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Photoemission at large p
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M. Platé, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,
S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev. Lett. 95, 077001 (2005)
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Photoemission at small p

. CaZ—xNaxCu02C12
- . a

“Fermi arcs’”

Kyle M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C. Ingle, W. S. Lee, W. Meevasana,
Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307, 901 (2005)
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Fermi surface transformation at the pseudogap critical point of a cuprate superconductor

Yawen Fang, Gaé€l Grissonnanche, Anaélle Legros, Simon Verret, Francis Laliberté, Clément Collignon, Amirreza Ataei,
Maxime Dion, Jianshi Zhou, David Grat, M. J. Lawler, Paul Goddard, Louis Taillefer, and B. J. Ramshaw, arXiv:2004.01725

We use angle-dependent magnetoresistance (ADMR) to measure the Fermi surface of the cuprate Lal .6—xNd(Q 4SrxCuO4. Above the critical

doping p* —outside of the pseudogap phase—we find a Fermi surface that 1s in quantitative agreement with angle-resolved photoemission.
Below p*, however, the ADMR 1s qualitatively different, revealing a clear change in Fermui surface topology. We find that our data 1s most
consistent with a Fermi1 surface that has been reconstructed by a Q = (7t,7t) wavevector. While static Q = (7t,7t) antiferromagnetism 1is not found
at these dopings, our results suggest that this wavevector 1s a fundamental organizing principle of the pseudogap phase.
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Hidden magnetism at the pseudogap critical point of a high
temperature superconductor

Nature Physics 16, 1064 (2020)

Mehdi Frachet!t, Igor Vinograd!t, Rui Zhoul4, Siham Benhabib!, Shangfei Wul, Hadrien
Mayalffrel, Steffen Kramerl!, Sanath K. Ramakrishna3, Arneil P. Reyes3, Jérome Debray#,
Tohru Kurosawa>, Naoki Momono®, Migaku Oda>, Seiki Komiya’, Shimpei Ono?,
Masafumi Horio8, Johan Chang®, Cyril Proust!, David LeBoeuf!®, Marc-Henri Julien”
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A. Legros, S. Benhabib,W.Tabis, F. Laliberte, M. Dion, M. Lizaire, B.Vignolle, D.Vignolles, H. Raffy, Z. Z. Li, P. Auban-

Senzier, N. Doiron-Leyraud, P. Fournier, D. Colson, L. Taillefer, and C. Proust, Nature Physics 15, 142 (2019)

Material (102;1111_3) (Z:) (1;121// 121) h i s(zz/e; ?)

Bi2212 | p=0.23 68 | 84+16 | 8009 | 7414

Bi2201 | p~04 3.5 7£1.5 8 +2 8 +2

LSCO | p=026 78 | 98+17 | 82+10 | 89128
Nd-LSCO| p=0.4 7.9 12+4 | 74+08 |106+3.7§07+04
PCCO | x=0.17 88 | 24£0.1 | 1.7+03 | 2.1£0.1

LCCO | x=0.15 90 | 30+03 | 30+045 | 2.6+0.3

TMTSF |P=11kbar| 14 |1.15£02| 2803 | 28+04
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Measurement of the Planckian Scattering Rate

G. Grissonnanche, Y. Fang, A. Legros, S. Verret, F. Laliberté, C. Collignon, J. Zhou, D.
Graf, P. Goddard, L. Taillefer, B. J. Ramshaw, arXiv:2011.13054

Angle-dependent magnetoresistance in Nd-LSCO near p = p. =~ 0.23.
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Evidence for freezing of charge degrees of freedom across a critical point in CeColns

Nikola Maksimovic, Taylor Cookmeyer, Jan Rusz, Vikram Nagarajan, Amanda Gong, Fanghui Wan,
Stefano Faubel, Ian M. Hayes, Sooyoung Jang, Yochai Werman, Peter M. Oppeneer, Ehud Altman, James G. Analytis
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Deconfined critical theory of metal-metal transitions
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Qynamic mean-field theory of metal-metal transition in Hubbard model

2
Hipp = Z th C; o Ciow — ,chmcm | Z( czacm — 1) | Z Jzy

1,7=1 a=1 () z<] 1

Dynamic mean field theory reduces everything to a self-consistent single-site problem.
This reduction is exact for the fully-connected random model with ¢;; and J;; independent random
numbers with rms variance ¢t and J.



Qynamic mean-field theory of metal-metal transition in Hubbard model

2
Hipp = Z th C; o Ciow — ,chmcm | Z( cjacm — 1) | Z Jzy

1,7=1 a=1 () z<] 1

Dynamic mean field theory reduces everything to a self-consistent single-site problem.
This reduction is exact for the fully-connected random model with ¢;; and J;; independent random
numbers with rms variance ¢ and J.

