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Introduction

Abbreviations:

PES Photoelectron Spectroscopy

XPS X-ray (excited) PES

ESCA Electron Spectroscopy for Chemical Analysis
SRPES Spin-resolved Photoelectron Spectroscopy
UPS Ultraviolet (excited) PES

ARUPS Angle Resolved UPS

XES X-ray (Photon) Emission Spectroscopy

XAS X-ray Absorption Spectroscopy

XMCD X-ray magnetic circular dichroism

XMLD X-ray magnetic linear dichroism

Investigation of all kind of materials:
metals, oxides, organo-metallic systems
(not shown: thin films, polymers, adsorbates,,,)

surface sensitive technique (electron escape depth)



XPS

o XPS s a very universal useful technique:

— detection of almost all elements

— core levels and valence bands are detected

— determination of absolute atomic concentrations

— valence state of 1ons deduced from chemical shifts (ESCA),
— exchange interaction of the core hole with valence band

— total DOS by XPS (and partial DOS by XES)

— Spin resolved PES using circular polarized light or spin
detectors
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6. Uber cinen
die Erzcuguny und Terwandluug des Liclhites
betreffenden hewristischen Gesichtspuanlt;
von A. EZinstein.

§ 8. Uber die Erzeugung von Kathodenstrahlen durch Belichtang
‘ feeter Korper.

Die ibliche Auffassung, daB die Energie des Lichtes
kontinuierlich iiber den durchstrablten Raum verteilt sei, findet
bei dem Versuch. die lichtelektrischen Erscheinungen zu er-
Kliren, besonders grobe Schwierigkeiten, welche in einer bahn-
brechenden Arbeit von Hrn. Lenard dargelegt sind.’)

Nach der Auffessung. daB das erregende Licht aus Energie-
quanten von der Energie (7 /N)f» hestehe, laBt sich die Er-
zeugung von Kathodenstrahlen durch Licht folgendermaben
_auffassen. In die oberflachliche Schicht des Korpers dringen
Energiequanten ein, und deren Evergie verwandelt sich wenig-
stens zum Teil in kinetische Energie von Elektronen. Die
einfachste Vorstellnng ist die, daB ein Lichiquant seine ganze

Energie an ein einzizes Elektron abgibt; wir woller annehmen,

daB dies vorkomme. Es soll jedoch nicht ausgeschiossen sein,

daB Elektronen die Energie von Lichiquanten nur {eilweise
aufnehmen. Ein im Innern des Korpers mit kinetischer Energie

Photo effect

hv = Eyi, — Epin
Evac — O

one electron type picture



electron mean free path
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Fig. 1.2. Mean free path of electrons in metallic solids as a function of their energy.

a: H. Kanter, Phys. Rev. B/, 522 (1970) (Electron transmission). b: D.E. Eastman, 32"
Physical Electronics Conference, Albuquerque, N, Mex. 1972 (UPS). c: J. W. T. Ridgeway and
D. Haneman, Surface Sci. 24, 451 (1971); 26, 683 (1971) (AES).d: M. L. Tarng and G. K. Weh-
ner, J. appl. Phys. 43, 2268 (1972) (AES). e: P. W. Palmberg and T.N. Rhodin, J. appl. Phys.
39, 2425 (1968) (AES). f: K. Jacobi and J. Hélzl, Surface Sci. 26, 54 (1971). g: R.G. Stein-
hardt, J. Hudis and M.L. Perlman, in: Electron Spectroscopy (D.A. Shirley, ed.) North
Holland, Amsterdam (1972), p. 557 (XPS). h: M. Klasson, J. Hedman. A. Berndtson,
R. Nilsson and C. Nordling, Physica Scripta 5, 93 (1972) (XPS). i: Y. Baer, P.F. Heden,
J. Hedman, M. Klasson and C. Nordling, Solid State Comm. &, 1479 (1970) (XPS). k: M. P.
Seah, Surface Sci. 32, 703 (1972) (AES).



