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Quantum Information Science

Quantum 
Communications2

Quantum 
Sensing3

Quantum 
Computing1

3https://quantum-sensing.physik.unibas.ch/en/p/461/6/

1https://www.popsci.com/technology/in-photos-journey-to-the-center-of-a-quantum-computer/
2https://thequantuminsider.com/2023/02/20/quantum-entanglement-communication/

Quantum Information Science (QIS) encompasses efforts to develop quantum computers, quantum sensors, and 
secure communications networks, all of which obtain some advantage over their classical counterparts due to the 
intrinsic properties of quantum mechanics. A leading effort towards secure communications involves the exchange of 
cryptographic keys using a quantum network, so called quantum key distribution (QKD) systems. Leading efforts to 
realize QKD systems involve photonics and nanophotonics which are the focus of this talk.
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Superposition and Entanglement

Pioneering quantum information science
4 October 2022, the Royal Swedish Academy of Sciences 
announced that the 2022 Nobel Prize in Physics would be
awarded to three scientists — Alain Aspect, John F. Clauser and 
Anton Zeilinger — “for experiments with entangled photons, 
establishing the violation of Bell inequalities and pioneering 
quantum information science.”

Superposition1 Entanglement2

1https://cnqo.phys.strath.ac.uk/research/quantum-information/
2Nature Computational Science 2022 Vol. 2 Issue 11 Pages 687-688 
DOI: 10.1038/s43588-022-00368-0

QIS is based on two important features of quantum mechanics, superposition and entanglement:

Information is encoded in a superposition of states, for
a two-level system this is termed a qubit.
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EPR Paradox and Bells Theorem

“EPR appeared to have contrived a means to 
establish the exact values of either the 
momentum or the position of B due to 
measurements made on particle A, without 
the slightest possibility of particle B being 
physically disturbed."

New York Times, May 4, 1935

o In 1964 John Stewart Bell replied on the Einstein-
Podolsky-Rosen Paradox, deriving an inequality 
making it possible to distinguish between all local 
realistic theories and quantum theory.

o in the early 80’s  Aspect, Grangier and Roger 
showed their experimental data violated the 
inequality, refuting all local realistic theories and 
proving that quantum theory was right!

Bells Theorem2EPR Parodox1

1https://en.wikipedia.org/wiki/Einstein–Podolsky–Rosen_paradox 2http://www.qutools.com

4

http://www.qutools.com/
http://www.qutools.com/
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Satellite-based entanglement over 1200 kilometers2

2J. Yin, Y. Cao, Y.-H. Li, S.-K. Liao, L. Zhang, J.-G. Ren, et al. Science 2017 Vol. 356 Pages 1140-1144 
DOI:10.1126/science.aan3211

Entangled Photons by SPDC on a Global Scale 

Entanglement over global length scales demonstrated via entangled photons generated by spontaneous parametric 
downconversion (SPDC) transmitted via satellite. 
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1https://spectrum.ieee.org/metasurface-entangled-photons

Motivation: Parametric downconverters, single photon emitters and detectors are key components of quantum 
information systems. Structure-property relations of the materials they comprise determine performance and 
guide their development and application.

Focus: Develop spatially- and spectrally-resolved multiphoton imaging methods to characterize quantum 
materials on passive and enhancing substrates, including metasurfaces.

2Lemme, M.C., Akinwande, D., Huyghebaert, C. et al. 2D materials for future heterogeneous electronics.
Nat Commun 13, 1392 (2022). https://doi.org/10.1038/s41467-022-29001-4

2D Materials for Integrated Quantum Technologies

Parametric down conversion generates entangled photon pairs1 for quantum communications. 2D materials can integrate into CMOS fab, promising properties2.

⇒ Parametric downconversion ⇒ 𝜒!"#
(%) in 2D heterostructures ⇒	Integrable with chip scale fab
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Scientific Scope

Methods Available  at South Dakota 
Mines: Nonlinear imaging, synthesis 
of 2D materials and self-assembled 
nanostructures/metasurfaces, FDTD 
simulations and density functional 
theory.

