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Excitons, Exciton insulators and Exciton (super)fluid

Insulator for the electron and holes but can form different states for excitons
l.e. fluid, superfluid or even crystals

BEC limit if EB>Egap BCS limit

Indirect band overlap

 Vitor M. Pereira Nature Physics volume 18, 6—7 (2022)
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Inter-layer exciton systems

A new controllable platform to study El
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Fig.1|Electrical reservoir forinterlayerexcitons. a, Typellband alignment The symmetric gating V,shifts the electron and hole chemical potentials
of MoSe,/WSe,double layerswith interlayer bandgap £, (left). Abiasvoltage V,  togetherand tunetheirdensity difference. c, e, Schematics of the penetration
across the layers separatesthe electron and hole chemical potentials (dashed (c)and interlayer capacitance (e) measurements. The double layerisa.c.
> X lines) and reducesthe charge gap (right). Interlayer excitons are formed groundedinc.d, Gate dependence of the normalized penetration capacitance
spontaneously when the bias voltage, which acts asa chemical potential for atrepresentative bias voltages. The sharp capacitance drops signify electron
B E ‘ B ‘ S excitons, exceeds the exciton energy E; — Ey. b, Schematic cross-section of or holedoping into the double layer. The charge gap isclosed for V,, = 0.7 V.
dual-gated double layer devices. The anti-symmetric gatingA reducesEginthe  f,Biasdependence of the normalized interlayer capacitance (black) and the
region of interest; it closes £ in the contact region to heavily dope the TMDs. exciton density (red) at V= 0.d and faremeasuredat15Kand4=4.6 V.
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Electron Hole Bilayer System

V@ d

L e @

0
H = E hY g ChpeCare -
s=ehk

@ Single particle Hamiltonian

0 _
hk_

ss’=ehkikaq

R2k?/2me — fleg
0

@ Interaction

o Intra-layer: V(r) = Vo_o (1) = g & Vig) =

2

M—-f\{e%—Eg

0
—h%k*/2my,
2me?

€q

.
.
.
.
.
L
.
5 " b
‘\ ,l .
S . 3
. o SN
® .
. ¢ \‘_‘1' 5
’ M
\ . . 5
I" » : ¢
A, - . ’

BEC ez BCS

1
QV Z VSS' (q)cikl Ci'k2 CS'kQ +q Cskl —q

o Inter-layer: U(r) = Veze (1) = - \/r‘; — © U(q) = V(q)e ¢ _




Ground state: Hartree Fock method

Mean-field Hamiltonian
o ) Excitonic units

H _ T T Ck + €k Ag Cek Reduced mass: m = —% = 0.22m,
MF — Cek> Chic) A* . . Me-+mp
. i k Ck — 5k_ _Chk_ Dielectric constant: e = 5 (hBN)
— € ~ 10 (self-screening)
» Electron-hole asymmetry Length unit: aj = < ~ 2.4nm

m*e?
02

Energy unit: Ry* = — = 30meV
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- Renormalized band energy difference
Independent parameters
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» Inter-layer coherence
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chosen to be real and negative



EM responses define a matter

What are they for inter-layer EI?

Static E-field: Many-body Electric Breakdown VS single particle Zener
tunnelling (PRX 14, 021047, 2024)

Static: quantum oscillation of quantum capacitance under out of plane B-
field (https://doi.org/10.1103/PhysRevB.109.155107)

Dynamic: what are the responses generated by different collect modes?

Dynamic: what is the gauge field that couples to exciton not electron or
holes?