Experimental

Light sources:

XPS: Al Ka radiation (1486.7 eV), also monochromatised
Synchrotron radiation with tunable energy

Electron detector:
High energy resolution, multi-channel,
spin resolving

Sample preparation:

In situ (UHV)
fracturing, evaporation,,,, no sputtering!
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Excitation process

photo electron ~ Auger electron
XPS A AES

o i s e e e B i e vacuum level

-~ fluorescence
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Nickel Ni

Atomic Number 28

XPS analysis
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XPS and AES lines can be identified by varying the excitation energy



XPS analysis
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almost all elements are detectable, also quantitatively (sensitivity factors),
determination of absolute atomic concentrations, and stoichiometries,
2p,,, and 2p,;, (LS coupling), 6eV satellite



chemical shift




Intensity (arb. units)

chemical shift
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XPS: Mo 3d
Sr,FeMoOq
MoO,
MoO,
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Binding Energy (eV)

Mo%* and M0°* ions
in Sr,FeMoO,

reference compounds
Mo®* in MoO,

Mo# in MoO,

the Mo 3d states are split
due to LS-coupling



exchange splitting
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XPS probes the final states with S £ 1/2



" Intensity (arb. .units)
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_ Exchange Splitting (eV)
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Intensity (arb.units)

XPS valence band

MnL_-XES

up
— Mn 3d-electrons

down

Co 3d-electrons

4 0 -4 -8
Binding energy (eV)

valence band
tDos and pDos

Co,MnSn
(Heusler alloy)

tDos (total densities of states)
probed by XPS

pDos (partial densities of states)
probed by XES

comparison with theory

spin resolved

small gap?



Detection of Spin Polarization
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Detection of Spin Polarization

JL___

."'.
input lens

focusing

electron
multiplier

A design to detect

all three spin components
together with the
unpolarised signal.

D.J.Huang, P.D. Johnson, et al.
Rev.Sci.Instr. 73, 3778 (2002)



Spin resolved Photoelectronspectroscopy
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SRPES from Fe 3s

m - ] ] T T T —]
A spinup HS
3500 v spin down = -
LS F o, HS: 2 S, components
L 4 LS: 1S, component
3000 M - -

Intensity (counts/sec)

i
EWM
&

i d
2000} A L -
'ﬁhﬁw %ﬁ?‘m D.J. Huang et al. Rev.Sci.Instr.73,
3778 (2002)
1500 L 1 L L L =
105 100 95 %0 83 Earlier work by:
Binding Energy (eV)

F.U. Hillebrecht, et al.

FIG. 3. Spin-resolved 3: photoemission of Fe thin films epitaxially grown
on WI110) substrates. Linearly polarized synchrotron radiation with an en-
ergy 265 eV was used to excited the photoelectrons. The total energy reso-
lution was 0.35 eV

PRL65, 2450 (1990)

Z. Xu, et al.PRB51, 7912 (1995)



SRPES with cicularly polarized light
from nonmagnetic metals
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FIG. 4. Spin-resolved Pt 4 f photoemission excited circularly polanized from
the EPU beamline. The degree of the light circular polarization 1s better than
00%. The total energy resolution was 0.35 eV.

D.J. Huang et al. Rev.Sci.Instr.73, 3778 (2002)



Counts
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SRPES with circularly polarized light
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Determination of the orbital moment
of CoO using spin-resolved photoemission

Highlights ESRF 2000
G. Ghiringhelli et al.

The orbital moment is quenched

also above T !



Selected materials investigated by XPS

all kind of materials have been investigated by XPS,
only a few examples will be shown in the following:

intermetallic compounds (Heusler alloys)
chalcogenide spinels (partly semiconducting)

organometallic compounds
(molecule based solids and magnetic molecules)

oxides (CMR compounds: manganites, double perovskites)



Heusler-Alloys

discovered 1903 by F. Heusler
ternary intermetallic alloy:
X,YZ

L2, structure
4 interpenetrating fcc-lattices
here investigated: X,MnZ

— X =Fe,Co,Ni,Cu

— Z = Al,Si,Ga,In,Sn,Sb
partly HMF-behavior

— Spin up: metal

— spin down: insulator /

semiconductor

NiMnSb DOS

Spin Up

Spin Down

20 40 60 80
DOS [States/Cell/Spin]



PHYSICAL REVIEW B 71, 144416 (2005)

Magnetic properties and spin polarization of Co,MnSi Heusler alloy thin films epitaxially grown
on GaAs(001)

W. H. Wang.!? M. Przybylski,l** W. Kuch,'* L. I. Chelaru,’” J. Wang.!® Y. F. Lu.! J. Barthel,! H. L. Meyerheim.! and
J. Kirschner!

d=45A |

20

~10% Ib" __\‘f |
" : 1, Disorder in the Co/Mn sites
_ 1 l ‘ can close the gap and also
reduce the spin polarization.

