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1. The context @"’ strong cou}ofing : c&yoing a ‘Mott insulator
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2. QCP under the SC dome
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Temperature (K)
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Nernst effect : resolved controversy
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Recent Exp. developments
Charge Order



‘Presence (f com}oen’ng 01’6[61’5

Cﬁm’ge modulations in strong comjaetiu’on with SC state

Hoffman, 2002 Kapitulnik, 2002
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STM measurement of charge density modulation : Re (x;;) = d|xi;|cos (Q - 7 + ¢ (7))

B = 0 T random phase distribution :

% Occur.
w

1 12 0 12 1
oy (r) (7rrad.)

// . m“Q‘
16+ b /
7 . 7

B +# 0 T centered distribution :

AN

7
4 B=8.5T Al

y X /
v, 4 /
M.H. Hamidian et al., Nat. Phys. 12, 150 (2015). a \/ 0
M.H. Hamidian et al., arXiv:1508.00620 (2015) K] —] 1 112 0 12 1
Cos(Q.r.+_¢'y(r)) @y(r) - G)O(r)(ﬂ- rad-)



Nematicity
Inversion symmetry

Charge order Landscape
6+x

YBa,Cu,0

anomalous Kerr effect T, <T*
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Fermi surface reconstruction
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Emergent symmetry



QW Emergent symmetries in the under-doped regime
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Pseudo-gap from quantum criticality
AFM QCP In d=2

K.B.Efetov, H.Meier, C.P. Nat. Phys. 9, (2013)

Dispersion linearized around 8 bot spots
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Magnetic-field-induced charge-stripe order in the
high-temperature superconductor YBa,Cu;O,,
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Nown Linear Sigma Model
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Topology and
local structures



Homotopy classes 0(3) non linear e-model
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Fractionalization of a PDW
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The phase diagram
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Fractionalization of a ‘Pair @ensity Wave

Modulated particle-particle pair : Ag.D w
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’Tﬁejoﬁase diagram Emerging gauge field : confining transition
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STM measurement of charge density modulation : Re (x;;) = d|xi;|cos (Q - 7 + ¢ (7))

B = 0 T random phase distribution :
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/

Original idea: Loop Current
(C.M. Varma)

Agterberg (2015)

L. Mangin-Thro et al, Nat. Comm 6, 7705 (2015)
Symmetries of a PDW order
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Analogy with SU(R) emergent symmetry
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Strange metals
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T ransport in the Stmnge Metal
RQC@TH,' COTLTTOV@?’Sy
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TelTc, max

H/T scafing in the SM Joﬁase
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‘Presence of « another §pecies s in this regime c'MEESLS experiment
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Our Jaroyosaf : Cﬁargec{ bosons in the Stmnge Metal yﬁase
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Predictions ARPES



Wﬁy the system would want
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Oyening a gap in the Fermi swface
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CDMFT

Comjoarison with CDMFT : « hidden ﬁz’rmion»
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Raman scattering
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Sofving gay eoluau’ons
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Phonon Softening
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Incoherent bosons

Condensation ?

p
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Conclusions

e Charge orders are a key players in cuprate physics: natural
competitor of superconductivity

e Fractionalizing a PDW or a more complex boson
e Entangling particle-hole and particle-particle pairs at T*

e Explains recent Raman, phonon softening

e ARPES : back-bending, poles in self-energy (cf. DMFT
studies)

e Can a charge-2 boson explain the mystery of strange
metal and Hall resistivity ?

e EXp. predictions with mesoscopic noise,
Josephson effects

e Numerical check in strong coupling approaches



‘Discussions of the data and a few CR@CS

Maxence Grandadam, Catherine Pépin arXiv:2012.11226

Anurag Banerjee, Maxence Grandadam, Hermann Freire, Catherine Pépin arXiv:2009.09877

Saheli Sarkar, Maxence Grandadam, Catherine Pépin arXiv:2009.02975

Maxence Grandadam, Debmalya Chakraborty, Xavier Montiel, Catherine Pépin arXiv:2002.12622

