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The many-body problem

Electronic terms:

Nuclear terms:

Electrons are fast (small mass, 1031 Kg) - nuclei are slow (heavy mass, 10
2I'Kg) — natural separation of variables

In the expression above we can ignore the kinetic energy of the nuclei,
since it is a small term, given the inverse mass of the nuclei

If we omit this term then the nuclei are just a fixed potential (sum of point
charges potentials) acting on the electrons: this is called the

Born-Oppenheimer approximation

The last terms remains to insure charge neutrality, but it is just a classical
term (Ewald energy)



Many-Body Schrodinger Equation




Hartree-Fock approach

Hartree product is

W (X, X2, = -, Xn) = X2 (30 )xa(22) - - xoe ()

Problem: This wavefunction does not satisfy the antisymmetry principle!

Considering two-electron case with antisymmetry:

Uixy, %) = ?{E [xa (1) xz (%2) — xa (%2)xa(3:]]

Namely, a Slater determinant ESCS] [



Hartree-Fock approach

« The basic equations that define the Hartree-Fock method are obtained plugging
the Slater determinant into the electronic Hamiltoninan to derive a compact

expression for its expectation value
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» Direct term is essentially the classical Hartree energy (acts between electrons
with different spin states (i=) terms cancel out in the direct and exchange terms)

 Exchange term acts only between same spin electrons, and takes care of the
energy that is involved in having electron pairs with parallel or anti-parallel spins
together with the obedience of the Pauli exclusion principle



" Exchange” and " Correlation”

Exchange term is a two-body interaction term: it takes care of the many-
body interactions at the level of two single electrons;

In this respect it includes also correlation effects at the two-body level: it
neglects all correlations but the one required by the Pauli exclusion principle;

Since the interaction always involve pairs of electrons, a two-body
correlation term is often sufficient to determine many physical properties of
the system;

In general terms it measures the joint probability of finding electrons of spin
s at point r and of spin s’ at point r’

Beyond the two-body treatment of Hartree-Fock, we introduce extra
degrees of freedom in the wavefunctions whose net effect is the reduction
of the total energy of any state;

This additional energy is termed the “correlation” energy, E_and is a key
guantity for the solution of the electronic structure problem for an Interacting
many-body system.



single-particle round-state ground-state
potentials having J densities

wavefunction
nondegenerate
ground state

Hohenberg-Kohn-Theorem (1964)

G:v(r) —> p (r) Isinvertible



Use Rayleigh-Ritz principle:

Reductio ad absurdum:
Assumptionp=p’. Add Aand * = E+E’<E+F’




Kohn-Sham Theorem (1965)

The ground state density of the interacting system of interest can

be calculated as ground state density of non-interacting particles
moving in an effective potential

[_ n;ZIZ N Vs[p](r)](l)i( ): Si(Pi(r) p(r)z Z‘(Pj(r)r
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Coulomb potential of nuclei ‘
Hartree potential

\exchange-correlation potential

universal
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Initial Guess

Calculate Effective Potential

Vo(r) = Veet(T) + VHart[n] + V2 [nT,

Solve KS Equation

( —3Vi+ V"(?‘)) PI(r) =7y (r

Calculate Electron Density

ni(r)y =3 f7 r,l'f(f”_a

Output Quantities

Compute Energy, Forces, Stresses
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Y. Kamihara et al., JACS, 130, 3296 (2008).

Looks like a not bad metal without magnetism




Structure of LaOFeAs
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iron pnictide iron chalcogenide

K intercalating

1111 111 122 11 122
LaOFeAs LiFeAs BaFe,As, FeSe KFe, Se,
T, ~55K T_~18K T, ~38K I.~9K T ~33K
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Questions to address in this talk

1. Origin of a local moment around Fe atom?

2. The mechanism underlying magnetic structures?

We are going to show that these two answers are universal
to all the iron- pnictides or chalcogenides



Outline

Electronic structures and Magnetism in
iron-pnictides;
Mechanism undetlying magnetism and

structural transition in iron-pnictides;

Bi-collinear antiferromagnetic order in
alpha-FeTe;

Intercalated FeSe;
Surface states of iron-pnictides;

Conclusion.



1.

Electronic structures and Magnetism
in iron-pnictides?