(d) Binding energy [eV]



Heusler-Alloys
X,MnZ

local magnetic moment at
the Mn-atom  2,3ug-4,4 pg

Mn3d A : delocalised band:;
hybridisation with the X 3d electrons

Mn3d \ : localised unoccupied
states

magnetic coupling by the Z element

EXCLUDED



Fe,MnZ

Co,MnZ

semi-Heusler

A,CrAl

L2, Heusler-Alloys with Mn or Cr

| Material | Struktur | ainnm | pypinps | pxinps | pegings | TinK
Fe;MnAl® | L2 0.567 2.35 0.16
Fe,MnSi® | L2 0.559 2.63 0.20 214
Co,MnAl | B2/L2; | 0.5756 3.01 0.5 401 693
Co,MnGa | L2 0.577 3.01 0.5 4.05 694
CopMnSn | [2 0.6 3.58 0.75 5.08 829
CopsMnSb | L2, | 0.5929 3.75 0.75 4.9 600
NiyMnIn L2, | 0.6069 3.43 <0.3 4.40° 314
NipMnSn | L2, | 0.6053 3.43% <0.3 4.05° 360
Ni;MnSb | L2, | 0.6004 3.18 <0.3 3.27 365
CuMnAl | L2, | 0.5949 3.49 < 0.1 3.73 603
RhyMnSn® | L2, 0.6252 | 3.77/(3.65)% | 0.38(0.24)% | 3.1/(4.51/4.09)¢ 412
RhyMnGe? | 12, | 0.5993 | 3.61 (3.40) | 0.37 (0.23) |  4.36 (3.81) 450
Pd,MnAl B2 0.6165 44 < 0.1 44 Ty = 240
Pd,MnSn | I2, 0638 | 414/3.78 | <0.1 4.26 189
Pd,MnSb | F2, | 0.6419 | 44 /3.83° | <0.02 44 247
| NiMnSH’ | C1, | 05913 40 | <001 4.08 756
Fe,CrAle | L2, | 0.5805 1.67 246
CopCrAle | L2, | 0.5887 1.55 334




Intensitat (bel.Einheiten)
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FeZMnAI'
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660 655

650 645 640 635 630
Bindungsenergie (eV)

Mn2p core levels

Material | Struktur | ¢ in nm | ppgy In pg
FeosMnAl® 1.2, 0.5667 2.35
FeaMnSi® L2, 0.559 2.63
Co;MnAl | B2/L2, | 0.5756 3.01
CoaMn(a 1.2, 0.577 3.01
CooMnSn L2, 0.6 3.08
Coy 5 MnSh L2, 0.5929 3.75




AE (eV)

Mn2p,, splitting vs.

1,8
1,7
1,6
1,5
1,4
1,3
1,2
11
1,0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2

0.1 _ :
010 11 1 I'I- 11 1 1 11 1 1 I 1 I:I 1 I 11 1 | I 11 1 1 I 11 1 | I 11 1 1 I 11 1 | I 11 1 1 I 11 1 |
10 05 00 05 10 15 20 25 30 35 40 45

My, (Ug)

NiMnSb
Co,MnSh
Co,MnSn A
A A
m Theory Co,MnGag

A Experiment

Co,MnAl A NiMnsn _ pd,Mnsn
h,MnSn

Fe MnAI Cu,MnAl
[S] n
2 zMnSn

Ni,MnSb
e,MnSi




Intensity [arb. units]

Mn 2p photoelectron spectra

[ free Mn atoms

........

L te gotm oonch e

Binding Energy [eV]

A comparison with atomic spectra
demonstrates the localized nature
of the Mn 2p states in MnO

multiplet effects need to be included
in calculations

LLocal moments also in Heuslers!

