XES),
1-(ro Ax /27t)zi:n,fxl(0)M iat ; Resonant Inelastic X-ray Scattering (RIXS)
= 41tB/\ ulti-atom resonan Resonant Elastic X-ray Scattering (REXS)
Hx Bl photoemission (MARPE) y pay piffraction (XRD)
GXR = exl X-ray Absorption Spectroscopy (XAS)
- - X-Ray Optical measurements (XRO)
Asw = My/(2sin 0,
S 2 ( X) Photoelectron Spectroscopy (PS),
QCRITI = (25 )1/2 Diffraction (PD), Holography (PH)

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



(E.G. See pp. 1-38, 1-44, 5-18-5-19 in X-Ray Data Booklet)

Index of refraction=n=1-5-ip

Incident

A LITTLE X-RAY OPTICS pysgs

Equatio

Reflected

Transmitted
& Absorbed

I(z) =
i I(O)exp(-L/A, )

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

B =+ no. = absorptive decrement << 1

& and B linked by Kramers-Kronig transform

n also = 1 = (rJ2n)An 22 Nifi(0=fwd. scatt.)
r. = classical electron radius
= e?/4ngcgm e? = 2.817 x 10" m
Anv = x-ray wavelength

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/(4nB) = A,

OcriT = critical grazing angle at

which reflectivity begins (R ~ 0.20)

= [28]0'5

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

Em]

Av Dengity=18.32

delia {dash)
beta {solid)

50 100 200 500 1000 2000

Photon Energy {eV)



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

|

(barns/atom)

Cross sec

Fig. 3-1.

i I i | E [ I

Five pvecesses
o Tha X- rey | atwwn
wmleveoction

= Photeo electvie ef fact

e Ec" prvowg* Ee.‘ WNETIC g

' ﬂx-ru' -hovptll‘\_:I I.;

Gtot, experiment

I
=]
-
"
By
=]
2
o

’.erUHP*'H ffﬁidtj.

) \ A4y A m)mz ;EE(“'COI' .) P /
| _ = XRD - /( F "--..,..__..'..
- n 1uq) =
SN ..
/'incoh - o} ; R
\1 \ \,-"1”’ ; \ e
ol b e oy P gk M ]
0 103 10° 1071\:‘ t109 1011
= vV ucieagy
hv = Photon energy (e )‘.‘W";ﬂ
Total photon cross section Oyo1 in carbon, as a function of

energy, showing the contributions of different processes: .
atomic photo-effect (electrin ejection, photon absorption);
Ocon COherent scattering (Rayleigh scattering—atom neither
lonized nor excited); Oinc » InCcoherent scattering (Compton
scattering off an electron) «,, pair production, nuclear field;
Ke. Pair production, elect n field: o, photonuclear absorp-
tion (nuclear absorptic. . sually follow ‘d by emission of a
neutron or otter particle). (From Ref 5; figure courtesy of
J. H. Hubbell ) ’ '
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Adomme Scallern

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

X - Bay Tatenactions with Matter

Contents

@ Introduction
@ Access the atomic scattering factor files.
@ Look up x-ray properties of the elements.
@ The index of refraction for a compound material. =
: @ The x-ray attenuation length of ;1p:mli:i. webSIte
@ X-ray transmission
@ Of a solid.
B Of a gas.
@ X-ray reflectivity
- # 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.

nNewr What's New?

Other x-ray web resources.

These pages utilize JavaScripi, but the decaffeinated versions are

still available.

Reference

B .. Henke. E.M. Gullikson, and J.C. Davis. X-ray interactions: photoabsorption,
scattering, transmission, and reflection at ££-50-30000 eV, 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 commens 10 EMGullikson@ibl.gov
Server Statistics © 1995-2001




Enuanced Surracs Sensitvity @ Graine
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SOME X-RAY OPTICAL Sillay Kipmasion Tionglh 09 i
EFFECTS: REDUCED Au Density=19.32, Energy=1487.6V

Au Density=19.32, Energy=100.eV
e e vy,
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Optical constants through Mn 2p edges of MnhO—
Web data without absorption peaks

delta {dash)
beta {solid)



Optical constant, 5 Optical constant,

Optlcal constants of MnO
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X-ray optical effects through core
resonances:
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tAka Multi-Atom Resonant Photoemission = MARPE



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

Valence-level photoemission
Core-level photoemission:
mmm) X-ray optical effects on emission—
Use of standing waves to probe buried interfaces

Photoemission with high ambient pressure
around the sample



ISW (|E2|) oC I(I)inc + ¢refl|2

Standing wave formation: = M)'ncl2 + (I)'nc(l)refl* T (I)'nc*(l)refl

SW mgaulation

R o Irefl oC I(I)refll2

2 SN NS Msw (IE2) =

100 w::::” “““ A, /2sin6;

inc

i E«:Q( R = 5% =
900& m.dUIatlon

~ Oy

1st order Bragg:
- LSIn Bra

X M ﬂﬂ
"""

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 A |




Standing wave formation in reflection from a surface,

or single-crystal Bragg planes®*, or a multilayer mirror

Incident Reflected
T
“ii “““ w “" m“ A, J2sine,
""l"’]lll“m””m‘}P k ‘MMMMML \\R
“lll X 44 !
i 'mmmnmmnnn& Ml




