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OUTLINE

e Biexcitons and Trions Formed by Indirect Excitons in
Layered Semiconductors: Binding Energies within
the Configuration Space (Landau-Herring) Approach

e Organic Molecular Semiconductor Crystals with Two
Isolated Frenkel Exciton States: Frenkel-Charge-
Transfer Exciton Intermixing

e Ultrathin Plasmonic Films of Finite Thickness:
Plasma Frequency Spatial Dispersion
and Magneto-Optical Response

e Summary
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P.Rivera, et al, Nature Commun. 6, 6242 (2015)

Intensity (a.u.)

RECENT EXPERIMENTS

with Direct and Indirect Excitons in Coupled Quantum Wells (CQWs)
and quasi-2D Layered van der Waals Heterostructures
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* Janina Maultzsch NT19 talk
* Tony Heinz NT19 talk

* Significant Binding Energies
* Long Lifetimes

* High-T BEC & Superfluidity
* Wigner Crystallization

* .. more ???...
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G.J.Schinner, et al, Phys. Rev. Lett. 110, 127403 (2013)
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TRION COMPLEXES
formed by direct (a) and indirect (b) excitons in CQW:s

‘ I.V.Bondarev, Mod. Phys. Lett. B 30, 1630006 (2016) |

(b)
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SCHEMATIC VIEW

of the charge-neutral spin-aligned Wigner crystal structure of two trions
(also can be viewed as triexciton — three indirect singlet excitons)
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INDIRECT EXCITONS, TRIONS, and BIEXCITONS formed by indirect excitons are those building blocks
that control the formation of more complex Wigner-like electron-hole crystal structures in quasi-2D
layered van der Waals bound semiconductor heterostructures
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BIEXCITON AND TRION FORMED BY INDIRECT EXCITONS

Theoretical Description of the Ground State
within the Configuration Space Approach (atomic units)

A 1 0 0 1 0 0
H(o, 0y 0p,d)=———p —~ p
L @ v P Opy 1 0Py P, Op; 2 op;

A‘_ 11 1 ) 1
Jpi+d? pi+d?  J(p-Ap)*+d? \(p,+Ap) +d?

Exact solution available: R.P.Leavitt & J.W.Little, PRB 42, 11774 (1990)
2 2

o+ op) 2-ap +d® Jl(op+p) A+ AT +07

2 2
+ +
lo(o—p) [ A+Ap|  [(o—p) A-Ap]|
positive trion negative trion

A=1+0; (c=mJ/m —1

due to the mass reversal effect
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SCHEMATIC VIEW
of the Tunnel Exchange Coupling Configuration for Two Ground-State
Indirect Excitons to Form the Trion or Biexciton Complex

Trion Binding Energy
E.« =Eg-2E, =-Jy.(Ap,)

Ap/\/i

. ) Oy (X,
= EJ X*(Ap) = I W, (X, Y) '//xag(x y) dy}
~Apl 2 =0

L WX Y) = (o (X, ), d) v (p, (x5 Y),d) eXp(-Sy. (X, Y))

Biexciton Binding Energy

Exx =Eg—2Ex =-Jyx (Ap,)
Jxx (Ap) =~ j Wx (X, Y -

dy
\ z \ ZI E;X 3!—Ap/\/§ x=0 }

I.V.Bondarev, Mod. Phys. Lett. B 30, 1630006 (2016);
PRB 90, 245430 (2014); PRB 83, 153409 (2011)

/
{ ZAPﬁ )a'//xx(x’y)
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BIEXCITON AND TRION FORMED BY INDIRECT EXCITONS
Ground State Binding Energies Calculated
using the Configuration Space (Landau-Herring) Method
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|Binding energy| (Ry*)

PHYSICAL REVIEW B 97, 165419 (2018)

PHYSICAL REVIEW B 97, 075424 (2018)

Complexes of dipolar excitons in layered quasi-two-dimensional nanostructures
Igor V. Bondarev!"" and Maria R. Vladimirova’
! Department of Mathematics & Physics, North Carolina Central University, Durham, North Carolina 27707, USA

2Laboratoire Charles Coulomb, UMR 5221 CNRS-Université de Montpellier, F-34095, Montpellier, France
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Stability of trions in coupled quantum wells modeled by two-dimensional bilayers

0. Witham,'> R. J. Hunt,? and N. D. Drummond?
!nstitut fiir Theoretische Physik, Goethe-Universitit Frankfurt, 60438 Frankfurt am Main, Germany
*Deparument of Physics, Lancaster University, Lancaster LAl 4YB, United Kingdom

