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Abstract: Strongly correlated electron systems are play grounds for exotic quantum states such as high Tc superconductivity, quantum spin
non-fermi liquids and so on. Recently high Tc superconductivity has been observed in an iron based compound K2Fe4Se5. | will present ¢
and outline an effective theory [1] that describes physics of this complex system - a non linear O(3) sigma model in 2 + 1 dimensions cou
Dirac fermions. Topological solitons and induced quantum numbers are well known in Skyrme model for protons and neutrons. In our conte
get topological baby Skyrmions with an induced charge 2e. Baby Skyrmions conduct themselves “super'.
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Introduction

Phenomenology

Model Building for K,Fe Se.
Induced 2e Charge in Skyrmions

Spin gap, spin-8 Quantum Liquid &
Superconductivity

Predictions and ways of increasing Tc
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Routes to High Tc Superconductivity

Eﬂvq}erﬁnenta[

Cuprates - 32K to 163K
AlS 23 .
: Chevrel Ph: 15k
Theoretical YreL e =
(SN),, Organics - 1K to 13K
T W SR, Sy — Oxides, .. Ba, Na_BiO, K
Nickel borocarbides 24 K

SRREDVIEE. & BRccHamn. Fullerits 40 K,  Graphite 350 K (?)
Ivdrogen under pressure | Boride MgB, 40K

Li Intercalated HINC1 27Kk
Joped Mott insulators
&B}z}l’;B mechanism Fe Arsenide Family S K
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CS theory Fermi liquid reference state
\

m , fermi liquid parameters, ..

kK+q Matrix elemenet for phonon mediated
scattering is negative

Cooper instability

BCS superconducting state
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CS theory Fermi liquid reference state
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BCS theory inspired
traditional route
to new superconductors

—1

Kyl :ha)Dep s
Look for

Large Debye frequency

11111111111 Large density of states
T arce alectran nhanan coammhnoe rnannnf



=
Kl = ha)Dep &

Serious constraints from stability point of view
-McMillan, Anderson, Cohen

Phonon mediated maximum Tc~ 30 K
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raction of electrons

irticipating in hco,,
iperconductivity is e, <1

his roughly defines low temperature superconductors

ow do we make more electron participate in superconductivity ?

uprates showed a new way: Doped Mott insulators
(RVB theory: absence of fermi surface, Mott localization,
superexchange, preformed Cooper pairs ...)
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nglet correlations (arising from antiferromagnetic couplin:
| a Mott insulator are pre-existing neutral cooper pairs
hev carry spin current and no charge current)

oping charges the neutral singlets

lesonating charge singlets form a superconducting state

rovided thev do it in a phase coherent manner)

1 {)% — P “' :‘LndH*Si]ll
" GB. Zou and Anderson
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inglet correlations (arising from antiferromagnetic couplin
. a Mott insulator are pre-existing neutral cooper pairs
hev carry spin current and no charge current)

oping charges the neutral singlets

lesonating charge singlets form a superconducting state

rovided thev do it in a phase coherent manner)
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Message from
Resonating Valence Bond (RVB) theory

Mott insulators are seats of high Tc¢ Superconductivity

Superexchange is the GLUE

Fraction of electrons participating in superconductivity

fmﬂ

isnot —  but x
“F

Therefore k B TC ~ X t (here T is the hopping parameser)



mnother Message from RVB Theory (1987-88)

nportance of Topological Excitations of an
rdered Antiferromagnet

tatistics Transmutation, induced charge,
[idgap states, two spinon states,
ooper pair as a topological excitation ...

ivakov, Wiegmann, Dzhyaloshinski (1988)
nderson, John, GB, Doucot (1988)

vhn, Golubentsev, Berciu

legmann, Abanov ...
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nglet correlations (arising from antiferromagnetic couplin.
| a Mott insulator are pre-existing neutral cooper pairs
hev carry spin current and no charge current)

oping charges the neutral singlets

lesonating charge singlets form a superconducting state

rovided thev do it in a phase coherent manner)

