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Outline of lecture
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Theoretical ingredients } One step model of photoemission }
e Introduction e Three step model of PES
e Density functional theory e One step model of PES
e Band structure methods e Surface states
e Multiple scattering KKR method e Correlation effects

e Why to use Greens functions * Aspects of HAXPES
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* One single high pressure experiment
* repeated daily

i ) * chemistry of organic compounds
Brain extension
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New light sources : Old .
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Ferroelectric material: GeTe
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In collaboration with: J. Krempasky, H. Dill, S. Picozzi et al.

Photoemission data as measured

H. Volfova, Bachelor thesis (2013)
e DMET 25, Jan Minar
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Core level Angle resolved PES
(XPS, ESCA) (ARPES)
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waws || F@rMI surface of Fe-based HTC superconductor
Bloch Spectral Functions Experiment
= BaMK04 Fe As, ﬁ/leth_odological \
requirements
I e Disorder (CPA)
X e Correlation effects
(DMFT)

e Surface effects
e Matrix elements
e High photon energy

I \ Bulk sensitivity /

In collaboration with V. Strocov (Villingen, Paul Scherer Institut)
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The many-electron problem (ground state)
‘ Mapping to effective one-particle problem
Density functional theory (DFT)

Use of translational symmetry
(Bloch's theorem)

_ —» Band structure methods

‘ Inside DFT

DET and beyond "~ SDFT, TD-DFT, GGA ec.

——> DFT+
LSDA+U, +DMFT, +GW

DMFT 25, Jan Minar B
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Available band structure packages

Stuttgart TB-LMTO Pseudo potential codes

http:/lwww.fkf.mpg.de/andersen/ VASP

LMTODOC/LMTODOC.html http:/lcms.mpi.univie.ac.at/vasp/

CASTEP http:/lwww.castep.org

LAPW

Siesta http:/lwww.icmab.es/siestal
Wien2Kk http:/iwww.wien2k.at/

ABINIT http://lwww.abinit.org/
Fleur  http:Ilwww.flapw.de/pmlindex.php

CPMD http:/lwww.cpmd.org/

Elk http:/lelk.sourceforge.net/

FLPO http:/lwww.fplo.de/

Crystal http:/lwww.crystal.unito.it/
KKR-CPA
SPR-KKR http:/lebert.cup.uni-muenchen.delsprkkr See also:

AkailKKR http:/ikkr.phys.sci.osaka-u.ac.jp/ http://www.psi-k.org/codes.shtml

DMEFT 25, Jan Minar
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[ Variational

¢i = Chon
/ n \
Augmented
OPW Localized A PW
Pseudo Pot. MTO
PAW

LCAO Linearized
FPLO
LAPW
LMTO

e pMET25,JanMinar 20200 BB
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E.g.: Muffin-tin potentials:
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Different treatment of each region
Atomic like in the spheres
Free electron like in the interstitial

Matching of the wave functions at sphere boundaries
Combination of best of the two worlds

AugmentD
mari_aigna > [[EL(E) L EjE QE(E) ij: =0

Energy dependent
eigenvalue problem

J. C. Slater, Phys. Rev. 51, 846 (1937)
DMFT 25, Jan Minar ISR
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Linearized Methods

‘LMU

ldea: Taylor expand energy dependence of radial wave
functions o )~ 6, (1) + S, (E,. 1) (E — E,)

minimal basis-set

linearized APW: LAPW

very accurate method
can be generalized to full-potential (FP-LAPW)

linearized KKR/MTQ: LMTO

often in atomic sphere approximation (ASA):
space-filling muffin-tin spheres, no interstitial
very fast method

FP-LMTOQO: comparable to FP-LAPW

Problems for spectroscopies:
Linearisation not very good approx. far away from E_

BEEEEEE— BT Jen R —
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Multiple scattering - KKR formalism

Calculation of Greens function by means of multiple scattering theory

For reviews and overview of people working in this field see:
http://www.kkr-gf.org

e DMEFT 25, Jan Minar
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Multiple scattering
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Ezk:r:

e Traditional solution

A

e solve Schrddinger's Eq. (SE):
LiLII

=
- .
Reflexion Transmission U matgh v;/ave functions
R d
. da? + V(x)| ¥(x) = Ev(x)

/ J L /] ] g

X

Is it possible to construct full solution from solutions of single barriers?

@ Yes!

Alternative: Multiple scattering and Green function

e DMEFT 25, Jan Minar GG
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u‘ Early applications of scattering theory

Thanks to Hubert Ebert

DMFT25, fnMinar
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Principle of scattering theory
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... to get information on a target

MFT 25, Jan Minar e
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... leads to another one
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Calculation of Green function

‘LMU

Use the concept of EXAFS theory
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for electronic structure calculations

= KKR = multiple scattering theory

e.g. J. Rehr, FEFF code

B DMFT 25, Jan Minar
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wows: | | MUltiple scattering and Green function G
I S Lippmann-Schwinger equation
e A n
N ) = k) + Goflk)

Vix)

aetklz—a'|

Golz,z') = —

> ég = lim

[ — Matrix Operator
t =o(1+4 Got) (¥
[¥) = |k) + Gotlk)

Green function without barrier (potential)

e=0 E + 4e — Hy

Iterate (*) >

Reflexion R
m— |1’b> — Transmission T
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Multiple scattering and Green function G

!

Expectation value of single particle observable (operator _4 )

() =——tm [ fu(B) A G(E)




s | DySON—Equation

ILNIU

Green function of total system

e pMET25,JanMinar 20200 BB
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Multiple scattering and Green function G
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A
_> = -~ -~ - -~
-— G = Gog+ GoVG
= —> = ~N A
= - — Gn - GGTGG
—>
: |
A
3 = £1[1 + Got2Goty + (GotaGot1)? + .

+i2[1 + Got1Gotz + (Got1Got2)? + .

]
+t1Got2[1 + Got2Gotr + (Got2Got1)? + . . . ]
2
+...]

+Egéﬂ£1 [1 —E— éﬂfl@ﬂfﬂ ‘|‘ (éufléﬂfz)

T1+T2+T3+T4

E : fm T

T
scattering path operator
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Multiple scattering and Green function G
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2
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scattering path operator
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.

H'"™ =eca -+ Bme*+V +2.B

scattering path operator

T

GH(F,7\E) = GL/ (7.7 \E) + ) ZX(7.E) T 3(E) Zy)" (7.E)

numerical,
relativistic
radial wavefunctions
&
rel. spin-angular functions

Muffin-Tin-Potential

e DMET 25, Jan Minar s
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Dyson-Equation
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> H’ﬂ Reference system

|
[ G = Go +GoVG

H=H,+V

e pMET25,JanMinar 20200 BB
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> I:Iﬂ Reference system

|
[ G = Go +GoVG

H=H,+V

intuitive, physically transparent

construction: Hierarchy of Dyson-Equations

Korringa-Kohn-Rostoker (KKR)-GF method

e spherical waves

e accurate minimal basis set method

efficient treatment of

e |mpurities, surfaces and interfaces
e disorder (CPA)
e Correlation effects (KKR+DMFT)

Lounis et al,
Nature Physics 6, 187 - 191 (2010)

Reviews: Ebert, Kdédderitzsch, Minar, Rep. Prog. Phys. 74, 096501 (2011)
Papanikolaou, Zeller, Dederichs, JPCM 14, 2799 (2002)

DMEFT 25, Jan Minar
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KKR represents electronic structure in terms of single particle Green's function

Multiple scattering formalism

with formal solution:

« Explicitly energy dependence of GF

T = [t7'—Go|” ' 4=y .Energy dependent basis functions
- * No problem to calculate
states above E_(~500eV)

 Scattering formalism: EXAFS, PES

DMEFT 25, Jan Minar
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Treatment of substitutional disorder

Random disorder in solids
(how to avoid super-cells?)

