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» Discovery of high-T_ in pnictides in 2008: new excitement

« Electron-phonon coupling cannot account for T,

* New family of unconventional high-T. superconductors: cuprates are not the only ones!
*  Proximity of spin ordered phases

« Multi-band physics 50 —66 lngK)
I (Ba..K.)Fe:As:
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Correlation level? Ba . K

hole (]ol)ing

Pairing symmetry and superconducting mechanism?
Can first principle calculations account for the spectral properties and
the phase diagram?
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M2 | Angle resolved photoemission spectroscopy
u=mc (ARPES) in BaFe,As,

— . ‘As 4p’ ‘Fe 3d’
Ding et al., J. Phys.: Cond. Matter

%‘ 23, 135701 (2011)
:s.? de Jong et al. Phys. Rev. B 79,
5 . 115125 (2009)
%0 high
‘-g‘ and many others....
=

low

M

BE (eV)

S DFT-LDA band structure resembles ARPES
0.2 N =X only after band renormalization (usually a
factor in the range of 2-5)

ARPES satellites are missing

Need of improved theories for an ab-initio

LDA baénds renormalized L .
description of correlated materials

by a faétor of 2

I X M
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« Constructing effective models for correlated materials:
dynamical (frequency dependent) onsite interaction U from
reducing the Hamiltonian to correlated bands

 Satellites and low-energy properties of BaFe,As, from
dynamical mean field theory (DMFT) with frequency
dependent U

* Low-energy Hamiltonian for frequency dependent U
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Low-energy model
of correlated materials

Tight-binding model from localized (Wannier) orbitals
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Density-density interactions
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(matrix elements of the Coulomb potential in the Wannier basis)

Those interactions are screened

by the excluded (high-energy) degrees of freedom
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cRPA screened interaction
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 Screening coming from the electrons excluded from the model

» RPA screening: I A
o Y
U(a))= Y AO\L/\VtZg
. 1 - R,(G))U ERTY; ]
B 0 5] y
ANAANA = oo 20 Aof

- <:>V ( Total polarizability P = Pd +P)

P; d-d transitions

0
RPA polarization: e-h pair excitations Pr other transitions
P(r,riw) = ) dhulr)d; ()45 (r);(r) Aryasetiawan et al. PRB 70, 195104 (2004)
i

1 1 Miyake et al. 80, 155134 (2009)
X {w_8j+6i+i0+ —w+€j_€i_,-0+} \_  Miyake etal. 61,7172 (2000)  /
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o Dynamic U in BaFe,As,
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 Downfolding the full LDA Hamiltonian by Fe-3d and As-4p max localized Wannier functions
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B4R I, & i v
- P —— /;;-é’: | Re[U(w)] sreses :
3d R — s s |rﬁ{uggj —_—
= T e 10F IMU())e” === e
24 S )
I N
4y 1 T 0.00
4p :-\.—.# :;;I_ = e __ ]
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« Coulomb interaction: o
frequency dependence from cRPA, i
Slater parameterization for static part of U ol v s s s
0O 5 10 15 20 25 30 35 40 45 50
: o (eV)
« Important observations:
1. Static value very different from the unscreened (infinite frequency) limit
Strong frequency dependence even at low energy scale
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~me| Dynamic U and mapping to bosons
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LU (w) =g§<mm|U|mm> :‘;‘ ‘R‘JM"". Y
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Re[U(w)] : Y
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3d > Im[U(w)] — o
= 10F ImU(@))/o™ === B
4p 0.00

