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X-ray photoemission: some key elements
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ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE “FOUR-STEP” MODEL

Photoelectron diffraction

Ihv ()?Iylzié) I(Qn/_i)
\% e-
\ \ S _QO(E,,,x,y), analyzer
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. --==V,
§ ...... p f (escat )
Level n/j ‘
Atom Q ‘
I(Qn¢j) = g Non-dipole effects* and resonant interchannel*
T - do .(hV, é) Z
| Qn/j _ .
c ! w (%:Y:2:€ )Pq (XY, 2) — o exp[ A(E. )sin e} Q(E,,,, x,y )dxdydz

I, (x,y,z,€) = x-ray flux, & = polarization
P, (X.,y,z) = density of atoms Q — quantitative analysis
do,,,;(hv,&)

dQ
A (E .. ) = energy-dependent inelastic attenuation length+ elastic scattering: f(6,.«)

— Effective Attenuation Length (EAD) —» Mean Emission Depth (MED)
Q(E,. ,x,y)=energy-dependent analyzer acceptance solid angle = transmission function

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

V, = inner potential



VALENCE-BAND PHOTOELECTRON INTENSITIES IN THE DENSITY-OF-STATES LIMIT
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For a given subshell:
I(E,,, Q) =
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dQ A (E
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Pan, (Ep:X,Y,2) = density of states, projected onto Qn/ character

daQn/ (hV)

dQ
A (E ;) = energy-dependent inelastic attenuation length

= energy-dependent differential photoelectric cross section for subshell Qn/

— Mean Emission Depth
Q(E,..,x,y )= energy-dependent spectrometer acceptance solid angle

For the total VB intensity:
Itotal Ekin) = ZI(Ekin,Qn/)

Qn/



M. MOLECULAR ORBITAL DRAWINGS : 61

1. Hydrogen H H b Symmetry: Deon

Anti-Bonding

MO ~ -
Danti = P1sa = P1sa
& positive
(unoccupied)

e negative
(occupied)

Bonding

MO ~
¢bonding = P1sa + P1sa

104 €=-0.5944 @.u. =-16.16 eV
(Compare — 13.61 for H atom 1s)



The electrons in carbon monoxide

Atomlc orbital makeup

15. Carbon Monoxide Symmetry: Ceo
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Photoelectron emission:

basic matrix elements
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Vacuum level

dcy, = 4.4 eV = work function
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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
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The electronic structure of a transition metal—fcc Cu
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And the d orbitals are not equivalent in Ligand
different bonding environments:

Transition
Metal (e.g. Mn)

e, and t,, not
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Copper densities of states-total and by orbital type:

ENERGY (eV)
-2.0 2.0 6.0 10.0 14.0

> 5
T v
g ~
)
H} 0.0 0.0E
.—
< 2.0 %
0 2
0 20.0L <
) 1)
(=] o]
o 0.0 9

ENERGY (Ry)



The electronic
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structures of the 3d
transition metals—
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SrTiO; and La, ,Sr, 5;;MnO; band structures and DOS
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VALENCE-BAND PHOTOELECTRON INTENSITIES IN THE DENSITY-OF-STATES LIMIT
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Intensity (a.u.)
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Hard x-ray photoemission from Cr and Cr, g,Al, 5,
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Enhancing surface

sensitivity at
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Chemical shifts:

Looking into the silicon dioxide layer with photoelectron spectroscopy

Few atomic layers
of oxide—Si (001)
Chemical shift

Few atomic layers
of oxide—Si (011)
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Core and valence photoemission
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Temperature dependence of Mn3s and O1s spectra: La,,Sr, ;MnO;,
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Core and valence photoemission
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Multiplet splitting in core levels of transition metal oxides

BE = hv - E,,, = E*(N-1) - E, (N)

Open 3d Final
shell, state
net spin S,

hv Upon

H_}
Initial

photoemission,
two possible

41—]—‘35 > final states ji:gs > —]—33 >

The splitting between the two
peaks is given by
AE;¢ = (2Sy, + 1) K* 55 yg(aq)
(Van Vieck Theorem)

For the cubic manganites
in simplest doping model,
Su,=1/2(4-x) —>
AE ;g ~ [5-X] K*M34 yg)3q)
with Jeff, g~ 1.1 eV

Photoe- intensity
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Intensities in photoelectron spectra in the sudden approximation
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn?*:
“ONE-ELECTRON” THEORY
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn?*:
“ONE-ELECTRON” THEORY

Mn2+ 8 23 63d5 6
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sent eigenfunctions. The cigenfunctions describing the 5P final states will thus
— Py f : be linear combinations of the three schemes:
w's °p
“ | L ¥)(5P) = CLa®(8S) + C12®(4D) + Cr3®(4P)
BEY(I)= ©-Kys3u; | ¥a(P) = Car®(S) + Coa®(4D) + Cos®(4P) (153)
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46 C. S. FADLEY

in order for relaxation to occur in forming the lowest-binding-energy
“primary” or “adiabatic” final state corresponding to the ionic ground state,
excited ionic states .corresponding to binding energies higher than —ez
must also arise. The peaks due to these states have been variously called
“shake-up”, “shake-off”’, “many-electron transitions”, ‘“configuration-
interaction satellites™, or “correlation peaks™, and more specific illustrations
are given in Section V.D. The high-intensity lowest-binding-energy peak has
often been associated with a “one-electron transition™, although this name
is unduly restrictive in view of the inherently many-electron nature of the
photoemission process. Thus, the intimate relationship between relaxation
and correlation is demonstrated, although it still is possible to determine
uniquely a relaxation energy with initial- and final-state Hartree—Fock wave
functions that are often assumed to be uncorrelated in the sense that Ecorr
is measured relative to them. The second sudden-approximation sum rule
deals with intensities, and it states that the sum of all intensities associated
with the states Y/(N—1, K) is given by

Tiot= ;IK=C§ (B || $a(1)) | 2| CEAN =1, K) [ FRN— 1)} |2
=D |F|de1)>]2 ' ‘ (78)

where C is a constant for a given photon energy. One experimental con-
sequence of this sum rule is that matrix elements and cross-sections calculated
with unrelaxed final-state orbitals and thus using Eq. (76) apply only to
absolute intensities summed over all states ¥/(¥ — 1, K), as was first pointed
out by Fadley.1®? Thus, absolute photoelectron intensities for the usually-
dominant iomic-ground-state peaks may be below those predicted by un-
relaxed or frozen-orbital cross-sections, as has been noted experimentally
by Whuilleumier and Krause;13% by contrast, x-ray absorption coefficients,
which inherently sum over all final states for a given k — f excitation, are
well predicted by unrelaxed cross-sections.!37

At a higher level of accuracy than any of the approximations discussed up
to this point, configuration-interaction wave functions can also be used in
the calculation of matrix elements and cross-sections.®!: 127 In particular,
Manson9t has discussed in a general way the effects that this can have,
pointing out several mechanisms by which calculated intensities can
be significantly modified by the inclusion of CI in the initial-state wave
function and the final-state wave function. For computational convenience,
it is customary- (although not essential) to use the same set of orthonormal
one-electron orbitals ¢y, g, ..., dar (M > N) in making up the configurations
of both initial and final states. This apparent lack of allowance for relaxation
in the final state can be more than compensated by using a large number of
configurations with mixing coefficients C;? and C;f that are optimized for
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both states:
FiN)= T CiOA(N) (79)
~ o

YH(N)= Y, Cn/®n/(N) 80

The exact expressions for matrix elements determined with such wave
functions are rather complex, particularly if more than one continuum orbital
is included, corresponding to an allowance for continuum CI (also referred
to as interchannel coupling or close coupling).9! Although such continuum
effects may be important in certain special cases (see Section V.D.5), several
many-electron phenomena noted in XPS spectra can be well explained in
terms of only initial-state CI and final-state-ion CI. In visualizing these effects,
it is thus useful to take a sudden approximation point of view, in which a
single primary k — f transition is considered and the individual con-
figurations ®;#N) and ®,/(N) are thus written as antisymmetrized products
with forms analogous to Eqgs (66) and (67):