1{;‘{- P “Y .—\ndf!“Si}ﬂ
n GB, Zou and Anderson
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Re]O. Fi]FeAs
Re=La, Ce, Pr, Nd, Sm, Gd, Tb

space group : tetragonal (P4/nmm)
lattice constant - a =4OZA, c=8.71A

H. Takahashi er al. Nature 453. 376 (2008)
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Fe : 2D-square lattice
Fe-As distance : 2.327A
FeFe distance : 2.854A
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LaO FeAs

Nominal Valence: La3+ 02' Fe2+ AS3-

Fe?t: 3d°
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LaO FeAs

Nominal Valence: 1. a3+ 02- Fel'*‘ AS3-

Fe?t: 3d°

Pirsa: 11080144



Odd electrons Even electrons

La,CuO, 3d&° NiO 3d®
CuO 3d° LaMnO,; 3d*
VO, 3d! V,0; 3d?
KiCea LaCoO; 3d°
LaOFeAs 3d¢
FeSe 3d¢

K,Fe,Se. 3d°
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LaO FeAs

Nominal Valence: L a3+ 02- Fez+ AS3-

Fe?t: 3d°
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Odd electrons

La,CuO; 3d°

CuO 3d’°
VO, 3d!
chﬁﬂ
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Even electrons

NiO 3d®
LaMnO; 3d*
V,0; 3d°
LaCo0O; 3d°
LaOFeAs 3d°
FeSe 3d°
K,Fe,Se; 3d°



Odd electrons

La,CuO, 3d°

CuO 3d°
VO, 3d!
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Even electrons

NiO 3d®
LaMnO,; 3d*
V,0; 3d*
LaCoO; 3d°
LaOFeAs 3d°
FeSe 3d°
K,Fe,Se. 3d°
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New Fe based systems

Superconducting Tc increases from 27 K to 55 K
REOFeAs - RE: rare earth Sm, Nd, Pr ...

SrFe,As, , BaFe,As, ,.....

o - FeSe, FeTe

intercalated K,Fe Se; family, ..



Strong Coupling Theory of Superconductivity
In Fe pnictide systems:

G Baskaran, J. Phys. Soc. Jap., Nov. 2008 (arXiv:0804.1341)

Q Si and E Abrahams, PRL 2008 (arXiv: 0804.2480)
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Property Cuprate Fe pnictide/chalcogenide
ott Insulator |
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ectrical transpert
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- T dependent | T dependent
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Intercalated K,Fe ,Se. Mott insulator Family
J. Guo et al, Phys. Rev. B 82, 180520(R) (2010).

=
\/g X Y Ordered Vacancies

/P F2* carries S = 2 moment
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/ F FE‘I romagnetic

pl aquette
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Intercalated K,Fe ,Se. Mott insulator Family
J. Guo et al, Phys. Rev. B 82, 180520(R) (2010).
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Intercalated K,Fe,Se: Mott insulator Family
J. Guo et al., Phys. Rev. B 82, 180520(R) (2010).
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Counts at (101) peak
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Intercalated K,Fe Se. Mott insulator Family
J. Guo et al, Phys. Rev. B 82, 180520(R) (2010).
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Counts at (101) peak

W Biao et al. arXiv:1102.0850 (superconducting sample)

Order parameter square Ty ~ S60K
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Wei Bao et. al., arXiv:1102.3674
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Wang et al. arNiv:1101.0789
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. Jiao et al.,
rxiv:1106.2283v1

HL::l‘T
60 - e #2
Hic®
Hic#3s
50 L HltH_
40| q
B
3 30} \ -
T \!
- \
20+ ® -
\
10+ . -
D, E |
n L L i 1 QL
Pirsa: 110@144 5 1 0 1 5 20 25 30 35 Page 58/122



d72v3

rX1v:1101.0

(82 uIn
[

a,

Z.G. Chen et al.

