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Outline
Surface, interface, and nanoscience—short introduction
Some surface concepts and techniques—photoemission
Synchrotron radiation: experimental aspects
Electronic structure—a brief review

The basic synchrotron radiation techniques:
more experimental and theoretical details

EEE) Valence-level photoemission
Core-level photoemission

Photoemission with high ambient pressure
around the sample
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Outline

» Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

« Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

» Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
level spectra



VALENCE BANDS
IN SOLIDS:
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The electronic structure
of a nearly free-electron
metal—fcc Al
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Valence-band photoemission:

Angle-Resolved Photoemission (ARPES)

E¢(Kf)= key =Ki))
Er(ke)-Vo ~ #°K7 /2mg K,

|
hv : Surface
' Barrier
N o
v E.(k;)~hv—E:(k: )~ #2k2 /2m
\,\ F(Kg) = iltKi)= 7 Kf e
Q\/ gbulk(and/or gsurf)
4
4 . L N . -
kf = ki T 9bulk (+gsurf) + khv + kphonon
Brillouin High energy alo
Zor_le High temp.
E;(k;)
_ ) .. Y.
I(Ef, k¢ ) o £'<‘Pphotoe(Ef =hv +E;, k¢ = k; +g)|r|(p(E,-,k,- >‘

“Direct” or k-conserving transitions



Angle-Resolved
Photoemission

from ferromagnetic

Ni(111)
hv =21.2 eV
Spin-split
bands

Kreutz et al.,

Phys. Rev. B 58 (1998) 1300
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EXAMPLE ! APAZ ~ Rl 2

NORMAL-EMISSION n Aszez 1,
UPS FRoM A Ak~ 1/(2A,)
Cu (001) 'PHoTo & For Cu@E,,~80eV,

A~ 4 A, Ak ~0.12 A
Smearing Compare 2r/a = 0.98 A~
due to

phonons —

Akf,,*

With Ae and
solid angle fL

~P ?nlq.rizn.t‘ion

7 € (in y2 mivror 'plane)

“REDUCED BaULLOWN

SONE
- [010]
ky =
[1o0]

SIMPLE — =
DT MODEL: Direct: k'= kug,.%

E' (—EE)= initial band structure
Ef (kH) = %2 (kF)2/2m

Constoant matrix
elemants
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INTENSITY (Arb. Units)
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Cu: ANGLE-RESOLVED Photon encrgy (cV)

20. 40 60 80
PHOTOEMISSION AND S A |
BAND-MAPPING on :;:" =
ALONG (110) Soarace

_2
RECIP ROCAL —
o< LATNCE > —4
TPoINTS g
('j"s) g
: ©
o 3
™ 2 _Jd
> " NORMAL EMISSIO

ARSIENT TRAP, |
(T\\Cu' at sl-.) :

=
o
| |

Figure 28 Brillouin zones of the face-centered
cubic lattice. The cells are in reciprocal space, and
the reciprocal lattice is body-centered, as drawn. I
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Fe: ANGLE AND
SPIN-RESOLVED
SPECTRA AT I POINT

10
EXPT.

SPIN-RESOLVED INTENSITY

2

? acso
INFPLUENCED
BY YROMON-
ASSISTED

TRANSITIONS

ERSEANE

~  |Fe {100)
hy=60 eV *
— AV‘U{.: 0.3 (room TEMP) 3
AVW-: 0.85

4 g 0
ENERGY BELOW Ef  (eV)

21, 32441988)



Density of States(eV-!)

12

(s3]

P

—2 '. 4

—6
Energy (eV) Ec: ¢
Pickett and Singh, PRB 5_3, 1146 (1996)

—B —4

Experiment- spin-resolved P

. - S .
La0.7oﬂo_3oMnO3 as thin fl|m$ 0.0

Park et al.,

Nature, PRB 392, 794 (1998)

tntensity (Arbtrary Units)

25

20

05

Lad4f T <<Tc

[(a) T= 40K

4:aM (a.u.)

