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We measure the optical conductivity: o(®) = j(®) / E(®)

Kubo formula (1957)
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Cuprates
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Region1l: o <T
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Region 2: QO > ® > T corresponds to quantum critical dynamics

This implies time-scale invariance

G(pw) =A c(w)
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Originally proposed in the context of spin-charge separation

by PW. Anderson, PRB55, 11785 (1997)

¢, =arctan (c,/o)=n—71tn/2

din|lo| /dIno =n—2




Region2: Q>w>T
Wavenumber (cm'1)
1000

100

nN—2=-0.65
n=1.35

()| (kS/cm)

S 80-
O
GB; Argo = 60°= TC( 1— 1’]/2)
° % n=1.33
g — 7K
L 40 — 100 K
b ——— 160 K
C
& 20 200 K
3 260 K
© | —— 300K

0+ T T T T T T '

0 2000 4000 6000

-1
Wavenumber (Cm ) DvdM, H. J. A. Molegraaf, J. Zaanen, Z. Nussinov, F. Carbone, A. Damascelli,

H. Eisaki, M. Greven, P. H. Kes, & M. Li; Nature 425, 271 (2003)



Region2: Q>wn>T
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Region 3: o > Q2:

f-sumrule

Thermodynamics

Causality

Time reversal symmetry

Example:
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Summary

HTSC for optimal doping:

1Region1 (hw <1.5k,T): t,=Ah/k, T, A=0.77

2) Region 2:
a: o(w) is proportional to (iw)n2
b: Phase of o(®) is m(1-m/2), independent of frequency
c: N=4/3+£0.02

3) Region 3:
UV regularization becomes noticeable for ® > 0.7 eV



CJT (mJ K2 mol-)

y (mJ K2 mol™)

25

20 -

15+

10

vvv'vvvv]'vvvliviv'vv1l'

B Eu-LSCO
® Nd-LSCO '

@ LSCO

1 PR T |

A Eu-LSCO
_

p

B. Michon et al,

005 01 045 02 025 03 035 04

Nature 567, 218 (2019)

25 prrrr T T T T 120
O @ YBCO A Ca-YBCO
¢ T1-2201 : —

O Hg-1201 5
20 - v :
.

| ' 115
.
1
.
L :
15 '

410
- :
10+ :
- :
3 .
L .

I 5} : 4s

5+ ' 1

- _—_% :
d :
2 :

[ ] SPUEP P S S S SR SR B Sy ¢

0 005 01 015 02 025 03 035 04

(-low .. pw) °1/0V

(idow ) rw) °1/0v

Spectral weight (meV)

500 f -
400 S |
[ S. I. Mirzaei et al, !
300 _ PNAS 110, 5774 (2013) :
: oo :
: o B o :
200 do - :
I K K
i o, O @ Bi2201 | ]
100 9 ee © @ Hg1201| |
[ 8 o e Bi2212
0 H TP | TN L O T OO O T DO YO B T R O O O T TS O CN TS Y Lo s 2 1 0 3 3 3
0.0 0.1 0.2 0.3 04 0.5
hole doping

PP
(b) 400 T T ? T T
LSCO
300 + 4
B. Michon et al 4
= PRR 3, 043125 (2021) 2
%
é 200 ‘I R
7 a’
’I
_.-.- - ., . - -
100 F » oo .
¥ f ® LSCO
> ® Eu.1SCO
lf
U s 1 A1 L
(C) ‘ T T T | T
."‘
™
150 |- ]
.,.
5 100 + & 4
* !/
4 Z(/
//.
50 | ot m LSCO .
e B
o /0 | ® Eu-LSCO
‘o ®  1/3 Lsco
- 4 ;
0 gl : 3 ; :
@ "1
LSCO
| ]
* Cp
. : ® p/K*

_ H = m (1+p)/K*
‘E 10 + * i
E %

* i "
g i *a
* o
* L J
° L4
1 \ i el SO
0 01 02 0.3 04 0.5



C /T (mJ K2 mol')

ey ——— e ——— g wmw—— - w—— ——————  — g —

::; because in the compounds measured La; A j.Cu.xO. withA =

Nd or Eu, T is low enough to be -:omplcu:ly suppressed with

25 4 25 ' ' o fields of about 15 T.
W Eu-LSCO A Eu-LSCO | el Close to quantum criticality, the electronic specific heat fits
| ® Nd-LSCO — 2
20 @ Lsco o~ W Eu-LSCO (p=0.24) 1 T
& ; - x v =o1+ ()] (1
2 = he
S sp 1 ¥ The logarithmic enhancement of the specific heat is
El 'E' o equivalent to the basic postulates of a marginal Fermi liquid
o I 1 (Varma et al., 1989), that the quasiparticle residue goes to zero
3 = qof ]l * Sieeclpo
2 =, 1 o point as
= ) 181 of .
Bi2201 #3 {1 @,T) = . x=max(sT,@). (2
8L N T )
_ 1 ™ Following the summary of the theory in Sec. III, I assume that
: 0 —— . L . " both the coupling constant g and the cutoff T, may have weak
0 005 01 015 02 025 03 035 04 1 10 Y dependence on the direction of the momentum p at the Fermi
P T(K) '12 surface. The experimental § and 7', in the specific heat may be
_ _ .4  taken as the averages of the parameters in z;.
B. Michon et al, C. Girod et al, = What is plotted in Fig. 2 is not the total specific heat divided
Nature 567, 218 (2019) Phys. Rev. B 103, 214506 (2021) ;‘f by T but C_;/T obtained by subtracting from the total specific

C. M. Varma,
Rev. Mod. Phys. 92, 031001 (2020)



Reo (kS/cm)

h/r (eV)