/i

Is there “Exciton Meissner effect”, “exciton Faraday effect” and “exciton Hall
effect”? How to demonstrate them?


https://doi.org/10.1103/PhysRevB.109.155107

Dynamical response: collective modes




Electromagnetic response functions

Coupling to the gauge field

» Coupling Hamiltonian o Jsu = (=05, Jsp): current
operator in each layer

H Z /d’l" [QS (t7 7’) _ 38,19(7.) - A (t7 ’I")] + Ay = (¢s,45): gauge

s=eh field in each layer

“Lorentz gauge”
V-A+0.A.+ 506 =0

. }

C(t,T,2) | dmo(t,r,2)
A, (t,r, 2) 0
At 7, 2) | Armej(t,r, z)/c?

v

¢ Az =




Electromagnetic response functions

Coupling to the gauge field

« Coupling Hamiltonian v Jou = (=85 Jsp): current
operator in each layer

H Z /d’l" [QS (t7 ’l") IR 38,?(7.) ' AS (t? 7')] * Agy = (¢s, As): gauge

s=eh field in each layer
A < A <
€ €
Ahu = Al—f jhﬁb Ah,u — —A;/Q jhu
e I e
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——ix —_— — -
A, eu = A+ ]eu Aeu = A;/Q jeu
> :
A'u E° = —V¢0 — BtA"
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Electromagnetic response functions

Coupling to the gauge field

» Coupling Hamiltonian o Jeu = (=Ps,fsp): current
operator in each layer

Ag, = (¢s, As): gauge
field in each layer

Layer symmetric gauge field & Layer anti-symmetric gauge field &
charge density (current) operators exciton density (current) operators

Af(t,r) = [Acu(t,7) + Apu(t, T)]/2 = Aeu( r) — Anu(t, )
o7 (r) = —e¥'(r)¥(r), = - 5‘1”( r)o.¥(r),
AL 1eh

Jp (T) :R\I’T("‘)Uzvrq’(r) h.c.. 3, (1) = ;jz\lﬁ( )WV, U(r)+ h.c.

.;c-zl_(ta r) = zm\PT(r)az\P(r)A-"(t,’r -;d_ (t,7r) = - Ul (r)o,¥(r)A™(t,r)
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Exciton Meissner effect causes the in plane B field to couple to exciton

current
J
+ -
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FIG. 1 (color online). Schematic bilayer electron-hole system.
The electrons and holes form bound excitons which condense at
low densities. We predict that an in-plane field By will produce .
equal but opposite currents J, and J_ in the two layers. Ganburg'l—a ndau theOry
2
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Exciton London equation

Balatsky,Joglekar & Littlewood, PRL93, 266801, 2004



Setup for generating vortex lattice of exciton superfluid

\‘\ /(




. Electromagnetic response functions

Maxwell equation of the bilayer system

"Lorentz gauge” in the dielectric environment
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. Electromagnetic response functions

Maxwell equation of the bilayer system

 Evanescent solution
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« 2D Maxwell equation —
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Electromagnetic response functions

Response functions

» Linear response relation o = + for charge
— (1 — 5u0)5uv

e’nx

Z (w, ) A7 (w, q)

« Ward identity (charge conservation)

Z q“KZV(w’ q) — Z KZu(wa q)Qz/ =0
K %

« Rotation symmetry

o o qaqb | o QaQb
0r0) = K2 (0,0) 2% + K5 (w.0) (3 — 22

q|?
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Collective modes: time-dependent Hartree Fock

Dynamics Equation Approach

Dynamic equation Coupling Hamiltonian
_ 7 1 O
ngk(ta q) — <C;k_q/26ik+q/2> — 3 Z f 7q —
. TR T =
Zhatpz’jk(tv Q) — <[cjk_q/zc’ik+Q/27 H + HC]> Z Z Ozyk zk q/203k+q/2

1.7=c.v k

Linearization

piik(t Z ngk p™: n-th order of f

Pyt q) = pijk5q0 = 0;0iv0q0

ikt 0, P;;v)k(Q) _ZH’“ w (q) p;:i))k’(q) - 4 l -Ocvk(_q) - f(t,q)
pf,c)_ (q@)| <7 pf,c)_k,(Q) V [Ove—k(—4).