Unlike in case of cuprates, the electronic structure calculations provide a
substantial help and influence on study of iron-pnictides

= Nonmagnetic bana structure with ferromagnetic fluctuations;
(Singh and Du, arXiv:0803.0429, PRL 100, 237003(2008))

m Possible SDW instability induced by Fermi surface nesting;
(Mazin, Singh, Johannes, and Du, arXiv:0803.2740, PRL 101,

057003 (2008))

m Antiferromagnetic semimetal; (Ma and Lu, arXiv:0803.3286,
PRB 78, 033111 (2008))

m Antiferromagnetic stripe-order due to the Fermi surface nesting.
(Deng, et al., arXiv:0803.3426, EPL 83, 27006 (2008))

However, like cuprates, anything related to high Tc superconductivity
eventually becomes complicated.



arX1v:0803.3286v1 [cond-mat.mitrl-sci] 22 Mar 2008

PHYSICAL REVIEW B 78, 033111 (2008)

Iron-based layered compound LaFeAsO is an antiferromagnetic semimetal




Neutron scattering clarifies LaOFeAs Is an
antiferromagnetic semimetal with two transitions

® BT-7 data
" _ 5 i i A About 150K, a structural transition
o e ir] . P& op > from tetragonal to orthorhombic

About 135K, a collinear antiferromagnetic

ordering observed with 0.38 Bohr
moment
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C.D.l. Cruz, et al., arXiv:0804.0795, Nature 453, 899 (2008).



Fe-based Superconductors

1111 Series:
Electron doped:
CeO,  F,FeAs: SmMO,, F, FeAs:
PrO, goF( 11FEAS: SMFeAsO,
CaFFeAs:

Hole Doped: Laj ,,Sr,OFeAs
122 Series: (both Hole and Electron Doped)
BaFe,As,,
11 Series:
FeSe,
111 Series: LiFeAs
42622: Sr,V,0.Fe,As,



Issues raised by the neutron observation

The microscopic origin of magnetic
state in iron-based superconductors?

and its relation to tetragonal-
orthorhombic structural transition?

(1) no local moments and the antiferromagnetic order is

Induced by the Fermi surface nesting.
Mazin, Singh, Johannes, and Du, arXiv:0803.2740, PRL 101, 057003 (2008))

(2) (Se, Te, or As)-bridged superexchange antiferromagnetic

Interactions between the Fe-Fe fluctuating local moments.
arXiv:0804.3370, PRB 78, 224517 (2008); arXiv:0804.2252. PRL 101, 057010 (2008)



2
Mechanism underlying magnetism and
structural transition in iron-pnictides?



What we found

B The calculations on iron-pnictides without spin degree
exclude any structural transition;

m The two transitions observed by neutron scattering share
the same origin: the next nearest neighbor Fe-Fe

antiferromagnetic superexchange interaction bridged by
As atoms.

arXiv:0804.3370, PRB 78, 224517 (2008)



DOS ( States/eV)

—Fe-d-total -

Fe-dz?
---Fe-dxz
---Fe-dyz

Spin-down

PDOS ( States/eV )

3 2
Energy(eV)

The peaks of As 4p-resolved DOS
coincide with the ones of Fe 3d-
resolved DOS between -2eV-0eV

arXiv:0804.3370,
PRB 78, 224517 (2008)

5 &
Energy(eV)

v five up-spin orbitals ~ almost filled
five down-spin orbitals ~ nearly uniformly half filled
v small crystal field splitting imposed by As atoms
v Fe 3d orbitals hybridize with As 4p orbitals
v' The Hund’s rule coupling is strong, which would lead

to a magnetic moment formed around each Fe atom.




Origin of L.ocal moment: Hund’s rule coupling

Bare Fe?t: S=2
Hund H Z S ,B
a<f

1,
(=
]
-

3

J ~0.6-1 eV

30 x(v)z f T

3dx2y2

H

3d .2 gt o0 " .
‘ This is also the main interaction

(a) which couples itinerant electrons
with local moments on each Fe site

C rystal. splitting betweet e,
and t,, is very small

No evidence for the orbit
selective Mott transition



Charge density distribution

Covalence between Fe and As atoms

Fe-Fe Direct or superexchange interaction
Fe-As-Fe Superexchange interaction



The features of As-bridged superexchange interactions

® Mainly between the second nearest Fe atoms, namely J2;

= Antiferromagnetic;

= Each pair of the next next nearest Fe moments in anti-
parallel orientation if J2 dominates; ‘

® In a square lattice, a collinear

antiferromagnetic order is of each
pair of the next next nearest Fe

moments in anti-parallel.