Chemical Magnetic Structural
444404 2disbbe GO0OOO6G
++ 4+ 4+ 4+ st COOOO®
-9-9-9-90-9 ﬁhﬁ&h&-@@@@@@
r* PP+ s Pos SOOI
+ 4+ S H5 65 ¢6 OCOOOL®
FEF P E Y DOow } 9 OO
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Supercell approach

Mean field approaches

+4+

+ 4+ 4
+ 44
E T .
e Applicable to any band structure method *‘3 Ee
(Bloch theorem)

e Disadvantage: need for many calculations of big Virtual crystal approximation (rigid band shift)

supercells e Implemented in most codes

e “Up"folding scheme e Only applicable for systems having atoms with
(see eg. W. Ku, V. Popescu, A, Zunger) similar scattering properties

e Advantage: Relaxation around impurities e No finite life time broadening

e No access to partial quantities
—> as seen by core level spectroscopies

e Averaged t-matrix approximation (ATA)

e Coherent potential approximation (CPA):

Averaging of Greens functions
DMEFT 25, Jan Minar
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Coherent potential approximation

Best Single site theory:  Gyp =~ xGy+(1—-x)Gg = G

C

Coherent potetnial approximation (CPA)

A

nn. B nn, CPA

=T

ey __nre, O PA [ —1 =1 '.r!re..f_'.l"e'\.
T =T 1+ (tn o t(:.']".l'h) T

Self constituent construction of the mean field medium

Embedding of an A- or B-atom into the CPA-medium
- In the average - should not give rise to additional scattering

Soven, Physical Review 156, 809 (1967)

T pMFET 25, JanMinar e
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Coherent Potential Approximation
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Example: Cu — Ni alloy: pure Cu

DMEFT 25, Jan Minar




LW =
M.ﬁ.ﬂl. M A HE-

Coherent Potential Approximation fkm,,u
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Example: Cu — Ni alloy: 5% Ni

DMEFT 25, Jan Minar
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Example: Cu - Ni alloy: 10% Ni

DMEFT 25, Jan Minar
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Example: Cu - Ni alloy: 20% Ni

DMEFT 25, Jan Minar
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Example: Cu - Ni alloy: 30% Ni

DMEFT 25, Jan Minar
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Example: Cu — Ni alloy: 40% Ni

DMEFT 25, Jan Minar
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Example: Cu — Ni alloy: 50% Ni

DMEFT 25, Jan Minar
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Example: Cu — Ni alloy: 60% Ni

DMEFT 25, Jan Minar
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Example: Cu - Ni alloy: 70% Ni

DMEFT 25, Jan Minar
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Example: Cu - Ni alloy: 80% Ni

DMEFT 25, Jan Minar
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Example: Cu - Ni alloy: 90% Ni

DMEFT 25, Jan Minar
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Example: Cu — Ni alloy: pure Ni
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Angle resolved photoemission

First interpretation

Three step model

Many body physics

'One step model — Direct comparison between

Theory < Experiment

Eniding Lraigy [a¥]
- OB R N O

Eirding Baenty V] =
a B

o O = R

as.
b

Surface states Correlation effects Bulk sensitive ARPES

DMEFT 25, Jan Minar
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Historical survey of the development of the theory of photoemission

1965 angle-integrated photoemission
three-step-model: Berglund, Spicer
excitation, transport, emission
1972 many body theory of photoemission
one-step-model: Schaich, Ashcroft, Caroli ...
current-current correlation function
1980 angle-resolved photoemission
one-step-model: Liebsch, Pendry, Inglesfield, Feibelmann,...
dynamical ansatz, multiple scattering theory
1990 relativistic photoemission: non magnetic materials
one-step-model: Ginatempo, Durham, Henk, Halilov, Tamura,
Feder, Ebert, Weinberger, Braun ...
spin-orbit interaction
1995 full-potential photoemission
one-step-model: Braun
complex structures and adsorbate
2000 full relativistic photoemission
one-step-model: Henk, Feder, Ebert, Minar, Fluchtmann, Braun
magnetic dichroism
high Tc superconductors: Lindroos
inverse kp method: Schattke, Krasovskii, Strocov ...
2004 extentions of full relativistic photoemission
One-step-model: Minar, Ebert, Braun
dynamical mean field theory, CPA, HAXPES, Phonons, TD-PES ...

Schattke et al. ISBN: 3-527-40334-5 (2003)

I DMET 25, Jan Minar D
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Angle resolved photoemission

Irst Interpre

Three step model

DMEFT 25, Jan Minar



e ‘ Description of PES via three-step model

uuuuuuuuuuu

three-step model of photo-emission (ARPES)
Berglund and Spicer (1964)

1 Il Escape to the vacuum f}(E, w)
Il Transmission to surface  T'( E, E)
| Excitation  (n’k|p|nk)

I~ BEw)Y [ d%T(8.E) |(wEipnk)?

nn’

Xﬁ(E = EHE =4 Ld)ﬁ(Eﬂ,E = E)E')(E = EF)@(EF -+ Ww — E)

DMFT 25, Jan Minar S IGSGaGaSaSSLSLSLSLSLSLSSLSLLRE
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PES calculations based on three-step model
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PES of polycrystalline Cu for hw =8 — 17eV

Theory: Janak et al. (1975) Expt: Eastman and Grobman
e\ | zzmmer )
e | | -Tueory" |
three step-model i I
calculated from band W= Ry
structure data, e.g.: o L L)
(nfk |ﬁ1 nk) / I..-' EHH.I"-'-. 2.0 --~..-.'a: o "-"II ?i -
:’N |I S| I/
) ) /‘ & X hip 2 e “ 1=
life times enter as /| S =~ A b
parameters [P 11 Xl K YIS
" | |l | R LY .
T(E E) = _a(w)i(E,k) -/ J L_:- | J’/J
? T ™ / 52 TR f
1+a(w)l(E,k) | [ igﬂ
| A - S
11 o o e
Tphﬂt — !':l‘,(ir.l.?) _i 4 {-3 Ll ! 8 -5 -4 -3 -2 -l O
IITIAL ENERGY [oV) INITIAL EMERGY (aV)
Tel — ,!(E, k) Expt. and Theor. photoemission distribution

for 8 - 12 eV (left) and 13-17 eV (right)
. DMET 25, Jan Minar S ISGSGSGSGSGSGSGS—S—



LW =
MANXTMILIAKS:
URIVERSITAT
MOMCHEN

Outline
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Angle resolved photoemission

First interpretation

Three step model

- Direct comparison betWsgen

Theory -« Experiment

DMEFT 25, Jan Minar
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General theory of photoemission

Fermi’s Golden Rule

2m
M= - & |<¥plAlY; > * 8(Er — Er — €pn)
1 e
PES _ 7 - |
% Miy = <é2 |Ao: Pl >

=

The interaction of the photoelectron with the rest system is neglected

&
‘ \ . ‘ \ = nt N

PES: Wp >=al| ¥ > IPE: il% >= i+ 5

ae| T >=0

APE = 3 M, ala,
ek

Sudden approximation

Review: G. Brostel, Appl. Phys A 38, 193 (1985)

DMEFT 25, Jan Minar
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Inserting |¥; > and |¥p > in Fermi’s Golden Rule
Summation over all possible final states
Averaging in the Grand Canonical Ensemble

1 ]. i i
— < ). TN > = ANt = — dEe rE(t-t) AQ)E
o= <[, Tk (t.¥) = 5 | dBe (E)
TPES = 3" M7, ax PR 2 N N
k k

Review: G. Brostel, Appl. Phys A 38, 193 (1985)
e pMET25,JanMinar 20200 BB
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Inserting |¥; > and |¥p > in Fermi’s Golden Rule

Summation over all possible final states
Averaging in the Grand Canonical Ensemble

1

= dE —3E(t—t") AONE
onh ¢ (£)

o= <[T'®), 7). > = AVEE) =

PRS- Z MFE, ay s = N

A (E Z < Wdlal |95 , > §(Ey — En-1 — hw)

|Dne step model of photoemission |

I(ee, k) = f dr f dr’ Ul(r) aAy AV(r,r, E) (@A) V(1)

v - Ay : relativistic form of electron-photon interaction
Review: G. Brostel, Appl. Phys A 38, 193 (1985)

e pMET25,JanMinar 20200 BB
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One step model of photoemission

1
I(kyef) = — —Im <ky,e; | GF AGHAYGY | s, > >Pe”dry

DFT (e.g. N-1 — N)

Wave functions based methods Green's function methods

/ Initial state: \ / " _ \
Supercell geometry (LAPW) Initial state:

Systems with translational symmetry Semi-infinite surface

Final state:
TR-LEED state
Proper Scattering solution

Final state:
Solving Schrédinger Eq.
In plane wave basis

Limited to low photon energies (~30eV) Nice feature:

Nice feature: Simple generalization
simple initial and final state analysis (CPA, DMFT, Dirac ...)

