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* Introduction

< * Phase Diagram of LaFeAsO,_F, (and other pnictides)

Structural, magnetic, and superconducting transitions
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« Superconducting State

N Gap, penetration depth, relaxation rate

- Normal State Properties
Electronic Structure (XAS, PES, ARPES)
,Pseudogap” (NMR, )

Electronic transport and spin fluctuations
Charge inhomogeneity (NQR)



Some of the people @ IFW involved in the research on FeAs ...

Synthesis: G. Behr, J. Werner, S. Singh, C. Nacke, S.Wurmehl et al.
M, Thermodynamics: N. Leps, L. Wang, R. Klingeler et al.

NMR, ESR: H. Grafe, G. Lang. F. Hammerath, V. Kataev et al.
Transport : A. Kondrat, G. Friemel, C. Hess et al.

X-ray diffraction: J. Hamann-Borrero

Spectroscopy: S. Borysenko, D.V. Evtushinsky, A. Koitzsch, J. Geck

A. Kordyuk, V.B. Zabolotnyy, T. Kroll, M. Knupfer et al.
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uSR H. Luetkens, R. Khasanov et al. PSI Villingen
Crystals C.T. Lin, D. Inosov, V. Hinkov,

B. Keimer et al. MPI FKF Stuttgart
NMR N. Curro UC Davis
X-ray/neutron diffraction M. Braden et al. U Koln

X-ray/neutron diffraction R. Feyerherm, D. Argyriou et al. HZ Berlin
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Doping Dependence of Phase Transitions and Ordering Phenomena in Copper-Oxygen Superconductors
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* ,Local physics“, Hubbard U etc.

« ARPES, Fermi surface etc.
. ,Pseudogap”, Strange T dependencies

- Normal state resistivity

« Charge inhomogeneity (NQR)



Magnetic order of LaOFeAs

Electronic Structure: LAPW LDA
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Fe2* 3db-states

Weak CEF splitting: all 5 orbitals are
crossing the Fermi level



Photoemission

Principle
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Results Photoemission
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= Low energy states purely Fe derived
= Valence band agrees with LDA, but small differences
= Introduction of (small ) U

A. Koitzsch et al., PRB 2008
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Transition Metal Oxides: complex electronic
properties due to electronic and magnetic correlations

Prominent examples: High T, superconductors, e. g. La,_,Sr,CuO,

. . . . ! * mother compound: La,CuO, Cu?* (3d°)

| . I °

L DA band structure: La,CuO, metal
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Electronic Correlations and Antiferromagnetism

Konfiguration
S e e e I  Coulomb repulsion U Platz 1 Platz 2
La,CuO, Insulator % ¢ +
resistivity AE=0

« Hybridisation t
Insulator  Antiferromagnet t
AE ~ -t2/U

r L i 2d-antiferromagnet, J/k; ~ 1500K
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T, =312K
La CuO, " /\ 1
| magnetic susceptibility / - Cu-O-Cu super exchange
(H=1 Tesla) ’ '
| oy
Antiferromagnet ..
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Temperature (K) x2-y?



Co3* and Co** spin states in perovskite oxides
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Possible electronic configurations
of Co3* ions

LaCoO;: S = 0 low spin state
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Doped Co**:1/2< S < 5/2



X-ray absorption spectroscopy

= = XAS probes the
E _ .......................... DOS Of the
vacuum unoccupied states
unoccupied states
e element specific
_ .

e Detection of
fluorescence and/or
Auger decay

hv

occupied states

- = @ core level

> DOS

T. Kroll et al., Phys. Rev. B 78, 220502(R) (2008)
T. Kroll et al., New Jour. Phys. 11 (2009) 025019



X-ray absorption: Oxygen 1s — 2p

Results: fluorescence signal
O2p+t La 4f
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T. Kroll et al., PRB 2008
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LaOFeAs

Comparison to LDA P-DOS:

» Good agreement

e core hole effect is small

= direct interpretation possible



X-ray absorption: Oxygen 1s — 2p: doping dependence

Results fluorescence signal
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5 4 e weak doping dependence
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g ° e Shift of Fe peak (1) ~ 100 meV
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Results

X-ray absorption: Oxygen 1s — 2p: doping dependence
fluorescence signal
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Results

X-ray absorption: Iron 2p — 3d
fluorescence signal

t, LaOFeAs

Fe 3d

Intensity {arb. units)

Ls L2

| | | | | |
Fe 2 p 700 705 710 715 720 725 730

Fhoton Energy (')

