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Superconductivity:
Bose condensation of Cooper pairs of electrons
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Superconductivity:
Bose condensation of Cooper pairs of electrons

Nearly constant condensate wavefunction
(superconducting order parameter)
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Phase-sensitive measurement of the
d-wave symmetry of Cooper pairs
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Pairing Symmetry and Flux Quantization in a
Tricrystal Superconducting Ring of YBa;Cu307-5
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“Fermi arcs” at
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Direct observation of competition between
superconductivity and charge density wave

order in YBa,Cu3O¢ ¢7
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Comparison of Monte Carlo with experiments
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A Four Unit Cell Periodic
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Surrounding Vortex Cores in
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“R-map” of BSCCO in zero magnetic field, similar to those published in Y. Kohsaka, C. Taylor,
K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007). Davis group has sub-angstrom resolution
capabilities, with lattice drift corrections, which make sublattice phase-resolved STM possible.
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Charge density wave (CDW) order



Charge density wave (CDW) order

Nearly constant CDW order parameter
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(cl(r1)ca(r2))
:7)(1'1 — I'Q):

Unconventional density wave (DW) :

Bose condensation of particle-hole pairs

) 6iQ°(P1—|—P2)/2
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Unconventional density wave (DW) :
Bose condensation of particle-hole pairs
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Crucial “center-of-mass” co-ordinate.
(Not used in previous work)
Simplifies action of time-reversal
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Unconventional density wave (DW) :

Bose condensation of particle-hole pairs
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Unconventional density wave (DW) :
Bose condensation of particle-hole pairs

(cl(r1)ca(r2))
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Time-reversal symmetry requires P(k) = P(—k).

We expand (using reflection symmetry for Q along axes or diagonals)

P(k) = Ps + Py (cosk, + cosky) + Py(cos k, — cos k)
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(Unconventional DW order: s'-form factor)
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(Unconventional DW order: s’-form factor) [y
X

Compatible with “stripe” model,
and spin-density-wave (SDW) order
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Orbital symmetry of charge density wave order in La; 33sBajy1,Cu0O, and YBa;Cu3Og 47
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X-ray observations indicate strong s’ component in LBCO
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s’ form factor is incompatible with STM measurements

on BSCCO, Na-CCOC.
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This specific d-form factor density wave order (with Q along the axes) was first
predicted in S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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Direct phase-sensitive identification of a d-form factor
density wave in underdoped cuprates

Kazuhiro Fujita®®“', Mohammad H. Hamidiana'b'1,_ Stephen D. Ed_kinsb'd, Chung Koo Kim® Yuhki Kohsaka®,
Masaki Azuma’, Mikio Takano?, Hidenori Takagi“™, Hiroshi Eisaki, Shin-ichi Uchida®, Andrea Allais®, Michael J. Lawler®,
Eun-Ah KimP®, Subir Sachdev®™, and J. C. Séamus Davis®"-9-2

The identity of the fundamental broken symmetry (if any) in the
underdoped cuprates is unresolved. However, evidence has been
accumulating that this state may be an unconventional density
wave. Here we carry out site-specific measurements within each
CuO, unit cell, segregating the results into three separate elec-
tronic structure images containing only the Cu sites [Cu(r)] and
only the x/y axis O sites [O,(r) and O,(r)]. Phase-resolved Fourier
analysis reveals directly that the modulations in the O,(r) and O,(r)
sublattice images consistently exhibit a relative phase of . We
confirm this discovery on two highly distinct cuprate compounds,
ruling out tunnel matrix-element and materials-specific systemat-
ics. These observations demonstrate by direct sublattice phase-
resolved visualization that the density wave found in underdoped
cuprates consists of modulations of the intraunit-cell states that
exhibit a predominantly d-symmetry form factor.

Proceedings of the National Academy of Sciences 111, E3026 (2014)



120

0.12 ¢ @4
p (hole/Cu) L ‘:&T/‘; e

T. Wu, H. Mayafire, S. Kramer, M. Horvatic, C. Berthier, W.N. Hardy, R. Liang,
D.A. Bonn, and M.-H. Julien, Nature 477, 191 (2011).



120 /

Pseudogap

K.M. Shen et al., Science 2005

80

= (7/2,0)

~
40
factor
X density
; % i wave
0.04 0.08 0.12 0.1¢
p (hole/Cu)

K. Fujita, M. H Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi,
H. Eisaki, S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Davis, PNAS 111, E3026 (2014)