Ph. Wernet et. al.
Phys. Rev. B (2001)



chalkogenide spinels



Fe, . CuCr,S,

Fez+Cr3+,S2%,

CuCr,S, : Lotgering : Cut* (Cr3*, Cr#*)
Goodenough : Cu?* (Cr3*)

Fe,:Cuy:Cr,S,: Cul*  Fe3*/Cr# /S

Ramirez et al., Nature, 386, 156 (1997)

02 x=0 . YT =05 e |

! . ] 0.06 g LI

Chalkogenide spinels ol oo | £}l i
[ 4 i ... * .. ]

prepared by ol e 1 zi RERiS
V. Tsurkan (KiShinaU) ! l{“Tempe?:grc (K)m" e ’ lm}TBnq}ezran:ch [K)Em 0




Intensity (arb. units)

% o ff\"‘“g‘\ \\ Energy (eV)

15 10 5 0
Binding energy (eV)

h | A,;‘f \“x J. Phys.: Condens. Matter 12,
7 — "= 54115421 (2000)

- the VB states below E_ are dominated by Cr 3d;
- minority-spin Fe 3d states produce a clear Fermi step in spectrum;
- the Fe 3d states are more localized than Cr 3d states;

- the Fe 3d and S 3p states are represented at slightly higher E; .

Fey,5CuysCr,S,

Intensity (arb. units)

Cu 3d
S 3p

} Cr 3d
Fe 3d ;
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e contribution from the Cu
3d states just below Cr 3d.




Cu 2p & 3s XPS spectra
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* no satellite in the Cu 2p spectra of Fe,.Cu,Cr,S,

* no exchange splitting for the Cu 3s state
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= 3d19 configuration of the Cu* ion




Intensity (arb. units)

Fe2p & S 2p XPS spectra
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—— Fe,Cu, Cr,S, polycrystal
— FEyCU LIS,

FeCrZS4 S 2p
312

Additional features in the
polycrystal® spectrum

@ wrong interpretation of /7‘\ '
the experimental data ! ] I

The importance of using
single crystals !!!

168 164 160
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charge transfer from S?- to Fe3* : Fe2*




CuCraSey PRB 59 (1999) 14552
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CuCr,Se,
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No exchange splitting of Cu 3s
— Cu®* character of the Cu ions




Intensity (arb. units)

TM 3s splitting

Sol. St. Comm. 114 (2000) 149
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« the same Cr 3s exchange splitting AE, (~ 4 eV) for all compounds

similar values for the local magnetic moments of Cr 4 Cr 3*ions
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Cr 2p XPS spectra

ACr,S,(A=2Zn, Mn, Cd, Fe, Fe :Cu) BCr,Se, (B = Cd, Hg, Hg: Cu, Cu)
Cr2p
¥ 3/2 Cr 2p3/2
)
= )
= c
o) 5
8 2
> 8
D =
g 2
c 2
- =
570 575 580 585 590 570 | 5%5 | 5é0 | 5é5 | 590
Eur. J. B 15 (2000) 401 Binding energy (eV) Binding energy (eV)

Woe (CN=29-30pug — AE(Cr2p)=0.95-1.0eV
— localised character of the magnetic moments for Cr3* in a 3d® configuration.



Summary: chalkogenide spinels

CuCr,Se, : monovalent Cu ions = Lotgering model

Fe,-Cu,:Cr,S,: Cul* mainly affects the Fe and S ions

well-resolved Cr 2p splitting for Cr-chalcogenide spinels

ACr,X, : the same Cr 3s splitting  Cr3* (3d3)

XPS & XES data -- excellent agreement with band structure
calculations



organometallic materials



XPS on organometallic materials

ferric wheel

Magnetic molecules )
Synthesized by R.Saalfrank et al. o ;
Erlangen

di-cyanamides

molecule based solids



Dicyanamide materials M[N(CN),],
M = Mn, Fe, Ni, Cu

» each metal ion is surrounded by
Six nitrogen atoms in a distorted
(axially elongated) octahedral
geometry

» the rutile-like structure consists
of rhnombus-shaped units which
adopt a chain alignment parallel
to the c axis

