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9 Fermi Surfaces and Metals

crystal lattice. (a) Show that for a hexagonal-close-packed crystal structure the
Fourier component U(G,) of the crystal potential Ulr) is zero. (b) Is U(2G,) also
zera? (¢) Why is it possible in principle to obtain an insulator made up of divalent
atoms at the lattice points of a simple hexagonal lattice? (d) Why is it not possihle
to obtain an insulator made up of monovalent atoms in a hexagonal-close-packed
structure?

4. Brillouin zones of two-dimensional dicalent metal. A two-dimensional metal
in the form of a square lattice has two conduction electrons per atom. In the al-
most free electron approximation, sketch carefully the electron and hole energy

surfaces. For the electrons chonose a zome scheme such that the Fermi surface is
mote ba“

ds

shown as closed.

Charles Kittel, Introduction to Solid State Physics, 8t edition, p 253



Quantum Geometry in Solids

Quantum Geometric Tensor: measure of dipolar fluctuation in Bloch electrons

Q;w = tr [P'Fu(l _ P)"QV] fines <72M"QV> _ (ﬂt) <"QV>

t E(F)
Q;u/ = Guv — §Q;U/
1 \ A
quantum metric Berry curvature P (Um k[ Um, k-t dk)

(symmetric) (antisymmetric)

— Insulators, metric gives localization of electrons:

Resta and Sorella 1997

02 = tr
g Guv Souza, Willkens, Martin, 2000

=~ - 'k.

— Distinguishes insulators from metals: g diverges in metals Kohn 1964
Slide from: Raquel Queiroz



Experimentally Observable Quantum Geometric Effect
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AC Conductivity: Measure of Quantum Geometry

A

The Lorentz Model for Dielectric Matter Oy (W)
k € m,
g . W
% ) w, -
< > capacitive 2 ¢ . .
. ne‘/m, inductive 2
~ Oxx S LW ., ne“/m,
E(t) w? Oxx = —1 w

Part I: Superconductors w > w, = 0

Kinetic Inductance measurement for
superfluid stiffness

AC conductivity without damping

mne?/m,
Oxx (W) = iw—; > Part ll: QH Insulators ~ w < w,
\ We —W y Capacitance measurement for quantized

dielectric response



Part I:
Superfluid Stiffness Measurement of Twisted Graphene Superconductors

Experiments
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Superfluid Stiffness Measurement

Superfluid stiffness can be measured by diamagnetic
shielding response of superconductors

JS: neA_

Magnetic Penetration length:

1

N

hz
4‘.“0 e’ Ps

h2 psA- A= _m —

.uonse2
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Unusual Superconducting Phase Diagrams

Cuprate superconductivity:
dopped anti-ferromagnetic insulator
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B. Keimer et al. Nature (2015)

Magic Angle Twist Bilayer Graphene Superconductivity:
dopped correlated insulator

8 <4 0
R, (kQ) IS 1
M1,6=1.16°

Temperature, T (K)

/

-1.8 -1.6 -1.4 -1.2
Carrier density, n (10'> cm™)

Y. Cao et al. Nature (2018)



Graphene Moire Correlated Insulators: Broken Symmetry

U. Zondiner et al, Nature 582,203 (2020)
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Multi-layer Graphene Moire

E. Khalaf, A. Kruchkov, G. Tarnopolsky, and A. Vishwanath, PRB 100, 085109 (2020)
Mulitlayer twisted stacked graphene with alternative angles

Twisted bilayer Twisted trilayer Twisted quadruple layer
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* 2n+1 layers: single Dirac cone + n copies of TGB at different interlayer coupling
* 2n layers: n copies of TGB at different interlayer coupling




Twisted Quadruple Layer Graphene Normal State and Superconducting State

Subtracted
Normalized
Hall Data
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* Symmetry broken state of v=12 exactly coincides with the superconducting regime.

e Connection between SU(4) magnetism and potentially unconventional superconductivity!
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Unusual Superconductivity in Twisted Graphene?

] ] o Indirect estimation of superfluid stiffness
Correlation with symmetry breaking in

the superconducting state

JinA g ')

Critical current nematicity
Cao et al., Science 372(6539), 264-271 (2021)

Pauli limit violation §2 30 P D.(0) = 2es€

Cao et al., Nature 595(7868), 526-531 (2021) P D

e i .,
|-_.'l".1-I

STS gap measurement £ i'-' !

Oh et al., Nature 600(7888), 240245 (2021); N I _—

Kim et al., Nature 606(7914), 494-500 (2022) | =0

{ i
Unusual behavior of superfluid stiffness LT T T
—d i

A0 =T

H. Tian et al., Nature (2023); Lau & Bockrath group



Unconventional Superconductivity

* Unconventional superconductivity : Gap A, breaks symmetry of underlying

lattice or goes to zero at some parts of Fermi surface (nodes) 10 ity et 2T PRL 1930
o 0.8 | {é‘“‘\ﬁ-a. .
. [ of ok, Ax | Symmetry of ¢k, Ax | spin fun = | J
Superconducting " — 1 | % " - a0 a
0 s-wave -1 odd singli . 1500 A ]
order parameter . & oal - 1004
1 p-wave -1 even triplf = i
sym met ry . s—wave BCS
2 d-wave -1 odd singli 0.2
3 f-wave -1 even tripl ool
0.0 0.2 0.4 0.6 0.8 1.0
d /T,
e S-wave: original BCS * p-wave: superfluid 3He * d-wave: cuprates 7/;&
N0y, t03,. S,
Noda\ O/e/ a/?‘ /fe