-0.05

H=H +H o0
multi-band Hubbard with STATIC U plasmons

ol 11 1 g5
0 5 10 15 20 25 30 35 40 45 50
' ; o (eV)
leasmons = Zwvbivbiv + Z}“V(biv + b;y) Znima
i,v i,v m,o
. o
A, = ——Im[U(a)v)] Electron-plasmon coupling given by ImU
JU
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mc Hubbard-Holstein model:
uPmC plasmons interacting with correlated electrons
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7
U s
U
H= 2 e(k)ciack,+ UE nin;| + woz b,Tb,- 5 )
ko i . 3 ¢ Ulio)=U - 820
S w” + w,
+82 (bj+bi)(”ir+"u— 1). Uy
1 1t
0 . . ‘ .
0 2 4 6 8 10
Spectral funétion with =100, wy=10, U=6.5 and g=4.7 on the Bethe lattice
05
Electron-plasmon excitations:
04 .
« replica » of the low-energy structure
g 0a at multiples of w,
0.2
0.1 N M
0 A\ A
-20 -10 0 10 20
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“—| Dynamical mean-field approach
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Accurate description of local H
atomic physics is essential in Glatt : > imp
case of strong correlation ﬂ Glatt = Gimp 27

Material

(crystalline solid)

f dk i +“_1€k S L L L] _’. impurity solver
DMFT maps the full lattice R m W4
problem into a single site _ .
Hamiltonian hybridized with a Llatt < ' G’tmpa 2imp
self-consistent bath Yiatt = Limp

A. Georges, G. Kotliar, W. Krauth, M.
Rozenberg, RMP 68, 13 (1996)

Resolution of the impurity problem by the
hybridization expansion CTQMC
algorithm which supports retarded
interactions (Werner and Millis, PRL 2006)
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temperature

Ba oKy Fe,As,: x-T phase space

. , = — 600 K
1 450 K
o 1 300 K

our study:
ramagnetic calculation
o o o 1 150K

' ' — oK

el x=0.2

undoped hole x=0.2 hole x=0.4

doping

0 02 04 06 08 I
Ba X K
hole doping
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w~mc| Dynamic U effects in Ba, ¢K, ,Fe,As,
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o d spectral function 45
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6
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Jeme Dynamic U effects in Ba, K, ,Fe,As,
I 1 A'(U)I) 1 50
- d spectral function 45
- a0
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Structures from p-d hybridization squeezed toward the Fermi energy
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Dynamic U effects in Ba, K, ,Fe,As,
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- 4.0
u : 43.5
= LDA sssess
B dynamic U == |
static U ——30
412.5

p(@) (eV')

® (eV)

Weight reduction at low-enerqgy and spectral weight transfer to high-energy
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w~mc| Dynamic U effects in Ba, ¢K, ,Fe,As,
bosonic spectrum B
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w~mc| Dynamic U effects in Ba, ¢K, ,Fe,As,
0.025 —_— A(w.) — 5.0
R d spectral function {45
0.020 . 5 4.0
- 435
nif I.'DA ......

>
dn ) {25
0.010 o 1N 42.0
i i " E ¢ 115
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Y ] 05
0.000 —t 0.0

20 -6 -4 -2 0 2 4
o (eV)
Satellites: at 6.1 eV
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w~mc| Dynamic U effects in Ba, ¢K, ,Fe,As,
0.025 —_— A(w.) — 5.0
R d spectral function {45
0.020 . 5 4.0
- 435
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dn ) {25
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Satellites: at 12 eV
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w~mc| Dynamic U effects in Ba, ¢K, ,Fe,As,
0.025 . T . T A((D,) T . 50
R d spectral function {45
0.020 - 5 4.0
B : —43.5
Eif LDA «eeees

?'3, e L . 425

Sl 2 8 7
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I i " E ¢ 115
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® (eV)
Satellites: at 16 eV
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meo Experimental signatures of d-satellites
uPmc from ARPES?

EF i D8 ’
Ding etal. J. Phys.: Cond. Matter | & 4P, ‘Fe 3d
— 23, 135701 (2011)
- 5]
© 2
[ de Jong et al. Phys. Rev. B 79,
E 115125 (2009)
L!:o 4 high
= Veronique Brouet, private
E communication
@ 6
low
r X M o
Wave Vector 500 - Co 8% - 45eV
—— VB_1220020939_45eV_4K
As 3d32, 52 100 L Ve 1221154927 -asev 4K
' VB_1221150750_45eV_30K
VB_1221160221_45eV_4K \
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Doping dependence in the self energy

