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Temperature, T (K)
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Motivation: CuO2 high temperature superconductors

Phase diagram
Known phases:

= Antiferromagnetism in undoped case

Strange metal

= d-wave superconductivity for sufficient doping
Pseudogap

7-SC, onset
T

C,onset » =~ =
¢

Interest due to:

= Competition of instabilities

= Strong correlations
Hole doping, p

Keimer et al., = Quantum criticality

Nature (2015)



Prototype: 2D Hubbard model

_ Zhang and Rice,
Effective model for HTSC Anderson (1987) PRB ?1 088) |
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= [Low energy model: Cu and O hopping effectively included in t-t" kinetic energy

= |ack of charge instability observed in cuprates



2D Hubbard model
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Functional renormalization group (fRG) ~ Metzner etal. RMP (2012)

RG idea: C2A Ta=a7 S

= Successive rescaling of the effective interaction

o= =T

. . A
¢ |ntegrate degrees of freedom following hierarchy of energy scales Theory space 1

e Exact flow from bare to the effective action C3...Cpn,

e Unbiased channel competition (cuprate physics)

energy

[eV]
Scale dependent propagator:
10 U (Coulomb repulsion)
Go(k,iw) = G5 (k, iw) _
: t (kinetic energy, hopping)
0.1 1 | (magnetic interaction)
Equivalence between multi-loop fRG and parquet approx.
0.01 kgT. (transition temperature for SC)
Kugler and von Delft, arXiv:1703.06505



Functional renormalization group (fRG)

Hierarchy of flow equations

Metzner et al. RMP (2012)



Functional renormalization group (fRG)

Hierarchy of flow equations

Jd. ARPES
d SA —_— —G2_ }
S AR Go,A
Qw-ozssl Comin et al.,
Science (2013)

ARPES - UD15K

Ky (units of 1/a,)

Metzner et al. RMP (2012)



Functional renormalization group (fRG)

Hierarchy of flow equations
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Functional renormalization group (fRG)

Hierarchy of flow equations
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Functional renormalization group (fRG)

Hierarchy of flow equations

» ARPES

gA SN = -G} —Gya

NdA

Comin et al.,
Science (2013)

o =il spin-wave

Energy (meV)

T o Jain et al.,
Nature (2013)

One loop: improper inclusion of soft
and amplitude modes

Salmhofer et al., PTP (2004)

Metzner et al. RMP (2012)



2D Hubbard model seen by fRG

Spin susceptibility

100 /= /’ PR — Spin fluctuation driven superconductivity
| sdw (mtt—8) — I
B sdw (t=8,m1-0) ]
SN (cdw (n,n; ——————————— ' Gap equation:
10 F v -
F k K’
5 M= =Y Vo gt Ne= S
/- k= kk' ) Ek’ kk> — fluct.
d-wave susceptibility v = . k k
- d-wave solution for Vi ;» > 0

0.1

0.01 0.1 1

Halboth and Metzher, PRL (2001)

Effective interaction in PP channel

Scalapino,
RMP (2012)
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Frequency space in fRG DV et al., arXiv: 1708.03539

Full frequency dependent interaction:

VV1V2,V3 (kla kg, kB) = U —¢ " (k1 + ko, kq, k) + MYV (kg — k)

1 1
_|_§MV1,V2,V1—|—V2—V3 (kz _ kg) _ §CV1,V2,V3 (k2 _ ktg)

Based on Husemann and Salmhofer PRB (2009)



Frequency space in fRG DV et al., arXiv: 1708.03539

Full frequency dependent interaction:

VVIaV23V3 (kl, k2, k3) o U —¢Z(1:’V2’V3 (kl -+ k27 kl) k3) @WB (kSE
1
+@V1—I—V2—V3 (@ §CV1,V2,I/3 (k2 _ ij

Based on Husemann and Salmhofer PRB (2009)



Frequency space in fRG DV et al., arXiv: 1708.03539

Full frequency dependent interaction:

Vv1,V2,V3(k1,k2,k3) U ¢V1 V2’V3(k1—|—k2,k1,k'3 MVl V2>V3(k3_k1)

_|_;MV17V2 V1 +V2—V3 kﬁg _ ’Cg @;Ws D
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g9 0o &9 0
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Based on Husemann and Salmhofer PRB (2009)



Frequency space in fRG DV et al., arXiv: 1708.03539

Full frequency dependent interaction:

VV1,V2,V3 (kl, kZ, k3) — U ¢Zé,y2’l/3 (k"l _|_ kz@ MV1,1/2,1/3 (kS — kl)

1 1
_|__ 1,V2,V1+Vo—V3 (k2 . kg) L 5C17/177/271/3 (kZ — kg)

L (Qu ke kg) =SV V28 (Q) + day dg DV HQ)

») 1 3

Based on Husemann and Salmhofer PRB (2009)



Interaction tflow and phase diagram

Interaction scheme: (Honerkamp et al., PRB 2004)

A

Go (k) = AGo(k) =

Critical scale
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DV et al., arXiv: 1708.03539
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-

-

Critical scale interpreted as critical coupling: U, = A2U

Charge divergence at finite exchange frequency

Self energy feedback “cures” charge divergence

Consistent with Husemann et al. PRB 2012
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Interaction tflow and phase diagram

Interaction scheme: (Honerkamp et al., PRB 2004)
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Critical scale interpreted as critical coupling: U, = A2U
v+ uh — eg
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Interaction tflow and phase diagram DV et al., arXiv: 1708.03539

Dynamic vs static approximation Magnetic channel

M Q= (m,m—6), Q=0
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Consistent with Wentzell et al. (2016)
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= Frequency dependence enhances 1 — A. s
8
Q
i i ) ) local LD
= The static approximation overestimates the effect structure

of channel competition on the magnetic one
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Effect of frequency dependence on PP d-wave channel

DV et al., arXiv: 1708.03539

Pairing channels doping = 0.4

d-wave: dynamic vs static

12

—— DA< dyn ¢
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d-wave channel affected by two factors: v

= | ocalized frequency structure Wentzell et al., 2016

= |nteraction flow underestimates d-wave pairing

Taranto, PhD Thesis

dA +

Not included in one-loop




DV et al., arXiv: 1708.03539

Charge divergence
Self energy suppresses the divergence

0.18 4 .
0.16 4 + &
IS} _o--0- T 0-e. e el
T Towt che, Q= (0,0), Q = 21T

0.10 4
& AF, without ¥
0081 Charge, without

z=04

160 ]

without X

e
o iAF, with & £
o iAF, without *

abs Charge

X

What is the origin of the divergence?



. DV et al., arXiv: 1708.03539
Charge divergence

Self energy suppresses the divergence
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. DV et al., arXiv: 1708.03539
Charge divergence

Self energy suppresses the divergence
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Charge divergence

0081 % Charge, without
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Self energy suppresses the divergence
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Charge divergence

0081 % Charge, without
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Self energy suppresses the divergence
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DV et al., arXiv: 1708.03539
R e e Self energy
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= Fermi liguid behaviour even close to IAF instability

= More broadening in antinodal direction



Wu, Georges and
Hartree-Fock selt energy Ferrero, PRB 2017

Diagrammatics:
Close to magnetic instability Q =~ (m, )

1
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Self energy: Fock vs fRG wl 3 S "
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= Exact only when the vertex is exact
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Outline

DMF2RG: strong coupling by starting from DMFT solution

= |ocal DMFT vertex affects non-local susceptibility

= d-wave pairing fluctuations
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DMF2RG: tlow for the strong coupling

Conventional fRG

Sinitial

Stull

>
parameter space

v
ginitial

Wentzel et al., PRB 2015

° gfull

P gﬁnal

>
parameter space

= Start from bare action: no fluctuations from the beginning

= Truncation: error accumulated during the flow

C. Taranto et al., PRL (2014)

Metzner et al. RMP (2012)