T
Difference

Spin t - Spin §

3 2

1 E,

Binding Energy (eV)

T>T,
{b) T= 380K
20+
+++++ 1 Spin
15+ i Spin
rn ,
=
5
a‘D"
&
;5
X osF
=
@
gO.O"""u--I:J-.ll.
- Ditfarence
02 Spin t - Spin |
02+
T S STE S SN WU S RV
3 2 1 E;

Binding Energy (eV)



———Vacuum level

The electronic structure of a transition metal—fcc Cu
b, = 4.4 €V

i 2
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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 states

on Cu(111)

Shockley
surface

state

Tamm

surface

Zangwill,
Surface Physics,

state

Fig. 4.21. Experimental dispersion of Cu(111) surface states plotted
with a projection of the bulk bands: (a) Shockley state near the zone
center (Kevan, 1983); (b) Tamm state near the zone boundary
(Heimann, Hermanson, Miosga and Neddermeyer, 1979). Compare
with Fig. 4.17.
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Fig. 4.20. Photoemission energy distribution curves from Cu(111) at
different collection angles. Equation (4.32) has been used to exprems
the electron kinetic energy in terms of the binding energy of the

electron state (Kevan, 1983).
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Valence-Band Photoemission at High Energy--

What & Where is the “XPS Limit”?:

.F
DIRECT TRANSITIONS IN XPS OF TUNGSTEN Aklt_,

. Ak,
—i L _f =
k+g:=k ky
a-

+ PHONONSj‘
§ = 10{27/a)}, along [010]

9

g

ACCEPTANCE
27 alW):3.16 A, hv=1253.6 eV CONE OF £ 1.5 g
¢ +9.15(2m/a), k,,=0.32(2m/o), a<48° K, @ / 48 ot
What all happens when you go to higher 1,253 eV

photon energies?

* non-dipole effect->the photon momentum

« angular acceptance—B.Z. averaging

- lattice recoil, phonon creation—more
Brillouin Zone averaging

—The XPS limit of full B.Z. averaging and Hussain et al., Phys.
D.O.S. sensitivity Rev. B 22, 3750 (‘80)



Valence-band photoemission—at higher energy

Er(Ky)= ke =K,
Er(ke)-Vo ~ #°Kf /2m, K,

Angular acceptance

hv Surface
Barrier
D =V, Zone averaging
V\w“ E:(k;)~ hv —E;(k;)~ #°k? / 2m,
Q\/ gbulk(and/or gsurf)
4
0 —_ —_ - - —_
ki = K; + 9puik (+9surr ) + Kny
Brillouin High energy alo
Zone High temp.
Ei(k;)
. ) . . o 2
I(Ey, K ) < |& o (@photoe (Er = v + Ej Ky = K; + ) Flo(E. ;)

Hussain et al., Phys. Rev. B 34 (1986) 5226.



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




VALENCE-BAND PHOTOELECTRON INTENSITIES AND DENSITIES OF STATES

W I (62 e O(E,,,x,y)

. Level n/ I ‘

Atom Q

IE,,Qn¢) =

Mexp - z . -Q(Ekin:X:}’)dXdydz
dQ A (E,, )sin@

l.,(x,y,z) = x-ray flux

C-J'Ihv (x.y.2)p,,, (E,.x.y.z)
0

Pan, (Ep X, Y,2) = density of states, projected onto Qn¢/ character

daQn/ (h V)
(o [0)
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
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Intensity (é.u.)

Intensity (a.u.)

Gold Valence Spectrum
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XPS OF St VALENCE BANDS
%

I B

Some classic i ISI i
in the XPS EENA

limit:

“Basic Concepts of XPS”
Figure 14



XPS and HXPS in k space:

hv = 1254 eV

g = 10(27/a)y, along [0]0]
]

—
Q

s
- — T

-khv
: ACCEPTANCE
° +1.5°
2y (W)= 3164 CONE OF 5
k'=9.15(2w/a), k= 0.32(27/a) F-k —=e~
~ ~ - -
k+§=k' -k, T
(b) hv = 10,000 eV

G=26(2r/a)y

k' “k,

kf = 25.80 (2n/a), k,, = 2.54(2n/a) ACCEPTANCE
CONE OF +0.5°

Phonon effects: Approximate fraction of “good” direct transitions
~ Debye-Waller factor = W(T) ~ exp[-g? <u?(T)> |
= Mean-squared
vibrational displacement
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Direct-transition

effects in XPS:
W(110) at 1253.6 eV

)
=
-
b
-
o
[
0
e
af
T
in
C
o
=

w00, T dep.
Expl, ¢ = 0"
g :554°

Binding Energy [eV]

Present if
vibrations stiff
enough (Debye
T high enough),
but suppressed
as temperature is
raised.

