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Crossover from Large Fermi surface metal to Mott insulator

Pseudogap Phase ??
Hall effect : doped Mott insulator

® Lattice Instabilitiesin some cuprates
e But not in cleanest cuprates

Mott Insulator Fgrmi Liquid MeTal[??]
with Large Fermi Surface
=> Charge Gap N

=>No Fermi Surface
UNDERDOPED

X : doping r

0.2
QCP ? OVERDOPED /,\
d-wave symmetry 2
Kotliar&Liu '88,Zhang et al'88 . . . k ‘/

. : . r
Strongly interacting fermions -no small parameter! vignolleet al Nature 2008




Mott Insulating State viewed in k-space

Real space k-space

Underlying lattice Umklapp scattering processes allowed
-> Momentum conserved modulo {&}

Band filling 1 el./site Surface in k-space enclosing
an area of + - Brillouin zone.

Conclusion; Examine growing Umklapp processes as x |
connecting k- points on
a U-surface :
a) spanned by elastic U- scattering processes

b) enclosingan area of 3 -Brillouin zone.




Key Features at the Onset of the Pseudogap

PSgap grows out of SCgap at antinodal at T*: T* A & SCTc ¥ as doping x W
PSgap => large change in Electronic Properties : NB Short not Long Range Order
Breakup of Fermi Surface -> 4 Pockets(Arcs) centered on nodal directions

Onset of PSgap changes Charge carriers to the Holes in a Mott State



Open Question - What is the origin of the pseudogap ?

Is it associated with a symmetry breaking transition
e.g. in the lattice, AF magnetism, orbital currents etc
or perhaps with strong fluctuations due to many competing instabilities ?

or

Is it a precursor to the Mott insulating state and simply a crossover
driven by Short Range Ordered d-wave Pairing & AF correlations ?



2D Square Lattice 8 S-points degenerate on the Umklapp surface[AF BZ]
Hubbard Model connected by p-p & p-h Normal & U-scattering processes
=> Diagonalize Scattering Matrix derived from 1-Loop FRG
which has strong p-h & p-p U-scattering thru (m,m)
=> Strong Similarities to 3 -filled 2-leg Hubbard Ladder
A Groundstate with SRO in d-wave pp & AF channels
=> Compromise between conflicting d-wave pp & AF order

M
RVB Charge Gap A Umklapp Surface
< e Not at constant energy
with nnn hopping
Umklapp p-p processes X (m,0)

Driver of Mott state

8 S-points —> Groundstate with RVB Charge & Spin gaps caused by U-processes

Ansatz for Propagator. => Pairing Self-Energy with Energy Gap on the U - surface
Yang, Rice & Zhang PRB '06 [ NOT Fermi surface ]



Maximize U-Scattering Processes: e.g.AF state in Cr alloys
Pure Cr Band Structure : Unequal Electron & Hole Pockets + Other Fermi Surface

= Reservoir

BUT Commensurate AF order requires egual occupation of Electron & Hole Pockets

i
TH

Tx

Equal El. & Hole
Pockets in wide
Range of e/a

=> Electron
transfer from
Reservoir

PARAMAGNETIC

A_F
Q=0
/
J
J Electron < Hole
> AF order L/ AF Pocket Pocket
Ilt.lr o#b L
, {, SDW
<= Electron/Atom Mn Cr V

Larger Energy Gap & T\ if AF is commensurate thru'extra U - scattering
=> Energy Gain compensates cost of electron transfer from reservoir



Modifying the Starting Occ / Unocc Surface to Maximize Umklapp Scattering

Maximize Overlap Occ/Unocc Surface with U-Surface with fixed electron count

M
== Band Structure Fermi Surface
New Occ./Unocc Surface
Excited Starting State
—>
Electron Transfer F X

Turning on Interactions =>Large SRO Pairing & AF Gap fixed on U-surface

=> Real Gap Function with Insulating Character
opens on the U-surface



YRZ Ansatz for Green' s Fn. in analogy with coupled ladders

K.-Y. Yang, Rice & F. C. Zhang PRB '06 see R.Konik, Rice & A. Tsvelik PRL " 05

e RVB Gap AR(k) opens on p-p Umklapp Surface ( = AF Brillouin Zone in 2D)

YRZ _ gt .
O = e ar T ) T

Pairing Self Energy but with energy gap
fixed on the U-surface NOT Fermi surface

§o(k) = —2t(x)(cos ky + cos ky)

) = Ag(z)(cos k,, — cosk,)
= —2t(x)(cos ky+cos ky ) —4t'(x) cos ky cos ky—2t" (x) (cos 2k, +cos 2k, ) — iy
nn nnn nnnn hopping

Ag(x) —> 0atx =x( =0.2) : RVB Gap from Renorm. Mean Field Theory -F.C. Zhang et al * 88