£

1.00

0.75

0.50

025

0.00

500

75000 10000 15000 20000
o (cm )



AW T T T T T T T T T
- K.__Fe. Se_ 7
.oy, o8k ©175%
= L =
30 ®
L ]
< 20f * -
— °
A " J
10 ® - .
L
N
b -.-——u
:\ 0 ] L ] n 1 1 1 1 ] I
- 0 2 4 6 - 10
=4 Pressuare (GPa) )
- = —] I i — T
- - — a3
- Jing Guo et al., 2 3
> B =
d 5 74
=~ 80
< =
___ Pirsa: 11080144 2
h




X.-P. Wang et al
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R.H. Yuan et al. arXiv:1102.1381
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'Se NMR

?FK (%)
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/3 )4 \/g Ordered Vacancies
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Theory
GB, arXiv:1108.3562

C. Platt et al., arXiv:1106.5964

T. A. Maier et al. PRB 2011

Yi Zhou et al., arXiv:1101.4462

Fa Wang, EPL 2011

T Das & Balatsky, arXiv:1106.3289
R Yu et al., PRL 2011
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Analogue of CuQO, plaquett is

F,Se, plaqutte where each Fe 1s
Tetrahedrally coordinated by 4 Se atoms
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GB arXiv:1108.3562

Minimal Model

for Low Energy Electronic properties

F, plaquette is the basic building block

It has an electronic integrity
As seen from its large and robust S = 8 magetic moment

Where do the moments come from ?






F,Se; Se, Cluster

= 4 edge sharing FeSe, tetrahedra
O E e O
Fe
ato
@ O e —eo
» () B
o O E 2 e )
B |
L E k! k] O e
® © o
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F,Se, Cluster Ferromgnetism
Spin state of F* is S=2

‘e atoms are ferromagnetically coupled - we get S =8 state

THH
T
tHH
T HH

4s and 4p orbitals of Se
strongly hvbridize with 3d orbitals of Fe
Fe-Fe distance is comparable to that in metal iron
3d orbitals of 4 Fe atoms have strong direct overlap
““{part of the reason for F cluster ferromagnetisni)™



16 Spin polarized level of F,Se, Cluster
A hybrid of 3d levels of Fe and

4< and 4n levels of Se
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S=7% core moment S = Y% valence moment

Hapm = _]HZS 8; +J ¥ _(8; +5) (S; +3;)

(i7)
Jy; ~ 100 meV is Ferromagnetic Hund like coupling
within F, plaguette

J ~ 20 meV is interplaquette effective AFM coupling

Pirsa: 11080144 Page 75/122

Jy>>J weget S=8 Heisenberg Antiferromgnet



16 Spin polarized level of F,Se, Cluster
A hybrid of 3d levels of Fe and

Pirsa: 11080144 e Page 76/122

4<¢ and 4n levels of Se



S=7% core moment S =Y valence moment

H—’&F\I—_JHZS Sz+]z % +8 ) (D5 +5;)

(13)
Jyg ~ 100 meV is Ferromagnetic Hund like coupling
within F, plaquette

J ~ 20 meV is interplaquette effective AFM coupling
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Jy>>J weget S=8 Heisenberg Antiferromgnet



Where does a doped electron go ?

O eof ¢ o 19 O

Fe

atom

2222222222



Where does a doped hole go ?

Hypothesis
a doped hole enters a
non degenerate singlv occupied valence orbital

Any orbital degeneracy will lead to lifting of degeneracy
by plaquette distortion (net seen in experiments)

This state is similar to Zhang-Rice Singlet in cuprates

In the present case a doped hole creates aS=7
Hexadecatric State
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Model Hamiltonian

for the doped
S=8 Mott Insulator
=73 Core Spin
HtJ — —thjCL.CJJ-l-h.C-I—JZ(SI‘-|—S;;)'(SJ‘+SJ')
1] (27}
— JH Z S,j- S;
]
s = o, ) § T . .
wmnd width 4t 200 meV ZJ ELCo ,If 3

charging energy 300 meV

- é’iI@-T]é‘ﬁh)“ ~ E;_R of th»e ( F €9 S'E':j )3+ plafl uette. Page 80/122



AFM order blocks hole delocalization
(strings of flipped bonds)

Spins cant/twist and allow delocalzation and
gain kinetic Energy

Double exchange theory
Zener, Anderson, Hasegawa, de Gennes
in 3D ferromagnetis (manganites)

In 2D there is an alternate way
(Create Skyrmions and gain delocalization energy)
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In 2D there is an alternate way

Skyrmions Can help

Pirsa: 11080144



Skyrme Model (1962)

Model for neutron, proton

(A low energy field theory for Standard model)

Pirsa: 11080144

Non-linear sigma model of Pion field
Topological excitations (solitons)

Collective quantization of zero modes
topological terms, induced charges ...