mpg
mc
UoMmC
total d self energy
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el x=0.2
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doping
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~nc| DoOping dependence in the self energy
total d self energy
; : . . . 2.0 ' , - - 600 K
.0:::
RE - 1 450 K
.o::'- 11.5
. .0:-'
d o 1 300 K
—_ 0.‘
_\gj - ’0::. 11.0
€ ,o::' © o 1 150 K
- o'm
r's a
*" doped x=0
A : :lr:ac%%?l d);ping=0.2 10.5 . 0K
9:. el x=0.2 undoped hole x=0.2 hole x=0.4
o )
@ doping
e 0.0
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Jmme Doping dependence in the self energy
total d self energy
: . . . . 2.0 ' r - - 600 K
1 450K
3 : 1300 K
éi_
. -0 o o 1 150 K
v .
2
a" * optimal hole doping x=0.2
T e ena 02 o SN PP
ou = electron doping=0.2 elx=0.2 undoped hole x=0.2 hole x=0.4
doping
O 0.0
00 05 10 15 20 25 30

0, (eV)

Onset of the square root behavior at optimal hole doping
NON FERMI LIQUID BEHAVIOR
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Doping dependence in the self energy
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total d self energy

2.0 . , - ' 600 K

i 1 450 K

- 1 300 K

- 0O 0) o) o 1 150K

*
*s" @ hole doping x=0.4
.:' . ogfmaciZ'lzlge;::ioping x=0.2 | 0.5 L L : L 0K
om L 4 =
. glr:ac?%en dxoping=0.2 elx=0.2 undoped hole x=0.2 hole x=0.4
doping
' ' ' : ' 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0, (eV)
Close to the full substitution (KFe,As,)
strong non-fermi liquid behavior (finite intercept)
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K-resolved spectral function: hole doping
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Ba(1_2X)K2XFe2As2

BaFe,As, T=145 K Bag Ko 4FesAs, T=145 K Bay 5K, gFesAs, T=145 K
0.40 0.40
0.30 0.30
0.20 0.20
0.10 0.10
0.00 0.00
-0.10 -0.10
-0.20 -0.20
-0.30 -0.30
-0.40 -0.40

r X M r
x=0.0 x=0.2
undoped strongly doped

Fermi liguid to non-Fermi liquid crossover
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T dependence in the self energy

total d self energy
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T dependence in the self energy

mpQo
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Uome
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—me| T dependence in the self energy
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total d self energy

2.0 ' —=———— 600K
At 1 450 K
m B :'.. 1 1 5
3 - & 1 300 K
g L 11.0
W oa" - .
E & o 150 K
w® s T=145K
| = = T=290 K 10.5 L 1 L 1 0K
= = T=580 K el x=0.2 undoped hole x=0.2 hole x=0.4
" doping
: 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
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By rising the temperature
the system goes quickly into a strongly incoherent reqgime
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o Paramagnetic phase diagram
. 600 K
Fermi liquid 450 K
®

g 4 300K

5 5 G

- I’ i)k

IREWS % o < 1
0 : o o 150K
B
el x=0.2 undoped hole x=0.2  hole x=0.4
doping

 Electron-hole asymmetry
» Spin-freezing crossover in the hole doped region

Werner et al. Phys. Rev. Lett. 101, 166405 (2008), De’ Medici et al. PRL 107, 256401 (2011)
* Doping dependent renormalization of the LDA band structure
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o Comparison to ARPES
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E

Comparison with Ding et al.
0:00 J. Phys.: Cond. Matter 23, 2
loto 135701 (2011)

eV

0.10
0.20 0.20
0.30 0.30
0.40 0.40
N X M r T X M r
0.00 0.00
Comparison with V. Brouet et al.