« tilting of the elongated octahedra
in the crystallographic ab plane

change over



Dicyanamide materials M[N(CN),],
M = Mn, Fe, Ni, Cu

Crystallographic data - isostructural series

Compouned Mn[N(CNjzla Fe[N(CNjala Co[N({CNjz]a Ni|N{CN)a]a Cu[N{CN)a|2

Space group Prinm Pnnm Pnnm Pnnm Prnm
[nteratomic distances and angles at:
L6 K 1.6 K 1.6 K 1.6 K

M-M 6.0657(1) 2.9670(1) 5.9158(1) 580341
M-N(2)-C 119,201} 119.6(1) 120.6(1) 121.0(1)
N(2)-C-N(1) 175.2(3) 175.5(2) 175.1(2) 174.6(2)
C{2)-N(1)-M 1525020 1580011 159,607 15950110
i L40.4( 1 141701 142.3(1) 142.6(1)
M-N(1) ERELTY 2126( 1) 2.093(1) 2.053(1)
M-N(2) 2.201(2) 2.206(1) 2.156(2) 2.129(2)
FiY 1.047 1038 1.030 1037
3 25.2(2) 26.4(2) 27.5(2) 27.6(2)
Magnetic ordering tyvpe

canted AFM  canted AFM | Jcollinear FM  collinear FM para

(2o = 107)

Ordering temperature

16 K 0 I 21 K . I
Local magnetic moments of 3d-1ons unit ce
l.fj]. I|'-' B 1.2:1 I|'.'H 2.67 I|'-' B 221 I|'-' B ]..[]-:-J I|'.l B

l f change over I I C.R. Kmety et al.
Physical Review B, 62 5576-5588 (2000)



Intensity (arb. units)

Dicyanamide Mn[N(CN),],
3s splitting

Relative binding energy (eV)
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J** dominant super exchange path

Magnetic moments on Mn:
4.65 pg/atom Mn[N(CN),],
4.45-4.79 pg/atom MnO

« the magnetic moment per Mn atom
is slightly reduced as expected from a
Mn2* (3d°) ion due to a reduction

in spin polarization driven by

Mn(3d) <& N(2sp) interaction.
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Dicyanamides transition metal 2p core level spectra
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Screening effects:
low with Mn and Fe

pronounced with Ni and Cu

valencies confirmed
as before



Density of States — (Arb. Units)

Valence bands of Mn[N(CN),],
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Phys. Rev. B66, 014446(8) (2002)

filling of e, and t,, levels is important
for the super exchange interaction, and
responsible for the change over AFM - FM

D.O.Demchenko et al. Phys. Rev. B 69, 205105(9) (2004)




ferric wheel Rl

Il

[LicFesL¢]CI*6CHCI,, L=N(CH,CH,0),

prepared by Saalfrank et al. Erlangen



Valence bands ferric w
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Determination of the valency of Fe
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Fe2*L and Fes*

S.G. Chiuzbaian et al. Surf. Sci. 482-485, 1272 — 1276 (2001)
A.V. Postnikov et al. J. Phys. Chem. Solids 65/4, 813-817 (2004)



ferric star

molecules
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* the top of the valence band is
primarily derived from Fe 3d
and O 2p states

 in the middle part the
structures result from
hybridization of the C 2p, N 2p,
C 2s and N2s states

 at the bottom of the valence
band we have the O2s states
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Colossal Magnetoresistance Materials
Characterized by X-ray Spectroscopic
Methods
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Outline

Introduction
Methods: XPS, XES, XAS, XLD, XMCD, RIXS

CMR materials: © La; ,AMn, , TM,O,
© Sr,FeMoO,
( © spinells ACr,X,)

Summary




Resistivity (ohm-cm)

=

10

=8
=]
L]

100}

colossal magneto-resistance (CMR)
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F Magneto- ||
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Temparaturns (K)

Science 292, 1509 (2001)

« The Magneto Resistance is
defined as the change of the
resistance by applying an
external magnetic field

 changes of 100% to several
1000% have been reported

e different applications



CMR materials

Colossal magnetoresistance effect (CMR)

© La, AMNO,; TP science 264, 413 (1994)

Double exchange model (Mn3*, Mn4*) (zener, PR 81, 440 (1955))
Electron- phonon interaction (millis etal., PRL 74, 5144 (1995))

© Sr,FeMoOy high T, = 420K

low fields for CMR (Kobayashi et al., Nature 395, 677 (1998))