Formal solution in frequency domain

W) ) - 1 - - cvk’\ ™ -
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F.C. Wu, et al, Phys. Rev. B 92, 165121 (2015)



Collective modes: time-dependent Hartree Fock

Dynamics Equation Approach

« Collective modes and excitation energies

Z Hk k’ D, g Q) — (q)Tz(I)nk (‘I) Generalized eigenvalue equation
Omn
(I)In(Q)H(Q)(I)n(Q) = Omn; (I)In(Q)Tz(I)n(q) — o () Generalized orthonormal relation

Solution expressed by collective modes
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 Correlation functions
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The collective modes spectrum
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Response to layer symmetric gauge field

Dispersion of the longitudinal plasmon
 Density correlation in long-wavelength limit

2(, P\2
- X4 (wo)
Cinite @ D i~ @Y
1 op
OF
Static electrical susceptibility
» Coulomb interaction in long-wavelength limit

* Intra-layer V(q) = 2r/eq (q)
* Inter-layer U( ) = V(q)e qd

pijO

— _ lim lim — —
X ql—I>I(1)wlg%) q207:09+0( “,4q)

« Effective dielectric function

Eeff(ujaql) — =

eeff( W, q)

+ Plasmon dispersion

(W, q) =0 = w~ wi/1+2mxq/e ~ wh (1 + 1Xxq/€)

TM mode TE mode

(al)
1

w = whH(1 + mxqg/e)

0 0.5 10 0.5
x(2mr/q) x(2mr/q)

(a1)(a2) Charge density and longitudinal current

fluctuations
(b1)(b2) Transverse current fluctuations
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Response to layer anti-symmetric gauge field

Goldstone mode velocity TM mode TE mode

» Exciton density correlation function
—Kkv?q?
w + 1in)? — v2q?

K()_()((*‘-)a(I) = —C5- (CU,Q) ~ (

]pojgb

871,)(
R . L] —_— R 2
K = (}lmo ul)lmo Kyy(w,q) = e (_8MX>T

Static exciton compressibility

0 0.2 0.4 0.0 0 0.2 0.4 0.6

« Spatial-components of the response function Qxag

w? — KV%w?
K ~ — K ~
L (wa Q) q2 OO(wv Q) (Ld + ,”7)2 . U2q2
e’nx L pit s o
Kr = -O(q°). — : — 0
r(w,q) i T OW) T -

« Rotation symmetry

] - — | - 0 0.5 10 0.5
» Goldstone mode velocity (a1)(a2) Exciton density and longitudinal current

- 2 fluctuations
e“n e’n,
2 X y \/ X

RU™ = — Ak (b1)(b2) Transverse current fluctuations
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Detecting the Goldstone mode (Exciton Meisnner effect)

via microwave impedance microscopy (MIM)

MIM spectrum Tip-layer interaction:
' : 2, —q(de—ds
+ Quantum correction to real admittance Veo(q) = dme?e=4(de=ds)

(1+¢€)gq
Ui(w) = Qt(w)/Cs + 6U (w)
hole layer
- ¥ electron layer

Yiw) = Ii(w) /Ut (w) = —iwQ:(w)/Ut(w)

Re[0Y;(w)] =wCV™ > [V9(g)] *Im[K§(w, q)] Vs

o=1,q

N,

» Low frequency (w < w) ~ 10meV for bilayer El),
only has Goldstone mode contribution

2,2 -
_ _ KvYq - ITKVUQ -
Koo(w,q) = v2g2 — w2 2 0(w — vq) — d(w + vq), Re[8Y (w)] ~ w3e” v
| Nonzero: Gapless excitations
7 (q) = 4mre 9% (e799/2 _ £4/2) N 4mrde 9% + w® dependence: Linear dispersion
q) = (1+ €)q ~ (1+e¢) » Exponential factor: Determine velocity

wC? (4md)*mKv qdq —2qd AT*d*CPE 5 _odw/e
Reloi(w)] =5 /O o © 0w —va) = (g gwe




. Bilayer El With Perpendicular Magnetic field
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. Mean-field phase diagram and quantum oscillation

20 40
Hex (MeV)

Y. Shao and X. Dai, Quantum oscillations in an excitonic insulating electron-
hole bilayer, Phys. Rev. B 109, 155107 (2024). 17