Sy = /dT;cg(ﬂ(; u) () 4 g/dT( e — )

+ /deT/A(T—T,)ZCL(T)CQ(T/) ;/deTj T—17) § (")

From this action we have to determine the Green’s function and spin correlator:

Gr—7) = —5 3 {ealMh()g,, xr—7)=5{(5r)-80))

Stug

and impose the self-consistency condition that results from the cavity construction:

A(T) =t2G(1) , J(1)=J"x(1).
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Numerical solution for Hubbard model
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Numerical solution for Hubbard model
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Fermi surface reconstruction at the QCP

See also Otzuki, Vollhardt
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Qynamic mean-field theory of metal-metal transition in Hubbard model
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Random | model (insulator)

N
1 — —
H=— Y J;5"5

i<j=1

@

P,
@

h X

) I

4

P,
Y

.

¢

o

S.Sachdev and ).Ye, PRL 70, 3339 (1993)



Random | model (insulator
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S.Sachdev and ).Ye, PRL 70, 3339 (1993)
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Random | model (insulator

/ DS(r)5(S? — 1)e=Sm=S
/ du/dTS (%X?D

2

/deT Q(r — 7)S(1) - S(1).

S.Sachdev and ).Ye, PRL 70, 3339 (1993)



Random | model (insulator
Z = /D§(7)5(§2 — 1)6_SB_SJ

/ o [ dr$ (@S . @S)
ou

: / drdr'Q(r — #)S(r) - S(+).

SB

Sy

From this action we compute

_ 1 /.

Qr—7) = (8 -8)

3 =z

and then impose the self-consistency condition

Q(r) =Q(r).|

-

\_

S.Sachdev and ).Ye, PRL 70, 3339 (1993)



Random | model:RG

We assume a power-law decay

2

Q(r) ~ —

Tl

—

[gnore the self-consistency condition for now. We decouple the S(7)-S(0) interaction
by introducing a bosonic (¢,, a = 1...3) bath. Then the problem reduces to the
‘Bose-Kondo’ Hamiltonian

How = 7S, 6a(0) - ; / 2 (72 + (Bo6)?]

where 7, is canonically conjugate to the field ¢,, and ¢,(0) = ¢,(x = 0). We
identify (Q(7) with temporal correlator of ¢,(0), and then we need @ = d — 1.

M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 5152 (2000)
S. Sachdey, Physica C 357,78 (2001)



Random | model:RG

e The S-function of v can by computed order-by-order in € = 2 — «

G
dl 2 |

e There is an attractive fixed point at v = v* = O(/e).

e Because of the quantized Berry phase (Wess-Zumino-Witten) term, the renormalization of the

coupling ~y is given only by the wavetunction renormalization. We can then prove that at this
fixed point Q(7) ~ 1/|7]*~% to all orders in e.

RG flow

-
~

M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 5152 (2000)
S. Sachdey, Physica C 357,78 (2001)



Random | model:RG

The B-function of v can by computed order-by-order in € = 2 — «

G
dl 2 |

There is an attractive fixed point at v = v* = O(/e).
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coupling ~ is given only by t.

he wavelfunct

fixed point Q(7) ~ 1/|7]*~% -

ion renormalization. We can then prove that at this

0 all orders 1

1l €.

The self-consistency condition therefore yields
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0 all orders in €. The same exponent is obtained in a SU(M) theory at large M with frac-

S.Sachdev and J.Ye, PRL 70, 3339 (1993)
M.Vojta, C. Buragohain, and S. Sachdev, PRB 61, 5152 (2000)
S. Sachdey, Physica C 357,78 (2001)
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Dynamic mean-field theory of metal-metal transition in Kondo lattice model
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Single site action for single spin and a single electron
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From this action we determined the correlators
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1 — Kondo model:RG
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Parton theory |
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i,j=1 1<g=1

Each site has 3 states which we map to the ‘superspin’ space of a boson b (the holon) and a

fermion f, (the spinon):
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Then we can map the problem to that of a ‘superspin’ interaction with a bosonic bath (with
coupling ), and a fermionic bath (with coupling g). There is also a ‘Zeeman’ field so(f! fo —b'0)
which splits the degeneracy between the holon and spinon states. Note sog = 0 for p = 1/3.
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Parton theory Il
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i,j=1 1<g=1

Each site has 3 states which we map to the ‘superspin’ space of a fermion § (the holon) and a

boson f, (the spinon):
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Then we can map the problem to that of a ‘superspin’ interaction with a bosonic bath (with
coupling ), and a fermionic bath (with coupling ¢g). There is also a ‘Zeeman’ field sq(b! b, —§7F)
which splits the degeneracy between the holon and spinon states. Note so = 0 for p = 1/3.
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Random t-| model:RG

As in the random J model, the
self-consistency condition leads
to exponents that can be deter-
mined to all orders

These exponents can be under-
stood from a large M SU(M)

SY K theory with fractionalization:

the partons have correlators ~

1/4/7, the spin and electron Green’s

functions are products of 2 par-
ton correlators.
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Random t-| model: phase diagram
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Random t-| model: phase diagram
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Random t-| model: phase diagram
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Random t-| model: phase diagram
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Summary

Dynamic mean field theory of metal-metal transitions

Numerical solutions of Hubbard model capture key
aspects of the cuprate phase diagram:

the FL* pseudogap metal,

spin glass order at low 7' for small p,

and Planckian metal near p.

RG analysis yields connections to SYK criticality of
fractionalized partons