CORE PHOTOELECTRON INTENSITIES AND COMPOSITION
hv\lh" (%:Y:2) Lo Q(,Ekini X,Y)

X

Atom Q

. Level n/j I ‘

I(Qn¢j) =
dog,,;(hv) z :|
dQ A (E,, )sin@
l,,(x,y,z) = x-ray flux

C Ilhv (x,y,z)pQ (X,y,Z) exp[— .Q(Ekin,x, y)dXdde
0

Pq(X,y,2z) = density of atoms Q — quantitative analysis

dog,,;(hv)
dQ
A (E ,;, ) = energy-dependent inelastic attenuation length
— Effective Attenuation Length (EAD) — Mean Emission Depth (MED)
O(E,..,x,y )= energy-dependent spectrometer acceptance solid angle

= energy-dependent differential photoelectric cross sec tion for subshell Qn/ j




X-ray Optical
Calculations :

-n(hv) =
1-5 (hv) + iB(hv)

-variable polarization

-multiple reflection/
refraction

-exact treatment of
interlayer intermixing
a/o roughness

-electric field at i-th
layer:

|Eswi(2) "= |E/(2) +E (2) [y

Photoemission:

-differential cross
section

-inelastic attenuation

ni™(z)=1-5"(z)+iBi™(z)

-surface refraction
X-ray emission:

-fluorescence yield

)

O

Ov

A%

ni=1 -5i+i[3i

m=1-5;+i;

hVincid (S, P, RCP or LCP)

em
ehv

ubstrate ns=1-o0s*1Ps

hVemission

e

1st layer

intermixed 1-2
2nd layer

i-th

intermixed i-j

j-th

9. Vacuum, V,

[ PR D |
N
Q

IA ‘I‘ LIA ‘I

Calculating XRO effects on spectroscopy--Yang

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

+Same general forms if photon
energy is scanned

Reflectivity

\{En K H = !
0.8

R0k

04

02

- 0 ) i b i
5 [yeadd]

With thanks to Martin Tolkiehn, Dimitri Novikov, Hasylab




Standing wave formation in reflection from a surface,

or single-crystal Bragg planes®*, or a multilayer mirror

Incident Reflected
T
“ii “““ w “" m“ A, J2sine,
""l"’]lll“m””m‘}P k ‘MMMMML \\R
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PROBING BURIED Polarizil Photoelectron
INTERFACES Photon
WITH

SOFT X-RAY
STANDING
WAVES:

Multilayer Soft x-ray

mirror standing
wave



PROBING BURIED

INTERFACES —
WlTH electron
SOFT X-RAY !

X-ray

STANDING Buried\A R
WAVES Interface Ce

Multilayer
Mirror<




PROBING
BURIED Photoeeren
INTERFACES RCPILER °
WITH AN \r’v
SOFT X-RAY 16.0A 0.2 mm spot ' %
STANDING

WAVES: 118.0 A

10.8 A
:g}?g dA_ [ 20.25 A
=| 20.25A
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}
1 042t

I(Fe 3p)/I(Cr 3p) from Fe/Cr wedge s
on standing-wave multilayer 0.36]
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Cr magnetization
Is antiparallel to
Fe; systematic
variation of MCD
strengths vs d ,

Position B

Position C

/1

+
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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—pefpend. component of M FM, AFM +— +— +— <«— <«— biassing,
e X-ray emission— deeper layers, tunnel
more sensitivity to SW position junction
hv,,, e Standing siN.O
hvinc m wave -l Ultrathin
“Sampleu Si gate oxide
films

Wedge

m( Clusters,
t i a aai i 2 a Self-assembled

B4C, other low density E.g., Au P’:;"r‘:;?);ﬁ::,s
W, other high y ;

; Liauid lavers
density . .
Microscope resolution

~30-60 .
periods °

B4C, other low density
W, other high density

Three-dimensional
spectromicroscopy

Si-wafer, other substrate

\




Adding depth resolution to the photoelectron microscope

via standing wave excitation

Spin-Polarized Photoelectron
Microscope—BESSY, Berlin

Microscope field of view
~50 microns, approx. 1 period

vl '
N |

N Imaging with
element-specific

e C1s Beam spot: photoelectron peaks
Tt T ~35 x 10 microns
LIaAg 3d Scanning hv
. —_— fhrough Bragg
ThinC__ resonance

3.00E+008 — On wedge C1s

Photon energy = 600 eV

2.50E+008

2.00E+008 |

4 1t Mo ivu

___a

Intensity

1.50E+008 —

S?ep ca. 30
microns

F. Kronast et al., Appl. Phys. Lett. 93, 243116 (2008) 5.008+007 1
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Sta n d i n g 3'°°E+°°8‘_ On wedge C1s
WaVe effe CtS 2'5°E+°°8‘_ Photon energy = 600 eV
i Nna g 2.005+ooa-
photoelectron £ 15084008 1
microscope 1.ooe+oos-_
WV “ Kinet?cooEnergy ::N oo
Ag 3d C1s

0O 10 20 30 40 50 0 10 20 30 40  50um

F. Kronast, H. Diirr,
BESSY

D. Buergler, R.
Scheiber,C.
Schneider, Jiilich
Yang, IBM, CF,
Appl. Phys. Lett.
93, 243116 (2008)