\ (Schattke, Krasovskii) / \\ (Pendry, Feder, Braun ...) /

DMEFT 25, Jan Minar




wans || QNE-step model of photo-emission |

UMIVERSITAT
MUNCHEN

‘LNIU

radiation source photo electron detector

— Q.
wave vector g wave vector £ 1
polarisation A spin state Mg f

photo-current (Fermi's golden rule)
. “rqA
i o< Y osHIal:)|?6( By — E; — w)
i

with final state ¢y = TrpFFP— time reversed LEED state

BT Jen B
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One-step model of photo-emission Il
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photo current

j o Z<¢f|Hf2d|¢t><¢a|HE;‘J |ps) 6(Ef — E; — w)

x (¢f| HILIS Gi|HE fos)

rad

Initial state Green's function (from KKR):

Gt (7,7 \B) = G (F.7\E)+ > Z(F.E)t{V\(E) Zy," (F'E)

Hn
AN

final state (Time reversed LEED):

Of

TH(ﬁ?LEED

|

TR lEiEfF“}* / dﬂTIG(‘F, "FI, E_f) V(’F!) E‘.iE'fT

e.g. Caroli et al. (1973), Feibelmann and Eastman (1974)
o DMET 25, Jan Minar S
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Numerical calculations: 1-st step

phase shift §(E) / \
::.-_ . T T DevelopmentS:

28 — T
2} f =
Q>> j>“’ af | Fully relativistic: Dirac
415l | :
as : Full potential

UMIVERSITAT
MUNCHEN

‘LNIU

a4 i Correlation effects
R LDA+U, LDA+DMFT

¢=%+%t \\ /

@ Lippmann-Schwinger Eq.

Y(7, E)

EiEF +f d’r’ Go(T, Frs E) Vn{ﬂ Y(7, E)

L]

e f &' &3 Go(7, 7, EE”“
LL! nl'l.
@ Meaning of t
(anaular momentum expansion)

t(E) = —% sin (8,(E)) e'%(E) | [T > Single site Green's function

r

BT Jen B
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waises: | NUMerical calculations: Multiple scattering (MST)
Single _site 2D MST MST between MST semi-infinite
scattering inside one layer two layers surface
32(%5 igavgr;:ﬁ]t(r:i&(ons 23 Kambe X-matrix Kambe X-matrix Bulk reflection matrix
>> CL; R;ll_ N ‘
b =Py + Py e

- bbb et
Transmitted current bn =T ""a'+R "a, Layer eoubling

Layer doubling CL;L_ :‘MJ_‘CL;« All scattering events «§— Livans — 0 |




wows:| | NUIMerical calculations: Multiple scattering (MST)

URIVERSITAT
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ILNIU

Single _site 2D MST MST between MST semi-infinite
scattering inside one layer two layers surface

Single site t-matrix Kambe X-matrix Bulk reflection matrix

Radial wave functions Z, J

7

+

=

S

=

++ "

B

n

==

o -
=

atomic + intralyer + interlayer e

photo current
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[Single_site} [ ~ 2DMST } [ MSTbetween} / \

scattering iInside one layer two layers

Single site t-matrix Kambe X-matrix Kambe X-matrix
Radial wave functions Z, J

Numerical calculations:Configurational avarage

‘LMU

Developments:

Adsorbates, relaxations ...:

R—l—— rumpled layers
CL,; Disordered sytems: CPA
Q>> / T"“" Lattice vibrations
T
p\ b—|— Non-local correlations
n (El. Phonon coupling)

:+f

gﬁ Spin fluctuations
Q =
< > < > ||+ (<] > | /
| atomic T | intralyer interlayer
+ _ p—
iIncoherent photo current

DMEFT 25, Jan Minar




waws || MAlN Goal: SPRKKR method + One step model
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‘LNIU

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

/ One-step model of photoemission \

1

Full potential
e (EEEEDN s
e T
\ barrier /

Reviews:
KKR: Ebert, Kédderitzsch, Minar, Rep. Prog. Phys. 74, 096501 (2011)
KKR+DMFT: Minar, JPCM Topical Review 23, 253201 (2011)

KKR+One steﬁ model: MinarI Braun et al., JESRP 184, 91(2011)
DMEFT 25, Jan Minar
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Outline

‘LMU

Angle resolved photoemission
First interpretation
Three step model

Many body physics

'One step model > Direct comparison between

Theory -« Experiment

DMFT 25 JnMinar
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Surface potential
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Electronic structure of surface

I_LM_U

Not in LSDA:
Need for an model barrier




‘I_NIU‘ ‘ Surface Brillouin Zone
Bulk BZ of fcc

Bulk BZ and Surfcace BZ

L [171]

Sarlace
Hrilloumin Fone

Aulk
Brillowin fone \

Surface BZ of fcc(111)

DMEFT 25, Jan Minar
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‘LMUH“ ~~~~~~~~~~ ‘ Ni(111): 2D-Brillouin zone

uuuuuuuuuuu

E(kl) —3 E(k") for Ni(lll)
Vigonty () and minority (...) bandstruetures for (kg || [111])

NN g Wy%

g4




‘I_NIU waonme || El@ctronic structure of surfaces

MOMCHEN

Half-space calculation Slab calculation
Co on Pt111 decimation Co on Pt111 slab with 38 layers of Pt
100000 2 1000(
1.5
10000 1000(
1
1000 1000
0.5 /L d
- s P& // A
= = ’
o 1002 0 :; W/ _"' 100
05 T .
10 / 10
-1
1 1
-1.5
0.1 2 - - 0.1
0 010203040506 07 08059 0 01 020304050607 0809
k k
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lLMU‘ l»- Surface barrier

MOMCHEN

Rashba effect in Au(111) Shockley surface state Binding energy from various calculations
" ﬁ?ki
Ei(k) = Ey+ + aglkl
2m*
_0'
i Experiment (c)
= Iv=21.1 c¥ 1 % Theoretical data¥ I
- prpal — Experiment
- - -0.33 — Model barier .
tf =
: ) i ]
E : T 00— S 04 * ]
£ : >
= 9 % 0.1 E i 1
F g S 0,41 -
= ﬁ 0.2 = _g i |
£ £ %
[an]
02 — 00 {5 0.3 * 7]
2
I | = ol R * ¥k ¥
AT o R P B .
_E_I nn ‘H 0.2 051 |
B0 AT "
2 B
E" L 5] -E 0. B i
- R = o3 (d)
Z 04
1 I ] | I
ns . - ) 1.2 A0 0 LI il
02 01 00 0l 0.2 parallel momentum (A")
parllel momentum &, (A A
J Henk et al, JPCM 16, 7581 (2004) M. James and S. Crampin, PRB B 81, 155439 (2010)

A. Nuber et al, PRB 83, 165401 (2011)
e pMET25,JanMinar 20200 BB
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Asymptotic behavior of DFT functionals\ / \
E. Engel, private communication (2014) ) Transparem SIS | e

H] 1 1 T T T T
* one step barrier

i é e

01 | e a « polynomial 2. order
‘g o015 L / Nal | > (Read, Price, Jennings)
£ o2p ' fu al 4  polynomial 3. order
5 -0.25 |- ,, XL . (Rundgren, Malmstrém)

03k -1z

i LOAYWN e Universal barrier model

035 +  normalization point \\ (JJJ-Model, Jones, Jennings, JGSW
'u.d | | 'l | 1 |
2 4 [ B 10 12 14 16

7 {Anhri @

/" Solved by Multiple scattering ® E
A= zy)! <z, <2y
Surface contribution to photocurrent < Vy(z) = {$u+ R CR L e )
Ve z> 2
surface
b SN y

Grass et al., JPCM 5 599 (1993)
DMET 25, Jan Minar D
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s | RYdberg states (image states) in Cu INE% I
MONCHEN 2l Wl
Barrier potentials for Cu Inverse PES of Cu(001)
surfaces _ S _
M FXWK r M XUL X
ff Y f T ! ;
EWLTFI ! ! L ; : gofrrrrrrryrrrrryrrrrerr et Td
=20F |
s | E
«f () F : .
- - | "
2 -Bok 6l 110) i, -
: G(100) ]
2 <J0F MI”:I | g
| iy
100k | =
3 I L
-120} Lol
N LU TS N O NP (Y S W O [P T
- T T B A B

(o)

e Rydberg states:
only possible to calculate if we have proper asymptotics

e Nowadays important because of 2PPE and ultrafast TD-PES of
correlated materials Grass et al., JPCM 5 599 (1993)

I DMET 25, Jan Minar D 000
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Classification of surface states

