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Charge order in high-T_ cuprates
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Evidence for stripe correlations
of spins and holes in
copper oxide superconductors
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Cuprates: a favourite physicist’s playground
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Cuprates: a favourite physicist’s playground

Strong correlations Weak correlations
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Cuprates: a favourite physicist’s playground
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Materials and techniques

Bi,Sr,_ La CuO¢,s
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Materials and techniques

RXS — Resonant X-ray Scattering
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ARPES-XRD-RXS on same compound
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Connect charge order to Fermiology?



week ending
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Structural Origin of Apparent Fermi Surface Pockets in
Angle-Resolved Photoemission of Bi,Sr, _ La CuQO, ;
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ARPES at 100K along Nodal Direction - Underdoped

T=100K
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ARPES at 100K along Nodal Direction - Underdoped
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Careful Temperature Dependence in LEED

1 UD-Bi2201
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Careful Temperature Dependence in LEED
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Careful Temperature Dependence in LEED

1 UD-Bi2201
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Q2 evolution agrees in LEED and ARPES

» 30% change in Q, over 130K temperature range

- Q, wavelength changes from 43-66 A
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Bulk Sensitive XRD and REXS

XRD (17 keV) RXS (8.9 keV)
K* (r.l.u.) K* (r.l.u.)
0 0.2 0.4
_8f g CuK edge Long-range
E ” g . ordered Q1 and
S = R Q2 modulations
: —— 1S 0K in the bulk.
TR R < R N A
—_ 5 X X X X|x . 8 ‘ | Cu Kedge ROd'IIke Q2
S ol B X X X X X x .
I N B IR b 2.l = | superstructure,
x| lx % o % X|x 3 ‘ H*=1 lack of c-axis
Lt 165" 1t coherence
1 2 3 0 0.2 0.4
K* (r.l.u.) K* (r.l.u.)

NO temperature dependence in the bulk!
Q, XRD/REXS value matches Q,(5K) in ARPES/LEED



Mean Field Analysis of the Surface CDW

Surface Q, CDW coupled to a static bulk Q,-Q, modulation

Minimization of CDW free energy with respect Q and amplitude

2/\ The bulk potential

Vj pins the surface
CDW suppressing
its T dependence

surface
/Q,

p=012 | @Q=Q/2 — AN nesting
0.14 Q,=Q,/3 — N nesting

1

o 10 Q,=Q,/3 nesting
oo ooon=12 L vanishes with p
0 50 100 150 13 x 10° 14
Temperature (K) %(Qu+,Q2=0) (eV)

Electronically soft phases exist at the surface of Bi2201



Bi220| Q-space Overview
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Unified Charge-Order Phenomenology?

Charge Order Driven by Fermi-Arc

Instability in Bi,Sr,_,La,Cu0g, ;5

»A. Frano,>> M. M. Yee,* Y. Yoshida,® H. Eisaki,® E. Schierle,® E. Weschke,?
R. Sutarto,® F. He,® A. Soumyanarayanan,” Yang He,* M. Le Tacon,? I. S. Elfimov,*’
Jennifer E. Hoffman,* G. A. Sawatzky,”’ B. Keimer,® A. Damascelli*’*

RXS-ARPES-STM on same compound
Connect charge order to Fermiology



Electronic charge ordering in Bi2201 — RXS

Resonant CDW peak CDW peak CDW peak
on Cu-L; edge Q=0.265 Q=0.257 Q=0.243

Cu-L, UD15K UD30K
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—e—300 K,
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I |

I I I I
930 934 0 0.2 0.4 : 04 0.2
Photon energy (eV) Q (r.l.u.) Q (r.l.u.)

RXS Persisting although weakening upon doping

Charge modulation in CuO, planes!
Comin et al, Science 340, 390-392 (2014)




Electronic charge ordering in Bi2201 — RXS/STM

Resonant

X-ray Qé% ) ¢%+ T*=240K

Scattering %
UD15K

T 205K

Scanning
Tunneling
Microscopy

FT amplitude

0 50 100 150 200 250 300
Temperature (K)

CO in both RXS & STM, with onset T~T*

Comin et al, Science 340, 390-392 (2014)




Connection between charge ordering and Fermiology

Approximation to full susceptibility using particle-hole bubble
1 1
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No AN nesting - CO driven by Fermi-arc instability

Comin et al, Science 340, 390-392 (2014)




Charge ordering in Bi2201 — Link to pseudogap fermiology

No antinodal Fermi surface nesting

[ [ [
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Comin et al, Science 340, 390-392 (2014)




YBCO: 1D Charge-Order!

Broken translational and rotational symmetry via
stripe order in underdoped YBasCu30g.,

R. Sutarto,” E. H. da Silva Neto,!** L. Chauviere,**

R. Liang,"? W. N. Hardy,'* D. A. Bonn,'? F. He,? G. A. Sawatzky,!*?
and A. Damascelli*!*

Submitted (2014)

YBCO: d-wave bond order!

The symmetry of charge order in cuprates

R. Sutarto,? F. He,? E. da Silva Neto,"? % L. Chauviere,** A. Frano,*® R. Liang,"® W.N. Hardy,?
D.A.Bonn,"? Y. Yoshida,® H. Eisaki,® J. E. Hoffman,” B. Keimer,* G.A. Sawatzky,"? and A. Damascelli*?: T

arXiv:1402.5415 (2014)



Charge Ordering in electron-doped cuprates ?

Charge ordering in the electron-doped superconductor Nd,_ .. Ce,CuQO,

-q > 4 w * Feizhou He,’ Ronny Sutarto,’
’ 1,2,4

Yeping Jiang,® Richard L. Greene,>* George A. Sawatzky, and Andrea Damascelli'>*

Science, in press (2014)



Electron vs. hole-doping asymmetry in Cuprates

R, Ce CuO,
UHB |
D | small pockets 1% of BZ Quantum oscillations electrons
- _
o +X=0  [A
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E (0 2p holes
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0.2 0.1 0 0.1 0.2
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Charge Ordering in Nd,_ Ce CuO, !

RXS Resonance

\bf\ Electronic origin of CO (CuQO, plane)
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CO Temperature Dependence in NCCO

CO onsets at a higher temperature than pseudogap (Tco > T%)
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CO Temperature Dependence in NCCO

CO onsets at a higher temperature than pseudogap (T > T%)
Charge ordering onsets with AF spin fluctuations
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Connection Between CO and Fermiology

No gap near (11,0) => Incompatible with conventional nesting
Connects the AF zone boundary ?
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Connection to new collective mode by RIXS

As suggested by the temperature dependence

Collective mode QO @
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Lee et al. arXiv 13084740

Also see Ishii et al. Nat Comm 5, 3714 (2014)



Conclusions

Bi2201 - p~0.12
RXS —ARPES - STM :

Bulk / surface + real /momentum space

Resonant soft X-ray scattering
Charge order in Bi2201 below T*

Connect CO to fermiology
Fermi-arcs, no AN nesting

gbqu|tous. Symmetry of CO:
stripe order in
d-wave bond order
hole-doped
cuprates
Longitudinal

correlations
compete with SC




Charge order in cuprates: hole to electron

Do specifics of the participating states

¢ matter for charge order formation?
UHB
R, Ce CuO, *
da Silva N | T

A a dSllva Neto et al. 2
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