© Fe, ,Cu,Cr,S,; (ACr,X,) T Nature 387,268 (1997)

La,,, (Sr, Ca, Sn),,, Mn,O, ( Nature 380, 141 (1996) ); Sr, Nd,, Mn,O, (JPCM 8, L 427 (1996) );
T1,Mn,O, ( Nature 379, 53 (1996), Science 273, 81 (1996)); Eu,,MnBi, (PRB 57, R 8103 (1998) );




Introduction

electric field »The 3d transition
\lr metal oxides exhibit a
rich variety of electronic
and magnetic properties

CMR, field induced

insulator-metal transition pressure induced

insulator-metal transition
»This is due to the

Intricate interplay
between the charge,

ﬁil — dE magnetic and orbital
T structural transition T degrees Of freedom

magnetic field pressure



Manganese perovskites: La, A MnO,

Jahn-Teller distorted

Cubic crystal field dy-y

Free ion Ao
A Eg z

Nty o

13
1 T A A
Lo d VZ, XZ

3 1
31, e,

4
3d

» In perovskites like LaMnO; a
cooperative Jahn-Teller distortion,
l. . a collective elongation (com-
pression) of one crystal axis may
lead to a preferential occupation of
a certain type of 3d orbital ->
orbital ordering



Methods

« X-ray Photoelectron Spectroscopy (XPS) = Osnabrtick

« X-ray Emission Spectroscopy (XES),
X-ray Absorption Spectroscopy (XAS)
Resonant Inelastic X-ray Scattering (RIXS)
X-ray linear dichroism (XLD)

X-ray magnetic circular dichroism (XMCD)

= ALS, Beamline 8.0.1, SXF and 4.0.2 (XMCD)
= ELETTRA , Beamline BACH, COMIXS (CCD detector)
= BESSY II, Beamline U-41 PGM, ROSA



Intensity (arb. units)

Mn 3s XPS spectra of Mn oxides

Mn 3s splitting
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La, , Ba,MnO, : XPS VB & XES
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» Strong hybridization of the Mn 3d and O 2p states



Intenisty (arb. units)

La, A,MnO; (A=Ba,Ca):

metal to insulator transition: XPS and RIXS

La, ,AMnO,: XPS — Ba doped
— Ca doped
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3 2 1 0

Binding Energy (eV)

-1

Counts

— Ca doped
— Ba doped

La; ,AMnO;: RIXS

I 7 e

620 630

640 650 660

Det. Photon Energy (eV)



(La,Ba)Mn,_ Co, O,

LaCoO, : Co®* (3d°) LS state
(no magnetic moment)

LaMn,,Co,0;: (RPES, XAS) Co?

p (R*om)

MR (%)

1&0 . 1&0 ' 200 . ZEFO . 300
T &
JMMM 210 (2000) 63

Intensity (arb. units)

Lao.mBao.zsl\mos La5p
]
Lao.mBao.zzlvho.sthbo.leos I/ 'l
|
02s & i1
Lass it
A AU \\
f [ A7 Babp
i BaBs Y R VB
Hﬁf»"; N it 'f’m f »
Nl W
W Wi ¢ >, 1
el
I I I I I I I \M

40 3B 30 2 20 15 10 5 0

Binding energy (eV)

 increase of the intensity of the VB
spectrum of the Co-doped (La,Ba)MnO,
at~2.5+4 eV

* slight changes in the small peak below
Er (e, states) suggest Co bivalent
character, as for La(Mn:Co)O,




La,,Ba,Mn, Co,0O,

& . 3+
$ i%CO 2p3/2 LiCo 02

‘@X Co’'0
i Co 2p,,

(I ML/ Isat)LiCoOZ > (I ML/ Isat)Coo
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La,.Ba,,,Mn .Co, .O
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Co 2p & Ba 3d Co 2p spectra analysis:
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La,sSr,,sMnO;: X-ray Linear Dichroism and
Orbital Ordering

o i week endin
VOLUME 92. NUMBER 8 RSB LHENAN ORISR 27 }-}-.[:RLEARY

Orbital Ordering in Lags5r; sMn(y4 Studied by Soft X-Ray Linear Dichroism

D. J. Hua ng."2 W.B.Wu,>! G.Y. Guo.*' H.-1. Lin,' TY. Hou! C.E Chang,‘ C.T. Chen,'” A Fujimc.‘ri,4 T. Kimur:
H.B. Huang.® A. Tanaka.” and T. Jo©
1 !\‘(mﬁ[ tion Rese v, Hsinchu 30077, Taiwan

