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e-doped cuprates, an example of AFM QCP

with superconducting dome
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The model
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el &N The Hubbard model

rature Superconductor belongs to a family of

High-Tempes ’ ol
B matgrials that exhibit exotic electronic properties
Cuy 0. 1
Y0a,Cuy 0y, 5 1

H==3" . tii(ClaCio + joCio ) + U iy

No mean-field factorization for d-wave superconductivity
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Some agreement between experiment

and theory
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AFM correlation length (neutron)
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15% doped case: EDCs in two directions
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E(T) at the QCP
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Linear resistivity
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At the QCP for finite ¢’
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e e-doped are in weak to intermediate
correlation range

* Methodology and benchmarks

» Pseudogap: Vilk criterion Eaepy > &
o Critical point: z=1

e Superconductivity
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e-doped are in the weak to intermediate

range of correlations
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e-doped less strongly correlated than h-doped

D. Sénéchal, AMST, PRL 92, 126401 (2004)
C. Weber, K. Haule, G. Kotliar, Nature Physics 6, 574 (2010)

e Optical gap 7.3 eV vs 2.0eV
o Compressibility is larger

U=8

(=S )
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e-doped less strongly correlated than h-doped

 Pressure dependence of 7. y

A
T g

Slater =
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e-doped less strongly correlated than h-doped

Hubbard repulsion U has to...

Increase for
t smaller doping

B.Kyung et al.,PRB 68, 174502 (2003)
Hankevych, Kyung, A.-M.S.T., PRL, sept. 2004 @ Ed SHERBROOKE




e-doped less strongly correlated than h-doped
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Electron-doped and MIR limit
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Theoretical difficulties

* Low dimension
— (quantum and thermal fluctuations)

 Large residual interactions
— (Potential ~ Kinetic)
— Expansion parameter?
— Particle-wave?

* By now we should be as quantitative as possible!

@ EJ SHERBROOKE



Methodology

Weak to intermediate
correlations
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Theory difficult even for weak to intermediate

correlations!

1\(\>2_ 1>2+ —i4:>

 RPA (OK with conset?ilatlon Iaws) 3 5
— Mermin-Wagner
— Pauli

* Moryia (Conjugate variables HS ~ ¢* = <¢>> ¢? )
— Adjustable parameters: ¢ and U,

— Pauli -

e FLEX -
— No pseudogap 2 = '——-)—A
— Pauli
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Weak correlation methods

* Functional renormalization group

+;'\f/.; o D. Zanchi and H.J. Schulz, PRB 61, 13609 (2000)
C. Honerkamp, et al.PRB 63, 035109 (2001)
e Rohe and Metzner (2004)
o S G Katanin and Kampf (2004)
R. Shankar, Rev. Mod. Phys. 66, 129 (1994)
A, A ; ;
(b) af—-(::)__=+¢_,e; S AV Y C. Bourbonnais Sedeki PRB 2012
e Other weak coupling methods

— N.E. Bickers, et al. Phys. Rev. Lett. 62, 961 (1989) FLEX
— B. Kyung, J.-S. Landry, and A.-M.S.T.,PRB 68, 174502 (2003)
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Two-Particle Self-Consistent

TPSC
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Theory without small parameter:

How should we proceed?

o ldentify important physical principles and laws
to constrain non-perturbative approximation

schemes
— From weak coupling (kinetic)
— From strong coupling (potential)

* Benchmark against “exact” (numerical) results.

e Check that weak and strong correlation
approaches agree In intermediate range.

e Compare with experiment
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TPSC: general ideas

e General philosophy
— Drop diagrams
— Impose constraints and sum rules
« Conservation laws
» Pauli principle (<n_*>=<n_>)
 Local moment and local density sum-rules

e Get for free:
e Mermin-Wagner theorem
« Kanamori-Bruckner screening

« Consistency between one- and two-particle G =

U<n,n_>
Vilk, AMT J. Phys. | France, 7, 1309 (1997);
Theoretical methods for strongly correlated electrons also (Mahan, 3') %, H siitRBRookE