- peaks consists of main peak and high energy shoulder
- no low energy prepeak observable

|

T. Kroll et al., PRB 2008



Results

Intensity (arb. units)

|
704 706 708704 708 712 716
Photon Energy (eV)

X-ray absorption: Iron 2p — 3d: doping dependence
fluorescence signal

e Slight shift of main peak

* shift of onset of peak
= shift of chemical potential
also visible in Fe L-edges



X-ray absorption: Iron 2p — 3d: doping dependence

Results fluorescence signal
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F doping

Band effects visible in Fe L-edge

Intensity (arb. units)

= no strongly correlated material

= moderate/small U (U<W)
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X-ray absorption: Iron 2p — 3d

Results Charge transfer multiplet calculations

Tetrahedral symmetry: T

Best fit parameters:

10Dg =0.2 eV,
A=d’L-d®=1.25eV

U = 1.5 eV (multiplet averaged)
|pdn| = 0.27 eV, |pdc| = 0.62 eV
Slater-Condon: 80%

= Jeg=0.90 eV, Jt29=0.78 eV

Intensity (arb. units)

700 705 710 715 720 725 730

Photon Energy (eV)

4 N
= Highly covalent system

@ = adé+ bd’L + cddL?, a?=0.56, b2=0.39, c>=0.05

k:> High Spin S=2

J

T. Kroll et al., PRB 2008



Conclusions XAS:

Photoemission:
= Low energy states purely Fe 3d states

Absorption:
= Shift of chemical potential visible on O K- and Fe L-edges
= band effects important in LaO,_F ,FeAs absorption edges
= emphasises small/moderate U
= Charge transfer multiplet calculations:
= l]ow Hubbard U, A=d’L-d%=1.25 eV
= strongly covalent system
= No significant changes as seen by XAS and PES upon
= rare earth ion exchange

= temperature



Resonant Photoemission

Basic aspects |

—Ox
1 2.
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A A A A
Ep . Ep . Ep
7 Valence Band 2 % 7
Ex=ho—— Core level - O—

Absorption  Auger
decay



Satellites in Photoemission spectra |

Nickel metal
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Guillot et al., Phys. Rev. Lett. 39, 1632 (1977)

B S. Hufner et al., Phys. Lett. 51A, 299 (1975)

eV)



Satellites in Photoemission spectra Il

CuO

i Ea} SCIALE xI 1 é — .
Satellite: two-hole (d®)
z .
A final state, poorly
: screened
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Tjeng et al., Phys. Rev. Lett. 67, 501 (1991)

AE= \/(U —A)’ +4Ve?f Two level mixing model

van der Laan et al., Phys. Rev. B 23, 4369 (1981)



Resonant Photoemission

Basic aspects Il

2p%3d" — 2p%3d™! + e (Normal Photoemission)

2p%3dn — 2p°3d™*! — 2pb3dn-1 +e- (Auger decay)

The resonance enhances the satellite !



Results

Valence band BaFe,As, single crystals

I I I 1 I I 1 1 I ] 1 I I 1 I I 1 1 I I I I
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Energy (eV)

XAS:
U=1.5eV
Vi=14eV

T. Kroll et al., PRB (2008)
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Results

Resonance Profile

a — 1(hv=7018V)
—— 4 (hv =706 eV)

T T T T
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Energy (eV)

| | | |
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Energy (eV)

Resonance/Antiresonant behavior



Results

Fe 2p core level

Strong Correlations: Cuprates Weak Correlations: Mg
Cu-2p,, : Mg 2p,
— BI,S,Cacu,0, 4iSh 015
£ Ca,Cu0,Cl, z =]t o
= 3. Ego = 0.28eV
g Nd,CuO, oet
) 8
z b
e
9:15 ] 9;{] E . e > o
. Bindin Fe 2p —— BaFe,As, i BINDING ENERGY (eV) o .
A. Koitzsch et al., 92 t al., Photoemission in
Springer

-716  -714 -712 710 -708 -706 704  -702  -700
Energy (eV)

*Doniach-Sunijic lineshape for simple metals




Results

Fe 3p core level

Intensity (arb. units)

BaFe,As,

VB - onres.

Fe 3p - off res.

Fe 3p-onres.

-

-0 -8 -6

[ [
42
Energy (eV)

Strong multiplets
spread over large
energy range

@
IFW

Leibniz-Institut

fur Festkorper- und
Werkstoffforschung
Dresden




Conclusions Resonant Photoemession

= Observation of the two-hole satellite by resonant
photoemission for (Ba,K)Fe,As, single crystals

= Previously obtained parameterset with U = 1.5 eV
matches energy position well, U retains a clear
physical meaning.