As down Fe



Schematic top view of LaFeAsO or BaFe2As?2
In the collinear antiferromagnetic order

For J2>J1/2, the collinear antiferromagnetic order replaces the Neel order

Angle Yy increases to 90.5 with an energy gain of ~6meV,

correspondingly, the unit cell transform from a square to a rhombus.



The origin of magnetic moment on
Fe atom and the magnetic orders

L ocal magnetic moment is formed on Fe atom
due to the strong Hund'’s rule couping

*As(Se, Te)-bridged antiferromagnetic
superexchange interaction

*The structural transition Is driven by this
superexchange interaction through the
spin-lattice coupling.



Mapping into J1-J2 Heisenberg model

Set the nonmagnetic state energy =0,

Then the energies of ferromagnetic,
checkerboard antiferromagnetic, and collinear
antiferromagnetic states are

(0.0905, -0.10875, -0.21475) eV/Fe

Any magnetic structure may be described by
a combination of E., and E, ,, Eg, and E, ,
equivalent to J1 and J2 with constant energies




Energy ordering on different magnetic states |

0.0905 eV/Fe, 0.0, -0.1005 eV/Fe, -0.1088 eV/Fe, -0.2148 eV/Fe
==>

J1= 50 meV/Fe, J2= 51 meV/Fe, J3-0.
(Ma, Lu, and Xiang, arXiv:0804.3370, PRB 78, 224517 (2008))

0.0113 eV/Fe, 0.0, -0.116 eV/Fe, -0.135 eV/Fe, -0.194 eV/Fe
==>
J1= 32meV/Fe, J2= 35 meV/Fe, J3-0.

(arXiv:0806.3526, Front. Phys. China, 2010, 5(2): 150)
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Susceptibility (10'3emu/mol)

LaFeAsO _F

—=—0.0 0.01 ——0.02 —4—0.04
—4—0.05—4-0.06 @ 010 % 0.125

P
MFe As (M= Sr Ca,Ba)
*

“m— S SI —%— Sr™* —a—Ca™
—v—Ca"—¢—Ba® —e—Ba°

Quantum spin fluctuation of
the J,-J, model leads to the
linear magnetic susceptibility

This linear susceptibility was
observed in all iron pnictides

Zhang et al., EPL 86 (2009) 37006,
arXiv:0809.3874



More comments on local magnetic moment in
iron-pnictides

There are localized moments around Fe atoms in real space;

It is those bands far from the Fermi energy rather than the bands nearby the
Fermi energy that determine the magnetic behavior of pnictides, namely the
hybridization of Fe with the neighbor As atoms to play a substantial role;

The local moments embedded in itinerant electrons;

The Hund’s rule coupling is the main interaction which couples itinerant
electrons with local moments on each Fe site;

The above is why we call the fluctuating Fe local moments with the As-bridged
superexchange antiferromagnetic interaction (the Hund’s rule correlation
picture).

We emphasize that As atoms play a substantial role.

( PHYSICAL REVIEW B 78, 224517 (2008)).
Front. Phys. China, 2010, 5(2): 150



1. FM Hund’s rule coupling:

It leads to the formation of local moments and the coupling
between itinerant electrons and more localized orbitals

2. AFM exchange interaction between neighboring spins

F.Ma, Z. Y. Lu, T. Xiang, Front Phys. China 5, 150 (2010); arXiv:0806.3526v2
S.P. Kou, T. Li, Z.Y. Weng, EPL 88, 17010 (2009).



(Bag kg s)Fe-As,

(Srp Ko 4)FezAs, ®

®BaFe-As- (35 kbar)|
® Srfe,As, (30 kbar)

A Ba(Fe; sCop2)Ass T

A Sr(Fej sCoqg2)AS,
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® CaFe,As, (5 kbar)
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Jo {meV /5% )

Fig. 13 Various critical superconductivity temperature T. ver-
sus exchange interaction Jo for AFeoAso (A=Ba, Ca, or Sr) with
doping or under high pressures. 7. are taken from Refs. [3, 5, 13,
25, 34, 35].

arXiv:0806.3526, Front. Phys. China, 2010, 5(2): 150)