D#(N) = A1), AN —1)) @81)

Pl (N)= A/ (1 ); Ounf(N—-1)) (82)

In these equations, the (N—1)-electron factors can if desired be indexed
identically, so that, for the fixed one-electron basis set, ®;}(N—1)=Pn/(N—1)
if j=m and thus also {®;4(N—1) | @, /(N — 1)) =8;m. Matrix elements in this
limit are then given by repeated application of Eq. (68) as

N .
CEWN) | _Zl W[ HN)) = 1D |F] (DL Y (G *Ci] (83)

Thus, the mixing of various configurations into either the initial or final states
can affect the observed intensity of a given final state appreciably, as it is only
if a certain configuration has a non-zero coefficient in both states that it will
contribute a non-zero (Cy)*Cj¢ product. For the useful limiting case in
which a single configuration j=1 dominates the initial state, then C;*=~1-0,
C#=0 for j#1, and the square of the matrix element (83) for transitions to.a
given final state is simply -

N 2
CHIN)| L )y | | Cy|? (84)
i=1
(If relaxation is permitted in the final-state one-electron orbitals, then overlap
integrals of the form (P, /(N—1) |<Dj€(N —1)>=S;;, must be computed,4

and Eqgs (83) and (84) become more complex. However, in_ general Sjp = Stm-)
Such CI effects are important in understanding the simplest forms of multiplet

CSF--Basic Concepts of XPS



Correlation
effects through
configuration
Interaction (CI):

¥, = > @, better wave function

Config.i

= ®(Mn**...35"'3p°3d’) + ®(Mn**...3s*3p"*3d°)

esp. anti-parallel
electrons

<

ComMPARISON OF
GAS-PHASE AND
SaLiD-STATE
SPECTRA
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Mn3p
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Case study: Temperature dependence of Mn3s and O1s spectrain a

colossal magnetorestive (CMR) oxide: La, ;Sr, ;MnO,

Multiplet AE ;3 o Chemical
Splitting: (2Syn*1) Shift:
T =135K T=15K

—_ T =500K

> [T =500K .

=) nax Tc.=370K
G | Tc=370K T=110K
N— T=110K

> ]
> e \/ .
'a S ——— \ :
: &‘ - = M
(¢b] - — —_—
]
£
: —
O
|
b
5 = t
% —————— —=—= T
o —= |
‘5 — M
i - “Bulk”

— E
A Af‘ace”
96 94 92 90 88 86 84 82 80 78 533 532 531 530 5?9 528 527 526 525

Binding Energy (eV) Binding Energy (eV)
e of the Mn3s splitting-reversible Increase of O1s BE-reversible



Suggested scenario |

Jahn-Teller distortion

O more positive
Mn higher spin,
more negative

Mn3*- Mn#%* Tsat

- ‘ ____[‘————_______<; “Polaronlc”

R~ Phase—M n3+

NS | 1\/%
N\

Long-range Loss of long - range Short - range order

ferromagnetic order at T, above Tcup to T,
order Jahn-Teller distortion

N. Mannella et al., PRL 92, 166401 (‘04); PRB 70, 224433 (‘04), PRB 77, 125134 (’08);
Offi et al., PRB 77, 174422 (‘08)



Basic Concepts:
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
Varying Surface and Bulk Sensitivity
Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography

Valence-Level Photoemission
Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
Photoemission with Standing Wave Excitation
Photoemission with: Higher Pressures—>multi-Torr->Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Photoemission: The correct energy picture

__ =Vacuum _ =Fermi
hv = Ebinding + Ekinetic - Ebinding + (pspectrometer

'd

Evm(Qn/j,K)=E. (N-1,Qn/j hole,K)-E. . (N)
final initial

+ E

kinetic

binding
= a difference of final and initial state energies
A Relaxation/screening
«~ \ /multiple states-K
lon Q* + photoelectron @ oo

Kt stat . =
Total state ’ \ ‘-\ Ekln 0
Energy Vacuum »

Ebinding (Qn/j,K)
Atom Q l

39
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Intensities in photoelectron spectra in the sudden approximation
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Neon 1s shake-up and shake-off
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BAND THEORY—D.O.S:

Shake-up like excitations in metals
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Global sum
rules and many-

electron
description of
photoemission
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Figure 8 -- Schematic illustration of a photoelectron spectrum

involving shake-up and shake-off satellites. The weighted average of

all binding energies yields the Koopmans' Theorem binding energy -e

(sum rule (77)), and the sum of all intensities is proportional to a
frozen-orbital cross section oy (sum rule (78)). The adiabatic peak
corresponds to formation of the ground-state of the ion (Eb(k)1 = Eb(K=1)).
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Basic energetics—Many e- & many atom picture

__ =Vacuum _ =Fermi
hv = Ebinding + Ekinetic - Ebinding + (pspectrometer

/

EVm(Qn/j,K)=E. (N-1,Qn/j hole,K)-E. . (N)
final initial

+ E

kinetic

binding
Relaxation/screening
A /multiple states-K
lon Q* % 0=1,23,...

Kt state
Total
Energy Q um ]

El‘)/l;iling (Qn/.li K)
Atom Q \



Satellites & charge-transfer screening

e 0% SCREENED (Lt GAND
\ |~ 2p 3 Hete) 3P
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~ 2P4;5°2p5,°3d "

+ ligand hole
e Cl-

Cu 2p emission from CuCl,

\ | ¥
Cl- -Cu?*3d°-CI-
I
Cl-
> R 2D, 2P5,*3d "0
= + ligand hole
z ~ 2P ,22P-,°3d°
E 112 1312 ﬂpm12p3,243d9
2

|

Screened
~3d10 \Multiplets —
| Unscreened 1 |
- ~3d°
930 950 970

BINDING ENERGY (eV]
Yinarx (N—1)=C, » (2p;,,2p;,,3d™ +C¢ hole) + C,x (2p;,,2p;,,3d°)

2
2 3 9
Linatc (N —=1) o ‘CZ,K (2p;,,2p;,,3d )‘
Van der Laan et al., Phys. Rev. B 23 (1981) 4369



Screening \/\/\\/\/\ CuF;  More lonic

depends on
lonicity/covalency->
satellite intensities
can be used to
measure interaction
parameters

INTENSITY

v

More Covalent

Binding Energy —

FIG:*1. Cu2p photoelectron spectra of Cu dihalides. The
lines leading to a final state with a ligand hole (L) show a
chemical shift.



Counts (A.U.)

Many-electron and screening effects: La,,Sr,;MnO,, hv = 7700 eV
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ATOMIC (CORE) PHOTOELECTRON INTENSITIES: THE “FOUR-STEP” MODEL

Photoelectron diffraction

Ihv ()?Iylzié) I(Qn/_i)
V e-
\  \ S _AO(E,, ,yx, y ), analyzer
. --==V,
§ ...... p f (escat )
Level n/j ‘
Atom Q ‘
I(Qn¢j) = o Non-dipole effects* and resonant interchannel’
f 2 daQn/j (hv,£) B V4
C _!; L, (%,Y,2,€)p,(X,V,2) 40 exp[ A (E, )sin® } Q(E,. ,x,y )dxdydz

Energy dependent factors
needing calibration at usual
P, (X.,y,z) = density of atoms Q — quantitative analysis XPS energies ~1 keV

I, (x,y,z,€) = x-ray flux, € = polarization

do,,,;(hv,&)
dQ
A (E .. ) = energy-dependent inelastic attenuation length+ elastic scattering: f(6,.«)
— Effective Attenuation Length (EAD) —» Mean Emission Depth (MED)
Q(E,. ,x,y)=energy-dependent analyzer acceptance solid angle = transmission function

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

V, = inner potential #Guilleumin et al., Radiation Physics and Chemistry 75, 2258 (2006)
#Drube et al., J. Phys. B: At. Mol. Opt. Phys. 46, 245006 (2013)



Quantitative analysis of peak intensities using theoretical cross sections

(Scofield) and hard x-ray excitation: La, ;Sr, ;MnO;, hv = 7700 eV

! | ! | ! | ! | ! | ! | ! | !
0 1000020000 3000040000 50000 60000 70000
Fadley, J. Electr. Spect.
178-179 (2010) 2-32
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Screening
depends on

lonicity/covalency-> |

satellite intensities
can be used to
measure interaction
parameters
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FIG. 1. Theoretical 2p core-level XPS spectra (solid line)
compared with experimental data (dots) after background sub-
traction for Mn cations with varying valence. Emission due to
the Mn LMV Auger peak is observed on the high-binding-
energy side of the 2p,,, spin-orbit peak, partially obscuring the
2p, ,, satellite structure.