Hussain et al.,
Phys. Rev. 22,
3750 (1980)



Effect of photon
momentum

on k conservation: N J_
W(1 1 0) at 1253-6 eV 001 103 102 101 201 3{”;;"'

. - ig -

_ | 534t
= | — 306
5
E
= |-es5ar
L —see
<
E o574
— T | — 266°[201]
Symmetry-related — 504
spectra shifted by —ue
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due to k,,, _
== £3.4%102] 2
— | — 206°

Hussain et al.,
e | Phys. Rev. 22,
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Angle-Resolved
Photoemission

from W(110)
hv =260 eV

90° = normal

Opepve = 400K

e

Plucinski et al., Phys.
Rev. B, submitted
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ARPES from W(110): Expt, hv = 260 eV, near-normal emission, ®p . = 400K

(a) 300K W =0.90 (b) 470K W =0.85 (c) 607K W = 0.81 (d) 780K W =0.77

One- 3 2 3 3 s
electron, 3 4§ > & =)
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ARPES from W(110): Expt, hv = 860 eV, near-normal emission, ®p,, . = 400K
(a) 300KW =0.70 (b) 470K W =0.58 (c) 607K W =0.50 (d) 780K W =0.41
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ARPES with a non-monochromatized lab. x-ra

energy [arb. units]

-10

energy [arb. units]

10

Theory-Minar, Braun, Ebert

10
-10 -8 -6 -4 -2 (o] 2 4 G 8 11
theta

-10

-8

-6

-4

source: hv=1253.6 eV, T =~77K
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Tour de force ARPES: W(110), hv = 1253.6

v

Expt- Papp et al
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Expt- Papp et al
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Density of States
‘a -

H H
— hyrouy/swoutznd 3

“Pseudo Gap”

Christensen &
Feuerbacher, PRB
10, 2349 (’74)



Tour de force ARPES: W(110), hv = 1253.6 Ak*T
DIRECT TRANSITIONS IN XPS OF TUNGSTEN l .
Ak

_ , + PHONONS—
_]? + §=If— kh El —7%

g = 10{27/a)y, along [010]

\\\\\\\\\\\\\\\\\\\\\\\

ACCEPTANCE

0 CONE OF £1.5°
U(W):B-le, hV:1253-6 eV O 54.7°
k':9.16(27/a), k,, =0.32(27/a), @=54.7° e




Tour de force ARPES in an extended zone
scheme: W(110), [001] plane, hv = 1253.6 eV

9.35(2n/a)-
18.48 (2n/a)

- 8.48(217 /a)



RT Tour de force ARPES: W(110), hv = 1253.6

Density of States

o

Binding Energy [eV]
=N

Expt- Papp et al

H H
— hyrouy/swoutznd 3

-8 -4 0 d 8 12 16 20 24 28 32 36 40 44

i “Pseudo Gap”
Dejrees off normal emission [°]

Christensen &
Feuerbacher, PRB
10, 2349 (’74)

8 12 16 20 24 28 32 36 40 44
Degrees off normal emission [°]

F j S
I,

ENERGY E

_—
--__--
-

0 707(21cla) = 9 35sinA6(2n/a)
_ AB = sin*[0.707/9.35] = 4.33°

WP Ny H ~




hv =870 eV

And what would happen at 10 keV?: C\fjf_ﬂ’f

hv =10,000 eV

g=26(2x/a)y §

Ef _khv

kf = 25.80 (2n/a), k,, = 2.54(2n/a) ACCEPTANCE
CONE OF +0.5°

Opebye = 310K, <uz> (1022 cm?) = 5.34 + 0.0583T —29"T_ 0,0583T
Debye-Waller Factor = W(T) ~ exp(-k 2 <u?(T)>)
= exp(-CE,;,<u?(T)>)_19hT 5 exp(-C,E;,T)
W at 4K{W ~ 0.27 |~ 27% direct

at 77K: W ~ 0.20, ~ 20% direct

at 300K: W ~ 0.017, = 2% direct
Correlated vibrations and better theory (e.g. Phys. Rev. B 35, 1147

(‘87) and 53, 7524 (’96) + 54, 14703 (‘96)) may yield different DT
percentages, but needs further experimental and theoretical study




For W(110): hv = 5,946 eV: Where are we in the Brillouin Zone?