T(sum) = Z



Skyrme Model (1962)

Model for neutron, proton
(A low energy field theory for Standard model)

Non-linear sigma model of Pion field
Topological excitations (solitons)

Collective quantization of zero modes
topological terms, induced charges ...

e T (sum) = Z



We have a 2-dimensional
Heisenberg antiferromagnet

Sublattice magnetization
is the order parameter




2-dimensional
Heisenberg antiferromagnet

Its low energy physics is described by a
O (3) Nown [tneen O- Mo deh

S~ [ dr dy dr[—(0n(r))? + (2,0(r))? + (2,n(r))’]

Collective excitations: spin waves (Goldstone modes)
(non-topological)
Baby Skyrmions (topological)

. hapological index

Pantfrvacian oy

1 - Page 86/122
Q=— [dedyn-(9nxTn



Sublattice spin pattern in 2D plane

: II5(S?) = Z
T
Q= % dr dy n-(d.n x d,n)
N

!

N
> 7: Order parameter
space
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How do Slyrmions Help ?

A rigid AFM background
prevents hopping and
delocalization through
a high exchange
barrier




Jouble exchange theory
ener, Anderson, Hasegawa

hopping ~7©O ﬁarﬁr"“j” L
JQE—ZFNE—TZCOS 0::/2)c; cJ—I-HC)

) <>
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How do Slyrmions Help ?

A rigid AFM background
prevents hopping and
delocalization through
a high exchange
barrier







Spin density wave picture

1D Domain wall (pi-twist) in an AFM
Traps a mid gap state
(similar to polvacetyvlene)



B skgemion traps 2 Spems i

y 4 '7\/\4(}8/47 S"{_szag
Sa:)elwl 7\.’/"\“
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S ~ /d3.r W [—iv,(9, + Al)+im G- n(r)] v

Y = iv’90, and 7°,4*,v¥ = o°,0Y, —0F
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S = Sp+2iA°J

Wiegmann 1999
Wiegmann, Abanin

JI' = Le**n-g,n x dn

jt

ngk}'rmii}n = =+ 2e |Q|
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B skgemion traps 2 Spems i
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N \\
l o b S
Antiferromaenetism
2 &1l Ferro—
- kyrmionN magnetism
Skyrmio super— :
Crystal | conductivity Nuctivity
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Jouble exchange theory
ener, Anderson, Hasegawa

7 — —-tZ((‘LCQT + h.c.) — Jy Z 5.5+ TJ58:.5

npping 7O fropping> L&
Lff—ZFm—-tZCos 60:;/2)(c; (J-I-HC')

) <11>
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2-dimensional
Heisenberg antiferromagnet

Its low energy physics is described by a
O (3) Nown [tneen O- Mo deh

8 / dx dy dr[— a.n(r))? + (9,n(r)? + (9,n(r))?]
Collective excitations: spin waves (Goldstone modes)
(non-topological)
Baby Skyrmions (topological)

222222222

—.opological index P
IQP st QEI [dz;dyn (c)nxé_,,n)

Pantrvacan tndlos



Sublattice spin pattern in 2D plane

I1,(S%) = Z

I
/@ Q=— [drdyn-(9nxd,n)

N
S ~: Order parameter
space
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How do Slyrmions Help ?

A rigid AFM background
prevents hopping and
delocalization through
a high exchange
barrier




S = Sg +2iA%J,

Wiegmann 1999
Wiegmann, Abanin

JI = =¢“*n-9,n x dn

QCSI-..'}'rmiun = =+ 2e |Q|
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Robuts antiferromagnetic background
2e Charged Skyrmions as cooper pairs
Singlet or triplet pairing ?

IL-2 L0l LK _——
Kk
HJ_ 220 Fik REIRE
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txplanations and Predictions

50 K Structural Transition:
Self Doping and Ordering of Singlet Chains

30 K SDW order: SDW within Singlet Chain

caleof Tc — SCOPE FoR HIGHER —l::

rediction: Mutully Perpendicular SDW and CDW order

‘lew Systems ? Doped LaOFeP
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Band Picture
Doped Mott Insulator Pict

(I T T 1= ST N ¢ A
% B REE o HLZLH UT U
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