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J. Paglione and R. L. Greene. Nat. Phys. 6, 645 (2010). "credit: C. W. Hicks
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« Importance of correlations to superconductivity

— Bandwidth-tuned superconductivity in RbFe,Se,

— Overall correlation tfrends in FeSCs

» Finding elecftronic orders in iron-pnictides

— Orbital anisotropy (spin coupling to orbital)

— Charge order (spin coupling to charge)
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Angle-Resolved Phc

elecfron analyzer

synchrotron

Z
A
/N
e
Energy Conservation “~
Eg=hv-E , —®
Momentum Conservation
K, =k+ G Direct measure of electronic structures

D. Lu, M. Yi et al. Nature 455, 81 (2008).

Berkeley

UNIVERSITY OF CALIFORNIA



What Ak

Photoemission Intensity:
I(kw)=I,|M(k,w)|’f(w)A(k,w) & R(Ak, Aw)

Single-particle spectral function

bare band dispersions

S(k,w) = 2'(K,0)+i2"(K,0)

The “self-energy” captures the effects of interactions

Berkeley Damascelli, Hussain, Shen, Rev. Mod. Phys. 75, 473 (2003)
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What Ak

Photoemission Intensity:
I(kw)=I,|M(k,w)|’f(w)A(k,w) & R(Ak, Aw)

Single-particle spectral function

Ak,w)=0(w-¢,)

Non-interacting electron system

Energy

momentum

Berkeley Damascelli, Hussain, Shen, Rev. Mod. Phys. 75, 473 (2003)
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What Ak

Photoemission Intensity:
I(kw)=I,|M(k,w)|’f(w)A(k,w) & R(Ak, Aw)

Coherence Factor:
Z, =(1-0Z/dw)" <1

& 2

Single-particle spectral function

LaFePO DA

Bpmalized by
a fpctor of 2.2

A measure of
blectron
correlations

Why do we care about correlations?

Berkeley Damascelli, Hussain, Shen, Rev. Mod. Phys. 75, 473 (2003)
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Correlation-tuned su

Ry sFersSe, Ry sFe,Ses Rbg sFess,

T.=32K T.=20K T=0K

B€Ik€1€y M. Wang, M. Yi et al. PRB 93, 075155 (2014)
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Same Fern
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T.=0K

Metallic

Rbb, gFe,Ses

T.=20K

Rby sFe.Se,

T.=32K

Superconducting

No change in Fermi surface topology

M. Yi et al. PRL 115, 256403 (2015)




Very differe

Rbg sFess, Rbb, gFe,Ses Rby sFe.Se,
non-superconducting superconducting
Tc=0K T-=20K T=32K

Bandwidth is a measure of correlation strength

faster electrons slower electrons

band slope ~ electron velocity

Electron correlation is important for high temperature superconductivity!

B€I‘k€1€y M. Yiet al. PRL 115, 256403 (2015)
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Correlation tre




Bandwidth of all ir

Berk€1ey *acknowledging ARPES groups around the world
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Superconducti

Some elec?’rron correlation is Qgeded fOr | v Mizuguchi. supercond sci Technol 2010; 23: 054013
optimal superconductivity,
But too much of it kills superconductivity

Berkeley
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« Importance of correlations to superconductivity

— Bandwidth-tuned superconductivity in RbFe,Se,

— Overall correlation tfrends in FeSCs

» Finding elecftronic orders in iron-pnictides

— Orbital anisotropy (spin coupling to orbital)

— Charge order (spin coupling to charge)
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Emergence - fund

Jahn-Teller distortion charge density wave

orbital order

spin density wave

YYYYYYRYYYYY
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Re-infroducing Ii

/

R. M. Fernandes et al. Nat. Phys. 10, 97 (2014).
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Conclusion: «
Part Il

Part |

R. M. Fernandes et al. Nat. Phys. 10, 97 (2014).
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Iron-based super

Unit Cell

Paramagnetic
Tetragonal

T Structural Distortion

Paramagnetic
Orthorhombic

LY Collinear Antiferromagnetism (CAF)

SDW ordered
Orthorhombic

Superconductivity

R. M. Fernandes et al. Nat. Phys. 10, 97 (2014).
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Dominance of an elec

J.-H. Chu et al. Science 329, 824 (2010)
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Dominance of an el

v

Orbital anisotropy

M. Yi et al. PNAS 108, 6878 (2011)
M. Yi et al. Nat. Comm. 5, 3711 (2014)
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Dominance of an ele

Spin anisotropy

X. Lu et al. Science 345, 657 (2014)
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Strong coupling of the st

?