D. Chakraborty, M. Grandadam, M. H. Hamidian, J. C. S. Davis, Y. Sidis, C. Pépin  arXiv:1906.01633

Saheli Sarkar, Debmalya Chakraborty, Catherine Pépin arXiv:1906.08280

C. Pépin, D. Chakraborty, M. Grandadam, S. Sarkar  arXiv:1906.10146



https://arxiv.org/search/?searchtype=author&query=P%C3%A9pin%2C+C
https://arxiv.org/search/?searchtype=author&query=Chakraborty%2C+D
https://arxiv.org/search/?searchtype=author&query=Grandadam%2C+M
https://arxiv.org/search/?searchtype=author&query=Sarkar%2C+S
https://arxiv.org/abs/1906.10146
https://arxiv.org/search/?searchtype=author&query=Chakraborty%2C+D
https://arxiv.org/search/?searchtype=author&query=Grandadam%2C+M
https://arxiv.org/search/?searchtype=author&query=Hamidian%2C+M+H
https://arxiv.org/search/?searchtype=author&query=Davis%2C+J+C+S
https://arxiv.org/search/?searchtype=author&query=Sidis%2C+Y
https://arxiv.org/search/?searchtype=author&query=P%C3%A9pin%2C+C
https://arxiv.org/search/?searchtype=author&query=Sarkar%2C+S
https://arxiv.org/search/?searchtype=author&query=Chakraborty%2C+D
https://arxiv.org/search/?searchtype=author&query=P%C3%A9pin%2C+C
https://arxiv.org/search/?searchtype=author&query=Banerjee%2C+A
https://arxiv.org/search/?searchtype=author&query=Grandadam%2C+M
https://arxiv.org/search/?searchtype=author&query=Freire%2C+H
https://arxiv.org/search/?searchtype=author&query=P%C3%A9pin%2C+C
https://arxiv.org/search/?searchtype=author&query=P%C3%A9pin%2C+C
https://arxiv.org/abs/2002.12622
https://arxiv.org/search/?searchtype=author&query=Grandadam%2C+M
https://arxiv.org/search/?searchtype=author&query=Chakraborty%2C+D
https://arxiv.org/search/?searchtype=author&query=Montiel%2C+X
https://arxiv.org/search/?searchtype=author&query=P%C3%A9pin%2C+C
https://arxiv.org/abs/2012.11226
https://arxiv.org/search/?searchtype=author&query=Grandadam%2C+M
https://arxiv.org/search/?searchtype=author&query=P%C3%A9pin%2C+C

Quantum Criticality
Or
Cross-Over ?
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0(3) Nown Linear Sigma Model

Both quadratic and

ZBO Pseudo-=spin fiop transition biquadratic symmetry breaking
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The context @C strong cou]o[ing : ofoymg a Mott insulator
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Anderson, Lee, Nagaosa, Rice etc... P: projection on no double occupancy



T(K)

The extend of the Cooper pairs phase fluctuations regime
Nernst effect (Ong, Behnia), transport (Rullier-Albenque,
Sebastian), Squid spectroscopy (Lesueur)...

The presence of a partner to SC pairing inhibits the
visibility of phase fluctuations tn transport and Nernst
effect ( Orgard, 2017)

Cyr-Choigniere et al , (2017) Hsu et al , (2017)
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STM measurement of charge density modulation : Re (x;;) = d|xi;|cos (Q - 7 + ¢ (7))

B = 0 T random phase distribution :
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- «Cooperons»

.. «Diffusons»

Composite order parameter
5P ((i02) oy Yap¥s,p ) + B (Bagtap b —p)

SU(2) symmetry and fluctuations
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89y NMR Evidence for a Fermi-Liquid Behavior in YBa;Cu3Os + x

H. Alloul, T. Ohno,® and P. Mendels

Physique des Solides, Université de Paris-Sud, 91405 Orsay, France
(Received 15 May 1989)

We report NMR shift AK and T, data of ¥Y taken from 77 to 300 K in YBa;Cu3Og+x for
0.35 < x < 1, from the insulating to the metallic state. A Korringa law and therefore a Fermi-liquid pic-
ture is found to apply for the spin part K; of AK. The spin contribution y;(x,T) to y is singled out, as
the 7 variation of AK scales linearly with the macroscopic susceptibility xm». This implies that Cu(3d)
and O(2p) holes do not have independent degrees of freedom. Their hybridization, which has a o char-
acter, hardly varies with doping. These results put severe constraints on theoretical models of high-7
cuprates.

PACS numbers: 74.70.Vy, 75.20.En, 76.60.Cq, 76.60.Es
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FIG. 1. The shift AK of the ®®Y line, referenced to YCls
plotted vs 7, from 77 to 300 K. The lines are guides to the eye.
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Fractionalization in the PG phase ?
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Coherence of the electrons ?
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The concept of SU(2) symmetry
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0(3) non linear ¢-model
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. ] Charge order
. Mitrano 2018
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Topological structure:
Skyrmions in the pseudo spin space
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