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InGaAs CQWs

RECENT EXPERIMENTS

with Direct and Indirect Excitons in Coupled Quantum Wells (CQWs)
and quasi-2D Layered van der Waals Heterostructures
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INDIRECT EXCITONS:
• Janina Maultzsch NT19 talk
• Tony Heinz NT19 talk
• Significant Binding Energies
• Long Lifetimes
• High-T BEC & Superfluidity
• Wigner Crystallization
• … more ??? ...
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TRION COMPLEXES

formed by direct (a) and indirect (b) excitons in CQWs

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

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) 

due to the mass reversal effect
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Exact solution available:  R.P.Leavitt & J.W.Little, PRB 42, 11774 (1990)

p1 ~ d p2 ~ d

Vp1p2
~ d2/Δρ3
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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

Eu

EIX

Eg

I.V.Bondarev, Mod. Phys. Lett. B 30, 1630006 (2016);
PRB 90, 245430 (2014);   PRB 83, 153409 (2011)
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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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I.V.BONDAREV & M.R.VLADIMIROVA, 
Phys. Rev. B 9, 165419 (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
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Experimental Data I
Crystalline CuPc on a glass substrate vs CuPc in solution (NCSU data)

α-Herringbone CuPc
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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
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Comparison of the Theory with the Experiment

From the experimental graph:

x1 = 2.0 – 1.7 = 0.3 eV, 

x2 = 2.16 – 1.8 = 0.36 eV, 

x3 = 2.16 – 2.0 = 0.16 eV, 

x4 = 1.8 – 1.7 = 0.1 eV    
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From the k = 0 dispersion equation:

I.Bondarev – 2DCP 2019, Tbilisi, GEORGIA



Calculated Frenkel-CT Exciton Splitting and Intermixing

as a function of the Intermolecular Coupling Constant

higher T (295K)

lower T (77K)

I.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)

Frenkel (single-molecule)
exciton states spread over
time towards CT (inter-
molecular) states to turn
the overall polarization
along the 1D crystal axis –
We monitor the process of
the charge separation in
a real time !!!

A.Popescu, R.A.Younts, B.Hoffman, T.McAfee, D.B.Dougherty, H.W.Ade, 
K.Gundogdu, and I.V.Bondarev,  Nano Letters 17, 6056 (2017)
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ULTRATHIN PLASMONIC FILMS OF FINITE THICKNESS.  
EFFECTS OF QUANTUM CONFINEMENT

Keldysh-Rytova Potential

d << 

L.V.Keldysh, JETP Lett. 29, 658 (1980)
N.S.Rytova, Moscow State University Physics Bulletin 3, 30 (1967)
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PLASMA  FREQUENCY  SPATIAL  DISPERSION  AND  
NONLOCAL  OPTICAL  RESPONSE  OF  ULTRATHIN  PLASMONIC  FILMS

Momentum Space

Optical Response Nonlocality

I.V.Bondarev and V.M.Shalaev, Opt. Mater.  Express 7, 3731 (2017)
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PLASMA  FREQUENCY  SPATIAL  DISPERSION  AND  
NONLOCAL  OPTICAL  RESPONSE  OF  ULTRATHIN  PLASMONIC  FILMS

Coordinate Space
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Optical Response Nonlocality
in coordinate space
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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] I.V.Bondarev and V.M.Shalaev, Opt. Mater.  Express 7, 3731 (2017);  [2] D.Shah, et al., Adv. Opt. Mater. 1700065 (2017)

TiN

ULTRATHIN PLASMONIC FILMS OF FINITE THICKNESS.  
EFFECTS OF QUANTUM CONFINEMENT

Comparison with Experiments

Same effect in 
topological insulator 

thin films:
T.P.Ginley & S.Law,
Adv. Optical Mater. 

1800113 (2018)
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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, 2nd edn., 1984
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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, 2nd edn., 1984
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MAGNETO-OPTICAL RESPONSE 
OF ULTRATHIN PLASMONIC FILMS OF FINITE THICKNESS

Possibility for Negative Refraction

I.V.Bondarev, H.Mousavi & V.M.Shalaev, 
MRS Commun. 8, 1092 (2018)I.Bondarev – 2DCP 2019, Tbilisi, GEORGIA



QED EFFECT example – Dipolar Spontaneous Decay
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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)

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

Thickness Controlled 
Unidirectional

Spontaneous Emission Enhancement
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➢ 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 II: 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 III: 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

SUMMARY
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