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Outline

Underdoped cuprates have charge and nematic order

3-band Hubbard model has a nematic instability

 Nematic charge fluctuations contribute to d-wave
pairing

Maier & Scalapino, arXiv:1405.5238
see also: Lederer et al., arXiv:1406.1193
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Charge order and nematicity in the cuprates

Broken symmetries in
underdoped cuprates

— Evidence for static, but short-

ranged charge order from NMR,

XRD, STM, ...

— Charge order accompanied by

intra-unit-cell

nematic order

— d-form factor ¢
Sachdev & La Placa, PR
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Pseudogap quantum critical fluctuations and pairing

Quantum oscillations:

Ramshaw et al., arXiv ‘14 190

— m*—oo identifies QCP at o
p.=0.18 where T'(p) =0 1| ]

— Magnetic field neededto £ )
suppress superconductivity © -
neaked at p ~ 12 -

— Pseudogap quantum o —
critical fluctuations "
involved in pairing 0.05 010 015 ' 020 025 °

Hole doping p

Ramshaw et al., arXiv ‘14
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Pairing near a nematic QCP: Theory

Isotropic (disordered)

Doped Mott insulator

Kivelson, Fradkin, Emery, Nature ‘89

— Nematic QCP just beyond
optimal doping

Temperature

/
Nematic
/

Crystal

Palrlng near nematlc QCP Kivelson, Fradkin, Emery, Nature ‘89
Metlitski et al., NJP '10; arXiv '14

Quantum critical ¢
Coherent electrons

— Nematic charge (bond)
ordered phase near SDW

— Nematic fluctuations mediate
attractive interaction

SC

Fermi liquid

Fermi liquid
(@) # 0 Te () =0

Metlitski et al., arXiv ‘14
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3-band Hubbard model for Cu0,

€4-€p=2.9,tpa=1,tpp = 0.5
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Bulut, Atkinson & Kampf, PRB '13

NematiCity in 3-band mOdeI: RPA Mean-field: Fischer & Kim, PRB ‘11

Cu Opx
PHYSICAL REVIEW B 88, 155132 (2013) e

Spatially modulated electronic nematicity in the three-band model of cuprate superconductors
S. Bulut,’> W. A. Atkinson,"" and A. P. Kampf®
'Department of Physics and Astronomy, Trent University, Peterborough Ontario, Canada, K9J 7B8

2Department of Physics, Queen’s University, Kingston Ontario, Canada, K7L 3N6 Op y
3Theoretical Physics IlI, Center for Electronic Correlations and Magnetism, Institute of Physics, University of Augsburg,

86135 Augsburg, Germany e

| s Nematic charge susceptibility:

tpp=0.5
XN() = Xx(9) + Xyy () — X (@) — Xyx(q)

: B
o—o diagonal order
e—e axial order Xyl = / dT<Tn€1 (q' 7-) ng, (q' O)>
=—u q=0 - O
| 0.03 —— % 7T——— T
- —a =0
12 | . | . | . | . | Isotropic o—o diagonal order
—— 0.02 |- -
i — i Ud=9l Up=3, Vpd=1, Vpp=2
h 0.01 |- -
— L Nematic
0.24 0.28
. | . C : | !
: , 0.05 0.1 0.15 0.2 0.25 0.3
From Bulut, Atkinson & Kampf, PRB '13 p
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What is the nature of the pairing
interaction associated with these
nematic fluctuations?
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Ra n d om p h adSe d p p rOXi m ati on For 3-band model see Littlewood, PRB '90;

Bulut, Atkinson & Kampf, PRB '13

Spin/Charge Susceptibility ‘ Q_Q

Yrealq, w) = Xo(g, w)

1+ Uxo(q, w) X Q_Q_Q X
xo(q,w) = / (d3p feprq) — flep)

21)% w — (€ptrq — €p) + 16

Pairing interaction

K1 Kt K1 Kt —

:k‘lzz;l: KT & O

Berk, Schrieffer 1966
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Miyake, Schmitt-Rink, Varma, PRB '86

d-WaVe pairing near Q:("’") SDW Scalapino, Loh, Hirsch, PRB ‘86

Monthoux, Balatsky, Pines, PRL'91

I'PP(k — k") A(K

k/
V. 1 o
e k) =2 — TVigp(k— KOV
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Miyake, Schmitt-Rink, Varma, PRB '86

d-WaVe pairing near Q:("’") SDW Scalapino, Loh, Hirsch, PRB ‘86

Monthoux, Balatsky, Pines, PRL'91

At = -3 7P (k — k) A(K)