. Mean-field phase diagram and quantum oscillation
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. Phase diagram and collective modes with perpendicular magnetic field

B NI/QH
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(c) Goldstone mode dispersion along
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(a1) Phase diagram with with
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. Symmetric part of the response function

n ~ 2
i 0
W
= | - 0
O
T

ImK " (w, g) |

* Different modes strongly hybridized at finite q
* Roton mainly contributed by the transverse

plasmon



. Anti-symmetric part of the response function and dipole Hall effect

RelKi(w, q) — K2 (w, q)] RelKi(w, q) + K (w, q)]

K/w — _Kvu

» j~ =K TA": dipole Hall effect
e j© = K" "A":inverse dipole Hall effect

pre—

- 10

op/(e?/h)

op/(e?/h)
0.0 1.5 3.0 45 6.0 7.5 9.0 105 12.0 13.5

-1 0 1 2 3 4 5 b 7 o)
Ux/Ry"

onp = lim — lim K4 (w
D w—0 L) g—0 H( 'CI)



Classical picture of inverse Dipole Hall effect

B

; §~ F=m dv/dt=-e dEz/dx

The C.O.M motion v generates a net Lorentz force acting on the relative motion between the e and h
which causes a electric polarization P through the “Stark effect” P=xeBv

So the transverse current |=xeA2B/m dEz/dx



Consider an exciton with center of mass velocity bing vx . It will be accelerated under the driving force for the
inter-layer excitons, F y = — eV 2pE ., leading to the following equation of motion with a damping term,

MmxVx = —MxYVx — eesz (1)

Assume the time periodical driving force with frequency w , we get

—WmxvVy = —mxyvy — eVapE,
- —eVypE. - eEg;)) (2)
L& € e e L © o b v
(v — tw)mx (7 — tw)mx

When an additional magnetic field is applied along the c-axis, the electron and hole which are bound into the ex-
citon will receive the Lorentz force pointing to opposite directions due to the opposite charges they are carrying,
namely F, = —F}, = evx X B. Then such a Lorentz force will simply act on the relative motion of the electron-
hole pair and lead to electric polarization as

e2nxxcEgB) x B

(3)

Py=eny(<rp>-—<r.>)=x.evy xB =

(v — iw)mx
Finally the current contributed by all the exciton can be expressed as
: - —w (-)
Je = PX = —prx = mezxean2D x B (4)
In the superfluid phase v = 0 and we get
e?xen - -
Jo = —XXE{) x B = whpx. B} x B (5)

mx



Static limit: Meissner effect under Bz field manifested as a special magnetic electric effect

In the strict static case we get

2
€ T — —
Yo = %Eg@) x B = wipxcE;; x B =
X

d
E(Px — wipXeAx X €:B,) =0 = Py —wikpXeAx X €,B, = Constant

While from the exciton Meissner effect or exciton second London equation this Constant is ZERO!

So we have

Px = wipXxB|B:



Detect Exciton Meissner effect by Corbino geometry

Vx: Exciton voltage «— Fyg: Electric Force
& A O+AD(0) E
J: Charge current 1 Fp.: Lorentz Force

®@: Magnetic flux




Detect the Goldstone mode by Waveguide

Wide Cavity

Incideit

Retlected

Narrow Cavity

Transmitted

. Hole layer
I C

Electron layer




Summary

» There are fruitful EM response for El (superfluid) phase

« Gapped plasmon modes to be detected by optical means

» Gapless Goldenstone modes to be detected by the near field
optics (MIMS)

» The exciton London equation can be demonstrated by inverse hall
effect
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. Softening of the Goldstone mode (roton instability)
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. Nonuniform El (super solid state)
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Collective modes: time-dependent Hartree Fock

Feynman diagrammatic representation

« HF green fu(r;ctlon Notations
Gii(iwm) = ) « §;: quasi-particle energy
J W — & « f; =ng(&;): occupation