-0.10 arXiv:1105.5604 0.10
-0.20 -0.20
-0.30 -0.30

r M r r+(o;o,o.5) | M+(0,0,0.5) I'+(0,0,0.5)
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o Comparison to ARPES
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Ba0_6K0_4F62A52 T=290 K

Comparison with Ding et al.
J. Phys.: Cond. Matter 23, 2
135701 (2011)

Experimental T=150

ent within 0.05 eV

r X M r

IOW-energy . Al __ASZT_MMf

I

Comparison with V. Brouet et al.
-0.10 arXiv:1105.5604

eV
eV

-0.20 +4-0.20

-0.30 -0.30

r M r I'+(0,0,0.5) M+(0,0,0.5) I'+(0,0,0.5)
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~me| LOW-energy effective static model

H=-) tyd, di,+ VZdszleudw +p Yy dld;

Start from Hubbard-Holstein ijo io

Lang-Firsov
transformation

Projection on the
zero-plasmon
subspace

—l-woZbTb +>\Zd b; + b)).

H — Hpp = eSHe S S——Enla(lf -b)
cio = exp(2(b; — b]))dio Wo ig
cly = exp(Z; (0] — b:))d,

Hig = Z tzjcwcjg + Uy Z zTCzTCz¢Cz¢ + wo Z bTbZ,

1j0
202
Up=V — iy Zp = exp(—A?/wp)
Hee = (0|H|0) = —)  Zpty;d),djo + Uy Z dl,dird] | diy
190
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me Dynamic U effects @
uPme recovered in the effective static model
L Aw)
R d spectral function {45
Bandwidth renormalization I : luo
N —43.5
/ : namli_cl?A —

(pTdT) 7;917 ZB%d p —;_ | M E ! staticg —130
VZ5T), ZpTad d )=t 125
=L ' : i 120
00 - i ' = ¢ 115
Zp = exp (1/#/ dv ImUret(V)/y2> i 140
" Y " 105
Z,=0.59 A 0.0

5 -4 -2 0 2 4

® (eV)

Structures from p-d hybridization squeezed toward the Fermi energy
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me Dynamic U effects
uPmc recovered in the effective static model

A)

| - 5.0

d spectral function {45

Green’s function renormalization 1ag
43.5
I.‘DA ......
low-energy . T dynsatu;:gg —130
Gij (7-> - _ZB <le (T)d] (O)>Heff

loss of spectral weight due to
plasmon “shake-up” excitations

® (eV)

Weight reduction at low-enerqgy and spectral weight transfer to high-energy
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cRPA U versus “regular” U @

« Static U used in literature for correlated compounds compared to effective U

7B Uo Uit
SrVOs3 0.70 3.3 4-5
SraVO4 0.70 3.1 4.2
LaVOs 0.57 1.9 5
VOq 0.67 2.7 4
TaS- 0.79 1.5
SrMnOs 0.50 3.1 2.7
BaFesAso 0.59 2.8 5
LaOFeAs 0.61 2.7 35-5
FeSe 0.63 4.2 4-5
CuO 0.63 6.8 7.5

The bandwidth renormalization from Coulomb screening
explains the apparent contradiction
between the static limit of Ugp, and the U values used so far in literature
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me Spectral function
uPmc In effective low-enerqy model

1.0eV
0.8 eV
0.6 eV
0.4 eV
0.2 eV
0.0eV
D.2eV
D.4eV
D6eV
0.8eV
-1.0eV

effectiva model

Effective low-energy model spectral function
in agreement with the one obtained for the fully dynamic U model

M. Casula, P. Werner, L. Vaugier, F. Aryasetiawan, A. J. Millis, S. Biermann
PRL 109, 126408 (2012)
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* First ab-initio DMFT calculations with frequency dependent U
« Capability of DMFT to treat plasmon satellites

« Surprises from the strong low-energy impact of the dynamic U, despite the
fact that the unscreened part sets on at relatively high energies (~15-20 eV)

« Physical outcome from dynamic part in BaFe,As,
— Renormalization of the quasiparticle width and spin-freezing crossover
— Spectral weight transfer to higher energies
— Prediction of plasmon satellites

« Effective low-energy model to include dynamic screening

M. Casula, A. Rubtsov, S. Biermann, PRB 85, 035115 (2012)

P. Werner, M. Casula, T. Miyake, F. Aryasetiawan, A. J. Millis, S. Biermann
Nature Physics 8, 331-337 (2012)

M. Casula, P. Werner, L. Vaugier, F. Aryasetiawan, A. J. Millis, S. Biermann
PRL 109, 126408 (2012)
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