M (Received 28 July 2017; published 20 February 2018)
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TRIONS FORMED BY INDIRECT EXCITONS
Latest Experiments @ HARVARD

L.A.Jauregui, A.Y.Joe, K.Pistunova, D.S.Wild, A.A.High, Y.Zhou, G.Scuri, K.De Greve, A.Sushko, C.-H.Yu, T.Taniguchi,
K.Watanabe, D.J.Needleman, M.D.Lukin, H.Park, & P.Kim, arXiv:1812.08691

E,, (V/nm)

Our measurements in the doped regime can be explained by the formation of charged IEs (CIEs)
d =z E. == e
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OUTLINE

e Biexcitons and Trions Formed by Indirect Excitons in
Layered Semiconductors: Binding Energies within
the Configuration Space (Landau-Herring) Approach

e Organic Molecular Semiconductor Crystals with Two
Isolated Frenkel Exciton States: Frenkel-Charge-
Transfer Exciton Intermixing

e Ultrathin Plasmonic Films of Finite Thickness:
Plasma Frequency Spatial Dispersion
and Magneto-Optical Response

e Summary
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Experimental Data |
Crystalline CuPc on a glass substrate vs CuPc in solution (NCSU data)

Absorption

|.Bondarev — 2DCP 2019, Tbilisi, GEORGIA

0.8

0.7

— T T T T T 7
| a-Herringbone CuPc
Q-band

77 k/

Solution
(10”7 mol/k

1.9 2{0 21| 22 23
Enerqy (eV)



Quantum Theory of the Frenkel-CT Exciton Intermixing

Solving the Eigen-Value Problem for the Hamiltonian of
the Two Frenkel Excitons Coupled Individually to the CT exciton

F1(v=0) er (v=1) CT exciton

HW => A'B/B,,, HT = y Y A A e Ah A
K UZZM F Pxv Pk k UZZM 2 & &h (h) (e)
L) ~2Ms,s, cosk, s, = (7’| 7). s =Fy, = gv' e % (if g~1 then s, ~s, ~0.6=5)
oxe 2+ A 2t R FC v R » oK 2 . oK
He=Ac (CiCy+ClCh ). HI®=Y V2¢,5,B],C, +hc., &=’ cos Srelsin's, e ts,
v=0,1

&, (K)=u; (K)B, +C,(k)Cpy, v=01 u=12

A=Y 3 S ha, K, KE, () +E,

4=120v=01 k

+ l VU Vv
ha,,(K) = ha,,,(K) = ho'? (k) = E(Dk + Agr +4/(DY = Agr ) +8(5,5,)° )

DY = AL, +2Ms,s, cosk

E., =D, E., =D, E =ha'”(0), v=0,1
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Comparison of the Theory with the Experiment
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From the k = 0 dispersion equation:
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Calculated Frenkel-CT Exciton Splitting and Intermixing

as a function of the Intermolecular Coupling Constant

R 2.1}-Er |F1> e
>
@ 2.0 B vl |
> '»
= 1.9} i ilowerT(77K)__
e o ;
UCJ i f f

1.8} sl B2 T,
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.V.Bondarev, A.Popescu, R.A.Younts, B.Hoffman, T.McAfee, D.B.Dougherty, K.Gundogdu, and H.W.Ade,
Appl. Phys. Lett. 109, 213302 (2016)
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Monitoring Charge Separation Processes in Crystalline
Organic Molecular Semiconductor Thin Films (CuPc)
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e Biexcitons and Trions Formed by Indirect Excitons in
Layered Semiconductors: Binding Energies within
the Configuration Space (Landau-Herring) Approach

e Organic Molecular Semiconductor Crystals with Two
Isolated Frenkel Exciton States: Frenkel-Charge-
Transfer Exciton Intermixing

e Ultrathin Plasmonic Films of Finite Thickness:
Plasma Frequency Spatial Dispersion
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ULTRATHIN PLASMONIC FILMS OF FINITE THICKNESS.
EFFECTS OF QUANTUM CONFINEMENT

Keldysh-Rytova Potential

Coulomb interaction in thin semiconductor and semimetal

films
L. V. Keldysh

P. N. Lebedeuv Physics Institute, USSR Academy of Sciences

(Submitted 28 April 1979)

L.V.Keldysh, JETP Lett. 29, 658 (1980)
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ee (0,2)
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N.S.Rytova, Moscow State University Physics Bulletin 3, 30 (1967)