" : — L . . number
« " Non-interaction” polarization function (bubble diagram) |, fi=f—f
1 0(iz) (k) S ji * 8 = ki
T3 i (ivn) =7 Gik (iwm + 1 )G (iwm) =- BN )
4 /B % " Wn — (fz — €])
° Irreducible polarization function (vertex correction under ladder approximation)
IT" —I°veI® 4+ °veEnlvemn® — .. = 110(1 — VEIDY) = (1 — v
(b 7 Ck" " Ck . : .
,; / . . < D D|rect/exchange interaction
/ J l”j” l, Vklll y l — <k,,j V l,,'I:,>
HOv:cHO HvaHOVQ:HO p " y p
Vk:’l’,'i’j’ — <k s ] Vi ,l >

. Polarlzatlon functlon
1 = Hir + Hirvdnir 1 Hirvdﬂirvdnir 4= Hir(l + VdH) _ (1 4 HVd)Hir

D U U

II Hir Hir VdHir




The collective modes spectrum
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+ = BN DL Interlayer distance: — = 1
: o e ap
BEC|} [BCS N - — ,
i Mass difference: 6,,, =
,/” —0m =0
,,,,, —-6m=0.2
,, ,
04 [M,=+1
T L
U B .
15 == 25 = 1p — 1d — 1py —1dyy M, = —1
0 . . S E—
-1 -Ep -0.5 -0.2 0 0.0 0.2 0.4 0.0

Hx/RY dx9p

(@) Phase diagram

(b) Excitation spectrum atg =0

(c)(d) Spectrum at uy = —0.2 along g, axis with different
M, eigenvalues

13

Also see Sun & Millis, PRB.102.041110, 2020



Collective modes: time-dependent Hartree Fock

Equivalence of two approaches

 First-order density matrix In dynamics equation approach

o (w,q) e (=)
pf,lc)_kk( q) _Z[M+Tz (@i Ove—k' (—Q). fw,9)

» Polarization function in the Feynman diagram approach
(1 o Hirvd)H _ Hir — H—l _ [Hir]—l o Vd
(1 4 HOV(II)HII‘ HO — [le] —1 [HO] 1 4+ Va:
[H( ) z],kl [HO(ZV’NI — M+) 17,k Vz(ji,kl T Vj | — [H(w)]_l — hw+7—z —H
(i)), (k1)

taken from

(cv), (vc)

The TDHF approximation from the dynamic equation approach 1s equivalent to including all
the “ladder-bubble” diagram when calculating the two-particle correlation function



Exciton Meissner effect

J
+ -
Top layer (electrons) ® ®
o @ B
Z T /
y d ® /
]Lx N ® \.}_. @
- J

Bottom layer (holes)

FIG. 1 (color online). Schematic bilayer electron-hole system.
The electrons and holes form bound excitons which condense at
low densities. We predict that an in-plane field B) will produce

equal but opposite currents J. and J_ in the two layers.

2
. € Px n
.]X= thez
m

Exciton London equation

Balatsky,Joglekar & Littlewood, PRL93, 266801, 2004



Detecting the Goldstone mode via microwave impedance microscopy (MIM)

MIM spectrum

» Scalar potential induced by tip charge

(0 = £+ for symmetric and anti-symmetric)

5w,

r)

_ Vazn

(1 — 1) Qi (w)

VH(r) = e 2[Vie(r) + Vin(r)] /2
V= (r) = e 2[Vie(r) — Vin(r)]

hole layer

electron layer

Tip-layer interaction:

Vis(q) =

477:8 Ze _q(dt_ds)
(1+¢€)g

» Charge and exciton density fluctuations (¢ = + for charge and exciton)

00° (W, T) =

/dT Kg(w,r —1r)¢7 (w,r') = =V~ Z 00(w; q) VJ(Q)Qt(w)e’:q'(”'_"t)

Potential feedback to the tip

SUw) =) / dr Vo(r, —r)6o°(w,r) = =V Y [V9(q)] * K (w, 9)Qi(w)

o—=T

o=

+,q

18



The collective modes spectrum

(C) — 1s—25—1py—1dy>_,>

EI || [ EI

LT

L] el e s R e

Parameters & values:
Exciton chemical potential:

Interlayer distance: ai =1
B

HX

Ry*

BEC|| BCS me—my,

0

Mass difference: §,,, =

me'l'mh

Effect of particle-hole asymmetry
Open a gap for the level crossing
protected by particle-hole symmetry
Insignificant away from the level
crossing for typical value for TMD
bilayers §,, = 0.2

lgnored when studying long-
wavelength responses

— 1S == 25— 1p — 1d

-0.5 )
HUx/Ry

-0.2 0 0.0

(a) Phase diagram

(b) Excitation spectrum at g =0
(c)(d) Spectrum at uy = —0.2 along g, axis with different
M, eigenvalues




Phase and amplitude modes

Phase and amplitude
fluctuation operators

5y(r) = W (1), ¥(r)
60(r) =V (r)o, ¥(r)

-Ep -0.5 -0.2 00
Ux/Ry ™

(a1)(a2) Correlation function of phase fluctuation operator

oy. (@1) q = 0; (a2) ux = —0.2.

(b1)(b2) Correlation function of amplitude fluctuation

operator g,. (b1) g = 0; (b2) uy

0.2

0.2.

0.4

*
Qxdg

0.6

The phase and amplitude modes

correspond to the
1s and 2s monopole modes.
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. Ground state: Hartree Fock method

2 _Z[CT C;ﬁk] Ce +ex Ak Cek

H —
ME - ek AL Ck—€k| |Chi

Single particle density matrix

Quasi-particle creation

operators x 5o 1 Ek
; ; ; Peek —Cf = 5 (1 € )
Coke = OkCop + PrChye "

t _ g T
Core = BrCor, — QkChp

X
Pehk =apfr =




hole layer

" electron layer

" h2 k2 X 1r
Ao =S et eyl | 2 2 0 Cek
0 ek’ “hk 0 RPE? | opx | |eng
_ 2mp, | 2 d -

I 2V E E Vss Q)CSkC 11'Cs' k! +qCsk—q>
ss’=eh kk’q

Coulomb interaction

V(q) = Vies (q) = 2m€?/eq
U(q) = Vszs = V(q)e 1
d > d



Ground state: Hartree Fock method

Hyr =Y (¢l chil o
k -

 Electron-hole asymmetry

Ck — h2k25m/4m

- Renormalized band energy difference

Ak

R°k?*  px  2medny

Mean-field Hamiltonian

Ek Ak Cek
Ck — €k | |Chk

= e T B ”

* Inter-layer coherence

1
A =— 5 > Uk — K)o
k

arg A, has a phase freedom

1
Y zk; V(k - k,)Pék'

chosen to be real and negative

Excitonic units
Reduced mass: m =

Mmemp

Length unit: ap = ==
2
Energy unit: Ry* = —

2eap

Independent parameters

Exciton chemical potential: :—jﬁ

i d
Interlayer distance: —
B

Mass difference: 6§, =

Single particle density matrix

P‘;_(s/k = <Ci'kcsk>



Ground state: Hartree Fock method

Mean-field Hamiltonian

I:IMF:Z[CT R | G+ Ag Colo o Eé(CItom-C unltsm
k ek’ “hk _ Ax Ck—t?k_ Chi » Reduced mass: m =

« Length unit: a; =

m*e?