Benchmark TPSC

with Quantum Monte Carlo
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TPSC for spin fluctuations
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Self-energy in TPSC

vW(g) = Xolq)
Sp q 1 — %[’T.‘-\'p\(l(q.)
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Internal accuracy check
%Tl‘ (Z(Q)G“)) - ('nT'nl> — .lTl‘ (E(Q)G(‘Z))

I'NI\‘I:RSI‘E']‘. DE
@ B SHERBROOKE



A better approximation for single-particle properties (Ruckenstein)

@

|
1'2

L) »

Y.M. Vilk and A.-M.S. Tremblay, J. Phys. Chem. Solids 56, 1769 (1995).
Y.M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996);

N.B.: No Migdal theorem
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Pseudogap: Eary > Ei (VK criterion)
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Precursor of SDW state

(dynamic symmetry breaking)

e Y.M. Vilk and A.-M.S. Tremblay, J. Phys.
Chem. Solids 56, 1769-1771 (1995).

* Y. M. Vilk, Phys. Rev. B 55, 3870 (1997).
 J. Schmalian, ez al. Phys. Rev. B 60, 667 (1999).

 B.Kyung et al.,PRB 68, 174502 (2003).
e Hankevych, Kyung, A.-M.S.T., PRL, sept 2004

 R. S. Markiewicz, PRB (2003).
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Vilk criterion: | hoo, <<k, T

effect of critical fluctuations on particles (RC regime)

1 1

—2 =
q,° +¢I||2 +& ik, + & g

(K p,ik,) e T| d?g

Imz*(k ,,0) oc—1§3_d

Vi

In 2D: ‘é: > gth‘ (éth = hVF / 7T kBT)
Agzvgk-AkvahAkaBT

Im=®(k,,0) oc U/ (£,8) >1

In 3D: Marginal

In 4D: quasiparticle survives up to 7.

Y.M. Vilk and A.-M.S. Tremblay, J. Phys. Chem. Solids 56, 1769 (1995). |
Y.M. Vilk and A.-M.S. Tremblay, Europhys. Lett. 33, 159 (1996); %y, B SHERBROOKE



Hot spots from AFM quasi-static scattering




Exponent at the critical point

B. L. Altshuler, L. B. loffe, and A. J. Millis, PR B 52, 5563 (1995).
P. Krotkov and A. V. Chubukov, PRL 96, 107002 (2006).

D. Bergeron, D. Chowdhury, M. Punk, S. Sachdev, and A.-M.S. T
Phys. Rev. B 86, 155123 (2012) (17 pages)
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Touching condition
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Origin of the change of power law

107"
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d-wave superconductivity
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Cartoon « BCS » weak-coupling picture

A
. 1 / P
Ap = =57 2., U(P-p )E—p,<1 - 2n(Ey ) )
p1
K )
\ K Béal-Monod, Bourbonnais, Emery
_ . P.R. B. 34, 7716 (1986).
Exchange of spin waves? n ; gcajapino, E. Loh, Jr., and J. E. Hirsch
Kohn-Luttinger P.R. B 34, 8190-8192 (1986).

T, with pressure Kohn, Luttinger, P.R.L. 15, 524 (1965).
P.W. Anderson Science 317, 1705 (2007) By, B SiEiooxe
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Tc from TPSC
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More on superconductivity: n=1
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Relation between symmetry and wave vector of
AFM fluctuations

Hassan et al. PRB 2008
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FIG. 5. (Color online) The d,2_,2 superconducting critical tem-
perature T as a function of ¢ at U=2.5, 3, and 4 for n=1. The inset

shows the d,, superconducting critical temperature 7. as a function
of t' for U=3.6 and 4.