Localized configuration interaction approach to spectrum simulation:

Hubbard Model-> Anderson impurity model for PS, XAS, XES

( Susano, Lasssen ~» SawaTeit, VAN DEA LAAN,

FurimonZ, OH, ET AL.) Good discussion of model:
Bocquet & Fujimori, J. Elect.
L L 3 Spect. & Rel. Phen. 82, 87
| L L2t (1996)-at course website
e k & .=
L-M=-L == L1 SETE T e ;l(q:flclqrg>|26(hy-ek-5f)
L_ II
L L L By now:
CTM4XAS program
S T CORE HeLE oN PATRL for calculating this
L= ViBNCE () HotB on LIGAND for some cases:
Lz ag|d" S+ 2am1A‘“*""_ > ,
Yor bolad e 2hled VLD /
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L0Dg= CRASTAL FIELD (OFTEN NEGLECTED) o i
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= E(A™'L) - ELAM) I(E.) & f‘" |<’,‘P{a_’u-1,g}l "{"_(Nd, K)>(
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FIG. 6. Fits of the cluster model results with the experimen-
tal 2p,,, spectra of the manganese dihalides. The parameters
used are listed in Table II. A Lorentzian broadening is 2.6-3.0

eV, and a Gaussian broadening of 1.2 eV (FWHM) was used.
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VIBRATIONAL STRUCTURE IN VALENCE-LEVEL (MO) SPECTRA
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Basic Concepts:
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
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:>Photoelectron Diffraction and Holography

Valence-Level Photoemission

Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
Photoemission with Standing Wave Excitation
Photoemission with: Higher Pressures—>multi-Torr->Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution
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Typical experimental geometry for
energy- and angle-resolved photoemission measurements

Core-level I(6,9)

90 s [110]
60 /'
phi
45

Irradlated

| / Analyzer
G ‘Sht \

g, | T

Photoe- dlffractlon

c:sb Imaglng "="§
N < a Detecto ra @ CSF, review in Synchrotron
< / e o No. e- Radiation Research:
= l Advances in Surface and

Interface Science, R. Z.
Bachrach, Ed. (Plenum
Press, New York, 1992).




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

HIGHER ORDERS — Bond Lengths

&
Atomic
Positions

—>Holographic

fringes
CO Unscattered
C1s ref. intens.

ly ¢ |@ol?

Photoelectron

Diffraction
DAC photoelectron diffraction program: Javier Garcia de Abajo:

http://qarciadeabajos-group.icfo.es/widgets/edac/index.html




Photoelectron Diffraction: Single Scattering Theory

I(Rf) =19, + Z D; .Q,o
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CALCULATION OF €=ATeM SCATTERING
FACTORS |

‘?LAME-NAVG SCATTEARING
%
\ PARTIAL- WAVE METHOD
""H ' 320Gl bt
.-— - e m

"s B XARE N CA A
Q‘“ ~PHASE SHIFT op l‘ Wave mvt!‘)
\ = qm-Zt"e Y (e, ¢ )Y (B 4‘)2 c'){B(o‘)
v{r\

2, ™ "4‘ W,

Same phase shifts involved



ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING

10K

£(6) =|f(6)|e"® |\

[Fe) -

MAGNITUDE OF SCATTERING
FACTOR FOR NICKEL

50 eV 50 eV

100
140— ==
(A;b.) - 2004
UnlfS ) /,
\ / 505
- 1320 ‘ 2 1320
0 I . B T —f:‘-l—-_r " e ‘I i e T
0° 45° | ?0° 135° 180°
Forward SCATTERING ANGLE. 6 Back
scattering scattering

Sagurton et al.
Surf. Sci. 182, 287 (’84)



ENERGY DEPENDENCE OF ELECTRON ELASTIC SCATTERING
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Energy dependence of photoelectron diffraction: Theory

T 0
m 'q)
N\ (b) 200 eV, ¢,.,, =10 N (c) 500 eV, ¢, =15
Ry e
ol H o=
.—WithPD ;
8 Direct emission 2
- -
mn’ 10 20 30 40 50 60 70 80 89 ﬂn|1 10 20 30 40 50 60 70 80 89
Angle theta‘ {degrees) Angle theta‘ (degrees)
17 - s — <
(d) 1000 eV, ¢, = 21 (e) 2000 eV, /. =29 <\ () 5000 eV, £ = 46
=4 =y =
.a '; -'.:l
E 5 @
= 5 2
T
-] =~ \
D 10 20 30 40 50 60 70 80 89 0 1ﬂnn2£le3ﬂth o :.l_leeg) 80 89 o0 nzﬂoleaut RED eg:]_e Jo, 80 89

Angle theta‘ {(degrees}

Much more forward peaked at higher energy, weaker in directions away from forward



X-ray Photoelectron Diffraction:1ML FeO on Pt(111)

Pt 4f, 1414 eV

(a)

£,
theta /

Fe 2p, 778 eV
90 75

3 _ 15 45 75 75 45 15
s Forward Scattering —_—

R : O 1s, 944 eV
¥5° 1 PO
; 5
=P Bas
< 0
\ 5
\" - ! 0

Kim et al., Surf. Sci. 416 (1998) 68 o 15 '4'5'2'2;1'2‘45 15




X-ray Photoelectron Diffraction:1ML FeO on Pt(111)

Fe 2p O1s

(a) Fe Chi -- Expt O Chi -- Expt

Experiment:
In stereographic
projection
Q} 15 45 75 75 45 15
theta theta
(b) Fe Chi -- Relaxed O Chi -- Theory
90 75
hi
0
Tr_leory. g

Single-

scatttering
cluster model

theta



Online

calculation of

EDAC output for CO/Fe(001)

Click on the figure to download data. Oxygen

photoelectron pitp:/igarciadeabajos-group.icfo.es/widagets/edac/index.html 1st order

diffraction
patterns:
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  1s 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 6. The polar angle range 15 (0.0,
89.0) (in degrees).
Parameters used in the calculation: .
X 4 domains
MN=T atoms o
i Iteration order=4 rotated by 90
User friendly web-based l_ =25
program for PD calculations Vo105 eV
. . . Photoelecton energy=1202 eV
by Javier Garcia de Abajo, p-polarized light

DIPC, Donostia-San z,=1435 A
Sebastian, Spain

Recursion iteration method



Electron Diffraction in Atomic Clusters @

for Core Level Photoelectron Diffraction Simulations
http://nanophotonics.csic.es/widgets/edac/index.html

Created by F. Javier Garcia de Abajo (CSIC and DIPC, San Sebastian, Spain)
in collaboration with M. A. Van Hove and C. 5. Fadley (LBNL., Berkeley, and UCD, Davis, California)

This site allows performing on-line photoeleciron 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 shifis and excitation radial matrix 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

Terms of use Restrictions on input parameters Password: I““”” jarabe1 2

A password is 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 © 0.95 0 1.66 N
atom C 00 1.0

surface Fe 1.435 1.435 0 Z.87 bccl0D

emitter 0 0 1.0

end

[~

The cluster consists of a maximum of I? atoms. {Warning: a finite mumber of atoms generally introduces symmetry
breaking. )

The size of the cluster is determined by the distance d = |10 A and the reference point Xg = I A, Yo =

IU A, z, =| A

See cluster shape for more details.