3.
Bi-collinear AFM order in alpha-FeTe

Versus
Collinear AFM order in alpha-FeSe



'11’ iron-chalcogenides
alpha-FeSe

Replacing Se by Te: alpha-FeTe

F.C. Hsu et al., PNAS 105, 14262 (2008)



Electronic structure of alpha-FeTe

in honmagnetic state

A\°

fBioug

PRL 102, 177003 (2009)



Electronic structure of alpha-FeSe

in nonmagnetic state

L.‘-Z

(A® >9®cm_




Fermi surface nesting?

o |If the magnetic order is induced by the Fermi surface nesting,
we expect that all these materials would adopt the similar
magnetic order as the one in LaFeAsO, namely
collinear antiferromagnetic order,

 What we find is that the ground state of alpha-FeTe is
In a novel bi-collinear antiferromagnetic order,
while that of alpha-FeSe is in a conventional
collinear antiferromagnetic order.



Global view on (bi)-collinear
antiferromagnetic order on a square lattice

«O O ) e O
Bi-Collinear Collinear

Alpha-FeTe The others




The combination of magnetic orders in the two
square sublattices A and B

A BIFM AFM (Neel) |Collinear
FM AFM (Neel) or FM

AFM (Neel) Collinear

Collinear Bi-collinear

These rich magnetic orders are impossible to understand
by the Fermi surface nesting. They can be well described by
the Heisenberg model on the square lattice.




Electronic band structure of Alpha-FeSe
In collinear antiferromagnetic order
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PRL 102, 177003 (2009)



Electronic band structure of Alpha-FeTe
In bi-collinear antiferromagnetic order

(— — |
E I —X) — 17 ~ > —> 7

|

PRL 102, 177003 (2009)



Schematic top view of alpha-FeTe in the bi-collinear antiferromagnetic order

For J2>J1/2 and J3>J2/2, the bi-collinear antiferromagnetic order is lower
in energy than the collinear antiferromagnetic order.

angle O increasesto 90.7, asquare to a rectangle



Schematic top view of LaFeAsO or BaFe2As?2
In the collinear antiferromagnetic order

For J2>J1/2, the collinear antiferromagnetic order replaces the Neel order

Angle Yy increases to 90.5 with an energy gain of ~6meV,

correspondingly, the unit cell transform from a square to a rhombus.



Te 5p orbital
has a
significant
contribution at
the Fermi level

charge
distribution [

Bi- C ollmear :

5p electron in Te is more itinerant.
It mediates a RKKY-like interactions between Fe moments



Energy ordering on different magnetic states Il

0.0, -0.0897eV/Fe, -0.0980 eV/Fe, -0.156 eV/Fe, -0.166eV/Fe
==>
J1= 2.1meV/Fe, J2 = 15.8 meV/Fe, J3 =10.1 meV/Fe

0.183 eV/Fe, 0.0, -0.089 eV/Fe, -0.101 eV/Fe, -0.0152 eV/Fe
==>
J1= 71 meV/Fe, J2= 48 meV/Fe, J3 =8.5 meV/Fe

PRL 102, 177003 (2009)



Alpha-FeTe versus alpha-FeSe

The ground state of alpha-FeTe is in a novel bi-collinear
antiferromagnetic order, while that of alpha-FeSe is Iin

a conventional collinear antiferromagnetic order, which
cannot be understood by the Fermi surface nesting picture



The local moment picture can explain the magnetic
structure of the ground state, but there is not a clear
energy scale separating the localized and conducting
orbitals in iron pnictides --- the definition of local
moment Is not so clean!




4.

Intercalated FeSe:

A/Fe, Se, (A=K, Rb, Cs, or TI)

newly found Fe-based superconductors



FeAs layer

dl

Iron pnictide iIron chalcogenide

K intercalating

1111 111 122 11 122
LaOFeAs LiFeAs BaFe,As, FesSe KFe,_Se,
T~ 55K T ~ 18K T ~38K T~ 9K T.~33K



The superconductivity is proximity to an AFM insulating
phase, similar to the high-Tc cuprates.

v' The ordered Fe vacancies were
found in stable phases, in which (TL,K)Fe Se.
either one quarter or one fifth Fe v
atoms are missing;

| 7, from y(T)

° T;mu“ from p(T)

v" Possible coexistence of strong

AFM order with SC. BENT nsrator
Questions:

. b i : 1.6 I [.8
Fe vacancies or electron x in (TLK)Fe Se,

correlation effect matters?