@)

R. M. Fernandes et al. Nat. Phys. 10, 97 (2014).
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Distinct signatu

Nematicity Spin Density Wave

Superconductivity

ASC

1

\

Orbital-dependent band shift particle-hole asymmetric gap particle-hole symmetric gap

associated with T

associated with Typy

associated with T
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UNIVERSITY OF CALIFORNIA



Competition of the magn

® x=0.15 x=0.15  x=0
Tc Ts/Tsdw Ts/Tsdw
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O x=0 (SDW)
O X=15% (SDW)
A x=15% (SC)

|
0'| 1 . 1
0

40 80 120 160
T(K)

Gap (meV)
?

@ oo ___
e—

magnetism and superconductivity coexist and compete

M. Yiet al. Nat. Comm. 5, 3711 (2014)
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Part ll: evide
Part Il

/

R. M. Fernandes et al. Nat. Phys. 10, 97 (2014).
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The cur
Rotational C, symmeitry is restored

Magnetism mos*
broken ro”
Strongly Universal feature of hole-doped 122 pnictides

Ba, ,Na, Fe,As,
Ba, K Fe,As,

N\ Sr, ,Na, Fe,As,

Ca,,Na,Fe,As,

S. Avciet al. Nat. Comm. 5, 3845 (2014)
F. Waber ef al. PRB 921, 060505(R) (2015)
A. Bdhmer et al. Nat. Comm. 6, 79211 (2015)
J. Allred et al. Nat. Phys. 12, 493 (2016)

K. M. Taddei, et al. PRB 93, 134510 (2016)
L. Wang et al. PRB 93, 014514 (2016)

K. M. Taddei, et al. PRB 95, 064508 (2017)

Nder

mmetry

S. Avcief al. Nat. Comm. 5, 3845 (2014)
L. Wang ef al. PRB 93, 014514 (2016)
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The curi
Rotational C, symmeitry is restored

Magnetism mostly appeared in
broken rotational C, phase
Strongly coupled with orbital

(1, 0)

Double-Q order

Magnetic order under
preserved C, symmetry

S. Avcief al. Nat. Comm. 5, 3845 (2014)
L. Wang ef al. PRB 93, 014514 (2016)
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Three doping regi

Ba, ,Na, Fe,As,
BN18

BN25

BN40

L. Wang et al. PRB 93, 014514 (2014)
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A word on twi

m Twinned

Apparent splitting on twinned sample

rotational symmetry breaking

yz

M. Yi, et al. PNAS 108, 6878 (2011)
M. Yi, et al. NJP 14, 073019 (2012)
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BN18: expected

=)

Ts/Ty dyz

Apparent splitting on twinned sample

rotational symmetry breaking
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BN18: expected

Ts/Ty

dL, /L,

L 1 1 1 L |
20 40 60 80 100 120
Temperature (K)

Anemo’rici’ry
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BN25: expecte

=)

Ts/Ty

dyz

Toa Ts/Ty
c,¥4c,icC,

T FWHM

Electronic structure follows
the changing rotational
symmetry of the system

A

d nematicity
yz .
orthorhombicity

dXZ

single-peak fit

K. Taddei et al. PRB 93, 134510 (2016)
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BN25: unexpected b

Tog Ts/Ty
I X C4@ C2 u C4

Ts/Ty

single-peak fit

single-peak fit
Berkeley =



Simul¢

electron

r<--
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(1r, 1) charge order

(t1, 1) charge order

Blue sublattice: antiferromagnetic
Red sublattice: no moments
Unequal charges on blue/red sublattices

M. Gastiasoro, B. M. Andersen. PRB 92, 140506(R) (2015)
R. Fernandes, S. Kivelson, E. Berg. PRB 93, 014511 (2016)
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Resonant Elast

detector

4

q

Probe orders with vector: |Q=q-q

1
r'—0 w—w; —H +iI'/2

Enhanced on resonance: Ipxs o« S(lim (i| R

Berkeley
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Hard X-Ro

4p
3d
o, o
(]/2’ _]/2)T (‘I’ O)T
Is
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New peak emerges