# Yes & Parabolic
v . X
Plot cluster on output? ~ No Cluster shape: ¢ Spherical
Preview Cluster” | Download Cluster”

Geometry of beam and analyzer

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

Azimuthal angle ¢. = I degrees

@ p-polarization
© g-polarization
~ RCP
o LCP

Polarization:

Schematic representation of the geomeiry

Mobility of cluster & Qnly the sample moves with constant 5 = 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 emigsion.

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 is 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 is 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 I1202 eV to I1202 eV

Polar angle: |5U equally-spaced value(s) of the polar angle © from IU degrees to |39 degrees
Azimuthal angle: |51 equally-spaced value(s) of the azimuthal angle ¢ from IU degrees to |35'3 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
Inner potential ¥, =| 24 eV

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

Meaximum orbital quanfum number /., = 25 Inelastic mean free path: either choose a fixed value = |1?-8
Scattering order = |4 A

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

_ o . or (if that last entry 1s <0) use the TPP-2M formula
Iteration method: Jacob .(regu lar MS) - =| o1 3 —[o — |35 45
& Recursion with parameters p . glem”, N, , EP .

eV, and Eg = IU eV

Temperature (K) =| 00  and Debye emperature (K) =| o0



Photoelectron Diffraction with soft and hard x-ray

excitation: two viewpoints

The scattering of
photoelectrons from
localized sources can
be described in real
space (multiple
scattering cluster) and
reciprocal space
(dynamical theory of
electron diffraction)

Kikuchi
band

‘\\/.fZ //

cluster of reflecting
scattering atoms lattice planes

Soft x-ray excitation === Hard x-ray excitation

A. Winkelmann et al, New J. Phys 10 (2008) 113002



Photoelectron Diffraction with soft and hard x-ray

excitation: two viewpoints, expt. vs. theory

Diamond
c(111)
964eV

(a) experiment (b) dynamical (c) multiple scattering
Osterwalder et al. simulation simulation (EDAC)

Easier to use for higher
energies, “bulk” or long-
range order emission

A. Winkelmann et al, New J. Phys 10 (2008) 113002



Bulk sensitive HXPD of Si 1s

8000
Native SiO, 6000

4000
ISi(001)

Intensity (a.u.)

3 4 —
n

2000

(a) ) 3 netic 61° b) 60°40°20°0°20°40°0°
()
Polar angle

W= N

/"‘-‘ : ‘-.. : .l..'x

\ ,{l ' ".,'v-;'l;""‘. v ':\
n e w0

| \r‘ : ll'l’-*l--.__"l : .l}

(11219

() (d) e
4.1 nm SiO,/Si(001) 7.0 nmSiO,/Si(001) Multiple scattering

cluster simulation
Pis et al., Applied Physics Express 3 (2010) 056701;

Kobata et al., SPring8: Surf. Interf. Anal.,http://onlinelibrary.wiley.com/doi/10.1002/sia.3760/pdf



Hard x-ray photoelectron diffraction--Theory:

Sensitivity to lattice distortions and atomic site type?

Si(111)-6 keV: Impurity atom on lattice site (Si) vs. tetrahedral interstitial (T)

A. Winkelman, J. Garcia de Abajo,
MPI Halle, CF, New Journal of
Physics 10 (2008) 113002 Missing Kikuchi bands-->"forbidden reflections”
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Diffraction and Holography: What’s the Difference?

Holography:

Reference and
scattered interfere—
phase relation
preserved

Diffraction:

Reference lost—
“The phase problem”:
solved for x-rays

via “direct methods”,
multiple anomalous
dispersion, isomorphous
replacement

converging
Yiaq LEAM

4

'''''

PP point atom
focus
incident dih‘facted

3
.
-
-
.
.
.
.
.
.
‘e
.

‘e
-
.Q
.l

far field
screen

far field
screen

Bragg planes



Photoelectron Holography: An

Additional Trick

Holography:

Reference and
scattered interfere—
phase relation
preserved

x(k)=[I(k)—-1,(k)]1/1,(k)

point
source

ference

(k) k )
Sca\’te‘ed I(k)

atom

Use an “inside-source”:
atomic or nuclear emitter
(Szoke, in “Short Wavelength
Radiation: Generation and
Applications”, D. Attwood and
J. Bokor, Eds.,

AIP Conference Proceedings
No. 147 (1986))

Ho log raphic image of scatterers =

Review in: C.S. Fadley, M.A. Van Hove,

-_— g "] g — "] 3 .
U(7) = \ [[| x(k)explik o F - ikr ]d"k Saduvle S omeri L zhae, nd

10517 (2001)



Differential photoelectron holography in Cu(001)

[001] z (A) —>

—Cu 3p emission

g

¥

Fg
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y 5y
7
©

s

—apr

[100].17(4)\)
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£
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T ey ™

Omori et al., Phys. Rev. Lett. 88 (2002) 5504



Emitter (As)

Derivative photoelectron 0
holography: As and Si < 2
. . N3
emission from 4
ASISI(111) M (b)z=-1.19A
o
. . 3 < o
U(F) = ‘ ([ x() explikcF - ikr]d’k "
— -3
with x = I(k) =1 :
- 0
and I(k) from int egration of log arithmic ?
derivative < 0
- - -
Lihv. k)= I(hv +8,k)~I(hv -5, k) 2
[l(hv+6,k)+l(hv—6,k)}5 *
- - - i () y=0 »
I(k)=I(k, k)= A_[L(hv,k)d:"k .
- -2
by _3
-4

B2l 0023
x (A)

Luh et al. Phys. Rev. Lett.,
81, 4160 (1998)
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FORWARD SCATT. = “O™ ORDER"— Bond & Low-Index

Directions
HIGHER ORDERS — Bond Lengths
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SPIN-DEPENDENT SCATTERING :

\ ﬁf{ r), \‘(r)

a} VeS—. S
1-:' (1) ’ "' - (1)’ DIEF, ToR MACGNETIC ATOMS.

a EXCHANGE
OR MIXED ( '
Qe

IN GENGRAL

: fe) -9@)e ‘e
Qa, _ . - <
(a;) - (Jcew-@" ﬁce*») (“*)

witH : fe)z usuaL Coutton® +
hd ERCHANGE SCATTEUNG

FACTOR ( PERWAPS SP/N-DEP,)

SCATTRRING

9(e), $t&) = sPIN-onmT
EFEERCTS

THPicAL NoS. FOR Co @ 100 €V !
|feo) = 100 (9¢8)|

(FINK + (NGra, AT.DATA 2,1(N))

Compare:
Mott spin detector
at 10-100 keV



Mn 3s INTENSITY

N W s, O O

CORE MULTIPLETS AS INTERNAL
SPIN-POLARIZED e- SOURCES

‘ KMn F3

INITIAL
Mn? 352 3d° 65 35y FINAL
(M) (MM4) ‘J\S“Mn3+ 3¢ 3d° 7S

\r: (1) (M4t

Mn3 3s! 3d5 3S
B (1) (M)

-antiferromagnetic

“P=100%
6.7eV

11111111111I|‘|1|I|1

Qe 90 85 80
~<BINDING ENERGY (eV)

ePeak separation o spin moment

ePeak separation affected by spin-
dependent final-state/screening effects

ePeak intensities affected by spin-
dependent scattering/diffraction

eNo external spin detector required

ePhotoe" spin referred to moment of
emitting atom:

1 ]

Normalized spin-up/spin down intensity ratio (%)

SPIN-POLARIZED
PHOTOELECTRON DIFFRACTION

9T,

T, 2T, 3T, 4T, 5T, 6T, 7T, 8,

] gL T T T T T T
| 5%, KMnFOlD) Mn3s -

) hy=192.6eV

E,i,=104 eV

-4

N O T T

| -
100 200] 300 400 500 600 700
TEMPERATURE (K)

— Loss of long-range AF order

|—' Loss or change of short-

range AF order (near
surface)

Sinkovic, Hermsmeier, Fadley,
PRL 55, 1227 (1985)



Simulation: MnO-AF cluster

Future experiment:
Spin-polarized
photoelectron holography:
direct imaging of magnetic
moments in 3D?:

Normal image-
u(r) H exp lkr+iE-F]