= Consistent description of valence band, Fe 2p and
Fe 3p excitations

= Appearance of a conventional metal with hidden
correlations



Possible origin of small U:

As highly polarisable:

— Fe surrounded by polarised As

= electronic polarons

= strong screening of Coulomb repulsion

electronic bipolarons:

single electronic polaron:

- signifficant screening of U,
- attractive interaction due to

non-2D geometry
Sawatzky et al., arXiv:0808.1390
Berciu et al., arXiv:0811.0214
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« ARPES, Fermi surface etc.



Photoelectric effect

.

.
.

.
.

Energy Conservation
Ekin =hv —¢ — ‘EB’

Momentum Conservation
hk =K, = \/QmE,a.M - SING

S.V. Borysenko
IFW-Dresden




Low temperature ARPES at BESSY

UHV compatible

Electron-energy
analyzer
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The goal is nearly achieved !

azb f t ] Ag polycrystal
Ne \ T = 6K
E™" i FWHIl = 1.3 meV )\ -
: I 20 2l I g | 21 I'.' 2 I )= 21 :‘-.--1 B0 - .

L | | | I
readback ene:gy (eV) 1056 1057 1056 1059 1080 1081

Follath et al.

Achieved: 0.165 meV 0.92 K 1.2 meV




ARPES below 1K

%%% n
X% T = 960 mK
®
FWHM @
~24meV ©
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Zabolotnyy, Kim, Borysenko et al.
Borysenko, Zabolotnyy, Kim et al. Cu TiSe,

CeColng; T,=26K

CeColng, T.=26K
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Zabolotnyy et al. Nature 09
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Fermi surface of BKFA (our experiment)

E = E; + 20meV




Fermi surface topology
Ba, K Fe,As,

P

o] | inner [ '-barrel
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Evtushinsky NJP 2009




Fermi surface of parent compounds
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(t, ™) reconstruction

\D

blades

Momentum

Zabolotnyy et al. Nature 09




Fermi surface topology
Ba, K Fe,As,

P

o] | inner [ '-barrel
X-pocket

Evtushinsky NJP 2009




Hall coefficient from ARPES: Ba,_ K Fe,As

O O
* i

\0
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L 2
\ 4
O Calculated
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50 100 150 200 250 300
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Evtushinsky et al.




Agreement with uSR data

— calculated
from ARPES

o measured
outer by nSR
| I'-barrel

ARPES wmmp "

| X-pocket

inner [ =barrel
T

10

r==

] inner I'-barrel _
X-pocket Evtushinsky et al. NJP 09
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Spin lattice relaxation rate, T,, normal state

§ LaO, oFy 1FeAs
| | 1 | 1 | 1 | 1 | 1 |

0.00

Temperature (K)
H.-J.
H.-J.

0 50 100 150 200 250 300 350 400 450 500

Grafe et al., PRL 101, 047003 (2008)
Grafe et al., New J. Phys. 2009



NMR on LaO, . F_FeAs

1-x' X

NMR/NOR
local probe

—13FLa: [=7/2, Q%0,
outside the FeAs plane

-~ S'Fe: [=1/2, Q=0

<— PAs: 1=3/2, Q#0,
Inside the FeAs plane



Nuclear Magnetic and Quadrupole Resonance

H = yhHo(l + K)LI.

local susceptibility:
K:Ks_i_Korb
Ks:Ahf'Zs(q:O’ w=0)




Nuclear Magnetic and Quadrupole Resonance

H = yhHo(l + K)LI.

local susceptibility:
K:Ks_i_Korb
Ks:Ahf'Zs(q:O’ w=0)

V

7
local charge environment:

4 hZQ [(31/\3, _ fQ) -+ ?’](I/\EI — fg’)]

_ 3e@QV.. 5
YQ = 31ei—1)h V1+3?/3




Nuclear Magnetic and Quadrupole Resonance

H = yhHo(l + K)LI.

local susceptibility:
K:I<s_|_Korb
Ks:Ahf'Zs(q:O’ w=0)

V

7
local charge environment:

4 hZQ [(31/\3, _ fQ) -+ ?’](I/\EI — fg’)]

_ _3eQV.. 2
YQ = 31ei—1)h V1+3?/3

local dynamic susceptibility:

(T, ~Ax@)? 1 (9, w)
@~ 10-100 MHz



Ks=Aws 1:(0=0, ©=0)