NB. 2-Leg Hubbard Ladder with SRO d-wave p-p pairing and AF at 3 -filling
AF order => Charge Gap & Pairing order => Spin Gap
=> A Compromise State between the d-Pairing & AF Instabilities



YRZ => Full Fermi Surface breaks up into 4 Nodal Pockets

ARPES : Johnson Group BNL
H.B. Yang et al Nature '08 & PRL'11

QP Spectral Weight
very anisotropic
looks like an Arc
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ARPES with Enhanced Resolution - BNL Group H.-B. Yang et al PRL 2011
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Anomalous Superconducting Properties appear at the transition
from overdoped into the Pseudogap Phase

« Wide T-region of Superconducting Fluctuations
« The Giant Phonon Anomaly appears at the onset of PSgap

« Fermi Surface Breakup => Superconducting State Breakup ?



Superconductivity Changes in Pseudogap Phase !

: ' i Phonon : Phonon
Wide SC Fluctuation Region Enorey  Giant Phonon Anomaly Eneray
300 ][} ~® "R7123, 0-doped I | d) . — |
' \ O R-123, Ca-doped :-_ A f‘-""ﬂ B + + 2.0 .
B Y-123, O-doped, in-plane L 155 — .ﬁ’ : L +++ E.ng
*  Y-123, dilatometry [23] T* p 180K A ] # % H»H 1'» an =
\ | % p +;E-HH . 'ﬁ"ﬁ i 15 B
sl 14 - EF - +.i‘-T. T
N P e J[C], tommn |
s AN s 11 e I 3
T . . . . 1 pagda®e ra— P
00 01 02z 03 04 050 50 100 150 20 20
Kin (0, K. 6.5) Temperare (k) PHONON
A‘ Linewidth
Onset Temperature of SC fluctuations =  Onset Temperature of Giant Phonon Anomaly
from measurements of c-axis Josephson Le Tacon - - Keimer Nat. Phys. 2014
plasmon Dubroka . .. Bernhard PRL 2010 Hayden Group PRL '13; Comin et al Science '14

Origin of these surprising anomalous effects ?



SC Breakup
into 2 “"bands”?

Strong Intraband { a & b}
d-wave Pairing possible
due to Strong Repulsive
(mr,7) Cooper pair scattering

Interband Cooper Pair Scattering may be weak due to
cancellation of approximately equal and opposite sign regions

A* Ab~ Zkkv(kk){<ckac -k 0'>a+<ck O'Ck 0' + (Cl-b)
+<C 4 6C k -67a+<Ch sC k' —0'>b- + (G',b")}

Possibility - Intraband Pairing Scale > > Interband Pairing Scale => Leggett Mode



Leggett Mode in the PSgap Phase of the Cuprates ?

Leggett(1966) investigated a 2-Band BCS Model with interband pair scattering, J,
weak compared to intraband pair scattering, V. Leggett found a collective mode due to
interband phase oscillations[Cooper pairtransfer] inside the SCgap in a 2-Band SC.

®(9)? = w2 +Vv?*/3 with ® 2=16JA%/p(V?—-J?) with) <<V
Is there a similar Leggett Mode in PSphase => A collective mode at small (q,®) in cuprates?

NB. Interband Cooper pair transferis a q = 0 process even though the individual
quasiparticlesin the Cooper pair undergo a finite q transfer.



Enhanced Superconducting Fluctuations in a
2-Component Superconductor with a low energy Leggett mode

2 Temperatures Scales:

a ) T°": Onset of SC Fluctuations with TP"s= A__ /4
A...: SC Gap at pocket ends in ARPES — rises slightly as x W

max

b) Tgir : Onset of Power Law Phase Correlations Tg™ x - (Emery-Kivelson "94)
=> Phase Locking between Components and 3D order at T < Tg,r

Intermediate Temperatures: TP >T>Tg ?

Strong Thermal Intercomponent Phase Fluctuations:

<Ei.@'1 e~ 92 | o—id1 Ei¢z> = A(T) = T/V(T-Tgq)



YBa,Cu,Og4:Signs of GPA but no static CDW - ideal Psgap Superconductor

Suter,Mali et al PRL (‘00)

Cu Knight Shift shows Pseudogapat T.<T<T*
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No Static CDW order.



Conclusions

« PSgap : Consequence of increasing U-scattering which
gives only Short Range Order due to conflicting
AF & d-wave Pairing orders - YRZ Scenario

* Breakup of the Fermi Surface can lead to SC Breakup
due to a soft Leggett mode and SC fluctuations over
a large T interval in the Psuedogap phase

Open Question : Microscopy Theory of 2D SRO State
which comprimises between d-wave pairing & AF order