Spin-selective images-
A(r)=U,(r)-U,(r)
.'exp(—ikr)x

A'(r)= «

.;Jexp(ii('.?)[xT (E)— X, (E)]d3k

Kaduwela et al. , Phys. Rev. B 50, 9656
(1994); Fadley et al., J. Phys. B
Cond. Matt. 13, 10517 (2001)
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Spin-dependent diffraction and screening

during a magnetic transition at the
Gd(0001) surface
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Tober et al., PRL 81, 2360 (1998)
and J. Electron Spectrosc. 189,
152—- 156 (2013)



Spin-dependent diffraction and
screening during a magnetic
transition at the Gd(0001)
surface

LDA+U
calculations for binding
energy diff. between FM
and PM states: changes

too small. Suggests spin-
dependent final-state
screening. Future: Higher
resolution, spin and time-
resolved measurements

Spin-up/spin-down asymmetry =
A(T) = [ISYNCS)]/ [1"SYN1CS)kir=pm

Tober et al., PRL 81, 2360 (1998) J.
Electron Spectrosc. 189, 152—- 156 (2013)

—— 250K T Gdds

——— 283K /\\\

0=90° Tg /ﬁ’/“‘
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hv =565¢eV

170 180 190 200
Ex (eV)

S
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Typical experimental geometry for

energy- and angle-resolved photoemission measurements

Photon : variable polarization

0.

inc
S

0

M
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y
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Slit | Area
N~ =Detector 9
— g e
-':<‘..-~‘ ‘C._;..»/ 1
e Noe—



intensity (ctsx10*)

intensity asymmetry (%)

1-e- Theo.

2py, 2p,, (a) 1% 2
6} SN S L5A
.,/’/f/ \ |‘
l+_ DEAI, 6/3
| g T I(My)
2t 555’““323 q: | | | | ‘
| NPT 12 -12 32 12 12 32 (my)
SeV ’ SeV
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Baumgarten, Schneider, et al. | |
~L Phys. Rev. Lett. 65, (1990) 492 | ‘ I
- | s ] A L L | -A
-20 -10 0 10 -2A A

relative binding energy (eV)

Menchero, Phys. Rev. B 57 (1998 )993
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relative binding energy (eV)

Van der Laan et al., J. Phys. Condens. Matter 12 (2000) L275

| I
(a) i Experiment L 0.(C) Many-e
' i 701 L theory
52p312
| RCP—
LCP -
.. (RCP+LCP)/2 2Dy
"""" -
; MCD =RCP-LCP "} 0
(b . N MCD (x6) |
' One-e theo ~ :
(b) : M {05 Jg\u/\ s
% (RCP+LCP)/2 \[
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MCD = RCP-LCP | relative binding energy (eV)
(x10) 1 _os :
| IR Ni 2p-MCD
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Menchero, Phys. Rev. Lett. 76 (1996) 3208



(a)

(b)

S_oft x-ray: hv = 825 eV
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Fe 2p Magnetic Circular Dichroism
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(c) Hard x-ray: hv = 7.94 keV

Fe304 2pq
Fe 2p

hv = 7.94 keV

— parallel
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—— difference (MCD)

2ps3);

730
Binding energy (eV)

S. Ueda et al., Appl. Phys. Express 1 (2008) 077003

S.-H. Yang, B.S. Mun et al., Condens. Matter 14 (2002) L406.



Magnetic circular dichroism in core-level HXPS

Magnetic circular dichroism from the Heusler compound Co,FeAl in a deeply
buried layer underneath a 10 nm thick Mnlr exchange bias layer:

» multilayer [MgO(001) / Co,FeAl (30 nm) / Mnlr (10nm) / AlO, -cap (1 nm)]

I
| ] . Huge dichroism in Fe 2p
) Fe 2D, a1 1 core level emission is still
3.0 = [ ]
_ - { detected in the deeply buried layer,
£ [ hv=793982eV Al | even at relaxed energy resolution—
= Asymmetry max.: - 40%
) _
~ | %= ¢ Element-specific magnetism
P =, ) )
z 0.5 1 in buried layers and interfaces
05 - —— parallel
U F ——antiparallel
1.0 _ —— difference

AR T S T TN N AN TN TR ST SN TN SO SN N NN SO
7215 7220 7225 7230

G. Fecher et al., Mainz
Kinetic energy E__[eV]

Measured at SPring8
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XPD and circular dichroism in non-magnetic systems
Si2p -- 250eV 2 Epin

DiSPLAY EXPERIMENT

I g . doond (b) RCP
."""""’ .,) “DAimoN ET AL.
TR TPN. T. APPL.PHYS.
32, L1480 ('93)

Sitoot)
THEORY
(c) LCP (d) RCP

KADUWELA ET AL.
P.R.B 50,6203 (')

(e) UNPOLARIZED




Circular dichroism in photoelectron angular distributions (CDAD)

=) Non-magnetic J
dichroism effects Q)D Ok e 1)
due to photoelectron rcr 7 ¢ O ¢

diffraction
5/\9/" me=t4f

EMITTER
(pl'rji

STRONGEET

Daimon et al., Jpn. J. of
App. Phys. 32, L1480
(1993)




Circular dichroism in photoelectron angular distributions (CDAD)
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Theory: Effect of varying the polarization?: C 1s emission from CO
E.,=200eV

Linear p polarization:

o ‘o

. : e Circular
Right cn;ularpolarlzatlon. dichroism
N\ O in angular
Q . distributions
(CDAD)

Left circular polarlzatlon

EDAC photoelectron diffraction program: Javier Garc
http://garciadeabajos-group.icfo.es/widgets/edac/index.html




Fano effect and spin polarization (SP)

In core photoelectron spectra—expt.

SPIN-ONBITSIUT S —— T
' - - () .
cever (b) ;[ warP=+5%% T, ]
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i TH 4_- P, : parfillel "
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1 - ol
£ i
& of |
&
w5t .
5§ |
g 4L )
3 - —
Z L
2 [~ ~
i | Ex®pT. = STARRE ST
Spin detector of | ) g S PRD s‘:‘ ;?.1OSQ‘(
. 1 A L i I " 1 — " A . q’
38 36 34 32 30 28 (1986 )

Binding Energy (eV)



. Fr?:;ii 2D, o7 f? by Ao

Putting non- (s+d) Y ' \%___
magnetic CD E_ = 145 eV
(CDAD) LCP RCP kin
together with
spin
polarization:
Theory with i
proper :
final-state S5 LTI
channel %CDAD Spin Pol. (LCP)
interference:
Single Atom

2ERo!

GEDED = L 0 P LeP(h) - LCP() x 100
RCP + LCP Lce(M+ Ler)
= CIRCULAR DICHROISH A. Kaduwela, C.F.,

IN ANGULAR DISTRIBUTION

unpublished



Fe 2p,,, 10

Putting non- Ferromagnetic Cluster |
magnetic CD {',‘?:;’
(CDAD) = ADDS PUOTOELECTRON (170
together with WFpaAcTION e
spin LCP RCP
polarization: ‘an-"wg_:l:?mu
Theory with €Y ALY
proper ‘ ‘ “Circular
final-state Dichroism
channel In Angular
interference: e o Distributions”
Single Atom %CDAD Spin Pol. (LCP) (CDAD

. _RCP-LCP . M?G)La%n

AP = eprier ! T Ierhrzerd) '™ A. Kaduwela, C.F.,

unpublished
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Resonant Photoemission—Atomic Mn, Mn 3d with Mn 3p

Single-atom resonant photoemission:

Ex. — Mn atom: Mn3d emission, resonance with Mn3p Normal photoem'ss'on
ISSI .