Valence counting M. Fang et al. arXiv:1012.5236

1 2 2
K**gF€™1 6562,



Magnetic Order in
Fe-vacancies ordered T1Fel.5Se2

A-collincar AFM order
( ground state )

arXiv:1012.6015; PRL 106, 087005 (2011)



One-quarter Fe vacancies AFe, :Se.:
there are two ordered vacancy structures

rhombus-ordered square-ordered

arXiv:1012.6015; PRI 106, 087005 (2011).



Possible magnetic orders for Fe-vacancies in
thombus-ordering

A-collinear AFM order

( ground state )

P-collinear order bi-collinear AFM order



Possible magnetic orders for Fe-
vacancies in square-ordering




Magnetic Order in the ground state of
Fe-vacancies ordered TlFe, Se,

A-collinecar AFM order
( ground state )

arXiv:1012.6015; PRL 106, 087005 (2011)



Band structure of T1Fel.5Se2 in the ground state with

collinear AFM order

TiFeisSe2
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.

It is an antiferromagnetic

semiconductor with an energy gap

of 94 meV, in good agreement of

measured value of 56 meV.
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Cs, g(FeSeg gq),

Csps(FeSeg gg),
0 Warming Tc =296 K
® Cooling

T, = 4785 K

T =478.5(3)K
AT =1.06(14)K
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Z. Shermadini, et. al., PRL 106, 117602 (2011) arXiv:1101.1873



Ko.g2F€1606 SE

T, =32K

Ty=559 K
m =331 g/ Fe

SC shielding 100%

W. Bao, et al., arXiv:1102.0830; Chin. Phys. Lett. 28 086104



One-fifth Fe vacancies A jFe, Se, : there is only one
ordered vacancy structure but with left/right chirality

right-handed rotation left-handed rotation

In this root 5 Xroot 5 lattice, the Fe atoms go into a blocked distribution
from a uniform square distribution, in which the four closest Fe atoms
form a block, whose bond distance is shorter than that of the uniform Fe
square lattice, the chemical-bonding-driven tretramer lattice distortion.

arXiv:1102.2215; Phys. Rev. B 83, 233205 (2011)



Possible magnetic orders I

Tl
. &F ) é

chgckerhnard AFM

§

O é. ’:L- l_- --0-- *
§ ‘E&g

b]ncl-\'l:(ﬁj_'lclleckerhnﬁ;d AFM
(ground state)




Possible magnetic orders II

Cell-m-LDlllnear EF&-’[ cell-in- hl LU“IH-L ar AFM




Energies for different magnetic orders without
structural distortions

E nonmag : 0 meV/Fe
m fm: -148 meV /Fe
m checkerboard : -323 meV /Fe
m quaternary collinear: -328 meV /Fe
m bi-collinear: -335 meV /Fe
m cell-in-collineat: -374 meV /Fe
m cell-in-bicollinear: -378 meV /Fe
m Blocked checkerboard: -416 meV /Fe
m collinear: -431 meV /Fe lowest



Energies for different magnetic orders after
tetramer lattice distortion

nonmag :

fm:

checkerboard :
quaternary collineat:
bi-collinear:
cell-in-collinear:
cell-in-bicollinear:

Blocked checkerboard:

collinear:

0 meV/Fe
-70 meV /Fe
-189 meV /Fe
-232 meV /Fe
-229 meV /Fe
-254 meV /Fe
-267 meV /Fe
-342 meV /Fe
-293 meV /Fe

lowest



Fe bond distance within a block is shortened, J, is FM o
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J2intra = 0.0032eV /872
Jlinter= 0.0658eV /S*2

J2inter= 0.10337eV /8”2




Ordering moment:
DFT: m =3.37 pg / Fe
Neutron: m=331pg/Fe

Vaing N0 ™
e N
e S D s N
S
Q
© -— Gap A A, .Fe, .Se
C < FE"'F 087 C1.6°%2
W 'éafip‘g“a 594 meV K
-_.:_::-__ b ‘ d
-\ziiﬁﬁ 571 meV Rb
a7 i = Ve i 548 meV o
XM I'Z AR Z 440 meV Tl

arXiv:1102.2215; Phys. Rev. B 83, 233205 (2011)