Quasi-particle 2

Cllc = O‘kclk + ﬁkc};k

T T

Energy unit: Ry* = -

_ T
Core = BrCor, — AkChp,

Independent parameters

Exciton chemical potential: g—jﬁ

. d
Interlayer distance: —
B

Mass difference: §,,, =

Single particle density matrix

P‘;fs'k = <Cl'kcsk>




. Collective modes: time-dependent Hartree Fock

1.Coupling to external field 2.Dynamic equation of the single particle density
matrix

1 .
— Zf ,q)0(—q) pz‘jk(t, q) = <C;k_q/2cik+q/2>

Z Z 0ijk(q zk q/2Cik+q/2 thOpiji(t, q) = ( C;r-k_q/gcz'k+q/2, I:IO T FII T I:IcD

4.Collective modes and excitation energy

(@)Pri (@) = P, (q)T. Pk (q)

3.Linearization of the dynamic equation

piik(t,q) =

(0) — )X 5 =858
pmk( ’q) PijkOq0 1y Z1v=q0 5.Correlation function

1 ] 1
pg’u)k (t7 q) — Z Hk Lo/ (q pE:’U)k (t7 q) Z Oz_yk pgil)c ) — Cg/é(wa Q)f(w, q)

_pffjc—k:(ta q)_ pff;c)— (ta q)_

Ocok(—q)
_0vc—kk(—Q) f(t,q)




. Results: the collective modes spectrum

- X102
(a) : [c) —1ls—25—1py—1dx_,:
4 - ITTrrrrrrrrr
El i El . v 8 : . 0 : . . . ‘
.3 J NI |BEC§ Bcsl x
* o N >
L) ; x 5= 0 Parameter values:
=2 - 3 0.70 { - Z—]°m . . oy
=7 |- 6m=0.2 Exciton chemical potential:
1 067 . ,,” Ry*
— T . d
Interlayer distance: - =1
| B

Mass difference: §,,, =

— 15 =25 —1p —1d — 1py —1d,y M, = —1
0 . |
-1 -Ep 0.5 02 0 0.0 0.2 0.4 0.0
Mx/Ry Ux9p

(a) Phase diagram

(b) Excitation spectrumatqg =0
(c)(d) Spectrum at uy = —0.2 along g, axis with different M,, eigenvalues

Inset of (c) Spectrum near the level crossing point with small mass difference



. Results: Phase and amplitude modes

Phase and amplitude
fluctuation operators

Gy(T) = \I’T(T)Uy‘l’(r)
62(r) =V (r)o, ¥ (r)

-Epg -0.5 -0.2 00 0.2 0.4 0.0
Ux/Ry " xap

(a1)(a@2) Correlation function of phase fluctuation operator o,. (al) q = 0; (a2) ux = —0.2.
(b1)(b2) Correlation function of amplitude fluctuation operator a,. (b1) g = 0; (b2) uy = —0.2.



. Results: response to layer symmetric gauge field

Coupling to layer symmetric gauge field Response functions
Aeu(t,m) = Anu(t,r) = A (t,7) = (97 (t,7), AT (L, 7)) w, q) A7 (w,
He= [ dr[o*(r)¢*(t,7) — 3y (r) - A (t,7)]

Charge density and current operators

ot (r) = — eV (r)¥(r),

N 1eh
7, (r) = - — U (1o, V,.¥(r) + h.c.,

€
Ui(r)o, U(r)At(t,r)
2m Due to Ward identity (charge conservation) and
At 3+ (¢ rotation symmetry, only 2 independent components
o7 (r),37 (7)) in the 9 responses functions

IT(t,r) =

G = (-




- Results: response to layer symmetric gauge field

TM mode < - i ﬂ.‘.:.y,._..uJ.LUJJ.u_,.,.,Tr—@e TE mode
-/ (— 60+

(a1)(@2) Charge density and longitudinal current

fluctuations
(b1)(b2) Transverse current fluctuations



. Results: response to layer anti-symmetric gauge field

Coupling to layer anti-symmetric gauge field Response functions

— _Ahu(t ) ;(ta r)/2
H, = /dr 0 (7) ,T) — jp_ (r) - A™(t, 7))

Exciton density and current operators

o~ (r) = — 5} (r)o. ¥ (r)

A 1eh

7, (1) = 4m\1ﬁ( r)V.¥(r) + h.c.
i) = —— U (1), U(r) A~ (¢, 7)

dm Due to Ward identity (charge conservation) and

AT T L, AL rotation symmetry, only 2 independent components
Ju (t,r) = (=0 (r), 37 (¢, 7)) in the 9 responses functions