Knight shift for H, | | a,b: LaO, oF, ;FeAs
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Hyperfine couplings for *3°La, >’Fe and As in LaO, 4F, ;FeAs

139 — 57 _ 75 —
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Hyperfine couplings for *3°La, >’Fe and As in LaO, 4F, ;FeAs

139, = 4.3 kOe/p,

57, = -5.7 kOe/pg 75, = 25 kOe/p,,

1.38 -
0.145| 0.08
0.140} 0.06|
- 0.04|
0.135 .
"o\ r /'o\ 0.02+
2 I Lo .
X 0.130 2 o0l

S a
c}‘m 0.125| o]
& 01200 1 ® 004
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0.0000 0.0001 0.0002 0.0003 0.0004 00000 0.0001 0.0002 0.0003 0.0004 0.0000 0.0001 0.0002 0.0003 0.0004
Loonger (EMU/MOI) Y ponger (EMU/MOI) Loowger (EMU/MOI)

Hic(La) = 1A - n(Fe)

undoped LaOFeAs:

Hint x=0(La) = 2.5k0Oe

Nakai, JPSJ 77, 073701 (2008)

= ordered Fe moment
of ~0.58 pg

Neutron scattering: ~0.36 p,
de la Cruz et al., Nature 453, 899 (2008)

MdRbauer spectroscopy: ~0.3 p,
Klauss et al., PRL 101, 077005 (2008)



Hyperfine couplings for *3°La, >’Fe and As in LaO, 4F, ;FeAs

_ 57 _ _
139A . = 4.3 kOe/p; Ahf 5 7 kOe/ uB 7§Ahf = 25 er/ Mg
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Hint(L2) = 1A - n(Fe) 57Fe: negative hyperfine coupling:
undoped LaOFeAs:
Hing xco(L8) = 2.5k0e STAns = Agp t Agg
Nakai, JPSJ 77, 073701 (2008)
= ordered Fe moment I ACp (COre polarization) IS Iarge
of ~0.58 pg and negative and A, large
Neutron scattering: ~0.36 and positive, then °7Ay;

de la Cruz et al., Nature 453, 899 (2008) can be small and negative.

MdRbauer spectroscopy: ~0.3 p,
Klauss et al., PRL 101, 077005 (2008)



Spin lattice relaxation rate, T,!, normal state

1 measure of the dynamic
A - spin susceptibility
025 | | | | ! | | | | |
H,|lab  "™As NMR 51
0.20 |- & o
O ¥ Q _ « (T,T)" is not constant in the
& O normal state, no simple Fermi
=< 015 g . liquid behavior
~ o040l - & * 1 « Pseudo gap like decrease of (T,T)"
o (2 in the normal state, but no “peak®
i é.@" 1 up to 500 K
0.05 F -
§ LaO, oF, ;FeAs
OOO | | | 2 | 2 | 2 | 2 | 2 | 2 |

0O 50 100 150 200 250 300 350 400 450 500
Temperature (K)

H.-J. Grafe et al., PRL 101, 047003 (2008)



Spin lattice relaxation rate, T,*, normal state

i _ —, Mmeasure of the dynamic
A _ spin susceptibility
» (-dependent form factor
(hyperfine coupling of
02— the nUCIQUS)
Hyllab  "As NMR 51
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Mangelschots, Physica C 1993



Comparison of >’Fe, "®As, 139%L.a and °F T,, normal state
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Comparison of >’Fe, "As, 13%a and °F T,1, normal state
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Comparison of >’Fe, "As, 13%a and °F T,1, normal state

LaO, oFy 1FEAS
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= 20-30

_ Either strong q dependence
i or quasi particle scattering.

In case of quasi part. scatt.
>'A, adds as the sum of
the squares, rather than a
direct sum.



Spin lattice relaxation rate, T,*, normal state

: = LaO,F, FeAs (T (7T)=23K)
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«(T,T)* is not constant in the normal state, no simple Fermi liquid behavior

=Pseudo gap like decrease of (T,T)!in the normal state, but no pseudo
gap peak up to 500 K

«Spin fluctuations in the underdoped region




NMR on La(O, F,)FeAs: Knight shift
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» Pseudo gap like decrease of Knight shift, but no “peak” up to 500 K
* Macroscopic susceptibility is not affected by impurities



Magnetic Susceptibility of LaOFeAs

-LaOFeAs e ‘Poor’ metal
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R. Klingeler et al., archiv:0808.07080 Yow. T- IMai et al., archiv 0810.0305



Susceptibility (10%erg / G'mol)