Formation energies
We have calculated the formation energy of
K 0.84x F'E}-l_(f;_i_-,_-_T /25 %-—-) defined })V ( 0.8 +x ) b K T (l() —
rv/2)Epe + 2Es. E . where Ex, Er., and Eg. are the
atomic energies of K, F‘e and Se respectively, and E

is the total energy of Ko gi.Feq 6_,/)8@) For x = 0.
0.2 and —0.4, ((mesp()ndu o to Ko gFey 6Seq, KFeq 55€o,
and K(;;)_%LFel_gBe-g,j we find that the formation energies

are 16.652, 16.564, and 16.632 eV, respectively. Hele

KO0.8Fel.6Se2 : 16.652 eV
KFel.55e2: 16.564 eV TIFel.5Se2: 16.334 eV

KO0.4Fel.8Se2: 16.632 eV T10.8Fel.6Se2: 16.442 eV

Fe2Se2: 16.611 eV
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Electronic structure of KFe,

Fermi surface in the
folded Brillouian zone



The moments contributed from the valence bands are charge
fluctuation free (localized) due to the band gap

Effective AFM interaction
between block spins Block spin

AFM coupling between local FM coupling between local spin and
spin and itinerant electrons itinerant electrons within each block
on neighboring blocks

arXiv:1102.4575; Phys. Rev. B 84, 052502 (2011)



If a strong AFM ordered state coexists with a SC state microscopically

» the superconducting pairs are most likely to be formed just by
mediating coherent spin wave (like phonon)

» The staggered moments provide a background periodic potential
above the crystal periodic potential

arXiv:1102.4575; Phys. Rev. B 84, 052502 (2011)



The next key issue in iron-pnictides

m Orbital degrees: characterize the role of 5
Fe-3d orbitals and 3 As-4p orbitals in iron-
pnictides;

m Microscopic model including orbital-
characterization.



D.

The cleaved surface structure of
|. BaFe2As2 (001) surface

ll. SrFe2As2 and CaFe2As2 (001) surface

arX1v:0909.5136; PRB 81, 193409 (2010).



http://arxiv.org/abs/0909.5136

Experiment measurement

Control voltages for piezotube

. Eleciron
analyzer

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

voltage % 1
Data processing
™ and display

€ directly determine the electronic structure

& surface-sensitive € atomic scale resolution

€ simultaneously probe topography and

€ The surface electronic properties will strongly !
low-energy electronic structure at surface

Influence the detection.



STM patterns of BaFe2As2 in experiments

il

v

The STM images show that the cleaved
surface is in order for parent
compound, and it will gradually evolve to
1x2 order with increasing of Co-doping.

The STM images show
order both in parent compound and
Co-doped materials.

V.B. Nascimento et al., arXiv:0905.3194 : Hui Zhang et al., arxiv:0908.1710



Cleaved surface
structures

structure

Both of the two cleaved surfaces
are 1x1 structure. One side is
. and the other one

IS

\/E X \/E structure --- “A”-terminated

Half of the “A” atoms are on
each exposed surfaces.

structure --- “A”-terminated

Half of the “A” atoms are on each
exposed surfaces.




For “A”-termination

AFe:As: ¢ o Ole » o0 o

© O o e e o o0 o

@ o o e & e ©6 o

1x1 J2 x+/2 1x2

Note: in bulk both Ba atoms and As

atoms sit at a square lattice (~4angs X
4angs). ®

For As-termination

> Because of

with “A” atoms in bulk, the basic cell
of As surface is structure. “A” 1x1
and As planes can be treated on

for the data.




AFe,As,
(001)

tetragonal

orthorhombic

(v2x2)

(1x2)

W2x42)

(1x2)

(1x1)

BaFe;As,

-411.6

-217.8

-534.8

-312.0

SrFe,As,

-217.0

-167.8

-314.6

-219.0

CaFe,As,

-34.0

-97.0

-1854

-189.2

ForBal22itis (2 x2)-ordered dominantly;

For Cal22 it is mainly (1x2)-ordered with partly ( /2x \/2)-order coexisting;

for Sr122 it is mainly ( +/2x +/2)-ordered with partly (1x2)-order coexisting as the
energy difference between the (1x2) and ( 4/2x /2) orders becomes small and further
reverse in the line of Ba, St and Ca.