Surface potential

i

1

CRYSTAL I

d

3

1

1 i

‘8aND b

G4 P -

| P

t“

Criteria for surface states in (inverse) photoemission

b™ = RzRq b7

{kﬂl—fﬂﬁfhﬂ

det|]1 — RgRe|

e DMFT 25, Jan Minar

Rg b~

= [

1N

|
|
| BARRIER Curt ]
| VASLILM
I _LEVEL
nE'_inr -
L]
I
|
;
b— = R~ b’
2.0 BA % 1.2
. o b g =5
(1-RpRe) bt = 0 I |kl{A) K

= Siurface State

=% Surface Resonance

P. M. Echenique, J.B. Pendry, JPC: Solid State Phys. 11, 2065 (1978)
E. G. McRae, Rev. Mod. Phys. 51, 541 (1979)
J. Braun, M. Donath, JPCM 16 (2004) S2539-S2556



s || SUrface resonances in ground state calculations?
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Tamm surface resonance | Ph ..
in PES of fcc CO(OOl) nverse otoemission

‘ .8 | LSDA+DMFT L ¥r________ X
|- L \| U= 2.3eV : 3 |
7 55 =
4 .4
& *F 1 Fstes :
2| _ g
H 23 I - v
£ ~ \
- | i - -
Ill‘-l & -
2f . .
. skl
1 ..--"""-d-= . -
tion 9 8V)
% e o LR

-'Iﬁ. (A7) = [110]

@ Surface resonances:
difficult to identify in ground state calculations
K Miyamoto et al. New Journal of Physics 10 (2008) 125032

R

. b - @ d-like Tamm surface resonance
Co(001) = | Ca(001)

spin averaged __ ' | spin averaged » Due to correlation effects shift in binding energy
Aty — A S E— LSDA: -0.7eV, LSDA+DMFT: -0.4eV
L ) =110 pEs spectra Pickel et al, PRL 101, 066402 (2008)
Spectral function (E,=21.€V) Allmers et al, PRB 84, 245426 (2011)

e DMET 25, Jan Minar . JZaaaaaaaLLssSsLsSsSsSS——
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‘LMUH*’-‘"‘*’-’*W Angle integrated HAXPES: Spintronic materials

ARTICLE

Recerved 10 Feb 200 | Acospied 8 A 200 | Publaked 30 My 2008 GPEN

Direct observation of half-metallicity in the Normal emission
Heusler compound Co,MnSi T T T T

M, Jeurdan’, L MinactE L Braun?, A Kronesberg', 5. Chadev™ B Balke”. A Gloskavskii®, 8. Ealba!
H Ebmeers!, G, Schinhanse’, H Ehart?, © Felsar™® & M. Kldul’

3
]
=
g ]
E
1,000 F
1]

QT F T Y
HIOPES hreBiay
Bidi D08 sdlnusnen

= P i s on
—I""ll.'lFE Ell:du.im-'lu

3,000 -2 500 -2,000 -1,500 -1,000 -500

» Spin polarisation of 93% observed
« LSDA+DMFT (U,, =3.0eV, J,, =0.9eV)

E-Ex (meV)

Q

Spin polarizakion

1.0

== Expeniment
04 — D5 calusalan
; - o UFS c¥icsaton

b ol UPS caiciuiation
g

04

G2F

0.0 /
el

Intensities (arb. units)

I

E-&: imaV)

 Correlation effects lead to increase of band gap
» Spin polarised bulk-like surface resonance

YRR

|

i S rrdd Ty ! d—

26
24
22
20
18
16
14
12
10

0

1 2 3 4
Energy (eV)

M. Jourdan et al. Nature Comm., 4974 (2014)

DMEFT 25, Jan Minar
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[ Interesting properties of surface resonances }

" Behaves as “bulk” like: N
k_z dispersion
can be seen in ARPES even
after modification of surface

\_ see even in Bulk sensitive methods (HAXPES)

Careful interpretation of measured data

e DMET 25, Jan Minar . JZaaaaaaaLLssSsLsSsSsSS——
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Outline

‘LMU

Angle resolved photoemission

First interpretation

Three step model

Many body physics

'One step model > Direct comparison between

Theory -« Experiment

. DMET 25, Jan Minar s
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Implementation of LSDA+DMFT using KKR

ILNIU

Dyson equation:
G 7' E) = Go(f,7',E)
+/d3T”/d3Tr”G[](F1F”, E]
VLEDA(T H)ﬁ{-ﬂ” --H.f) + L --H --.FH E}]
G( H.l' -—-li.iI E)

with X(7, 7/, E) on-site self-energy.

e pMET25,JanMinar 20200 BB



Multiple scattering Implementation
of LSDA+DMFT
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Dyson equation:
G(7,7',E) = Go(F,7',E)
+/d$ !ffdﬂ FHG (_’7 --*.I".i' )
[VLSDA(-H)E{-H -H‘.F)_[_E --H' --l'H E}]
G(-—n!ﬂ — E)

with X (7, 7', E) on-site self-energy.

Spin dependent self energy of Ni for d-states

;
T -

Re L, (eV)
]

Im E; (eV)
|}

-t ok b

Included in
the single site P
scattering problem i

L]
' ' ]
idn i W
[X]

Re Ef eV
Im Ef eV

energy (eV) -ﬂﬂﬂl‘ﬂ' eV}
Real part Imaginary part
D MBI ®S.JanMinar S
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i ans ‘ KKR single-site problem

V2 4+ Vo (r) — B]U(F) + / S (7, 7, BYW (7 )dr = 0

Ansatz: ¥ (7)) = > , W (7)

&2 11+1) -
[F = Vilr)+ E] Vp(r,E) =

Z /TIEdTJ’ELLH(E) {ﬁ;(i"}tﬁy#(?‘r)‘I’L(T’, E)

LH‘
Approximation for the self-energy:

Z / v’y (F) S (B)or (7 ) ¥ (7', E) ~ Z Xr(E)¥e(r. B)
L ’

Pure differential equation:

Hi_z = EU’; . —V(r)+ Ew Wil FB) = ; Y (E) r(r, E)

B DMEFT Autumn school, Hubert Ebert e
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KKR Green's function matrix

‘LNIU

Green's function matrix G7", within KKR-formalism

GID(E) = ) (vl Zu)mi (E)XZL, | ér)
L1$L2
— Onm ) (¢L | Z1,(r<, E)JL, (r>, E) | ¢r/)
L
Gt/ — input for the many-body effective impurity problem

¢r.(7) — “Local” basis function solution of the Schrédinger
equation for spherical LSDA non-magnetic potential

DMFT Autumn school, Hubert Ebert
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Implementation of LSDA+DMFT using KKR

‘LMU

single-site problem: t;;.(2)
multiple scatttring: Trr(2)
KKR-Green's fu#ction: G, 7', z)

chargt pl7) G- mat#x (1

Q

DM FT—sﬂIver

ES

J. Minar, et al, PRB 72, 045125 (2005),
J. Minar, JPCM Topical review 23, 253201 (2011)

.

COST14, Jan Minar

/Fully self-consistent (charge + Ztm

Fully relativistic (Dirac eq.)

ZD MET solvers:

SPTF (I. Di Marco el al.)
ED (I. Di Marco and J. Kolorenc)
TMA (Chadov et al.)

Effects of 2, .. on wave functions

Disordered alloys: CPA+DMFT and
2D semi-infinite surfaces

Spectroscopies + DMFT:
ARPES, XAS, XMCD,MOKE ...

%
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wows:| | Mlagnetic properties of Fe, Co and Ni
MUNCHEN
Spin magnetic moments Orbital magnetic moments
B bxpi: Stcams, 986
B Expi: Chen, [9495 -1 015 — 7 —
L Al O s 200 | Al
= ZIN ﬁ [ R ? N
= 78| |7 L SDASDMIT ] 78
= WM _7-mv “m 718
=R |ZIN| |7 ZIsl |7 -1 =5 0l ZI8 -
— 218 70 N 17 = 97 B4
= i ?.- 2 ’_/,.- } .-',"' 1 e _ :‘"’# \ -"'f"' ﬁ N
= L BALIRY ZI8l |7 1 E ZIN7 7|8
= | ZISl |7 Z2I8l |7 = Al Al
= 7N 17 718 |7 = 7|7 ZI8
o [ N : oos- BNmg  BAL
U R : A VR [
o MAR Z ZI81 17 o MZLE7Z 78
Fe Co N1 Fe Co N1

Expt: XMCD - Chen et al. (1995), Wende et al. (2003)

Chadov, Minar et al, EPL 82, 37001 (2008)
Sipr et al., PRB 84, 115102 (2011)

B TS i




LUBWIGE-
MAKIMILIAKS:
UMIVERSITAT
MUNCHEN

Fano effect in VB-photoemission

‘LNIU

Spin polarisation of photo electrons
due to spin-orbit coupling

spin-resolved angle-integrated

. : ferromagnetic systems
photoemission experiment

circularly
polarized

—_

|

(
\

*—

spin polarized
photoclectrons

magnetization in plane

DMEFT 25, Jan Minar
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‘I_Nlll s || SPiN-resolved VB-XPS of Cu, Ag and Au

MOMCHEN

100

e
Intensity (arb.u.)
WA
=

()

Cu (600 eV)

| = theory

o CXp.

o EXp.