[Recencd B Ma) 200? ﬂznscd m’muscnpt received ]7 Nmember 2003: publ]shed 26 Fcbrmr) ’004]

We found that the conventional model of orbital-ordering of 3a* — r2/3y* — i type in the e, states
of LagsSr sMnO, is incompatible with measurements of linear dichroism in the Mn 2p-edge
X-ray 1b501pt10n whereas these ¢, states exhibit predominantly cross-type orbital ordering of
— 7% LDA + U band- slructure calculations reveal that such a cross-type orbital-ordering
results lmm a combined effect of antiferromagnetic structure, Jahn-Teller distortion, and on-site
Coulomb interactions.

Absorption intensity (arb. units)
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—E l¢

- E .-'."r.
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Layered manganite LaSrMnO,:

(3z2-r?) - orbital ordering

(PRL 92, 087202)



La;sSr,sMnO;: X-ray Linear Dichroism and
Orbital Ordering

Intensity (arb. units)

640 645 650 655
Photon Energy (eV)

K. Kuepper et al. J. Phys. Chem. B109, 15667 (2005)

Linear Dichroism (arb. units)

Laoa&SrO_mM n03: single crystal

295K /o
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cooling
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La7,88r1,8M nO; : XMCD

—_— La SI’ MnO

b- 7/8

L XMCD on the Mn L edge

MCD Intensity (TEY/I0)

630 640 650 660 670
Photon Energy (eV)
Applying the sum rules reveals

a spin moment of +3.8 ug and an orbital moment of approx. -0.3 p;
— total moment 3.5 p.



Sr,FeMoO,

~ Oxygen-

Q Fe CMO

Y. Tomioka et. al. Phys. Rev. B 61, 422 (2000)

octahedron

@ ordered double perovskite

& poly crystal

@ Fe?* and Mo°* build up
antiferromagnetic coupling

¢ shows colossal magneto-resistance
(CMR) at room temperature

@ T,: 410-450 K

¢ halfmetallic: Up-Spin band shows
band gap, Down-Spin band is metallic
(Nature 395, p. 677, 1998)

@ possible application as magnetic
storage

¢ different theoretical approaches
lead to different interpretation about
the correlation / hybridization
mechanism (Phys. Rev. B 66, 035112
(2002), Phys. Rev. B 67, 085109
(2003))




Sr,FeMoO,: magnetic measurements
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XPS survey spectrum of Sr,FeMoO,
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Sr,FeMoQOg: XPS Survey spectrum
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Intensity (arb. units)

Sr,FeMoO: XPS core levels

XPS: Mo 3d
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Intensity (arb. units)

XPS: Fe 3s
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Intensity (arb. units)

Sr,FeMoOg: XPS, influence of sputtering

Sr,FeMoO,: Mo 3d, E_ =0.5 kV I SFMO: Fe 2p, E_=0.5kV I

Intensity (arb. units)
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1,000
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Radiation Intensity v,

0,995 1 ©"

Sr,FeMoO,: MoRbauer data

& —e—c,(V); (=088
SSN"{V}

] - asmz{\”
0,980 - —c (V)
] — —,V)
[T [T T T rrr T T T | IR R "
-12 -8 -4 0 4 8 12
Energy in units of velocity V [mm/s]
variance lattice drh eQVzz/8 © r B P
inmm/s inmm/s in° mmm/s inl0'T in%
Y2 =0.88 SM1 0.62 -0.012 125 0.38 471 73.61
SM2 0.27 -0.063 67 0.31 503 19.52
L1 -0.35 - - 0.29 - 4.47
L2 1.66 - 0.30 - 2.40

* MoRbauer data fitted with
two sextets and two singlets

*cgmy: 73.6 % bulk
B+=47.1T - close to Fe 2+

*csmz- 19.5 % grain boundaries
B,=50.3T - close to Fe 3+

g ;and g, ,: antisite defects

Electron hopping Fe - Mo
valence fluctuations Fe2+/Fe3+

ME gives averaged By
XPS gives a snap shot:

70 % Fe 2+ and 30 % Fe 3+



Sr,FeMoO: XPS valence band and calculations

Intensity (arb. units)
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Saitoh et al. (Phys. Rev. B 66, 035112 (2002)),
— strong hybridization

P S Saha-Dasgupta et al. (Phys. Rev. B 64, 064408 (2001))

Binding Energy (eV) — strong correlation



Intensity (arb. units)

Sr,FeMoO¢: XPS, XES, band structure

Sro,FeMoOg
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Binding Energy (eV)

« comparison of the XPS and XES
spectra with new band structure
calculations, use of the lattice
parameters of the best sample as
input parameter!

 Perdew Wang GGA approximation
(calculations performed by
M. Kadiroglu and A. V. Postnikov)

 good agreement between the experi-
mental and the calculated partial
densities of states

« the total density of states have been
derived by weighting the partial
densities of states with help of the
Cross sections, good agreement
with the experiment is achieved



Intensity (arb. units)

Sr,FeMoO¢: XPS, XES, band structure
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il
T T e e LS oo
I B B | AR N T R T [T M [N M B

12 10 8 6 4 2 0

Binding Energy (eV)

« comparison of the XPS and XES
spectra with new band structure
calculations,

Perdew Wang GGA approximation

 good agreement between the experi-
mental and the calculated partial
densities of states

« the total density of states have been
derived by weighting the partial
densities of states with help of the
Cross sections, good agreement
with the experiment is achieved

K. Kuepper et al. J. Phys.: Condens.
Matter 17, 4309 -4317 (2005)



CMR compounds Summary

La,  Sr,MnO;: x <0.3, the doping holes have mainly O 2p character
- high value of the Mn 3s splitting (5.3 eV) : the HS state

La,, (Sr,Ba), MnO; : strong hybridization of the TM 3d and O 2p states

La,,sSr;sMnO;: strong indications for a cross type (x?-z%)/ (y?-z?) orbital ordering
in the cooperative Jahn Teller distorted phase

XMCD reveals a total magnetic moment of 3.5 pg

Sr,FeMoQg, around 65% Fe?* and Mo®*, 35% Fe3*, Mo®* contributions
Sr,FeMoOQy, evidence for moderate correlation

MoRbauer reveals about 20% grain boundaries, 4% anti-sites from XRD
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photo electron emission process ()

Perturbation theory

Transition probability:

|,
. 2T , 3
W= —[(Up| A" & (Ep — Ey— fw)
Fir A 5
70 A= S (ApipA)—eptrs—A A
1._; o 2me 2me?

A 1 vector potential of the meoming light
v - scalar potential

A+ A to be neglected for one photon processes
VA =0 — no nonlocal field effects

¢ vanishes with Coulomb gange

A = atomic distances (UV-range)

— A = A’ = Ay (dipole approximation)

| Fresnel-equations generally well applicable|

Final state (¥g| consists of ion + electron!



photo electron emission process (ll)

Intensity:

[T (@l Al (elay W)

e v ‘ v -
appearance of  one electron line width
satellites matrix element peak position (energy)
— symmnetry

— angle dependent

> i Summations on all possible ion states

¢, Wave function of the emitted electron (totally svmm.) (LEED)
A one electron dipole operator ~ Ag - p

.. ®p one electron wave functions

N-1, jon state

ap annihilation operator

Ir; nentral groundstate



Magnetic interactions ]

-
.‘i.__.-"-.- ~ - J--|-|-| - -
-

o

I

J’ direct metal to metal exchange
d(M-M) = 5.9-6.3 A » J utterly negligible

J” superexchange path M-N-C-N-M

J”" superexchange path M-N-C-N-C-N-M
about 0.3-0.4 cm-!

Discussions

et S || I

A. Escuer el al., Inorganic Chemistry 39 1668-1673 (2002)




semi-Heusler NiMnSb
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The absoprtion measurements on the FeStar molecule gives us
also Fe2* which is in a good agreement with the XPS data.

UNIVERSITAT@ OSNABRUCK
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