As-terminated (1x1) NM |Ba—tem1inat ed (V2x2) NM
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Nematic Electronic Structure in the
“Parent” State of the Iron-Based

Superconductor Ca(Fe;_,Co,),As,

T.-M. Chuang,™** M. P. Allan,** Jinho Lee,"* Yang Xie,* Ni Ni,>® S. L. Bud'ko,”*
G. S. Boebinger,” P. C. Canfield,”® ]. C. Davis™**"¢

The mechanism of high-temperature superconductivity in the newly discovered iron-based
superconductors is unresolved. We use spectroscopic imaging—scanning tunneling microscopy to
study the electronic structure of a representative compound CaFe, ¢4C0g g6As; in the “parent” state
from which this superconductivity emerges. Static, unidirectional electronic nanostructures of
dimension eight times the inter—iron-atom distance gg..r. and aligned along the crystal a axis are
observed. In contrast, the delocalized electronic states detectable by quasiparticle interference
imaging are dispersive along the b axis only and are consistent with a nematic o, band with an
apparent band folding having wave vector § = +27/8af._f. along the a axis. All these effects
rotate through 90 degrees at orthorhombic twin boundaries, indicating that they are bulk
properties. As none of these phenomena are expected merely due to crystal symmetry, underdoped
ferropnictides may exhibit a more complex electronic nematic state than originally expected.




Fig. 3. (A to ]) The Fourier transforms
g(q,E) of the g(r,E) images in fig. S4
reveal the highly Co-symmetric structure of
the QPI patterns. The data shown here are
from a larger 94-nm square FOV. Six dispers-
ing peaks are clearly visible. The two center
peaks disperse in a hole-like fashion along
the b axis only. Pairs of side peaks mimic their
dispersion at ¢ = =Y/5(2n/Gpe-). The
open circles at two corners of each image
represent the ¢-space locations of the 1 x 2
reconstruction. Red arrows indicate the three
parallel dispersion trajectories. (K) Overview
of the different directions and length scales in
q space. The dispersing QPI vectors are short
compared with the 2n/arere box that spans
all scattering vectors in the first Fe-Fe
Brillouin zone (the large black box). The small
gray box indicates the first As-As reciprocal
unit cell. FM indicates the b axis direction
along which spin correlations are ferro-
magnetic. (L) The hole-like dispersion of
QPI, plotted in g, q,, £ space. Circles mark
the positions of the six dispersion peaks
extracted from each g(q, E) image; the blue
lines are the parabolic fit for QPI. Projections
to the (q,,q,) plane emphasize how
unidirectional the dispersions are along the
b axis. The side peaks are at ~=/g (210/Gpe £o),
suggesting an intimate relation between the
unidirectional QPI modulations and uni-
directional static electronic structure in Fig. 2.
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We think that these observations result from 2x4 magnetic surface structure
rather than the pure bulk electronic correlation effect.




Questions to address in this talk

1. Origin of a local moment around Fe atom?

2. The mechanism underlying magnetic structures?

We are going to show that these two answers are universal
to all the iron- pnictides or chalcogenides



Summary:

1. The parent compounds of Fe-based superconductors are
guasi-2-dimensional antiferromagnetic semimetals or
semiconductors;

2. The Hund’s rule coupling is the dominate interaction for
the formation of local moment and is important for the
description of charge dynamics;

3. As(Se, Te)-bridged superexchange antiferromagnetic
Interactions between Fe-Fe fluctuating local moments
play a substantial role in forming magnetic orders.
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PRB 81, 014526 (2010)

F. Chen et al,,

Near the Fermi energy,

dxz /dyz orbitals, which should be purely dxz along the [°-X

~

the a band

direction

the B band ~ dxz and dyz orbitals, and some dxy orbitals

y? orbital

dXZ_

Along the ' -Z direction,

Y band

the

~ pz and dx?—y? orbital (even symmetry, © experimental geometry).

The small ellipsoidal Fermi surface near zone

EaAcromnniindc)l = ny Arhitnl (To /<o)
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ordering

Nonmagnetic state for F-vacancies
in thombus
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-vacancies

Nonmagnetic state for Fe

ordering

in squatre
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The bi-collinear AFM of CsFe2Se2 in the
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Yan, Gao, Lu, and Xiang, arXiv:1012.5536



The nonmagnetic state of CsFe2Se2

Yan, Gao, Lu, and Xiang, arXiv:1012.5536



AFe,Se, with ThCr,Si,-type structure
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Yan, Gao, Lu, and Xiang, arXiv:1012.5536
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