Px dx2-y2

ductors A cf.
superco” &%s cs 9cn 7 OF
O¢ s ;
Ae



Superconductivity in the strong-coupling limit

—A ~ 1.
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Kinetic Inductance of Superconductors

Broadband Superconducting Kl Detector for Arrays

| a c

I = (en,v)(wd)

QU
=

Kinetic energy of charge carrier

i P.K. Day et. al., Nature 425, 817 (2003)

1 1
Exinetic = Emevz(ne fwd) = ELklz

Kinetic Inductance:

Microwave Kinetic Inductance Detector Array
for exoplanet camera

can be detected when there is small dissipation...

https://www.naoj.org/Projects/SCEXAO/scexaoWEB/



Kinetic Inductance and Superfluid Stiffness of 2D Superconductors

Sheet Kinetic Inductance:
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)= ()

Nodal versus
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E. F. Talantsev et. al., Scientific Research 9, 14245 (2019)
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Superfluid stiffness of 2D Superconductors
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RF Reflectometry for thermodynamic measurement of correlated systems

1al

Radio frequency (100 MHz- 1 GHz) reflectometry
measurement for kinetic inductance and quantum
capacitance measurement with high energy resolution (<
meV)

Superfluid stiffness (n,/m), vibrational mode strength, and
electron compressibility can be measured
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DC
Resistance

RF
Reflectance

Kinetic Inductance of TTG Superconductors
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Estimation of Kinetic Inductance from Resonance Frequency Shift
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Gate and Temperature Dependent Superfluid Stiffness

ps (HY)

.

0p,(T) ~ T behaviors suggest nodal superconductivity!
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Gate and Temperature Dependent Superfluid Stiffness
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Superfluid stiffness for nodal superconductors at a finite temperature
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High Temperature Dependent Superfluid Stiffness
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The Uemura Plot for Twisted Superconductors

Following Uemura, Y. J. et al., Phys. Rev. Lett. 62, 2317-2320(1989). Many Samples bOth e- and h_ SC domes
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Superfluid Stiffness and Quantum Geometry

Superfluid stiffness in a parabolic band
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Summary |: Superfluid Stiffness of TTG

The kinetic inductance measurement in 2D superconductor
probes temperature dependent superfluid stiffness

Hartree-Fock flavor symmetry broken band can explain the low “oo| AN \ |
temperature behaviors of superfluid stiffness qualitatively o

Strong nonlinear Meissner effect suggested nodal superconductivty.

......

Strongly coupled superconducting limit, Tc/EF ~ 10%, was estimated.

Quantum metric consideration for superfluid stiffness with
flavor polarization is required.




Part Il: AC Conductivity in Quantum Hall States in Graphene

Experiments Theory
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Dielectric Response of Quantum Hall Insulator

The quantum geometric origin of capacitancein
insulators

llia Komissarov, Tobias Holder & Raquel Queiroz &

Nature Communications 15, Article number: 4621 (2024) | Cite this article

capacitive response
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Microwave conductance in Quantum Hall Insulators

Mainly focus on quasiparticle Wigner crystal

2DES o I Ih
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Solid State Communications, 95, 9(1995)



Microwave conductance in Graphene Quantum Hall Insulators
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Matching Circuit and Microwave Reflectometry for AC Conductivity Measurement
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AC Microwave Conductance versus Gate Voltage
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Emergence of Plateau features in o,
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Dielectric Response of Quantum Hall Insulator and Quantum Metric
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Dielectric Response of Wigner Crystals and Fractional Quantum Hall States

B

Veg (V)

—2 0 1 2 =
2.1 | I | I F1.70
2.0 1 : | I )
: I ’1 I I | FL65
- 1.9 1 I " I —
< Ul | I L1.60 <
[ I -
™~ 1.8 | .
Q@ I I Liss @
~ 1.7 - L Y’ I ~
) ‘ ! | I |' | riso ©
1.6 I
| - 1.45
1.5 1 I I I
= - —— T —— e ————
-0.4 -0.2 0.0 0.2 0.4
Veg (V)
. FQHE 10
_2 Wigner crystals? 3 1z 1 . =L
5 2 5 3 : = 5— -1.70
21 4 1.600 o 3
1.70
1575 - 1.65
2.0 2.0 4
1.550 165
1.9 1.9 - r1.60 E
= 1525 = = 160 = —~
- — - - ™
™18 o U 18 < v
& 1.500 & S 155 2 F1.55 —
—_ ™
S 17 1475 B 171 5 o
1.50 - 2.50
L6 4 1.450 1.6
145
1.425 15 [ 143
1.5 -
(|) R oll ) 6 5 1.400 —0.08 —0.07 —0.06 —0.05 —0.04 —0.03 —0.02 —0.01 . T T
- . - Vc (V) 0.40 0.45 0.50 0.55
Veg (V) J

oT



Summary ll: Quantized Dielectric Response in Graphene QH Insulators

* AC conductivity of qguantum Hall insulator can be probed by
microwave reflectometry in graphene capacitively coupled
Corbino device geometry

* Graphene quantum Hall insulator exhibits quantized
response of dielectric response following quantum

|m.|;t'1|.|l"|l|’ i

geometric calculation

* Rich features found in capacitive response in the edge of QHE
plateaus and fractional quantum Hall regime.
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