= M — theory
ge
Al =z o
+ Z
E
Z 5t
0 8 6

Binding energy (eV)

100

50

)

1)

-10

Ag (600 eV)

Binding energy (eV)

DMEFT 25, Jan Minar
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Origin of the XMCD in magnetic solids

‘LMU

Oscillator strengths due to the angular matrix element
A v = (xalPalxas) for left circularly polarised light

e — +1 forA=+1 (LCP)
E—H = 1 _1 ter A=—1 (RCP)

=12 12 =32 -1 1 A2

Pin Parz
A ru—"u‘lﬂ—

L

# light bars: spin matrix element (xAloz|xAr)
o full bars: orbital matrix elements (xa|lz|xa’)
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Energy dependence of the matrix elements

—— d-f contribution

llllllllll

............. LK) eV
LTI (d—px 10}

600eV.
(d=px 10}

300 eV
{d—po 117}

1030
[(d=px 1

80 eV
[(d=px1{h

50 eV
{d=px 10}

eV
{d—px3)

30eV
20 eV

10 eV

Binding energy (eV)
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Fano effect in VB-XPS of ferromagnets

Photocurrent and spin-difference Epot =600 ¢V

Imtensily {arbounits)

Fe

[TH)

o axp.
— LDA
= LDA+DMEFT

Al b

Spin-dhfference tarb. units.)

W& 6 -4 2D

Binding enerey (¢V)

Imiensity ark. unils)

Spin-difference (arb. units)

Co

[1H)

o CXp.
an = LIDA
= LDA+DME,

fl
A0

2

i o

o L1 I T N |
Binding encray (¢V')

[ntensiy Larb, uniis=)

Spm-difference (arb. unis)

I T S i
Binding cnerey (cV)

Minar et al., PRL 95, 166401 (2005) - Experiments - N. Brookes et al., ESRF

DMEFT 25, Jan Minar
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‘LMUHW"T“*"" Nickel: Long standing problem

Fano effect
Angle integrated PES

[TH]

o Cxp.
— [.IDA
= LDA+DME

3

Intensity farb, unisd

A A
T
e

L polarizcd
\ ﬁ
iy *—

spun polarized

) ' phitaclectrons
| /

| ra

circularly

Spin-difference (arh. units)

sz netisaton i plane

P

4 i i i i
-1 - 6 -4 200
Bmding cnergy (V)

Minar et al,
PRL 95, 166401 (2005)

U=3.0eV, J=0.9eV
e DMEFT 25, Jan Minar S IGSSGSGSGSSSSSSSSSSSSSS
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Ni(011): electronic structure and photoemission

‘LNIU

Fano effect

Angle integrated PES Comparison between Experiment and theory

[TH]

o exp. Siﬂglﬁ' pﬂrtiEIE (LDA]
— .13
e |.]'J'.-:+[.'.|:"-'H'-

kil

Intensity farb, unisd

<. -l 4.5 LE ns <15 -1 .5 0 .5

E-E, (€V) E-E, (eV)
3 LSDA4+DMFT
= [ 4]
:.' 'H=l? e
=
b
:-TT. I - A Bl |- i I s
; . . . =1.5 « {15 (1] 05 -1.5 « | J0.5 h 05 -1.5 = A5 ] k5
o R 6 4 2 0 2 E-E, (eV) E-E, (eV) E-E,_(eV)
Binding energy (V) J. Braun, J. Minar et al., PRL 97 (2006)
Minar et al,

PRL 95, 166401 (2005)

U=3.0eV, J=0.9eV Exp.: Osterwalder et al
N DMEFT 25, Jan Minar D
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‘LMU‘ wawns || TYPICAl problems of LSDA in case of Ni \\ p@im
Fermi Surface 6eV satellite
LSDA LSDA+DMFT in normal emission
_é’ ,'L
2 _nhm—seev :
& 00 0.5 1.6 1.5 ,-.u-. 1 T K 05 1.0 1.5 ;-:1 'I' IEI| -]
' K, A K, (A Binding Energy (V)
7 |(d) Theo.
'5'_. //-th\_,f"l
z
s 7 s
Binding Energy (eV)
0.5 a0 LHES . I'-.I:I 1.6 250
K, A
e Electron-hole pocket at X point e LSDA+DMFT ==> Spin-polarised satellite

e Hole-Hole interaction

Barriga, Minar et al., PRL 103, 267203 (2009)
PRB 82, 104414, PRB 85, 205109 (2012),

T S LETARE S i




waws | | E|l@Ctronic structure and ARUPS of Fe(110)
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Bloch spectral functions Normal emission along I'N (E  =26-80eV) '
it v‘j_:tjum: i EIT-I a EIT:l IEC}.EE; w5p band E;'
() Exp {|®) Theory
R | 7\ ]":;-4 &
d L /A \osa
g /AN
En . : \ .68
ﬁ : & | WOLYE

=
7

[

Intensity (arb.units)
EET L‘

o U=1.5eV, J=0.9eV

AHHEAA!

e Agreement between

3BS (F. Manghi) and DMFT |

=
I
2]

H

o Tamm resonance (close to E,)

— T T T 1
5 4 3 2 1 0 5 4 3 2 1 0

* Quantitative agreement for complete Binding Energy (¢V)  Binding Energy (eV)

BZ along T'N J.S. Barriga, Minar et al. PRL 103, 267203 (2009)
I DMFT 25, Jan Minar
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Electronic structure and ARUPS of Fe(110)

‘LMU

Spin- mtegrated spectra at I’ point Imaginary part of self energy

Tow 3 ) for majoeily spin
[. Lj L L]
I T &l I I & 1=k
(a) | - :

|
—+— Exparmant : ;{_?E
coce LSDA am |

LSDA+DMET i :
—— LSDA+DMET+ i
1 51&p Model Pholoem | § |

-

z

7y B. 2
g 8 ]
FD' —
ﬁ ]
'E, | L ol -3 I.;'“_:‘“li_“ézmm.;é; {c-‘:ll.} LA 0 .5
2 | ()  Optimal value of U=1.5 eV J=0.9 eV
w
= _i'i: ; e Even with very high exp. Resolution —

e UR23 eV !

oo U3 oY broad spectrum

e Physical mechanism: electron-hole decay

e Non-local correlations important for Fe

e Improved non-local theories

4 3 2 | i
Binding energy (eV)

J.S. Barriga et al. PRL 103, 267203 (2009)
DMFT 25, Jan Minar S



‘LMU‘ ‘ Spin integrated spectra for Fe, Co and Ni

MOMCHEN

Fe(110) Cof0001)  Ni(111)
anent | |5 (¢)

Fe Co Ni

-

L
-0 O

pfrﬁigguu

Averaged U

I

Non-local correlations

| e

L-L-L-1

L] T DD

b 3 e S A A O L
AR E FF T FTAS At PR

@ LSDA+DMFT: improved
description of spectroscopic
data from 3d-ferromagnets

Intensity (arb.units)

EEREESEXIN

@ Normal emission,

L -R-a-p - o d-t-R- NN b LR LR B -

p-pol light
H saU_=15¢V,
o~ U =25eV,U =28eV

Ein%ing glgﬂfg‘rj (eV) @ Need for
Barriga et al., PRL103, 267203 (2009) :
PRB 82, 104414, PRB 85, 205109 (2012), non-local correlations

BT Jen B



o | \WhY IS LDA+DMFT useful for one-step model

UMIVERSITAT
MUNCHEN

‘LMU

2
ATIL.FIL"(ErI} Ez < Jﬁmaznlﬁﬁf—l > ﬁ{EN = EN—I = "M) < wﬁ.’-lhﬂ:’lwg =

o

[ N

LDA+DMFT
Single site approach

Simulation of excited state
N—1
\IJS

See e.g. 6eV Satellite in Ni

Correlation effects of

“grour}(\jr state”
\IJO

DMEFT 25, Jan Minar
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Outline

Angle resolved photoemission

First interpretation

Three step model

Many body physics

Eniding Lraigy [a¥]
- OB R N O

o

'One step model — Direct comparison between

Theory < Experiment

Eiriing Baenty V)

o O = R

as.
b

Surface states Correlation effects Bulk sensitive ARPES

DMEFT 25, Jan Minar
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Bulk sensitivity
Is it useful?