Calculation of Photon Momentum Effect on k Conservation

The free-electron picture:

(21r/a)=1.988 A™
hv = 5945 eV

k| = 0.512E}3(eV) = 39.48 A =19.85 (21 / a)
\th\= 0.000507(hv(eV)) = 3.01 A" =1.51 (21 / a)

Experiment in the Extended Brillouin Zone

Rf - th

=[39.48% +3.01° | = 39.59 A =19.91(2m/ a) - — > 14.08 [1.414((21r / a)]

@, =14.00 [1.414((2w / a)]

Angular deflection due to th is : arctan(3.01/39.48) = 4.35°

F-N-Tis 1.414(21m / a), so angular range of this is arctan(1.414/19.19) = 4.21°

110]

w .,,1- et AL \\\J , \\q'
5 Wi h% }//
z 06 i
m -
M* e h'—\
02 AN
{¢" a 6 x
DS NPT PR | N L
r H N r
Ueda, Papp, +—4.21°— /
Kobayashi, //
Minar, et al. /‘
to be publ

4/28/2010 Materials Science Division. Fadley Group.
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W(110), hv = 5,954 eV, T = 30K: Comparison to one-step theory, matrix elements

Kinetic Energy (eV) 2>

E. SP

rMSES
Corrected ‘ ]
for ”
phonon- NIMS
induced (Bostwick, Papp)

density-
of-states-

J like
intensity

5946

5944

5942

5940

|

5938

(b) Corr. Brillouin zone

5936

300 400 500 600 700

Expt.-Ueda, Kobayashi,

' | . | 1 1 | '
® N @ 0 kW N =2 O
u

3 SPring8

) Data analysis-Papp, Gray,
a Plucinski, C.F.
pic) Theo. Theory-Minar, Braun, Ebert
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Anale (Dedarees)>
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Hard x-ray ARPES from GaAs(001)-3.2 keV, 30 K, W = 0.31

?

o
|

10—

inding Energy (eV)

\

Core-like
As 4s

ﬂ 16—

Charge 300 400 500 600 700

densities Detector Angle Channel (~39 Ch/Degree) Expt.-Gray, Papp, Ueda, Yamashita,
Kobayashi

Theory- Pickett, Ylvisaker



Binding Energy (eV)

300

Comparing Experiment and One-Step KKR Theory

GaAs Valence Bands

One-step theory-Minar, Braun, Ebert

400 500 600 700 Expt.-Gray, Papp, Ueda, Yamashita, Kobayashi



Looking ahead-conservatively

Photon energies yielding DW factors of 0.5 at 20 K
Photon energy for D-W = 0.5

K)

Debye Temperature
=
3

500

C-
= Graphite
Perp-Plane

20 40 60 80 100 120 140 160 180 200
Element Mass

Plucinski, Gray



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
mmm) Core-level photoemission

Photoemission with high ambient pressure
around the sample



Outline

‘ Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

« Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
level spectra



Looking into the silicon dioxide layer with photoelectron spectroscopy

Few atomic layers
of oxide—Si (001)

Charge transfer, e-- e- coulomb integral:
Shift ~ qg;J;y, 5130 S

* -— * -— e - -
J‘¢2p(r1 )¢3p(r2)r_¢2p (I'1 )¢3p (I'2 )dv1dv2
12

Few atomic layers
of oxide—Si (011)

No. of photoelectrons from the silicon 2p level

e ———
-7 6 -5 4-3-2-101 2 3
Himpsel et al., Phys. Rev. B 38, 6086 ('88) Relative energy (in electron-volts)




INTENSITY (arb.units)

CHEMICAL SHIFTS IN ADSORBATE ¢ SWBSTRATE

x
O= 0.5 \
on top 0.25
b d i
ridge 0.25 "‘

! 1 T p— 1 LA — 1 1
53, 532 530 288 286 , 284 72 7 70
B — — BINDING ENERGY (6] ,—)
SUNCH. RAD ., &E~0.15€V
MONGCH. RPS,
4k~ 0.36Y BJIORNE HOLM
‘ ET AL.

(N1LSSeN GRP,,
UPPSALA)



INTENSITY (arb. units)

' Be (0001) -~ SURFACE CORE SHIFTS

BINDING ENERGY (eV)

i 1.0

A (nm)

0.0

© I TPP-2M

]

'\ MIN MM
INC™
} ESEAPE
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| TJoraAwN Ss.uu Ev.
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BINDING ENERCIES o KOCPMANS' THEOREM .
N-e~ SCH.Ean,— 'H(N)"P(N) ECM)'!P(N) JRIRY

MINWMZE E; (~§ ‘ 15 % § SCATER DET.