Photo e™, E = 50 eV free
(=p+f hv ediree)
- - — < - Vacuum
~ - 2
I« |(p,(1)|é o F|o,(1)
—eo40o——— ———Mn3d @(bound)

Resonant photoemission:

2

< |(g;(1)|é o F[g,(1) + D (0, (N, (2)] f 2, (19,,(2))(@n(1)]€ o F[p,(1))

xo(hv—-(E,—E,))

| | | | | | | | |
7.0l Atomic Expt. (Krause etal.) _| Dir(gct
Mn(g) s 3d v f
6.0 - . e acuum --H-&
' Theory (Garvin et al.) esonant
d — MBPT k
>0 ---HF \%\
IMnSd 4.0 I =
3.0+ hvg, _
2.0 Non-Resonant = 1.0
1 .0 y :-:: E
e s
| |

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



SrTiO; and La, ,Sr, 5;;MnO; band structures and DOS

SrTiO5-insulator

Il

gl

(]

——y

Mattheiss, PRB 6, 4718 (1972)

Zheng, Binggeli, J. Phys.
Cond. Matt. 21, 115602 (2009)

Chikamatsu et al.,
PRB 73, 195105 (2006)

3d lZg states of Mn

2s  states of O
2p states of O
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Valence spectrum

Lay ¢ St s MnO; thin film'
T=300K |

Intensity (arb. units)
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Mn 2p absorption
spectrum
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Prior resonant PS: Fujimori et al., J.A.P 99, 08S903 (2006)

K. Horiba et al. | Journal of Magnetism and Magnetic Materials 272-276 (2004) 436—437
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Valence-band photoemission:

Angle-Resolved Photoemission (ARPES)

Ef(K;) =
Eq(ke)-Vo=hv-Ei(Ki) &, =K,
2402
~ ﬁ Kf /Zme Rf :
hv | Surface
- - ! Barrier
Kf’” =V0
E;(k;)~hv —E;(k;)+V, ~ #°k? / 2m,
gbulk(and/or gsurf)
ke = k; + gbulk§(+gsurf) + Kpy + kphonon
Brillouin «rpq yps Limit” High energy alo
Zone High temp.
Ei(k;)
. A . .2
I(E7, Ke) o £ o (@pnotos (Er = hv + E;, Ky = K; + §)|F| @(E; . K; )

“Direct” or k-conserving transitions



ARPES—How high can we go in energy and temperature?

Angular acceptance \

! Surface

Ba_rrier Zone averaging:
=Vo XPS (DOS) limit

E(k;)~hv —E;(k; )~ #°k? / 2m,

gbulk (and / or gsurf)

K = ki + G (15527 )E K)o phonon

High energy alo
High temp.
Fraction DTs ~ Debye-Waller factor = W(T) ~ exp[- (k')? <u?(T)>]
~ exp[-C; (K)*T/(m &y°)] ~ exp(-C,E ;,T)

Eq(Ks)= ke =Ks

Er(ke)-Vo ~#°Ki /2m, K,
hv

Brillouin_
Zone: E;(k;)

Was~1 W0
ARPES 2bands,

quasiparticles | ’ XPS2DOS+XPD

(Low hv, Low T, Shevchik, Phys. Rev. B 16, 3428 (1977) (High hv, High T,

High angul. Res.) Hussain....CF, Phys. Rev. B 34 (1986) 5226 | Low angul. Res.)



Angle-Resolved Photoemission at High Energy--

hv = 1254 eV

§,: 10(2m/a){, along [010]

g

—-

9

a=3.16, 2n/a=1.99 A
kf=9.15 (2r/a) = 18.19

2w ki, = 0.32(2n/a) = 0.64A-1

For Ak, =1.0% of 2n/a > 0.06°res.

Additional effects at higher energies:

* Non-dipole--the photon momentum k, , easy to allow for

* Angular acceptance—B.Z. averaging > need better angular res.
* Lattice recoil->phonon creation—>more B.Z. averaging,

Fraction DTs ~ Debye-Waller factor = W(T) ~ exp[- (kf)? <u?(T)>]

~exp[-C, (k")2T/(m©,?)] ~ exp(-C,E,;, T) > need cryocooling

ACCEPTANCE
CONE OF £1.5°

48°

hy

Hussain et al.....CF,
Phys. Rev. B 22 3750
(1980) Phys. Rev. B 34,
5226 (1986)

Shevchik, Phys. Rev.
B 16, 3428 (1977)

>the “XPS limit” of full B.Z. averaging and D.O.S. sensitivity Alvarez et al., PRB 54,

—>core-like photoelectron diffraction

. Recoil - peak shifts and broadening: m
Erecoil (eV) z|: .

14703 (1996)

}Ek,.,, ~5.5 x 10 {m
M

Phys. Rev. B 75,

Takata et al.,
} 233404 (2007)

M(amu)



ARPES->HARPES-How high can we go?

Photoemission Debye-Waller Factors and
Recoil Energies

Photon energy for ~50% DTs Recoil energy for all atoms and
= 0.5 D-W @ 20K different photon energies
6780
-
2000 5120 111
B
3460 104 : -
Recoil energy (eV) ~ 5.5 x 10 [E,, (eV)/(Atomic Wt(amu))]
o 2630 0.9
i:; 1500 1800 05 03 -
= 9700 <
= 1400 = 0.7 Photoelectron
o ' - 0.2 kinetic energy
= 2 0% 500 eV
[}]
g 1000 £ 05 01 A —— 1000 eV
- T o4 —— 2000 eV
2 9 0.0- —— 4000 eV
a ¥ 03 6000 eV
= . . 0 10 20 30 40 |—so00ev
C- ' Ne Ca Zn Zr [——10000eV
= Graphite 01 J
Perp-Plane 18 meV @ 6.0 keV
0.0 4
' 0 10 20 30 40 50 60 .70 80 90 100 110
20 40 60 80 100 120 140 160 180 200 Ne Ca Zn Zr Sn Nd”Yb Hg Th Fm Ds

C. Papp. L. Plucinski, et al.,
Phys. Rev. B 84, 045433 (2011)



Hard x-ray ARPES for W(110): (E 0

s
6.0 keV 2, Room
g temp.
a 10 XPD
T =300 K (Raw data), W = 0.09, hv = 5956
(E)O
., 30 K
>
B N\
. [010] ..Z'E: 6 Bostwick-
o s Rotenberg
. & 10 +DOS(XPD) Cf)r-rection:
-5 T =30 K (Raw data), W = 0.45, hv = 5956 eV Divide by
average over
o9 Ang. Res.: § angle
W(110)-air exposed, ~1 +6° oe@ ~0.2°>0.02° X E:n o ) and
year,~12 AWO,,~3AC in future (~ ot
o = )
2, g = 14.00 (V2 (2n/a)) |>f Kny \
| y \ |- k;,,=4.35°
v ‘/
N (E) 0
r &
kf > N 3?2
7[010] . z 4
7 110 = f o = 4.21 ]
> [ ] ki_k _khv_g . "é;ne
[100] / £s
] _ ® 10 One-Step Theory 7
Gray, Minar et al., Nature Mat. 10, 759 (2011); S ——

Plus News and Views, Feng, Nature Mat. 10, 729-730 (2011) Detector Angle {°)



1500

Debye Temperature (K)
o
8

500

Cc-
= Graphite
Perp-Plane

ARPES->HARPES-How high can we go?

Photoemission Debye-Waller Factors and
Recoil Energies

Photon energy for ~50% DTs

= 0.5 D-W @ 20K

120 140 160 180 200

6780
5950
5120
4290
3460
2630
1800
970.0
140.0

Recoil Energy (eV)

1.1
1.0 5
0.9 -
0.8 -
0.7 4
0.6 -

0.5 4

0.4}

0.3 -

0.2 1

0.1 1

0.0 1

C. Papp. L. Plucinski, et al.,
Phys. Rev. B 84, 045433 (2011)

Recoil energy for all atoms and
different photon energies

| Recoil energy (eV) ~ 5.5 x 10 [E,, (eV)/(Atomic Wt(amu))]

Photoelectron
kinetic energy

500 eV

— 1000 eV
— 2000 eV
— 4000 eV
6000 eV

0 20 B0 40 | ——so00ev
e Ca/ In ZIr —— 10000 eV

L =18 meV @ 6.0 keV

~10 meV
| 3.2 keV

1
N
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Hard x-ray ARPES for GaAs(001):

3.2 keV
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Gray, Minar et al., Spring-8, Nature Materials 10, 759 (2011) Detector Angle (°)



A first real application of soft x-ray ARPES: Soft x-ray ARPES from SrCuO, at

hv =700 eV and 300K, photoemission Debye-Waller factor of

a
—

Binding Energy (eV)

v 2 0 2 4 & Photoemission DW factors
|:>can be too conservative for
: ; — some systems (lack of
correlated vibrations?)
—>suggests a wider
application of
SARPES/HARPES

Intensity (arb. units)

)

Binding energy (e

.

