2. Mott transition and superconductivity

- high-energy universality vs low-energy diversity -

N. Mott (1949)

Temperature
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SC

CUIW (Mottness)



Mott metal-insulator transition

Competition of kinetic energy, W, and Coulomb reputvive energy, U

Wave-like

insulator

Particle-like

Musical chairs
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l Mott insulator =,

Double occupancies are allowed or not ?
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Metal or insulator



Mott transition

Competition between Kinetic energy and Coulomb energy

(W : bandwidth ) (U : Coulomb repulsion)
Temperature
Mott insulator Metal
U>>W « » U<<W
(localized electrons) U~W (itinerant electrons)
particlelike wavelike
Strongly Weakly

Interacting Interacting
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SR Nip = C;1Cit
Hubbard model -O—0O—0—0O—-~0 Ny = cficiy
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Mott transition occurs at W~U,
but depends on dimension and lattice geometry

1D Y2-filled Hubbard models are always Mott insulators.

2D Y2-filled Hubbard model on anisotropic triangular lattice

PIRG Cluster-DMFT

U Imada et al. JPSJ (2003) Tremblay etal. PRL (2006)

Mott transition line
Square lattice Triangular lattice



Organics x-(ET),X; designable and cotrollable
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X at ambient pressure U/t U/t
Cu,(CN), Mott ins. 0.80
Cu[N(CN),JCI  Mott ins. 0.44
CUIN(CN),JBr  Vietal (50) 1
Cu(NCs), Ab initio
Cu(CN)[N(CN),] Kandpal et al.(2009)

Ag(CN), H,O Nakamura et al.(2009
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K-(ET),Cu[N(CN),]Br on the verge of superconductor-insulator transition

K-(deuterated ET),Cu[N(CN),]Br

AOrLYR LU0

[T
o
N
T

>
lt
IE
)
D
n
(€D
| -

0.001°

Resistance (QQ)

d[4,4]

413.3]
4122
d]%""a d[L1]
“Uro, € op 4100]
012@ H

H
HA S-S S~ S\LH
H—T\I>_<I H
ST TS ST s
H

e e e
QLS <
E O R S

H
"— deuterated —”




dimer with on-site Coulomb energy - Hubbard model of hydrogen molecule

f'
O O 0_9 H= tZ(claczg+c20c16)+U(n1Tn¢+n2Tn2¢)
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From band-structure calculations, U ~ 2t ~ 0.5 eV and bandwidth W ~ 0.4 eV
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Mott transition --- Gas-liquid transition of doublon/holon fluid

Charge carrier =» conductivity
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Mott physics
high-energy universality and low-energy diversity

~universal
. ™ ~U-W
Pustogow et al., Nat. Mat. 17, 773 (2018)
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Mott metal-insulator transition

= competition between U and W -

Mott phase diagram

holon/doubloon holon/doubloon
bound unbiding

Quantum critical
inT.< T<<W,U

Insulator

Temperature

AF/SL

SC

\4

pressure



Quantum critical scaling

Time scale of fluctuations
- Quantum fluctuations & =&?=| 0P| %
R(T,6P)/R(T) > ALE. /L) = A T/| 6P|*)
- Thermal fluctuations ’-r= h/kBT
One-parameter scaling
/) O —~— T1|é6P|?=const.
N -
Ny z: dynamical critical exponent
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insulator v: critical exponent of correlation length
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DMFT of Hubbard model at high temperatures

Quantum Critical Transport Near the Mott Transition H. Terletska et al., PRL 107 (2011)

T - t/U phase diagram
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Phase diagram & quantum critical scaling

Critical endpoint
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|Log(R/Rc)|
4

Near-universal quantum criticality (zv=0.5-0.7) at high energies

K-(BEDT-TTF),Cu,(CN),
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Critical exponents, zv, in metal-insulator transitions

Q2D Mott

1-(ET),Cu[N(CN),]CI Si-MOSFET
k-(ET),CU(CN); | EtMe,Sb[Pd(dmit),], (Kravchenko)

\q / experiement
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| | = | - v
0 1 2
theory
DMFT Continuous Mott Marginal Quantum Mott
Terletska, Dbrosavljevic, et al Krempa, Kim, senthil, et al Imada, et al