(11, 1) order p

Transitions involving 3d states

W

Charge order mostly involves Fe
E. M. Bittar et al. PRL 107, 267402 (2011) 3d states near the Fermi level.
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Charge orde

BN18

BN25

vy

The charge order is predominantly BN40
coupled to the double-Q magnetic order.
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Summary = strong cc

* Observed evidence of (11, 1)
charge order
— Band folding (ARPES)
— Ordering peak (REXS)

— Resonant at the Fe K-edge involving
transitions into the 3d states

« Charge order couples to the
double-Q magnetic order
analogously as the nematic order
to the collinear antiferromagnetic
order

« Strong coupling of spin and
charge

Berkeley
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Commonalities in h

Cuprates Fe-based

Fradkin and Kivelson, Nat. Phys. 8, 864-866 (2012)

*  Magnetically ordered parent phase
» Electronic nematic phase

« Charge order creating a dip in the superconducting dome
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CO/Double-Q a

nematicity

CAF

What about CO and double-Q magnetic ordere

R. M. Fernandes et al. Nat. Phys. 10, 97 (2014).
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CO appearing al

Charge order

USR

Structural fransition

Mossbauer

F —+— ———t f t ———+ |
0O 10 20 30. 40 50.60 70 80
magnetic fransition
T (K)

B. Mallet et al. arXiv: 1506.00786

J. M. Allred et al. Nat. Phys. 12, 493 (2016)
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Remember the sir

J.-H. Chu et al. Science 329, 824 (2010)
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BN2 X

E-Ef (eV)

20 40 60 80 100 120
Temperature (K)

intensity

fwhm

position (eV)

20 40 60 80 100 120 140 160
Temperature (K)
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Temperature deper

r X

mid-k

Berkeley
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BN18: expected n«

Ts/Ty




BN25:

20

[N}
(=1

E-E; (meV)
A
o

E-E; (meV)

-1.6 -14 -1.2 -1.0 -0.8 -0.2 -0.1 0.0 0.1 0.2
Ky Ky

Hole-like Electron-like

Appearance of a second copy of bands.
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Spectroscopic evi

Energy

Berkeley
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Spectroscopic evid

\ {yz / /dxz
SDW foldj=~

Nematicity: Orbital-dependent band shift
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Spin Der

Magnetic moment

E. Wiesenmayer et al. PRL (2011)

X=0 X=15%
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Electronic

. Below Tc:
¢ i) SCgap opens;
ii) SDW gap becomes
smaller

O
A ¢

SDW gap decreases below Tc
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Tight-binding model with A, AW, and £

20K >Tc

O75AS + 0'75.ASDW + ASC

VY W\

-0.5 0.0 0.5 -0.5 0.0 0.5

ky (/) ky (11/a)
*Calculations by Lex Kemper Wil SEEAL eatichi

A AN T /f.
gnoth weBiisEwrish SC

Both nematic order and SDW order are suppressed with onset of SC
— SC and SDW/nematic orders compete!
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Aspyw and Ag: ten

Orthorhombicity x=0.15 x=0.15 x=0
Tc Ts/Tsdw Ts/Tsdw

|
25
|
. |
S 20F
)
Magnetic E
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O

|
10F , |©x=0(SDW)

| | O X=15% (SDW)
A x=15% (SC)

I S

40 80 120 160
T (K)

Qo _____

Reorganizations of electrons to make room for SC
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Mean-Field calculations

100

No order

372-12

E-Ef (meV)
o

-150°
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Phase separation ve




Implication:

S** pairing

S* pairing

Berkeley

UUUUUU SITY OF CALIFORNIA



Experimentally distinguishing the two scenarios

10

EI'EF (mleV)
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Implications

S** pairing

S* pairing
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Simplified sch

Energy

momentum
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Angle-Resolved Phc

elecfron analyzer

synchrotron

> N

/N

Energy Conservation
Eg=hv-E , —®
Momentum Conservation
K =k* G

-~

D. Lu, M. Yi et al. Nature 455, 81 (2008).
Direct measure of electronic structures
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