EEREERERARNERNERE ARNERRER RN RNREEEEED

43210 0 1 2
Binding Energy (eV) k (w'c)

S. Suga, A. Sekiyama, et al., PRB 70, 155106 (2004)



3D band mapping of a “2D” material VSe,

-15-10-05 0 05 1.0 15
k(A

Strocov et al., PRL 109, 086401 (2012)



Soft->Hard Angle-Resolved Photoemission: Basic Considerations

+ Deeper probing: “bulk” electronic structure, buried layers and
interfaces, less surface sensitive
+ Free-electron final state: good approximation
E. (k, )~ #°k? /2m,

+ Less k, broadening: 4k ,~ 1/A (inelastic)
+ 3D band mapping: possible with photon energy variation
+ Resonant excitation: enhance a given atom’s contribution, move
standing wave in sample
+ Standing-wave excitation: possible, multilayers, epi-, single
crystal- systems
+ Core-level spectra: provide complementary information on
charge states, structure via XPD
- Phonon smearing: need cryocooling, DW factor as criterion

DW (T)~ expl-g; (u* (T)]
- Angular resolution: need higher for Ak resolution
- Non-dipole effects: allowance for photon momentum, but easy

k/ = kf _k/w -9,
- Recoil effectsh:zzbift and smeaEr erécle/r)ies

E rocon = 2/[/; ~5.5x107 Mmamu] CSF, Synch.Rad. News. 25, 26

(2012); V. Strocov et al., Appl.
Phys. Lett. 101, 242103 (2012)




Four levels of interpreting ARPES spectra

[1] Simply looking at the final state as a free electron in an extended-zone
scheme, translating it into the firét BX,vi&, - g, , and asking qualitatively
where it cuts the ground-state band structure

[2] More rigorously requiring energy and k-conservation and computing the locus
of points in energy and k that satisfy it, again ground-state band structure (e.qg.
Plucinski, et al., Phys. Rev. B 84, 045433 (2011)

[3] Calculating the spectral function to allow for many-body excitations in the
sudden approximation, but with no matrix elements:

1) ) |V = 1K| [N, 0) 8(Ex-1s + & = Fyo = ho)

= A(k, € — ho) - f (e — ha)

l_'_l

spectral function

The ARPES signal I(I_c,, 8) directly proportional to the removal part
of the spectral function A(E,cu) = —%Im G (E,w) °

other
electrons

phonons

T

spin excitations

[4] Carrying out full one-step photoemission calculations that include the surface
and all matrix elements, so as to be able to accurately represent intensities. For
SARPES and HARPES (Minar, Braun, Ebert, J. Elect. Spect. 184, 91 (2011))




LMU| e SPRKKR method + One-step model

Angle resolved UV and X-ray photoemission
for arbitrary ordered and disordered correlated systems

/ One-step model of photoemission \

e
(o

Reviews: J .
an Minar
KKR: Ebert, Kodderitzsch, Minar, Rep. Prog. Phys. 74, 096501 (2011)

KKR+DMFT: Minar, JP.CM Topical Review 23, 253201 (2011) Juergen Braun
KKR+One step model: Minar, Braun, Ebert et al., JESRP 184, 91(2011) Hubert Ebert

Full potential
2D Semi-infinite
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Phonon effects in photoemission

m

- Phonon excitations define fundamental limit to band mapping as energy or

temperature is raised because of full BZ averaging Shevchik (1977)

- Photo current can be roughly divided into two contributions:

<™ E_ kT )>~W (TY° E_k,T #[1-W T )JI" E. kT,

. Photoemission Debye-Waller Factor W (T)=exp (-4k* <u” > )=exp (-g,,<u”>,

ARPES

. Actual situation: < /™ (E_,k,T )>~W (T )< "= E_k,T )>}+

< /Atomic (E/:l k’r )> + < //ncoherent (E/:l k,T )>

via t(T) (Larson and Pendry, Feder)

MEWDOS,
XPD

» Improved treatment of phonon effects on LEED state — cluster implementation:

Zampieri et al. (1996)

» Proper formulation for solids within multiple scattering formalism for high

energy regime: Fujikawa and Arai (2009)




Tungsten--Debye-Waller Factors

and Recoil Energies

W | M= 18385, MEWDOS/
2 | | XPS
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Plucinski, et al. PRB 78, 035108 (2008);
Phys. Rev. B 84, 045433 (2011)



Hard x-ray ARPES for W(110), 6 keV:
One-step theory with phonons (Braun, Minar, Ebert) vs expt. (Gray et al.)

‘— HARPES \ ﬂ
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5 oo o o = ] ;
50 K

—
11
L
o
P
P
QO
=
= I
tob)
-
=

[ntensity (arb. units)

/ﬁqﬁ& =
O

&g

il

-

o

200 K| ' e
% 3.

739565 =AY '60°0

- 1+ 1 4 1 . |
-8 -6 -4 3 0
Binding energy (eV)

Braun et al., Phys. Rev. B 88, 205409 (2013)



Tungsten--Debye-Waller Factors
and Recoil Energies
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Plucinski, et al. PRB 78, 035108 (2008);
Phys. Rev. B 84, 045433 (2011)



Phonon effects:
Improved

theoretical
modeling

L. Plucinski, J. Minar, .

PRB 78, 035108 (2008)

One-step, t-reversed
LEED, spin-polarized
relativistic KKR:

e Phonons via complex
phase shifts

e Phonons via the
coherent potential
model

J. Braun, J. Minar, S.

Mankovsky, L. Plucinski,

Phys. Rev. B 88, 205409
(2013).

Free-
electron
final-state
theory

7~

Binding/energy [eV]

Binding energy [eV]
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Angle [deg]
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Experiment.: W(110), hv = 870 eV
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Phonon effects:
Improved

theoretical
modeling

L. Plucinski, J. Minar, .
PRB 78, 035108 (2008)

One-step, t-reversed
LEED, spin-polarized
relativistic KKR:

e Phonons via complex
phase shifts

e Phonons via the
coherent potential
model
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Calc. phonon effects in photoemission,

Au soft and hard x-ray: Angle-resolved PES (ARPES)—Angle-integrated
PES (XPS/MEWDOS)

= =
2 2
= z
~ 100 K — S0 K
& £
= =
- e
= =
300 K 100 K
8 6 4 2 1 8 6 4 2 0
Binding energy [eV] Binding energy [eV]

Braun, Minar, et al., Phys. Rev. B 88, 205409 (2013)



A first real application of soft x-ray ARPES: Soft x-ray ARPES from SrCuO, at hv =700

eV and 300K, photoemission Debye-Waller factor of

a
—

ﬂ _
‘/‘—f\\_ k, =
\//‘:\Vf\\: on :
L 2y
s
| L
%: o
—_ /\%: s
P = f. ™
5 %: " 2 0 2 4 6 Photoemission DW factors
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43210 0 1 2
Binding Energy (eV) k (w/c)

S. Suga, A. Sekiyama, et al., PRB 70, 155106 (2004)



Photon energy for D-W
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Looking through an amorphous layer to do ARPES: GaAs @ 11K
(a) (b) hv=287 eV, D-W=0.90

hv

70°
20°
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0 2

_An_gle (deg)
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T T £
B
w
.

]

Eg-Eygy (V)

B B B 4 -2 1] 2 4 B

Angle (deg) Angle (deg)
M. Kobayashi, V.N. Strocov et al,, Appl. Phys. Lett. 101, 242103 (2012)



ARPES—How high can we go in energy and temperature?

ngular acceptance w

! Surface

Ba_rrier Zone averaging:
=Vo XPS (DOS) limit

E;(k;)~ hv —E;(k; ) ~ #°k? / 2m,

bulk(and/or gsurf)

Ef(Rf) — kf,” = Kf,”

Er(ke)-Vo ~#°Ki /2m, K,
hv

BriIIouin_
Zone: Ei(ki) @ High energ
High temp.