20

15

: LSCO
i p=0.24
Te=10 K

—%K
20K

S0 K

15K
0K

10K —150K
—20K —250K

|

—
B
-
—

-IYTII‘YII]'
[ — 9K — 15K
0K —30K

40 K

100 K

: 150 K
- —200K — 250K

— 300 K

Eoo = 2.70

l L 1 1 l 1

L PP ] | 3L IS R

C

K = 211 meV |

L 1 ' l L 1 -

0.2
hw (eV)

0.3

0.4

N
o

I -9 llIlI L) L]
— g K b R
— 15K ’
— 20 K <
D —30K 1
- 40 K )
U e
§ .
= 10 "
© 100 K 7
E 150 K §
5 T
L1l llllll L L1 1 q‘

1071
hw (eV)

By a0 ] LI AL l R A

.lll LJ LIl ll'l'l L] Ll
\E. o a
=5 : B
3 L [e . v i
K
w - R
— 2 - ...—.
hal 11 110l 1

g
“<m

Ll L 1 11 llllllllllllllllllllll

K = 211 meV

T 1 l 1 1

0.2
hw (eV)

1 l I _—

0.3

Ll

0.4



A . O. Parcollet, A. Georges, G. Kotliar, and A. Sengupta, Phys. Rev. B 58, 3794 (1998)
NSAZ: o Gachdevand]. Ye, Phys Reo Lett. 70, 3339 (1993)
A. Kitaev (2015)
O. Parcollet and A. Georges, Phys. Rev. B 39, 5341 (1999)
P. 'T. Dumitrescu, N. Wentzell, A. Georges, and O. Parcollet, arX7:2103.08607 (2021)
A. A. Patel, H. Guo, I. Esterlis, and S. Sachdev, arX1:2203.04990 (2022)

B S(x)

UV cutoff = A Re [Z(g) — £(0)] = —2geIn(aA /kgT)

0) f(e) — f(e+hw)
/ dhw+Z*) Y(e + hw)

47T3kB £ 47T3hk8dc &
7C(3)h®(0)  77(3)e2 K

delimit: p= AT, A=

() hw S kgT o/Tscaling: 1/T ~ Tf.r(w/T)

m*(w) —m*(0) ~ fu(w/T)



() hw < kgT
m 1 A
9P _ - _ el
b 1+2¢In (akBT)
o't |4r I
o(w)=—— h/T = 4ngksT
l+iomt

fitting =>g=0.23 A=04¢V

m*/m

0.2

. r v
- LSCO oo
p =024 2
Jo= 19 K £ ]
el ) F S— 2
0.1 16T T
i AN | I LA 1l J L
’ 0 70 1407
0 l L 1 l 1 L
0 100 200 300
T (K)
4 | O _| 'l"l[ L3 LB L lllll PR
' \ \ c N
AV :
E “a ki
35 : . ! §
v \.\ R tc_,
3 B \ l. 1 E
- Specific heat = 1
o m/m = ] =
25t Optics " 4 E
E m*(0)/m ,
- m=276m, (0) L
I &
A A Llj‘ll ' LJLLII AR
10° 10! 10?

70 1 1 L3 l L4 I L] l

WK< T<300K

4 7,
: "

—200K — 250 K
— 300 K
| M ] N |

hw <04 eV b

150 W 4
15U K

Feats] T [ D

0 20 40 60 80

100

hw/ke T
0 L X 3 5. L 2
—9K —15K d 1

R a2

1C0 K 150 K
— 200K —250K

0 20 40 60 80
= L T



. _ € _ S(x)
Ansatz: —ImX(¢e) = gmkgTS (kB_T) X(z) = ngT/Adx kel —
o' 1T l4n -
() hw < kT o(w)=—"— h/t = 4ngksT fitting =>g=0.23 A=0.4 eV
l+iot
®(0) 1

() keT Shw S A o(w) ~ —2 1+2g[1-1In (3%)] +img

v dln|o|

o] ~ |w|™" v = - 2g[1 +2¢(1+ In4)]

hw=A/2 - m2g2+ [1+2g(1+1n4))2

=0.8

() hw 2 A lo| ~1/w, arg(c) — /2



€ = 2.76 g
lo_llllll s 1 anal
s 102 101
hw (eV)
102 Ly ‘ rrryrrg T T :
Planckian model C 1
(v =1)
T
o
0 10t =
% \\ 2. ]
— \ - )
- A - 0.4 eV \\ i
®(0) = 1.33 x 107¢; THZ? "\
100 waaaal 2 4 2321241 4 1
102 10!
hw (eV)

arg(o) (degrees)

arg(o) (degrees)

—9K — 35 K
20 K 0K
40 K
100 K 150 K
— 200K —250K
- 300 K
l 4 ' l 4 ' ' l 'S e 4
0.1 0.2 0.3 0.4
hw (eV)

100 K — 150 K
NP K 0K
— 300K
1 | A 1
0.1 02 03 0.4

huw (eV)



Conclusions
* Compelling evidence for the quantum critical behavior of electrons in cuprate superconductors

 Remarkable consistency between experimental observations based on optical spectroscopy, resistivity and specific heat,
all being consistent with v=1 Planckian behavior and w/T scaling

e Explanation of the longstanding puzzle of an apparent power law of the optical spectrum over an intermediate frequency
range and related the non-universal apparent exponent to the inelastic coupling constant

Outlook

* Extend measurements and analysis to other cuprate compounds at doping levels close to the pseudogap quantum critical
point

* Explain the nature of the associated quantum critical point, and its relation to the enigmatic pseudogap phase



The slides on the following pages (pp 22-43) are not part of the talk, but turn out handy during the disscussion
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Fermi-liquid

Optical signature: scaling collapse
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