DMF2RG: tlow for the strong coupling

Wentzel et al., PRB 2015
Extension to strong coupling

[

S~

A A Gr  _
> ~e
Stull e Grull
Sk ,’gﬁnal
A A
‘/
Sinitial Uinitial
> >
parameter space parameter space

Gpint = Go,p # 0
= |nclusion of correlation from the beginning

= Reduce truncation error by starting ‘closer’ to final action

C. Taranto et al., PRL (2014)



_ Georges et al. RMP (1996)
DMF2RG: start from DMFT solution

= - =

Only local fluctuations

Exact in infinite dimensions DMFT Phase diagram with SSB
TN n = 1
= Use converged DMFT solution e
as initial condition for fRG

.

&~ o.08} TN ~ E |

= DMFT capture strong coupling _
physics with local fluctuations Ty ~e v & AF LRO

0.00
0

Metzner and Vollhardt PRL (1989) Georges and Kotliar PRB (1991)



DMF2RG: DMFT vertex
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0.00
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w,V,V
FDMFT
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(v + w)>@<(y/ +w)

Rohringer et al., PRB (2012)

At strong coupling:

Xloc ™ ;8

|

~ ,65U6

B

= | ocalized structure due to local moment



DMF2R@G: strong coupling flow

Veorats(key, ke, ks) = Fpnpr —¢se ™" (R + ko, ki, ks) + M7 (ks — k)

1 1
_|_§MV1,V2,V1+V2—V3 (kg . kg) - §CV1,I/2>V3 (kg . kS)



DMF2RG: strong coupling flow n=1 =0

yvi.v2,vs (kl, kz, k3) = FSM?,’I‘VB + MFLoP20V3 (kﬁg — 1{31)

Single channel (PHc) DMF2RG equivalent to ladder-DMFT



DMF2RG: strong coupling flow n=1 =0

-Vvyl’yz’u3 (kl, kg, k3) = FSM?,’I\V:B ‘|‘MV1’V2’V3 (kﬁg — kl)

Single channel (PHq) DMF2RG equivalent to ladder-DMFT

016 , ___» boson propagator
0:12 ¢wjy,l/ (q) 2 ¢w(q)
~ 0.08

0.06

—Full frequency dependence

= (Capture the Heisenberg coupling

t2
J ~ —
U

0.04

0.02

0.00
0

= Recovery of DMFT Néel temperature only with full frequency dependence



DMF2RG: strong coupling flow n=1 =0

Veorats(key, ke, ks) = Fpnpr —¢se ™" (R + ko, ki, ks) + M7 (ks — k)

1 1
_|_§MV1,V2,V1+V2—V3 (kg - kg) _ §CV1,I/2>V3 (kg - kS)

TN DMF2RG: no X
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= Strong but localised vertex structure

maxM ~ 10°



DMF2RG: strong coupling flow n=1 =0

Veorats(key, ke, ks) = Fpnpr —¢se ™" (R + ko, ki, ks) + M7 (ks — k)

1 1
_|_§MV1,V2,V1+V2—V3 (kg . kS) - §CV1,V2>V3 (kg . kS)

Spin susceptibility

I'n
0.16 : o -
0.14} 8
0.12} 1 1
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&~ o.08} o | < o i
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0.04} | |
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2_
0.00 s s
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U 107° 104 1073 102 101 10°

A

= Strong but localised vertex structure

maxM ~ 10°



DMF2RG: Néel temperature at half-filling

Spin susceptibility

S /
f ff Bp— ]_ t p— 0
-1
Xz ~(m, m)
0.30 1 S
0.25 - ®
@
0.20 -
@
0.15 - XDMF2RG k
° -1
0.10 - © XDMFT
@
0.05 - o
O
0-00 I 1 1 T 1
0.200 0.225 0.250 0.275 0.300 Brillouin zone
T

