A New look at the Pseudogap Phase in
the Cuprates.
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Common themes:
1. Competing order.

2. superconducting fluctuations.
3. Spin gap: RVB.

My answer:
All of the above!
Competing order is a novel kind of fluctuating

superconductor which has its microscopic origin
in spin-charge separation.



Recent experiments show the appearance of charge order in the pseudo-gap phase.
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On the other hand, there is evidence for fluctuation SC much above Tc.
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Lu Li et al PRB 2010 observes
fluctuation diamagnetism.

Dubrovka...C. Bernhard, PRL 2011
found that the Drude weight for
conductivity between members of
bi-layers in YBCO to increase with
decreasing T starting at 180K. For
gap due to charge order, we expect
decrease.



_0.25 0.0 0.25

0.0 025-0256 0.0 D25

K, (x)

Concluded that competing order is not pairing, but CDW does not work either.
C1

ARPES on single layer Bi2201, R-H He et al Science 2011.
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Why CDW mean field theory cannot explain ARPES data?
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Choose CDW wave-vector =1.2 Q,
where Q=2K is the FS spanning vector.
Location of gap is fixed and the Fermi
level crossing is formed by states
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t-J model: the simplest model which describes

the strong correlation physics of the Mott insulator
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No double occupation allowed!

Enforce by decomposing electron into fermion and boson
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Enforce constraint with Lagrange multipier A
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The phase of y; becomes a compact gauge field a; on link ij
and iA becomes the time component.

Compact U(1) gauge field coupled to fermions.
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Mean field theory (Kotliar and Liu,1988) predicted d-SC and spin gap
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Pseudo-gap is described by spinon pairing in the mean field theory.

Our new proposal is that d wave pairing is initially usurped by another pairing state.



Consider the “simpler” problem | Spin liquid: destruction of Neel order

of undoped Mott insulator.

due to quantum fluctuations.

Spin liquid is more than the
absence of Neel order.

In 1973 Anderson proposed a spin liquid
ground state (RVB) for the triangular lattice
Heisenberg model. It is a linear
superposition of singlet pairs. (not
restricted to nearest neighbor.)

New emergent property of spin liquid:
Excitations are spin ¥z particles (called
spinons), as opposed to spin 1
magnons in AF. These spinons may
even form a Fermi sea.

Emergent gauge field. (U(1), Z2, etc .)

Topological order (X. G. Wen) in case
of gapped spin liquid:

ground state degeneracy,
entanglement entropy.

40 frustrating years later, we may finally have several
examples of spin liquid in higher than 1 dimension!
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Thermal conductivity of dmit salts.
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However, ET salt seems to develop a small gap below 0.2 K.



Evidence for phase transition
at 6K in ET.

Spinon pairing?

U(1) breaks down to Z2 spin
liquid. The gauge field is
gapped.

What kind of pairing?
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One candidate is d wave pairing. With disorder the node is
smeared and gives finite density of states. «/T is universal
constant (independent on impurity conc.) However, singlet
pairing seems ruled out by smooth behavior of spin

susceptibility up to 30T.

More exotic pairing? Amperean pairing, Sung-Sik Lee,PL, T.

Senthil. (PRL 2007).
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Transvers Gauge field propagator ( gauge magnetic field fluctuation) is singular.

Amperean Pairing. (Proposed by Sung-Sik Lee, PAL and T. Senthil, PRL 2007))
Not suppressed by Zeeman field.

S T I

Rp— 7 /7

QWW %d‘ \L/

Wing) otived




(-7,0) (0,0) (7,0)

Sint 2{ 3 Z D (f) Upy X ‘-'I) (Upz X ‘-]’) pl—l—qg}[;_,g —q,0" f;r;g,a’.f}ru._cr
- pip2.g

These considerations give us a microscopic motivation.

We will proceed phenomenlogically from this point on. We assume mean
field PDW order and compare with experiment.

~+MF .
S™ = A (RB) fur f-rrerc) + oo+ Ao (B) frr f-k—2Kc) + c.c.

Pair carries total momentum Q=2K, due to Umklapp.