Magnetic Susceptibility of La(O,_F,)FeAs

(low.5 / Bia gL ) Aupandaosng

Normal State

v increases with T (up to 500K)

absolute values of y “small”

similar T dependence for
all doping concentrations

similar absolute values of i
for all doping concentrations

R. Klingeler et al., arXiv: 0808.0708
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(RE)O, ,F,FeAs - Normal State Resistivity

LaO, F,FeAs - lowest T, SmO,_F,FeAs - highest T,
as | LaO,_F FeAs 45| SO, F FeAs
=0
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What are the electronic properties in the normal state?
C. Hess et al., EPL (2009)
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LaO, F,FeAs - Normal State Resistivity

p/p(mm(a.u.)

LaO, F FeAs Superconducting
35 x x o
x=0 ,,underdoped

 High T, (>20K)
* No structural transition
* No SDW (uSR)

} * Low-T upturn
* Linearat high T

* Inflection point at ~150K]
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LaO, F,FeAs - Normal State Resistivity

Looks like underdoped Cuprates!
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LaO, F,FeAs - Normal State Resistivity

as LaO_F FeAs Superconducting
' x=0 ,,overdoped*

* Highest T_ (26.8K) at x=0.1
* No Low-T upturn

* Inflection point vanishes

* Linearat high T

e ~T?2atlow T
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LaO, F,FeAs - Normal State Resistivity

WallkE &%, Bsasmm 3

Similar to overdoped Cuprates!
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LaO, F,FeAs - Construct phase diagram...
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Temperature (K)

SmO,_ F, FeAs - Phase diagram
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Proposed generic phase diagram
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“Kinks™ In the dispersion of Ba,_ K, Fe,As,
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Magnetic fluctuations couple to electronic transport

p(T)/p(296K)
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Further evidence: p and ESR on GdO,_,F,FeAs
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7‘*‘5 Electronic Properties of Pnictide
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Intensity, arb. u.
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Asymmetry

Non-superconducting fraction below Tc
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Phase Diagram of La(O,_F,)FeAs
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NQR of La(O,_F,)FeAs : Electrical field gradient at the As nucleus
-> Charge distribution in the FeAs layers
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Intensity (arb.u.)

NQR of La(O,_F,)FeAs : Electrical field gradient at the As nucleus
-> Charge distribution in the FeAs layers
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NQR of La(O,_F,)FeAs : T dependence
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NQR of La(O,_F,)FeAs : Spatial variation of the doping

@ b), |

| oo ' |
5% i
40K - 15%
.7:5|0/°. RTl L |R.)T. L
0% 10 11 11 12
frequency (MHz)
%‘ 5OK (€) g
qC) B 4
§ 4OK P
'C—;U - —_10,87\1\
’g : ::::::===___.....:::::::::::::II‘: \%
: ys 1% o
N ] : e R ’!: 96
A undoped | L S I
" 160K | : F SR
L oo, )y '.|....|..1-.'|'!ﬂ.|.....|....|.'9,2
9 10 11 12 13 50 100 150 200 250 300

frequency (MHz) T (K)



NQR of La(O,_F,)FeAs : Spatial variation of the doping
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NQR of La(O,_F,)FeAs : Spatial variation of the doping
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Spatial variation of the doping on the atomic or nm scale

(a)

normalized intensity

undoped
160K
9”I 10””11””12””13
frequency (MHz)

Underdoped pnictides:
Local charge distribution varies
(~undoped and ~optimally doped)

2 well defined frequencies
Not disorder
Not distribution of F atoms

No traces of magnetism in uSR
,2undoped"” regions too small?

2 peaks with similar behavior at T_
ordered structure (e.g. ,stripes etc.”)
regions too small (< &)

- ooy LaFeAsO,.F, |

140 L tho, !
R .rhc’“bf'c'

120 -\\\\{‘\ A tetragonal
PO

100 fr

;a?
57

% * T_from XRD
80 a\"\'\\w o T_fromy(T) -
a0 \ \'\\ A TN from uSR |

= T_fromuSR

T s TS

40 h\x\\s
5 \\\\_\;\\;‘\\\ superconductivity

0.00 002 004 006 008 010 012 0.14 016 018 020

2

o

MNominal F content x



Static Stripes in (La,Nd),,Sr,,CuO,
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Proposed generic phase diagram
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Structural transition
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T, T, T.(K)

Thank you for your attention
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Knight shift and T,1: Korringa relation

75,2
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H.-J. Grafe et al., PRL 101, 047003 (2008)