(2011) (2012) (2007)



1: Effect of disorder on Mott transition

v' Drastic suppression of the critical endpoint = 2D Ising character

v' Enhancement of the quantum critical fluctuations
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Perspective: from interaction-riven to disorder-driven guantum criticality

QC Interaction-dominated MIT
| (Weakly disordered Mott)
zv~0.5

Terletska et al., PRL 107 (2011)
Urai et al, PRB 99, 245139 (2019)

gapped gappless

QC Urai et al, PRL124,117204 (2020) :
Mott- | \etal § Disorder-dominated MIT
sapbe (Strongly disordered
Mott- Mott-Anderson)
gapped T Metal Metal 3
ZvV~2
~1 Mott- \ | Lin & Popovic, PRL
3 114, 166401 (2015).
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Temperature 7

Phase diagram of QCD

; Quarkyonic
Matter

J, Crystalline CSC

Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase

Nuclear Superfluid

Fukushima and Hatsuda, Rep. Prog. Phys. 74 (2011) 014001



Thermodynamics of Mott transition

Slope of the phase boundary tells the nature of electronic phases

Clausius Clapeyron dT/dP :(sA-sB)

>0
S,A> Sg . Sa<Sg
T T
A phase B phase
B phase
A phase




S (mJ K" mol™)

Thermodynamics of Mott transition

Furukawa et al., Nat. Commun. 9 307 (2018)
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Superconductivity

Cu[N(CN),]Br
Cu[N(CN),]ClI Cu(NCS),

Pararhagnetic .

Mott insulator Critical endpoint
O |

I
I
: N
I e ~

—
o

1
' Paramagnetic
|
'_'——l_____ .
|
1

! I
Antiferro- b
magnetic Unconventional
insulator superconductivity

Pressure —8 —»

=3
)
L_
-
e
©
—
o
Q
5
et

near Mott transiton == charge fluctuations

T, Is enhanced : :
near AF order mmmm) Spin fluctuations



Probing pairing symmetry

Gap profile Quasi-particle Specific heat NMR relaxation rate
In k-space DOS CIT ~ <p(kz 7)> UT,T ~ <p(kg 7)>?
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13C NMR 1/T, indicates nodal lines

1T, o« T3
K-(BEDT-TTF),Cu,(CN), Kk-(BEDT-TTF),Cu[N(CN),]Br K-(BEDT-TTF),Cu,(CN),
Shimizu et al. (2006) KK et al., (1996) Miyagawa et al., (2004)
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Specific heat indicates nodal lines

«BEDT-TTR,cuNeN)er — C/T «T «(BEDT-TTF),CU(NCS),

Nakazawa et al., PRB(1997) k-(BEDT-TTF),Cu[N(CN),]Br
Carrington et al., PRL(2007)
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Superfluid density indicates nodal lines

ns(T)
k-(BEDT-TTF),Cu[N(CN),]Br n(0) B

1—aT

S. Milbradt et al., PRB.88.064501(2013)
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Theoretical study of gap nodes  d,._,. and d,, are nearly degenarate
Kuroki et al., PRB65, 100516(R) (2002)

Schmalian PRL 81. 4232 (1998)
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Theoretical study of gap nodes
s + d,2_,2 and d,, are nearly degenarate
Guterding et al., PRB 94, 024515 (2016)
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Field-angle dependent thermodynamic measurements

. k-(BEDT-TTF),X
Thermal conductivity Specific heat
X=Cu(NCS), ’ A \
X=Cu(NCS), X=Cu[N(CN),]Br  X=Ag(CN), H,0
X=Cu[N(CN),]Br
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Superconducting gap: field-angle dependent measurements

Phase separation of d,z_,2 and dy,, Eight nodes

k-(BEDT-TTF-d[3,3]),Cu[N(CN),]Br k-(BEDT-TTF),Cu[N(CN),]Br
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Photo-induced non-equilibrium superconductivity at 50 K

Midinfrared ((v,.m, = 900-2000 cm™') pumped teraheltz-probe optical conductivity

Blue spectra 1 picosec after photoexcitation (a)
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