PLASMA FREQUENCY SPATIAL DISPERSION AND
NONLOCAL OPTICAL RESPONSE OF ULTRATHIN PLASMONIC FILMS
Momentum Space

/ \
7 ~
- N mee g +e g +e
&, e .AZN\\\ Vip)= { [ : zﬁj_No(gﬁﬂ
BEAPEE SR e d e d
L, - d/2 QS 4 ee
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ST N N V(9 +
RN R tt e AR 4ree’ 5
NANNLk bt 22 V (k) = T 08
ADEN S~ _|d2-- s, k| kg + 7% & 04f
& RN -7,7 &
N T =-
7’
~
\ ,

For thin enough plasmomc films, one has N3 pd = N>p, so that Eq. (9) can be written as

3D
wp =eph) = = (£1+52)/5Fm’ (1)

If (g1 + &7)/ekd < 1 (relatively thick film). then w, = w p D of Eq. (10). whereas one has

dnelNopk

2D 2D Q

= }( = _ 12 o =

wp = wp (k) \ (&1 + &2)m* (12) Sh
Shi

if (e1 + &;)/ekd > 1 (ultrathin film), which agrees precisely with the plasma frequency
spatial dispersion of the 2D electron gas in air (see. e.g., Ref. [33]). but does show the explicit
dependence on bottom (&) and top (&) surrounding materials.

! 01 02 03 04 05 06 0.7
s(k a)) kd

w(w + zy) Optical Response Nonlocality

I.Bondarev — 2DCP 2019, Thilisi. GEORGIA .V.Bondarev and V.M.Shalaev, Opt. Mater. Express 7, 3731 (2017)



PLASMA FREQUENCY SPATIAL DISPERSION AND
NONLOCAL OPTICAL RESPONSE OF ULTRATHIN PLASMONIC FILMS
Coordinate Space
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ULTRATHIN PLASMONIC FILMS OF FINITE THICKNESS.
EFFECTS OF QUANTUM CONFINEMENT
Comparison with Experiments
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(a,b) Schematic of the confined thin film geometry (a) and the normalized Coulomb interaction potential (b) for ultrathin finite thickness
plasmonic films. (c) Thin film plasma frequency normalized by the bulk plasma frequency derived theoretically in Ref.[1]. (d) Plasma frequency
extracted from the ellipsometry measurements done on ultrathin TiN films of controlled variable thickness fabricated at Purdue University [2].

[1] 1.V.Bondarev and V.M.Shalaev, Opt. Mater. Express 7, 3731 (2017); [2] D.Shah, et al., Adv. Opt. Mater. 1700065 (2017)
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PLASMA FREQUENCY SPATIAL DISPERSION & MAGNETO-OPTICAL
RESPONSE OF ULTRATHIN PLASMONIC FILMS
OF FINITE THICKNESS

L.D.Landau & E.M.Lifshitz, Electrodynamics of Continuous Media, 2" edn., 1984

When spatial dispersion is present, the permittivity is a tensor, not a scalar, even 111 a4
isotropic medium: a distinctive direction is generated by the wave vector. If the medium
not only is isotropic but also has a centre of symmetry, the tensor &, must be constructed
from the components of the vector k and the unit tensor J; (in the absence of a centre of
symmetry, there may also be a term containing the antisymmetric unit tensor eqrs SE€
§104). The general form of such a tensor may be written as

exlw, k) = g (o, K)(0n — kikk/kz) + &, k)kfkk/kza (103'12)

where ¢, and ¢, depend only on the magnitude of the wave vector (and on ). If Eis parallel
to the wave vector, then D = ¢ E; if E L k, then D = ¢ E. The quantities ¢, and ¢, are
accordingly called the longitudinal and transverse permittivities. When k — 0, the

expression (103.12) should tend to e(w)d,, which does not depend on the direction of k; it
is therefore clear that

&(w, 0) = g(w, 0) = ¢(w). (103.13)

The description of the electromagnetic properties of an isotropic medium by means of the
permittivities ¢ and g, corresponds to Maxwell’s equations written in the form (103.3) and
(103.4). On the other hand, as k — 0 and the spatial dispersion disappears, we can revert to

the description by means of ¢ and p. There 1s consequently a certain relation between these
quantities (see Problem 1).
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PLASMA FREQUENCY SPATIAL DISPERSION & MAGNETO-OPTICAL
RESPONSE OF ULTRATHIN PLASMONIC FILMS
OF FINITE THICKNESS

L.D.Landau & E.M.Lifshitz, Electrodynamics of Continuous Media, 2" edn., 1984

. EROBLEM 1. Find therelation between the functions &(w), u(ew) and the limiting values of &/(w, k) and ¢ (w, k)
SK—(.