. Results: response to layer anti-symmetric gauge field

TMmode o S = [fe—stililiin e TEmode
- | — 60"

(a1)(a2) Exciton density and longitudinal current

fluctuations
(b1)(b2) Transverse current fluctuations



. Results: detecting the Goldstone mode via microwave impedance microscopy

Layer symmetric and anti-symmetric scalar potential
Induced by tip charge

¢“(w,r) . g“('r § rt)Qt(w) Tip-layer interaction:
gt(r) = e 2[Vie(r) + Vin(r)]/2 P oZo-aldeds
9~ (1) = e 2[Vie(r) — Vin(r), Vil = T

Charge and exciton density fluctuations

“(w,r) = —/ dr’ Ky(w,r — ") o™ (w,r")

hole layer
- (w, q)g* (q)Q;(w) eiq (r—7¢) electron layer

Potential feedback to the tip
0U(w) = Z / dr e ?Vis(rs — 7)d0s (w, T)

s=eh

= dr th_,r(sdw,r
)> [ dr g (r. = r)be” @, )
==V Y 197 (@) K@, 9)Qu(w)

o==,q




. Results: detecting the Goldstone mode via microwave impedance microscopy

Correction to admittance
Ui(w) = Q¢(w)/Cy + 60U (w)
Yi(w) = I(w)/Ut(w) = —iwQ(w)/Ui(w) Tip-layer interaction:
Re[6Y (w)] =wCFV™" ) [9°(q)] *Im[K§)(w, q)] dme?e (4

Ve =
o=x,q ts (1 + E)q

Low frequency: Goldstone mode contribution

_ B 4re— 9%
g (Q) T (

Arrde 9%

(1+¢) hole layer

K. static interlayer capacitance electron layer
v?q? — (w + in)? (exciton compressibility)
g
KU“q | 1 . g
— F—1mkvglo(w —vqg) — 0w + v
—3qz — 2 T 3imrvalo(w — vg) — 6w + vg)]

wC?(47d)? o TRV
Re[dY (w)] = (1:_(6)2))} E e~ 29 > q5(w — vq)
q

—qd/2 S qd/2 ~~
1—|—e)q[e et

Kv2q?

Ko =

Zdtw
o N Re[8Y (w)] ~ w3e v
_wCi (4md) mry 949 294, 50, _ » Nonzero: Gapless excitations
2 € g6 (w — vq) . . .
2(1+¢) o 2m + w3 dependence: Linear dispersion

_4772d20t2"’w36—2dtw/v » Exponential factor: Determine the velocity
o 2v2




Summary

» Temperature dependence of gap: gap disappear above Tc *
 Electric break down: "pair breaking” type breakdown **

« Unusal Quantum capacitance **

» Perfect Coulomb drag ***

« quantum oscillation of insulators? **

» Meissner effect?

« More...
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hole layer
electron layer

EM response of Inter-layer exciton systems

A new controllable platform to study El

BEC BCS

Static E-field: Many-body Electric Breakdown by in-
plane (PRX 14, 021047)

Static B-field: guantum oscillation of guantum
capacitance under out of plane B-field (https://

doi.org/10.1103/PhysRevB.109.155107)

Dynamic: what are the responses generated by
different collect modes?

Dynamic: what is the gauge field that couples to
excitons?


https://doi.org/10.1103/PhysRevB.109.155107
https://doi.org/10.1103/PhysRevB.109.155107

Mean Field Hamiltonian and Self-Consistent Equation

@ Minimum of the energy functional: g /6 (vk| =0

@ Mean field Hamiltonian h!¥ = h + h" + hy + h} where

Aren,,d

W [[ok)] = (1—p7),

/k”’l)k> ZVS 3 k} k,)Pss’k’

Pri g . el 1e& o |vky) (vk| |
hy [|vk) ; E] = N Z (ko) h.c..

o==x1

@ Self-consistent equation
MFH'Uk’) ] |vk) = &k |vE)