Fraction DTs ~ Debye-Waller factor = W(T) ~exp[- (k)?<u?(T)>]
~ exp[-C; (K)*T/(m &y°)] ~ exp(-C,E ;,T)

W1 W=~0.3 W=~0
ARPES 2>bands, -
quasiparticles | ’ XPS2DOS+XPD
(Low hv, Low T, Shevchik, Phys. Rev. B 16, 3428 (1977) (High hv, High T,

High angul. Res.) Hussain....CF, Phys. Rev. B 34 (1986) 5226 | Low angul. Res.)



Hard x-ray ARPES--GaAs and

the dilute magnetic semiconductor Ga,; 4;Mn, ,;As

How does Mn alter the GaAs electronic structure
so as to produce ferromagnetic coupling?
Differing views: p-d exchange, double exchange?

A . b Fermi level
4'&”_.3 Fermi level E A
b i \
. . 1 (B
o o | ‘
=1 Merged N oy i
L SRR Y N
B . : )’ D I N
<~ > <
200-300 meV Er=30-80 meV
Ohya et al., Nature
C |,  Geereond Samarth, Nature Physics 7, 342 (2011)
Y, ' Materials 11, 844
coo"' (2012)
N "‘o‘ (derived fl:::ﬁu;ft; ﬁjggdizaﬂon)
j_é “", Less localized
g, . ) (greater hopping)




Hard x-ray ARPES--GaAs and DMS Ga, ;Mn, ,;As
Comparing Experiment (3.2 keV, 30K) and One-Step KKR Theory
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0
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Gray, Minar et al., Nature Materials 11, 957 (2012)




Normalized Photoemission Intensity (arb. units)

GaAs and Ga, 4;Mn ,;AS
Angle-Integrated Hard X-Ray ARPES @ 3.2 keV

Experiment and One-Step KKR Theory

d Experiment hv=3.24keV c Difference X 1

— Gag.97Mng 93As X
- GaAs i
— Gao_g7M|10_o3AS — GaAs
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Gray et al., Nature Materials 11, 957 (2012)



Hard x-ray ARPES--GaAs and

the dilute magnetic semiconductor Ga; ;Mn, ,;As

Density of states

How does Mn alter the electronic structure so
as to produce ferromagnetic coupling?
Differing views:

b
Y Fermi level
Merged \
VB IBIR £
<>
200-300 meV

Density of states

Samarth, Nature
Materials 11, 844 (2012)

Impurity band
(derived from p-d hybridization)

A Less localized
(A (greater hopping)

Density of states

Gray et al., Nature Materials 11, 957 (2012)

Fermi level

>

> <«
Er=30-80 meV
Ohya et al., Nature Physics
7,342 (2011)

>

Fermi level

~400 1
meV 1

Merged
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Density of states




Ga; g75sMn; oosAs: Resonant soft x-ray ARPES

I m» m |\ Kobayashi, Strocov, et al.,

W ‘ | H H Phys Rev B 89, 205204 (2014)

Binding Energy (eV)



Band structure in core levels!—C 1s from graphene

Experiment
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Basic Concepts:
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
Varying Surface and Bulk Sensitivity
Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography

Valence-Level Photoemission
Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit-Covered already

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
:>Photoemission with Standing Wave Excitation-See seminar
Photoemission with: Higher Pressures—>multi-Torr->Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution
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Ambient Pressure XPS-Bridging the Pressure Gap:

CState- and Time- Resolved Oxidation of Si at Multi-Torr Pressures

( I —B00%C si° (c) Si(100) oxidation

=4+ o5
Po,=5.0 X 107 Torr Si T=450°C

2P3 =
Si(100) 2P Poz =t torr]

Si2pPS S »
1 2P Si* NN <
Si** ‘ N

Intensity (AU) &

si™

6 4 2
Relative Binding Ener \g/ (eV)
Y. Enta et al., PRB 57, 6294 (1998)

Experimental
cell supplied by
gas lines

P up to
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(b)

Y //// R e

Analysis

Ogletree et al., Rev. Sci. Inst.
P =107 torr 73, 3872 (2002)—SR, ALS
or better Bluhm, Salmeron, Schlégl—
ALS, BESSY

X-rays incident at i
15"througha  hv Differential
100 nm Al _ Analyzer lens Enta, Mun et al., Appl. Phys. Lett.
pumping pumped 92, 012110 (2008); J. Appl. Phys.
independently 103, 044104(2008)

window



Watching the oxide grow in real time: constant P, variable T

T=450C o °
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Enta, Mun et al., Appl. Phys. Lett. 92, 012110 (2008)



Measuring the concentration profile of ions near an aqueous surface

Br / K ratio

5
KBr (001) At deliquescer_lceé )
hv = 200 eV droplet formation Q
;E 3
o 4000~ =
= S 2
g 3000 [ EU
3.0 (fl 2000 |- 1 i
3 1000 [~ 0 kL , , . L
ol - .~ 0 200 400 600 800
°© o0 ol e / wa* Photoelectron kinetic energy

2.0

15

1.0

0.5

0.0

4 3 2 1 0 -1 -2

Molecular
dynamics
simulation

Relative binding energy (e\-/) 2'0_:
z 1.5—:
i
0 | -
6 8% & 50 00
15torr H,0 1
| 0
| | | L
20 40 60 80

Relative humidity (%)

T T T T T I T T T T l T T T T
5 10 15 20
Distance into the solution (A)

— More halide near surface—marked change

S. Ghosal, J.C. Hemminger, et al., Science 307, 5709 (2005)
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Seeing both bands and molecular states in ambient pressure XPS:

CO above graphite

o
| hv =120 evw CO(g)-0.2 torr

Graphite
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Grass et al., Rev. Sci. Inst. 81, 053106 (2010)
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Fresnel Zone Plate Lens for Diffractive
Focusing of Spatially Coherent X-rays

Constructive interference of waves from all rings:
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Imaging with soft x-ray microscopes—three types
1. Scanning X-ray Microscopy 2. X-Ray Photoelectron Microscopy
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PHOTOELECTRON EMISSION MICROSCOPE (PEEM) USING PHOTOELECTRONS
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PHOTOELECTRON EMISSION MICROSCOPE (PEEM) USING SECONDARY ELECTRONS
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Third type: Imaging Zone-Plate X-ray microscope: XM-1 @ ALS

Source Condenser Objective

Condenser
zone plate

Plane
mirror

Pinhole

ALS Bending
Magnet

Micro zone

plate Soft X-ray

sensitive
CCD

X-ray lens = zone plate
Outer rings 100 atoms
apart

Mutual Indexing System
with kinematic mounts

\
=—— \Visible light
microscope

Fischer et al.




Imaging Iron Magnetic Domains with Circular-Polarized Light
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Basic Concepts:
A Little Electronic Structure
The X-Ray-Based Experiments
X-Ray Sources, Synchrotron Radiation, Free Electron Lasers

Core-Level Photoemission
Intensities and Quantitative Analysis, the 3-Step Model
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Chemical Shifts
Multiplet Splittings
Electron Screening and Satellite Structure
Magnetic and Non-Magnetic Dichroism
Resonant Photoemission
Photoelectron Diffraction and Holography
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Band-Mapping in the Ultraviolet Photoemission Limit
Densities of States in the X-Ray Photoemission Limit-Covered already

Some New Directions
Photoemission with Hard X-Rays (throughout lectures)
Photoemission with Standing Wave Excitation-See seminar
Photoemission with: Higher Pressures—>multi-Torr->Atmosphere?
Spatial Resolution-Photoelectron Microscopy
Temporal Resolution



Time-resolved core-level XPS as a monitor of a charge
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Typical experimental geometry for

energy- and angle-resolved photoemission measurements

Spin-resolved intensity (a.u.)
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