Correlated electron materials have unusual properties

«huge resistivity changes
«gigantic volume anomalies
«colossal magnetoresistance

«high-T. superconductivity

emetallic behavior at interfaces of insulators

With potential for technological applications:
« sensors, switches, Mottronics

« spintronics
» thermoelectrics
« high-T_ superconductors

« functional materials:
oxide heterostructures ...

Reproduced from D. Vollhardt
B

ad

How to study
correlated systems
theoretically?

Psi_k Workshop, Praha, Jan Minar
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High energy photo emission - HAXPES

‘LNIU

e Photoemission with soft and hard X-rays enhanced bulk sensitivity

Inelastic Mean-Free Path VS E*,,,

| 41 Elememal Salids

J.u

; N-ﬁﬂ””"""

3,

ESTE

Inelastic Mean Free Path (&)
o
==
=
%
’%-as:.

s

Vuv S. Tanuma et al,
Surf. Interface An<|al.

L 7 43 (2011) 689

Electron Energy (el
:’> e Important aspects

e thermal vibrations

e band mapping: free electron like final state?
e photon momentum, sample tilt

e recoil effects
e DMEFT 25, Jan Minar D



‘I_NIU wawns || Threshold and Hard-X-ray PES: Bulk sensitivity?
MUMCHEN
Mean free path Magnetic circular dichroism: Ni thin films on Cu(001)
Inelastic Mean-Free Path VS Ey ;?1 E-3) c)
ol 4 Elemental Sofids ! 5;:1'54' gm
- E. 5, photocurrent
2 o ~ 154) calculated
AT sl
E 107 3 :§5 I:.:ff;'tq::::ﬂ‘iﬁlll = ~ 1.0 MCD
2 MND ot il EO0.78 :_ |:| 5
2 B - 'é:m!ﬂ!ﬂa
;: I | ¥ -
% IL%F OJ.H"H@”" 00 05 10 15 20
g :i!lsi:rgl | e - 7 (eV) he d (eV)
£ " '“" e Kronseder et al, PRB 83, 132404 (2011)
. vuy S. Tanuma et al,
Surf. Interface Anal. @ Photon energy of 3 eV

11:F1 A EE .Egn_e_r.g.y (MOII) 689"

Electran Energy (e\)

@ LSDA+DMFT calculations

LSDA+DMFT Surface spin polarization
of Co2MnSi (E= 5.9 eV)

Woistenberg et al, PRB 85, 064407 (2012)

e Photoemission with visible laser light (use of PEEM)

e Hope enhanced bulk sensitivity?
E—

DMEFT 25, Jan Minar




I_MU wmnes | SUrface sensitivity for high photon energies

NARGER . R T El

calculated ARPES intensities I(E, ©)
Fe(001) Fe(001)

Ejhot = 1000 eV > Egpor = 6000 eV
8 ML MgO/Fe(001) 8 ML MgO/Fe(001)

Fe-related features recovered for high photon energies

—> access to burried interfaces

Minar et al., JESRP 184, 91 (2011)
_ DMEFT 25, Jan Minar
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‘LMU‘ e | |[Angle resolved HAXPES of W(110) at 5954eV [\f%‘i"

Experiment

o3

[
=

One-Step Theory
- s 0 2 4 6
Detector Angle (°)
A. Gray, J. Minar, Ch. Fadley et al,, Nature Materials, 10, 1038/nmat3089 (2011)
(Nat. Mat.: News and Views : D. Feng, Photoemission spectroscopy: deep into the bulk)

R DMEFT 25, Jan Minar
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HAXPES on technologically relevant materials:
Mn doped GaAs
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‘LMU

Cnsity of states

Dty of states

1o M
200-300 gt
5. Chyn ol al., Nature Physics T, 342 (2011)

Until recently there were missing reliable photoemission measurements:

itivity <> Sample preparation > New technique: HAXPES
Surface sensitivity with well defined surface “

B DMET 25, Jan Minar s
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Correlation effects in Ga . Mn  _As

‘LMU

Is the standard DFI-LDA approach suitable for this material?

Exact diagonalisation self energy Density of states
B B B i e i v ] ) 6 ! '
sl 3 ~ 5| =] |

- Sy " 7] :-;.. b |
3 0 g4 "
2 S |
1 o3
= -1F U=6 . . = 2H
& =6eV, 24 Bath sites = |

|+ 10 Mn d-orbitals, T=400K =Bk

Y I I T | O P, | | 11 . :
09 8§ 7 6 -5 4 -3 -2 -1 0 1

fedd
=
-

5 0 5
Binding energy (eV) Binding energy (eV)

e Exact diagonalisation
DMFT solver implemented within KKR in combination with CPA

e LSDA+DMFT improved description of the states at higher binding energies
e Local correlations, hybridisation with GaAs states and disorder treated on same level

o Satellite like features at higher binding energies
(see Di Marco et al., Nat. Comm. 4, 2645 (2013))
e COST14, Jan Minar
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‘LMU HAXPES of GaMnAs

Angle resolved HAXPES of Angle integrated HAXPES
Ga,  Mn, As at 6keV

e Mn d-states merged
with GaAs derived
states

e Maximum at about
250 meV

e | SDA shows Mn states
directly
at Fermi level

Exps ¢ .
p; e Thereis aneed to
- include
: correlations effects
._; within
g LSDA+DMFT
-5 | ; 08 08 04 02 00
o, (Y Binding energy (eV)
A. Gray, J. Minar et al., Nat. Mat. 11, 957 (2012) J. Fujii et al., PRL 111, 097201, (2013)

D DMET 25, Jan Minar ISR



«. ||HAXPES on technologically relevant materials:
LMU| i Mn doped GaAs

a b Firrmmi lgwvel
: 5 L
= 4 (18)
b
: : '=
‘% E’ sHected by Mn Al EI

200=300 ey
S. Ohya ot al., Nature Physics 7, 342 (2011)

{a)

N\ GaMnAs VB

Density of states

w [

3d"n
hybrideed states

J. Fujii et al., PRL 111, 097201, (2013) = =
A. Gray, J. Minar et al., Nat. Mat. 11, 957 (2012)
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Photon momentum
Band mapping
matrix elements and k-dependence

e pMET25,JanMinar 20200 BB
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woows:| | PROtON mMomentum effects on Ag(001)

MOMCHEN

Ag(001) photoemission intensities along 'K with LCP-light at hr=552 ¢V

A B
D Irl'lill'lllrl'IIIIFl L . D L L L D revlryvrrryjpreyrryerrryporyrrtryorraer
n_.-l ""_l
> <
8.5 25
& 5.9
:"'_'j'a E".
(5 -4 (5 -4
£-5 25
£-6 26
[ﬂ_?- 8| 7
-8 H 8
15 -1 0.5 0 0.5 | 1.5 1.5 -1 -0.5 0 05 | 1.5
Rﬁ'afal['l‘-‘l {E‘H i":|:|..1r.allel [ﬁ"-ll}
CQphoten 1Zgnored Cphoton INCluded
Jng P - =
k,:ll\.—”+ﬁvffglj.-—f1;=l—|k,|+ﬂ;|5ll l';'II:||';I'-|i_"" 4+ E, \'Inlzlh —l'l:||—|.i"|.”—l| +gi—'|
i - i .lll.. ¥ . F oy L 2
[{lf=||'i"+,",‘;.1|k|llr'._:g||;ll+u'—Fl;g:l—li-{!i-l—gli:l szlk”-'_g'\i,l'zr-f.'-'_"" '_‘I1'J:.|_|J"": +L‘3~§ |

Venturini et al. PRB 77, 045126 (2008)

DMFT 25, Jan Minar D
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Effect of sample tilt: ARPES of W(110)

(a) Ideal geometry with no tilt

h_-' ’ﬂ::. (S | f K

Binding energy [eV]
o Oy £ [ L5 R = |

-
=

L

|
0 S 10 15 20

Emission angle [deg]
(b) 2.0° tilt along [101]