What does
the hole do?

N 1-e™ HARTREE-FOCL EQNS.— ‘H(f)‘fkfdt 2#«)'0’_(1)

* COUPLED INTEGRO—DIFE,
e Cowurend ¥ BYCWANEE

Ey(k)= Lt Benowe BuBRGY = E (N-1,k hole)— E; (N)
) ExacT

o Eplk)= -8, F ¢, =€s (Froaen
orRBITAL)
RoePmansS’ ™MEonem

TNtk hile) g L plfm
Froven +e 1
- > SEvelae
Ee (0, e hole) G\

“€u T TALE=RELALED
Eb (L) hv

i O

=> RELAXATION, SCREEN/NG-, CONFIGUAATION
INTELACTIOA) , SBLF- ENVERGY EFPALT ALWAY
PRESENT ; ANDRESOD IMPURITY ModEL &Te.




LOGPMANS' THEONEM CALSULATION OF SHIFTS

1 ) ) ) ) ] ) L] L) T ] cIF I I
- Carbon |s - CoaRE 4 -
- Free molecutas = '
3151 =
= LINE oF -
> UNIT SLOPE
s Si0F =
d le o
'L )
i =
~CoHy T
CoH .
305 Jci
| i | L i 1 i i 1 i 1 i I L
290 295 300

Eb( Cis ), eV o
DIFF. = SE”_lmLz I5eV = consTanT = 5%, of €

Lp AE, (<1 ,“1”- CHy) = = AE(‘.‘!:, M- CHy

Figure 18 —— Plot of carbon 1s binding energies calculated via
Koopmans' Theorem against experimental binding energies for several
carbon—containing gaseous molecules. For some molecules, more than
one calculated value is presented. The slope of the straight line
is unity. The two scales are shifted with respect to one another by
15 eV, largely due to relaxarion effects. All of the theoretical

calculations were of roughly double-zeta accuracy or better. (From
Shirley, reference 7.)

“Basic Concepts of XPS”
Figure 18



Outline

« Core-level chemical shifts: the potential model

‘ « Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

« Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
level spectra



POTENTIAL MODEL FOR CORE-LEVEL CHEMICAL SHIFTS
—net charge qg

electrons (molecular orbitals, bands)

m C—net charge q.

Core electrons
—net charge q,

Core binding energy on A in
molecule ABC =

Core binding energy of free ion A
with charge q,

+ qge?/rpg + qce?/rac

(+ relaxation corrections) lon of charge q,



FREE-ION
(INTRAATOMIC)
ASPECTS OF
SHIFTS:
KOOPMANS’
THEOREM &
CLASSICAL
CHARGED SHELL

“Basic Concepts of XPS”
Figure 19
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POTENTIAL MODEL CALCULATION OF

CARBON CHEMICAL SHIFTS
! ! !

10—
>
S @
L.
-
J e
~J U
0 Sr
-
@
("]
L
o

Cis

CF‘DQ

“Basic Concepts of XPS”
Figure 24
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Outline

» Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

« Core-level chemical shifts: the potential model

‘- Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

» Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
level spectra



CORRELATION OF THERMOCHEMICAL DATA
WITH CHEMICAL SHIFTS: EQUIVALENT-CORE OR (Z2+1) MODEL

N core = N 1s2 = N5+

1s2=-2e
\
+7e

Assume:
Né** core with
1s hole = N6+ =

1s2=-2¢
\
o+8e

1s1=-1e
\
ot+7e <~

= OQ6* core

Plus see pp. 92-93
in “Basic Concepts
of XPS”

Relative E, eV

4@ CH3NH,

For examplp

—

—.*

(CHz),NH
T N N N N

-4 -3 2 -1 O I 2 3

Thermo. Estd. Rel. E, eV
Jolly et al.