= Mean field critical exponent
= Non-local fluctuations slightly reduce the Néel temperature

= Result stable over a large range of coupling strength

41
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0.00

DMF2RG: away from half-filling 1= 0.08¢

Strong coupling regime and doped region U = & t' — —().2t

Critical scale

Pad

70

S
DQR=0.Q

= No d-wave instability at this temperature

= |[ncommensurate antiferromagnetism

P IN doped case

= Emergency of large d-wave pairing
fluctuations at border of AF onset

d-wave pairing fluctuations



DMF2RG: away from half-filling

Strong coupling regime and doped region U = & t = —0.2¢
T Results:
= |[ncommensurate antiferromagnetism in undoped case
0.08t - B
= | ocal and Fermi-liquid self-energy as in weak-to-
intermediate coupling fRG
6=0.18
—0.151 T —e— DMFT
0.18 om0l !
5
§ —0.25 A
No indications for pseudogap: N _0.30-
Lack of method or model? IS

—0.35 A

—0.40 A




DMF2RG: away from half-filling 1= 0.08¢

Strong coupling regime and doped region [ = K¢ t = —0.9¢
Spin susceptibility DMFT bubble
x5(Q), n=0.82 x5(Q), n=0.82

B

Where the incommensurate peak comes from?  Xg = —TZ/ Gk,

Three possibilities: . >
* From the non-locality of the self-energy? wit — ~DMFT

* From the channel competition?

v From the DMFT vertex?



ladder-DMFT: away from half-filing 1" = 0.08%

Strong coupling regime and doped region U=8t t = —0.9¢

DMFT bubble
X3(Q), n=0.82

/2 n/2

0 /2 nm

Frequency summed bubble

x? = x3 — x3Tirrx?

/ Local vertex affects non-local
spin susceptibility

Matrix multiplication in frequency space



DMF2RG: d-wave pairing fluctuations

Lowering the temperature: U=8t t = —0.9¢
T=0.044, U= 8t
T 80
. e t'= —0.20,n=0.820
0.08t -

0.044t A @

0.18 ;
0.05 0.10 0.20 0.50 1.00

= Strong d-wave pairing fluctuations in the iAF phase

= |_ocalised frequency structure as in fRG

= Precursor of d-wave instability at lower T¢?




Conclusion

= |mportant frequency dependence in the intermediate coupling S

= Presence of charge divergence, explained by RPA-like formulae and 2
suppressed by self energy feedback

x°(Q), n=0.82

n

= Flow to the strong coupling by starting from DMFT solution

/2

= [ocal vertex affects non-local susceptibility oo™

T=0.044,U=38t

—e— t'=-0.20, n=0.820

= Strong d-wave pairing fluctuations at Temperature studied g

Outlook

= | owering the Temperature to enhance the interplay between AF and SC



Questions?

Thank you for your attention
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Charge divergence: perpendicular ladder

RPA-like magnetic fluctuations

Ueff U

do= Tpmay = VWV - o + O X OO X D+

RPA-like charge fluctuations (generated by magnons)

éQ’Q(V17 V3> — Uﬁlff_VS [51/17’/3 _|_ USff—V3HQaQ(V1)] o — ; + § ; + §
! <

= Bosonic frequency 2 = v — 3 enters only in the (not summed) bubble

/"
/"
+

Frequency dependent bubble

Mgao(v) = _/ Go(p, v)Go(p + Q, v + Q). Similar to FLEX approx.
| &
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Charge divergence: perpendicular ladder

Cq.a(vi,vs) = U, 6010, + Uﬁff_,,?,HQ,Q(m)]_l lqa(v) = —/ Go(p,v)Go(p+ Q,v + Q).

{ p

Q) =A4xT

Property of the bubble:

= Same structure appearing in full fRG
PREing TZHQ—>(O,O),Q(V) = C00,0,

= Divergent when lowering the temperature

~ Qualitative but not quantitative picture fRG: the self energy feedback cures the divergence