; D- rl |I‘ " | .L/N
[T % 3 :
£ A;‘ N PR
o 4
@
ma Of
E
T 8
=
B 10+
e

5 10 15 20
Emission angle [deg]

ﬂl_

C. Papp, J. Minar et al. PRB 84, 045433 (2011)

DMEFT 25, Jan Minar

e ARPES of W(110) at 1.25keV
e Laboratory source

e Tilt: normal emission not
parallel to the surface normal

e Even small tilt can lead to
pronounced deviations in

spectra
g Hﬁi E'\'{. A 3 !@‘?ﬂ
il e NI
/ P N Ty P \
b e 1%
s r |
e N
4 N oSN T [N
¥ ""'"l-...,____ f?“-
H'u H _;
. /f;
./ 10




k-perpendicular (kz-scan)

‘LNIU

Az~ Akz~)\-1

@ reduction of kz broadening
» sharply defined 3D k-vector

(o]

Variation of
photon energy

Fermi surface of Ag

DMEFT 25, Jan Minar



LNIU| | k -scan for Ag(001) and final state effects il
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Experiment Theory: TR-LEED state Free electron like final state

— N |
™ |
— s
i o
:,u:: —o — -4
o T
| = — e
=i [
T, A1
e —
= —
o =
L — =
— —
[.._ axu =
— —
L — b
— p—i
F i -
' i
z =
— = =y =
&= % o 2
— — - —
= y =
s 0 E L B
€3] L
4]

-, .
= =
[~ [
- —
i L — e
— w
—il —
- Bl
I~ o = T}
T3]
= =)
s o =f
L= |"‘- oo [ | “, — L‘.‘I = I-"" e (R Fo B . [ i
ﬁg N~ S g 5 0
4y In collaboration with
¥

V. Strocov (PSI)

DMEFT 25, Jan Minar



LMU et kz-scan for Ag(001) and final state effects f»»,
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Experiment Theory: TR-LEED state Free electron like final state
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Temperature effects and XPS limit
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‘LMU‘ wmons | Thermal effect: W(110) at 870eV

Increasing temperature

) (@) 300K W =0.70 (b 470K W=058 {c) BOTK W =050 (d) TE0K W= 0.41
Experiment

Binding eneaigy [aV]
Binding ensrgy [aV]

Binding energy (V]

Binding energy [eV]

05 110 115 05 110 115

Angle fdeal Angle [ceg] Angle [deg]
(fi MDC cut

DOS
limit

Photocurrent [arb. units]
IJ g
I'.
Photocurrent [arb. units]
-~
i
L
|
Ty
o
i

]

Binding energy [e Angle [de PRB 84, 195427 (2011)
I 9 [V] gle [deg] PRB 78, 035108 (2008)
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Phonon effects in photo emission \I@gu

LW =
MAKT M A HE-

‘LMU

LIRIVER
HIJHEHEH

* 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:
I(E,T) =W(T)Ipr(E)+ (1 —W(T))InpT(E)
- Debeye-Waller Factor W (T') o g AR

» Actual situation: I(E,T) = W(T)Ipr(FE) viat(T)
(Larson and Pendry, Feder)

» I[mproved 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)

B TS i
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Finite temperature - first principles approach

‘LMU

Scattering theory for displaced atoms

fcc Cu — T dependent resistivity

..'. ... _1_‘ )
-"- -|- " - 'I.'hu.-nl'} (e FTEY FRETR AR
. CPA L= ::i::l 2
@ . . - . ::'.. .I.tpl i f,; =
o averaging g [ o8t pre
& * %3-— # f" |
® > a Iy
. | I G ﬁ ]
el ®*| o Uy o7 300300300500
TiK)
e Assumption: atomic vibrations are uncorrelated Ebertetal., PRI 107, 066603 (2011)

* Atomic displacements AR,,

depend on temperature T with probability P(AR,,,T)

e Configurational average - using CPA alloy theory — proper G(T)

NB: Random displacements (no phonons) — Application range: moderate/high temperatures

DMFT 25, Jan Minar S
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XPS-limit: Au(111)

‘LNIU

- :"IH'F":‘:I

1.0 keV

Intensity [arb. units]
Intensity [arb. units]

100 K S0 K

300 K 100 K
8 6 4 2 0 8 6 -4 2 0
Binding energy [eV] Binding energy [eV]

J. Braun etal. PRB 88, 205409 (2013)
e DMFT 25, Jan Minar
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| _ S BTG

wamons:| | EXperiment and theory: W(110 ALt
‘LMU‘ sy || =XP y: W(110) K2 i

EXp. Theory

300 K 470 K 607 K 780 K 1
fa ‘NJ’\.‘ [c) —-—- Penjglry ECD's

. £l nos S z Y
Experiment g | 208/ : J\f’\
! 2o k! et
. o = i = e | |
(k.. L1 Py 5 |
E 2 - '_E i E._"IL""\- 1 = Flﬂ.‘lrh ¥y — A
: = 1|8k E|™ !
% d - = [} J
g 240K 2 "'_?P_“JM‘\:\
= E | = = 'l -]
10 ] Iy 10 5 ]
Binding energy [eV] Brncing energy levl
Theory
i L1 1
(ii) ) 4 X (b) ! @ | MCD's
i i, " —! |
= E -3
=4 = & - '
= = A N =7 | ! ;
5 Al A ek SN =| A, BO7TK -
%é E i E. JI
o B e - -] i
: 3l
£ =4
] ar I
105 1o 115

ms e 18 Angle [deg]

*DOS Limit Angle [deg]

*XPD Diffraction

*Temperature-dependent matrix elements

(dipOl selection rules not valid) J. Braun, J. Minar, C. S. Fadley, H. Ebert et al.,

PRB 88, 205409 (2013)
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Surface features in soft- and hard x-ray PES

i [I A 5 |

Y DIRAC om™§#
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Topological surface state (TSS) in Bi,Te,
Bi,Te,
(a) CD Exp. (b) CD Theory (c) SP Theory
25eM [ "25eVv] [ 25 eV
. p n D = . K
2 ®  ° \ | \
- N . 2 v / = & W -
o = :
E;_ soogl ol e i E B i o ! - — ! ' " ___._.:-1-
= Ny ‘ 1 % %9 : : -100% 0 100% “100% 0 100%
& ooz
: 2 @ 06 ; -
g T 55ev| [ 50eVf [ 50 eV
-E 0‘2- = III‘I.i E L \ ‘/ -
£ — e
E 0.0 (a8} - . - L -
::,!,lff A e O4T-100% o 100% =% L T 100% Wioos o 100%
0.6 : : J =
-0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2

|:> » Circular dichroism: Changes as a function of photon energy
 Final state effect

. . . . —PES v 1 N
- Spin density matrix formalism 7 (kjj.€5) = {s.¢. k|G AGT AGy |eg. Ky o)

M. Scholz et al, PRL 110, 216801 (2013) and PRX 4, 011046 (2014)
DMEFT 25, Jan Minar S




‘LMU i HAXPES from Bi Se, and Bi,Te,

. . =00
Intensity plots as a function of %M
temperature and excitation energy 5.
2
Fos
o @
T %us
P 810
L0 0.0
g gnz
215
Eau E‘”
<00 :'E':I.ﬁ-
%4}5 Eca
g0 1o
E Fﬂﬂ
i ;{3?
13T 6 hev 3
06 03 00 03 06 06 03 00 03 06 06 01 0G0 03 06 LE-M
Wawe vecior k, (A7) Wren veciot k, (A% Wanvn vecion k, (A% F06
Eos
Bi_Se S 10
2 3 03-015 0.0 015 03 -03 015 00 015 03
T — 1 60 K Wane vector i, A Wave vector k, AL
Debye _
Bi_Te
2 3
J. Braun, H. Ebert and J. Minar, PRL, submitted (2014) TDebye = 155K
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Sb,Te_: Simulated inelastic mean free path

e BT
1]
iy~

LUDWIG- =

e B
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el
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Bulk sensitive Surface sensitive

Simulation of different inelastic
mean free path by variation of the
inverse life-time of the final state

3 ML =20eV
15 ML = 3 keV
0
1 H 0.5
£.3 015 00 015 03 0.3 -0.15 00 0.15 0.3
Wave vecton I-;!! [.5- :] Wave vector k, L-a 1}

J. Braun, H. Ebert and J. Minar, PRL, submitted (2014)
DMET 25, Jan Minar B
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Ly S summary a