Binding energies: "= N 1s core hole present
NH, —> NH;* +e :AE, = EL‘,’(N1S,NH3)
N, > N, +e :AE,=E/(N1s,N,)
Adding and subtracting:
NH,+N:" = NH; +N,: AE =AE,-AE,
= E/ (N1s,NH,) — E/ (N1s,N,)
= AE) (N1s,NH, — N,)
The chemical shift
Replacing real N 1s core with equivalent O 1s core:
NH, + NO* - OH; +N,: AE = AE'(N1s,NH, - N,) + AE—AE

= AEY(N1s,NH, — N,)
A thermochemical energy



DERIVATION OF HEAT OF SURFACE SEGREGATION FROM
SURFACE CORE-LEVEL CHEMICAL SHIFTS

Fig. 4.30. The XPS surface core level shift approach to the heat of AE. = AH
segregation of a binary alloy (Egelhoff, 1983).  (Zangwill, p. 87) b = 2% surf. segregation

3 W0l &6y,
(lean surfare

Clean surface

. 31
.. i H v
b WIHO) &y, ~ Binding energy (Eyl teV)
+10L oxygen

Initial state

Spanjaard et al., Surf. Sci.
Repts. 5, 1 (1985)
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Outline

» Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

« Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

‘- Multiplet splittings and magnetism

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

» Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
level spectra



Multiplet splitting in core levels of transition metal oxides

BE = hv - By, = E'(N-1) - Eo (N

Flnal Inltlal
state state

S
— Upon Jeff o VB(3d)

photoemission,

Open 3d
shell,
net spin S,

hv

two possible

%‘ 3s) |_final states %‘ 3s> %\ 33 >

K3
The splitting between the two ss VB39
peaks is given by I¢3s(r )P, (T, ) ‘Psd(f )o,.(F,)dV.dV,
AE,  ~ (2S,,, + 1) Keff 35,VB(3d) r,
(Van Vleck Theorem) I g., MnF,

For the cubic manganites
in simplest doping model,
Sy,=1/2(4-x) — Photo e-
AE;s ~ [5-X] K*'3¢ yg)3q) spin
with Kef, s~ 1.1 eV >
Binding energy (eV)

Teil

Photoe- intensity




CORE-LEVEL
MULTIPLET SPLITTINGS
IN Mn COMPOUNDS

“Basic Concepts of XPS”
Figure 31
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ORIGIN OF MULTIPLET SPLITTINGS IN Mn2*
“ONE-ELECTRON” THEORY

Mn2+ 3523p63d5 65

&55’”"9 ﬁﬂ? 2 Sy,
Y- =_5(/) 2 o,

Moo 3e3p°3d Wt 3635730
|
[3s(®s) 3a°%)1%s|13s(3s) 3> Cs)1’s | | 30> (%) 33>y 1°p13p° Pp) 3a5(“b)}5pl'{3p5(29) 38> (*p)1%8) 13p° (%p) 3> (85)1 e
U SRR R & B | S'=2 S'=3
S’=2 \ /) S’=3 1| L'=1—"" L’=1
= - =0 |
—0 exchange L’=0 e 7
1 Configuration interaction, P
| matrix diagemalization
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—> e ok fr(-: 3
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I ;
II' B | °p,
[ ' ! i | S
0 4 40 / i 30 20 i 0
e %lﬂ)-- £ L foT weee MoT T Atow FoR
I, @as'+)” ¥ -

€- €7 SUAAELATION , BuT JUST

2+ “Basijc Concepts of XPS”
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Correlation
Cl effects:
anti-parallel
electrons
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ComPaARISON OF
GAS~-PHASE AND
SeLiD~-ST™MTE
SPECTRA

EXPT. . () (b)(d),
HERNSMEIER ET AL,
PHNS.REV, LETT,
&1, 254z (i988)
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Mn3p

THEORN ' NO CT
SIMPLE MULTIPLET
HOLE THEORY (MHT)-
FADLEY, SHIRLEY
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Temperature dependence of Mn3s and O1s spectra in a colossal

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

Multiplet AE ;g o Chemical
Splitting: (2Sy,*+1) Shift:
T =135K T =13K
T =500 K Timax = 500 K
To=370K Te 2370
T=110 K

\

Photoelectron Intensity (a.u.)
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ce”
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il

m=

Binding Energy (eV)

Increase of the Mn3s splitting-reversible
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T dependence of Mn 3s binding energies

T dependence of bulk O 1s binding energy

Temperature \
pe (K) o AN

hv = 1090 eV -

—
Q
~—

0.70
eV
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more negative
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Theory: self-interaction
corrected local spin
density results for
LSMO — elongating
octahedron makes Mn3*
more stable than Mn4*
Banach, Temmerman,
PRB 69, 054427 (°04)

Phys. Rev. Lett. 92, 166401 (2004)