. Bk

M(k, k') =

Ve 3. . d,2_ .2
T T sXrealk — K') Vs oY
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Miyake, Schmitt-Rink, Varma, PRB '86

d-WaVe pairing near Q:("’") SDW Scalapino, Loh, Hirsch, PRB ‘86

Monthoux, Balatsky, Pines, PRL'91

At = -3 7P (k — k) A(K)

. Bk
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Charge fluctuations and pairing

I'PP(k — k") A(K
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Ve 1 c
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Charge fluctuations and pairing

I'PP(k — k") A(K

k/
V. 1
(K, K') ==

— 5 VCXIC?PA(k o k/)vc
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Charge fluctuations and pairing

A = - 3 D= M)AR)

E(E)

k/
Ve 1
[(k, k') —7
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Pairing from charge fluctuations in 3-band model

— Consider only charge part of the interaction and neglect spin

: : Ve 1
interaction: T (k, k') = > 75 —V.xepalk — K"V,

kT
— Solve linearized gap equation: [ . D
-kd

dh N (k) —
fsz(kﬁ)r (k, k)P a(k') = Xa®u(K)

with
Tk kY= 37 ad (K)af (—k)Teepee (k, K)a% (K')al (—K')

l1,02,03,44

Ud=9' Up=3' Vpd=1l Vpp=2
Maier & Scalapino, arXiv (2014) #’O R
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0.03 ————— —
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RPA pairing interaction from DT
nematic g=0 charge fluctuations _
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Leading gap structures

A=1.87 \ , A=176
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Nematic pairing interaction attractive in d-wave and xs-wave channels
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RPA pairing interaction from o T

Isotropic o——o diagonal order

nematic g*=(qo,qo) fluctuations _'
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Leading gap structures
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Compared to case with g*=0
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0.03 ————%

—a q=0
h . h Q i Isotropic o——-o0 diagonal Ordel‘ 1
Approaching the QCP :
—~ i Nematic .
0.01+ —
0 . | . s . | .
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q = 0 nematic susceptibility vs. doping pairing strength A vs. doping
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Pairing strength increases as nematic QCP is approached
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Gap momentum structure on approaching the QCP

1.6
14
/ R 1.2
vv.‘.'..QQ\\\\ 1 O ~
: g - g
//""// | ‘\\\\\ 08 ;
il
1 AN 06 =
i \
71 AN
oW ..0&\\\ 0.4
Q
AN
0.0

37/2 2

(@»)
S
N

N

37/2 21
S

O 5 -

Longer ranged interaction reflected in higher d-wave harmonics



XRPA(k k/)V
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Fe(k K) = 3l (k)al (—K) e, (K K)al2 (K2l (—K)

£1,€2,43,44
1.2 | f
T=0.005 1.0- *
@@ d-wave  @—@ s-wave ©060000°°206000°°000000°°00000®
1.0- R 0.8- | 4 i
w oo E-E p, ¢ p,
S
0.8 - . i g 0.6 - i
~ = 0 : oo
S 4. .’.0" .0’..-. 'l..’o’ ’0.’..1'
0.6- - = om de em  mwo
O ¢ ® m o ¢ m m
I T A
O 4 : i \\ ’I \\ II
0.0 = 0 u -
0.2 0.4 0.6 0.8 1.0 0 /2 T 3n/2  2n
Vpd ©

Vo4 couples d-band to nematic fluctuations on p-orbitals

%OAI\ RIDGE

Strong Correlations and Unconventional Superconductivity: Towards a Conceptual Framework — KITP, Sept. 2014 - National Laboratory



The role of the repulsive static interaction
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Who is the main player: Charge or spin?

[(k, k") =
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CO n CI u S i O n S Maier & Scalapino, arXiv:1405.5238

see also: Lederer et al., arXiv:1406.1193

— The nematic pairing interaction is attractive for small momentum
transfer

— Nematic charge fluctuations contribute to the d-wave pairing
interaction with increasing strength as the nematic QCP is
approached.

— It can cooperate with the repulsive, large momentum transfer
spin fluctuation interaction so that both the spin and the charge
channel contribute to the d-wave pairing strength.
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