The one-step model of photo emission
supplies a
unified description of ARPES
and allows to deal coherently with:

e Surface effects

e Correlation effects

e Spin-obit induced phenomena

e Magnetic circular and linear dichroism
e Chemical disorder

e Electron-phonon interaction

e High energy spectroscopy (HAXPES)

DMEFT 25, Jan Minar
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Correlations and spectroscopy: HOC 2015
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e 3-4 Days Course

e HOC Course of various packages
(e.g. SPR-KKR, Ab-init+GW, Multiplets)

e End of February 2015, Pilsen Czech Rep.

e For official announcement and registration see:
WWW.euspec.eu

EUSpec ¢ s ZE'“"L«"L

COST Action MP1306:
Modern Tools for

Spectroscopy on Advanced Materials L ED E t
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Typical problems of CPA

‘LNIU

Residual resistivity /S. Lowitzer, PhD thesis, 2010/

Certain short-range order o L L L
@@ CPANT
S e ki

_ @ e disonder ety \
5 4 \
E 10|
e
=
a g

Solution: NL-CPA [

Atom radii are too different

DMEFT 25, Jan Minar
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MAKIIL A5 ‘ Relativistic version of KKR-LSDA+DMFT

On-site Green's function calculated via multiple scattering theory:
G 7 ,E) = )Y ZA(F,E)tan(E)Z{ (7', E)
AN

— > " [ Za(F, E)JX (', E)O(r' — 1)
A

+JA(F B)ZS (7', E)O(r — 7') |
Dirac Equation within LSDA+DMFT: solving single site problem:

h ~ '
“ed -V + Bmc® 4 Vopp(7) + / d>r'S(F, 7 E)| 0i(F) = eidi(7)

1
with  Vepz(7) = V(7) 4+ BGBeyy(7)
Greens function matrix — input for DMFT:

Gan'(E) = ) (#al| Za)7an (E)NZS, | da)
LEPYLE.
s z{q&'ﬁ | Za, (I'{,E)JEI (r>, E) | ¢ar)
As

oA > set of localised orbitals

DMEFT 25, Jan Minar
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Non-local correlations

Here:
e Electron-phonon coupling

e Can we include k-dependent self energy into KKR and PES?

e Rigid sphere approximation — outlook: linear response

(following Savrasov)
B DMET 25, Jan Minar B



MAXIMILIANS ‘ Renormalisation of electronic structure

| MU boveeris
" E
G(E) = .
E — E° — 5,(E) M
Selfenergy
Yu(B) = 2 / »Einst(B w)a? Fi(w)dw

Eliashberg function

o’Fe(w) = ) 975 _-A*0(w —w3)8(E; — Er)d(E;_g — Er)
q,A
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Example of fcc Pb

‘LNIU

] 12 . . . :
— T . ] — thowny ¥ '
S B pATITES 1] ! ;oo cxprimen | s =
—-\.ﬁk = — i o
- :‘.: ] — -
u ¥ -
: 2 Ry
l:-l'..l. - — oy =
W e AN
uw y E 4 !
30 R = 3 ]
Tk Tl o AN . 1
1 ! A | il i i i
. - = - § i i i &
g 2 4 6 &8 10 12 4 Yo 30 20 -10 3] -4 -3 -20) 1{;
phonon energy (meV) binding energy (meV) binding energy (meV)

e Rigid sphere approximation
e High resolved ARPES possible to measure El. - phonon coupling
e EXxperiments: Reinert et al, PRL (2003)

e Quantitative agreement with experiment

Minar et al., JESRP 184, 91 (2011)
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ARPES from Pb(110)

ILNI_U

S
Calculated ARPES spectra
Without SE Including SE Experiment
0 0
-5 -5
__-1o -10
% 15 15
E
> -20 -20
o -25 -25
c
W _30 -30

=33

—40 I
-0.50 -0.25 0.00 -0.50 -0.25 0.00

Theta (degree) Theta (degree)

Expt: F. Reinert et al.

PRL, 91, 186406 (2003
Minar et al., JESRP 184, 91 (2011) Ei, =21.1eV ( )
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Treatment of substitutional disorder

Random disorder in solids
(how to avoid super-cells?)

Chemical Magnetic Structural
444404 2disbbe GO0OOO6G
++ 4+ 4+ 4+ st COOOO®
-9-9-9-90-9 ﬁhﬁ&h&-@@@@@@
r* PP+ s Pos SOOI
+ 4+ S H5 65 ¢6 OCOOOL®
FEF P E Y DOow } 9 OO
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Alloy problem

‘LNIU

A-B-Alloy — A und B atoms randomly distributed over the lattice

e DMET 25, Jan Minar s
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Alloy problem

‘LNIU

Exact solution for 1D lattice (TB-model)

v

DOS (arb.units)

Example

Statistical average over all —
Possible configurations

>
E

Rowlands., RPP 72, 086501 (2009)
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Alloy problem

‘LNIU

Exact solution for 1D lattice (TB-model)

DOS (arb.units)

\J
Example

Statistical average over all —
Possible configurations

>
E

Rowlands., RPP 72, 086501 (2009)

\/

Not possible for ralistic systems —————  Theories of effective medium

B DMET 25, Jan Minar D
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‘I_Ml.l wans | QVErview of methods to deal with disorder

MOMCHEN

Supercell approach

Mean field approaches

+4+

+ 4+ 4
+ 44
E T .
e Applicable to any band structure method *‘3 Ee
(Bloch theorem)

e Disadvantage: need for many calculations of big Virtual crystal approximation (rigid band shift)

supercells e Implemented in most codes

e “Up"folding scheme e Only applicable for systems having atoms with
(see eg. W. Ku, V. Popescu, A, Zunger) similar scattering properties

e Advantage: Relaxation around impurities e No finite life time broadening

e No access to partial quantities
—> as seen by core level spectroscopies

e Averaged t-matrix approximation (ATA)

e Coherent potential approximation (CPA):

Averaging of Greens functions
DMEFT 25, Jan Minar
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Coherent potential approximation

Best Single site theory:  Gyp =~ xGy+(1—-x)Gg = G

C

Coherent potetnial approximation (CPA)

A

nn. B nn, CPA

=T

ey __nre, O PA [ —1 =1 '.r!re..f_'.l"e'\.
T =T 1+ (tn o t(:.']".l'h) T

Self constituent construction of the mean field medium

Embedding of an A- or B-atom into the CPA-medium
- In the average - should not give rise to additional scattering

Soven, Physical Review 156, 809 (1967)

T pMFET 25, JanMinar e
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Super cell vs. CPA approach applied to FePt

‘LNIU
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super cell approach KKR-CPA
2. Total J}wv/, | 21Total Aoy |
| A 1l
; \ o\
n- I _"'—'_"'_| 04-_:_ T ___:
2 | —‘\\; | -
\}Il A M _F_-_HRJ:\IIF
7 -2 Ty 7 2 |
& g : ; ; :15 B g : ; ; : ;
- 3 1 A Y RN |
Disordered & il & |
fcc-Fe Pt CI e, | r“‘=_ 3T ]
05 05 h\r ' |
I —ﬂrderttr.] jr' o4 L
e -—— disorder. | - | |
3 'tt?ﬁ < |
w TeT ; . ; ; | ; w et ; ; ; | ; ;
17 Pt—d . sl b _J-JZE » 'pt-a - i
5 j‘ Sapaf UL E /q"*—am/&
" o S T p— : _f =
a E%Jf \/afr
-1+ : =171 :
L L
_10 -8 -6 —4 2 0 2 4 & _10-8 -6 -4 -2 0 2 4 &6

Energy, (eV)
A. Perlov, et al., Solid State Commun. 105, 273 (1998)
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waws| | El@Ctron photon interaction
e [n the relativistic case
) I =
Xaa(F) = —E.?ez - Aga(T)
; s
— _EJEE - EAAE %

e With fez the electronic current density operator
Jet. = —eca
e Polarisation vector @y for circularly polarisation light

5 1
G = T+

V2 \ o

DMEFT 25, Jan Minar
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Matrix elements

‘LNIU

One has to deal with matrix elements of the form
T
Mg" = (®¢| Xqr | Pi)

Electon photon interaction:

;
Xa(F) = ——Je+ Aga(7) - y
1- % -
= ——Jel " a)Ae'"
[
expanding ™
iGT s b pesae

within the dipole approximation the matrix elements:

M@ = (®¢|d-ax|®s)

DMEFT 25, Jan Minar