Suggested scenario—LSMO, x =0.3, 0.4

Mixed Tsat
i Mn4+§ : (=T*?)*

??Pk\ii —

Polaronic :>“E"""
Phase—Mn3+

@D\U: \1\1

Long-range Loss of long - range Short - range order
ferromagnetic order at T: above T.up to T,
order some percolation Jahn-Teller distortion
Sself-interaction corrected local spin #T* = new T scale suggested
density calcs. suggest Mn#* dominant, but from theory
conversion to Mn3* with JT distortion Dagotto et al.
Banach, Temmerman, PRB 69, 054427 (’04) PRL 87, 277202 (2001)

Mannella et al., PRL 92, 166401 (‘04); PRB 70, 224433 (‘04), and to be publ.
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» Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

« Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Multiplet splittings

~° Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

» Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
level spectra
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* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

‘ - Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

‘Various other final state effects providing information in core-
level spectra
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Application to a buried interface: with standing wave excitation
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Some first MCD data with hard x-ray excitation
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» Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

« Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons
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‘- Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

 Various other final state effects providing information in core-
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» Valence-band spectra: low-energy UPS limit and high-energy
XPS limit

« Core-level chemical shifts: the potential model

« Core-level chemical shifts: equivalent-core (Z+1) and
thermochemical energies

* Multiplet splittings

* Spin-orbit splitting, the Fano effect, and spin-polarized outgoing
electrons

» Magnetic circular dichroism (MCD) in core-level emission

* Non-magnetic circular dichroism in core-level emission: a.k.a.
circular dichroism in angular distributions (CDAD)

‘- Various other final state effects providing information in core-
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Basic energetics—Many e- & many atom picture
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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, s, satellite structure.



Anderson Impurity Model Configuration Interaction Approach to Core-

Hole Screening in Transition Metals and Rare Earths
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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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Many-electron and screening effects: La,,Sr,;MnO;, hv =7700 eV

- Sr3pyz Lads
y \ ‘L Sr3ps);

j Ladp: classis many-e- effect
- Sr3s W 4p°4d" + configs. 4p®4d"-1E.’

)
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—— UL
§ ] _ 'Mpltiple-'t —
g Lo ag T 200 splittings
L° |\ ding Energy (eV) Pardini, Offi,

Panaccione, CF, TBP
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Temperature dependence of Mn2p spectra: La,,Sr, ;MnO,

New satellite structures in hard x-ray core spectra

(a) hv = 1090 eV
2p,,

- Mn 2p1/2

Intensity (arb. units)

665 660 655 650 645 640 635 630
Binding Energy (eV)

Mean depth: ~1 nm

(b) hv = 7700 eV

3 2p,, addjtional
c | satellites
:f due to long-
o | / range
0 screening
> (alsp seen
0 | in hjgh T,
aca I other SC
| ——T=150K materials)
= T=300 K

- ——T=420 K

665 660 655 650 645 640 635 630
Binding energy (eV)
Mean depth: ~8 nm

—>Suggests bulk electronic structure not reached until ca. 8 nm depth

Offi, Mannella, et al., Phys.
Rev. B 2008, 77, 174422
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VIBRATIONAL
STRUCTURE IN
VALENCE-LEVEL (MO)
SPECTRA

Diatomic A-B example

(Also applies to core-
level emission if
equilibrium distance
changes on forming
core hole)
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VIBRATIONAL STRUCTURE IN VALENCE-LEVEL (MO) SPECTRA

H, Hydrogen
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Vibrational
fine structure

ATOMS AND SIMPLE MOLECULES 27

(9) CO Carbon Monoxide uv FHQ_TOE LECTMA

SIECTRUM OF &0

/ Bend /NG I MO
BenDING T MO
P

= - NeN-BONDING
| He HO
1 1 L 1 -
14 16 18 20 *
lonization Energy (eV) 6
KooPHANS' €T FiNAL STATE «1} .\’
Exptl.» SCF MO [6-31G]¥ CI (lonic State) [6-31 G]®
I.(eV) —e(eV) MO Character E(eV) State Configuration

7 14.01  14.99 - 13.11  1:5* 0,931
—0.15(674, 771, 91)

—0.15(5"1,7-1, 84,

2 16.91 17.48 i A,

(1= (6,5) Tuond ) 16.69 10T 0.95(6*) ; 0.95(5°Y)
3 16.91 17.48 i
4

19.72 2169 19.20  2I* 0.92(4-)
+0.16(6-,7-1,91).
40.16(5-",7-1, 81).

a) The spectrum ; this work. The [,'s: Turner ef al. (215). Secc also other works : Turner
and May (2152) ; Carlson and Jonas (54) ; Gardner and Samson (104) ; Edqvist et al. (90) ;
Potts and Williams (182a) ; and Natalis o al. (165). :

b) We used the bond length reported (A 3) : symmetry Cup. Escr=—112.6672 hartree. In 4-31G
caleulations, Egep=—112.5524 hartree and —e(eV)=14,93, 17.41, 17,41, and 21.60.