Hassan et al. PRB 2008
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Tc In RC regime or not
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FIG. 6. (Color online) Logarithm base ten of the antiferromag-
netic correlation length (in units of the lattice spacing) as a function
of inverse temperature for three values of +'=0.15,0.21,0.31 at U
=4 for n=1. The value of T, for the corresponding ¢’ is shown on

the plot. Hassan et al. PRB 2008
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Conditions for d-wave superconductivity

Hassan, Davoudi, AMST PRB 77, 094501 2008

o Symmetry related to that of commensurate spin
fluctuations

e T increases with U
e DOS does not play dominant role

o Optimal frustration
— Inunderfrustrated 7. < T
— In overfrustrated 7.> T,
— In all cases € > a
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? Stifening AFM and new mode ?
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? AFM correlation length at optimal doping ?
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Charge ordering in the electron-doped superconductor Nd,_ ,Ce,CuO,
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Increased nesting away from n = [

T ->
—U=4 - e-doped f 00
—U=5 RN ’
0.1 5' +U - 6 o o
Com. N Du
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0.05F o
o -o - . - ®- inc.
0 o 1 i i 1 = ]
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S. Roy, PhD thesis, 2007
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TPSC: First step

» Consistency between one- and two-particle quantities:

Y6(1,1)Gs(1,2) = —U{Tn_g(1)cs(1)ck(2)),

12(1'1,’1'1).

» TPSC ansatz:

(np(1)ny (1))
1

] _ l
EALDGAL 2rall, & {1.1716G1.2), with USP:U(”T“))(”L( %

» = Spin irreducible vertex:

5%:(1,2)  6%4(1,2) N )
y2, ’ ;3\ — - — Y2, —3 - -
Cp(123.4) = 5eia g ~ 5oy = Urd(1 = 38017 45017 -2)

» We also use a local charge irreducible vertex:

L 85(1,2) | 8n(1,2) I
r"”(l’2’3’4)_6GT(3,4)+6G¢(3,4)N #S(1=3)8(1T —4)5(1~ —2)



Hole-doped : Link to Mott transition up to

optimal doping

Doping dependence of critical point as a function of U

0.2
j |
0.15 . |
Correlated metal |
w 0.06
0 ] B > .~ 0.04 ¢
! UMIT » J | 0.02
-
0.05 o
. PG
b2 4 % 3 10 12
U Sordi et al. PRL 2010, PRB 2011
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Conclusion

 e-doped better understood with one-band
Hubbard than h-doped (less strongly
correlated)

e Mechanism for pseudogap is different on h-
doped side (Related to Mott physics) (Vilk
criterion not satisfied)

« Certain anomalies explainable by charge
order? Or Interference between channels?

41 UNIVERSITE DE
25, B SHERBROOKE



Collaborators

Steve Allen

Samuel Moukouri
Francois Lemay

David Poulin  Hugo Touchette J.-S. Landry

I'NI\-‘I:RSI‘I';’L DE
@ Ed SHERBROOKE



Collaborators

Dominic Bergeron
Bumsoo Kyung ,

ebastien Roy V. Hankevych

Tt P

11| B

¢ »
Brexg | ol

D.Chowdhury Subir Sachdev Liang Chen  Yury Vilk

I’Nl\"lzksl'l'i‘: DE
@ Ed SHERBROOKE



André-Marie Tremblay

Département de physique
Université de Sherbrooke
-_— ¥

Le regroupement québécois sur les matériaux de pointe

Q&

) RESEARCH

Sponsors:

Qs P lronasrcan B gz

RQCHP Fondation canadienne pour linnovation

UNIVERSITE DE
¥, E SHERBROOKE



Mammouth

.. -

“'

e

o
B A5 Eaitie "

‘ . o T N
PR TN Jp—

;w.';}ai;"-""ll r8 se a8 A8 58 38
St AR ARIN N

P # ) e

compute « calcul
CANADA

‘ (B I NN
\ BUITLDING H

Le calcul de ha

EREER LE
ALIMENT
BATIR L'E

g

W R
L NOVYATION

CONOMIE

ute performance

N

Education,
Loisir et Sport

éb E3Ea
UebDEC eaea
Canada Foundation for Innovation
w Fondation canadienne pour l'innovation

Calcul Québec

UNIVERSITE DI
%y, B SHERBROOKE




Reviews: A.-M.S.T. arXiv: 1107.1534
and arXiv: 1310.1481

A.-M.S. Tremblay
“Strongly correlated superconductivity”
Chapt. 10 : Emergent Phenomena in Correlated Matter Modeling and
Simulation, Vol. 3, E. Pavarini, E. Koch, and U. Schollwock (eds.)
Verlag des Forschungszentrum Jalich, 2013