SOLUTION. We compare the expressions for the averaged microscopic current pv in the forms (103.5) and
(79.3). For a monochromatic field, we have in the first case

PU; = —iw[ey(w, k) — 8,] E, /47,
and in the second case o
PV = —iolew)~1]E/4n + ic [u(w) — 1]k x H/4n.

SllbstitUting in the first &g (, k) from (103.12), and in the second H

1 . - = ck x E/wp in accordance with Maxwell’s
®Quation, and equating the two expressions (for k — 0), we find fem

1o @ E( k) - g, k)

bu(w)— Cz k—~0 kz

by comparing the terms in k(k - E). Together with (101.13), this gives the required relation
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MAGNETO-OPTICAL RESPONSE
OF ULTRATHIN PLASMONIC FILMS OF FINITE THICKNESS
Possibility for Negative Refraction
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£'(0) (@) +44'(@) ()] < O
U
&'(w) & u'(w) <0
)

Negative Refraction :
Jn(®) = Je(w)u(w) <0

V.M.Shalaev, Nature Photonics 1, 41 (2007)

A

.V.Bondarev, H.Mousavi & V.M.Shalaey,
MRS Commun. 8, 1092 (2018)



QED EFFECT example — Dipolar Spontaneous Decay

I.Bondarev — 2DCP 2019, Thilisi GEORGIA & V.M.Shalaev, arXiv1908.00640v1
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Surface Plasmon Mode Dispersion
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EXPLORING EFFECTS OF ANISOTROPY
Finite-Thickness Effects in Plasmonic Films with Cylindrical Anisotropy

Aligned Carbon Nanotube Films (cross-sectional view):
Jun Kono group @ Rice; Abram Falk @ IBM; Jon Fan
group @ Stanford; see, e.g., Nano Lett. 19, 3131 (2019)

£ 0
&(w, q) = g, =€,
0 ¢gwq)
2 (
q)
s =o1- L
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8me2Nap gRIN(gR)Ko(gR)
@r’ k)= \/ em*d |1 + (g, + &)/ ekd]

.V.Bondarev, Opt. Mater. Express 9, 285 (2019)

One can see that w, (0, k,) = w,(k,) = 0 due to the properties of the modified cylindrical
Bessel functions, while w, (g, 0) = w,(q) # 0 and is strongly thickness dependent. No plasma
oscillations occur and the film behaves as a dielectric in the direction perpendicular to the
cylinder alignment (x-direction in Fig. 1). There are plasma oscillations in the cylinder alignment
direction (y-direction in Fig. 1), in which case the plasma frequency takes the form

WP 2qRIp(gR)Ko(gR)
1+ (e +&)/eqd’

wp(q) = @)

where wf,D = 4nelNsp/em* is the effective bulk plasma frequency of the film material
(N3p = Nap /d being the volumetric electron density), whereby the film behaves as a spatially
dispersive metal with the dispersion character controlled by the thickness d and by the relative
dielectric constant (g) + &7)/& of the film. Specifically, if (g) + £2)/egd < 1 (relatively thick
film), then

wp(q) = w,”N2qRIo(gR)Ko(gR), (8)

whereas one has

8me2Nap RIo(gR)Ko(gR
wp<q)=w,%’)<q)=q\/ me?Nap Rlo(gR)Ko(gR) o

(g1 + &2)m*

if (g1 + &)/eqd > 1 (ultrathin film), whose g-dependence is different, independent of the
material of the film and does show the explicit dependence on the substrate and superstrate

Thickness Controlled
Unidirectional
Spontaneous Emission Enhancement



SUMMARY

» TOPIC I: Biexcitons and Trions Formed by Indirect Excitons in Layered Semiconductors

* The configuration space (Landau-Herring) method to evaluate the ground-state binding
energies of the neutral and charged exciton complexes (biexciton and trion)

* Trion and biexicton binding energies can be significant, up to a few tens of meV, with
the trion always having a greater binding energy than the biexciton

* Important for non-linear optics and spin-optronics applications

» TOPIC lI: Organic Molecular Semiconductor Crystals with Two Frenkel Exciton States
* Frenkel-Charge-Transfer intermixing theory to explain optical spectroscopy data
* Important for the proper interpretation of optical properties of crystalline transition
metal phthalocyanines — organic semiconductors for advanced optoelectronics
» TOPIC lll: Transdimentional Effects in Ultrathin Metallic Films of Finite Thickness
* Plasma frequency spatial dispersion to result in nonlocal dielectric response

* Negative refraction, resonance magnetic response, and novel QED effects
(biexponential spontaneous decay)

* Important for the field of plasmonics and optical metasurfaces
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