¢) CI-IL (9, 8)=1x [N»=0,98(SCF). The results obtained in other CI levels are given in
Appendix B,

oo 18 (Do @eo 3% 0O -

1) 5
(vacant) Ivacant)

w \_.‘,...._J ‘-V"""‘
2r Se 1T e

RECAR.

CORNREL.

Kimura et al.,
“Handbook of Hel
Phot&electron Spectra”



THE UV PHOTOELECTRON SPECTRUM OF HCI

1,2
J . \"IV‘F
SPIN-ORBIT —ple- ' NoN-BowDING CI 3p = 27 MO
SPLITTING
C\ 3Py~ 3Py, 1
3 v
o F
0\/‘// BoNDING 507 MO
12 14 16 18
lonization Energy (eV)
w.._oopm-\.v$' THES, GONFIG. INT. ON FINAL STATE
Exptl.» SCF MO [4-31G]¥ ~CI (lonic State) [4-31GI®
I.(eV) —e(eV) MO Charactor E(eV) State Configuration
1 1275 1277 3 EU"'-L;
o 1 1277} 1.97 187 0.98(8-) ; 0.98(3) =
. SR —rer
3 16.28 16.50 (50 ducr ) . 16.10 115+ 0.98(7<) ING

4) The spectrum : this work. The [,'s: Frost f al, (102). See also other works : Lempka ef
i o;::. (lsocjl H ;'l‘u;:;e:l l'lf ‘:%h (215) ; and Weiss ef al. (224).
¢ used the bond length reported in Ref. (A5) ; symmetry C.,. = —450. 5631 hartree.
e¢) CI-V. |N»=0.99 (SCF). Kace
CI-V': E(e¥V)=12.01 and 16,11,
CI-III : E(eV)=12.60 and 16.79.
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ViaraTioNAL FINE STRUCTURE IN Core SPEcTRA
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Vibrational fine
structure in C 1s
photoemission
from ethane:

two progressions
v, at 0.407 eV and
v, at 0.176 eV and
various excitations

(VasVy)

Rennie et al.,
J. Phys. At. Mol. Opt.
Phys. 32, 2691 (1999)
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Outline
Surface, interface, and nanoscience—short introduction
Some surface concepts and techniques—photoemission
Synchrotron radiation: experimental aspects
Electronic structure—a brief review

The basic synchrotron radiation techniques:
more experimental and theoretical details

Valence-level photoemission
Core-level photoemission

mm) Photoemission with high ambient pressure
around the sample



Bridging the Pressure Gap: Chemical-State- and

Time- Resolved Oxidation of Si at Multi-Torr Pressures

(i) T, =600°C s (c) i Si(100) oxidation
- Poy=5.0 x 10" Torr | T=450°C
< 02 2D37 P. =
>|si(100) . 02
2 |Si2pPS 2 _

g h

=

LD :
Relative Binding Energy (eV)
Y. Enta et al., PRB 57, 6294 (1998)

P up to ciﬁiﬁgﬂfﬁﬂy
~ 1 0 tO"' gas lines O
(b) —trt @}

>

//?

Ogletree et al., Rev. Sci. Inst.
P ~ 107 torr 73,3872 (2002)—sR, ALS
or better Bluhm, Salmeron, Schlogl—

Energy
Analysis

—

X-rays incident at

/

15°througha hyv Differential ALS, BESSY
100 nm Al urmbln Analyzer lens Enta, Mun et al., Appl. Phys. Lett.
window pumping pumped

) 92, 012110 (2008); J. Appl. Phys.
independently 103, 044104(2008)



Watching the oxide grow in real time: constant P, variable T
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Typical experimental geometry for

energy- and angle-resolved photoemission measurements

Spin-resolved intensity (a.u.)

« Binding Energy (eV) /
Surf. Sci. 478, 193 ('01) ;f'
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Thank your for your attention!