Pair density wave (PDW). Earlier example is LOFF state, but that still pairs
state on the opposite side of FS.
Another example is stripe-PDW.



Tranquada’s group discovered a novel form of 2D superconductivity in LBCO
which onset at 40K, much above Tc.
Berg et al interpret this as anti-phase SC.
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Proceed phenomenlogically: assume a reasonable form of Ay(k).
Self consistent mean field solution has been found by Maksym Serbyn.
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Bi2202 UD65 measured at 140K,
from H-B Yang et al, PRL 2011.

Yields Fermi arcs and the correct gap closing from below at the mean field level.
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Subsidiary order. Prefer bi-directional PDW and CDW, ie checkerboard.
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The PDW state has small superfluid density and is
subject to large phase fluctuations due to vortex

pair creation. (BKT) We assume PDW has short
range order only in most of the phase diagram. B )
It is possible to have strong fluctuation in total phase and
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Berg, Fradkin and Kivelson, Nature Physics (2009)



The PDW state is a competing phase to d-wave
with higher energy, but it has higher entropy due
to te Fermi arcs, and therefore have lower Free

.. TPDW-MF
energy than d-wave above some finite T. T

At T., d-wave SC appears and co-exists with AF | »~Tc__pw
= PDW. This explains the hybrid gap structure. i

The PDW state is the normal state that FUENIIbmg eSL

sits in the vortex core. If energy cost is N /

low, core size is large. The cores overlap d-sc

in a relatively low magnetic field.

W i [f The “normal” state above “Hc2” is the P

Y short range ordered Amperean PDW

fﬁ*‘ﬁy | state. T

pil This explains why CDW is enhanced by T
7 |' magnetic field and the low “Hc2”. PDW-MF

Quantum oscillation is in the short
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Direct detection of fluctuating PDW:
Measure current vs B in a junction T < T<TN™ K\
with HiTc SC. ¢ l Z—?
, . B IELT( T’- < T< \t\)\
q = (2¢B/hc)(N+ d/2) () ~1

5, l pseudogap 3

Peaks at B,
: - which
The same experiment can be done at low temperature with
conventional SC junction. corresponds
to g=+-Q

PrBasCus sGap 207 (PBCGO)  underdoped Indeed, such sandwich
- structure has been built and

NdBazCuzO7 (NdBCO) insulator studied in zero field to probe SC

YBasCus sCop 207 (YBCO(Co)) Optimal doped  fluctuations above Tc.
N. Bergeal et al, Nat Phys 4,608 (2008)



CDW is a subsidiary order, and is not responsible for the gap. Is there density waves

at wave-vectors other than 2Q, and 2Q, ?
Agterberg and Tsunetsugu, Nat. Phys. 4, 639 (2008).

L X with d wave pairin
DO L5 D PTnS
case &, -6, T8 -G Q, +0 Q, and Q
17\\,\5 (HQI +9—Q1)_(9Q2+9—Q2) | ’ 1an 2
4 0 CDW (not seen) CDW at Q; and Q, is
possible and strong.
Orbital .
5 T CDW at Q; and Q, is

magnetization wave,

(search by neutron). possible and weak.

Does d-wave order induce LRO of PDW? If so, any observable consequences?

(A5 (Mg Ap, +Ag Ay) +cec. &/ "
pins the phase 6, + 6_p (the pinning is much weaker in A
case 5 than in case 4), and since 6y — 6_¢_1s assumed to d a/ &l
be locked already, the individual phases 6, will be pinned “~dn
up to . Thus, Ay may have long-range order, in the phase ‘v o r&\

where domain walls with 7 phase shifts are not important.
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N. C. Yeh did STM on YBCO (optimally doped) Int J. Phys. B23,4543(2009)

and saw CDW at 2 wave-vectors.

Recently CDW at 0.28 was seen in optimally doped Bi 2202 by RIX.



Conclusion:

The Amperean PDW explains naturally many of the anomalous
observations associated with the pseudo-gap. Is this the long
sought after “mother state”?

Need experiments!!!
Question:

Can it be stabilized by increasing interlayer coupling to suppress
vortex fluctuations? Raise T_ up to T* ??7?7?