Nonlinear Optics, 2D Materials and Metaphotonics

MonArk Enabling Infrastructure: The 2D-QMaPs of the MonArk NSF Quantum Foundry are a primary resource for the 
preparation of 2D samples from bulk crystals, assembly of 2D heterostructures of multiple 2D layers, and the fabrication of 
prototype quantum devices.

MonArk team: Collaborate on the development of multilayer
2D materials heterostructures and varying interlayer coupling
leading to optimal 𝜒!"#

$ .

South Dakota Mines team: Expand scope to 
include materials synthesis and theory to 
explore limits of 𝜒!"#

$  in 2D materials and 2D 
materials integrated with metasurfaces.

⇒ materials, growth, theory and optics ⇒ MonArk 2D-QMaP, heterostructures ⇒ metaphotonics, polaritons, plasmons
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Ti:Sapphire Laser

Microscope

Scanning stage

OPO

Figure: (left): Spectrally-resolved multiphoton microscope at SDSMT, with femtosecond lasers and scanning stage. (right): Schematic diagram and example multiphoton fluorescence (green) and SHG (red) image and spectra 
(SHG at 450nm) of collagen in arterial wall. Upper right: animation of 3D multiphoton excited fluorescence from transgenic plant (animation and maximum intensity projection). Lower right: deconvolved arterial wall image.
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Multiphoton spectrally-resolved Imaging of WSe2 (Borys)

c)

418nm

634nm

⇒ SHG indicates monolayer fluctuations ⇒ Correlated MPL details layers ⇒	Spectra, Polarization	at	each	point.
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Angle-resolved linearly-polarized SHG from WSe2 few-layer stacks

⇒ circularly polarized light input ⇒ primarily multi-layer samples ⇒ 6-fold and 4-fold symmetries	appear
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Expanding the palette of 2D Materials (Lipatov, Paudel)

b) c)• Venera Alimova

on Si/SiO2

⇒ CIPS/MoS2 heterostructures ⇒ MonArk WSe2/h-BN heterostrucures ⇒ Perovskite	layered	materials
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2D non-centrosymmetric materials synthesis 
Synthesis of 2D materials (α-In2Se3, β-In2Se3, CIPS)

MoS2/In2Se3 heterostructureCIPS crystals in an ampoule

Venera Alimova, 
PhD student

CVT method CVD method
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2D heterostructures and devices fabrication

Ilya Mikhailov, 
PhD student

Photo of a flake transfer setup 

piece of PDMS 
gel with TiS3  

flake on it

Si/SiO2wafer 
with CIPS flake 

on it

a
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Multiphoton Imaging of In2Se3 (Lipatov)
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Figure 4: (a) High-resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) Z-contrast images of 2H and 3R In2Se3 
together with the structural models1. (b) SHG spectrum of In2Se3 (c) Spatially resolved SHG from 2H stacked In2Se3 (d) White light image of 2H stacked 
In2Se3 (e) Spatially resolved SHG from 3R stacked In2Se3 (f) White light image of 3R stacked In2Se3 

1. Küpers, M., Konze, P. M., Meledin, A., Mayer, J., Englert, U., Wuttig, M., & Dronskowski, R. (2018). Controlled crystal growth of indium 
selenide, In2Se3, and the crystal structures of α-In2Se3. Inorganic chemistry, 57(18), 11775-11781.

à Predicted to have high 𝜒!"#
$ 	 and sensitivity to interlayer coupling

à Variation in intensity observed, SHG (3R) 10X SHG (2H)  
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⇒ Imaged SHG in 3R and 2H In2Se3 ⇒ Edges highlighted, suppressed in 2H ⇒	Stacking	determined	by	Raman

Arik 
Ahmed
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SHG Imaging in CIPS/MoS2 heterostructure (Lipatov)

⇒ CIPS/MoS2 widefield image ⇒ CIPS/MoS2 SHG image ⇒ SHG	spectra, and	angular	dependence

Arik 
Ahmed
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Polarized SHG in CIPS and fits
Region 1 Region 3Region 2SHG intensity map

Using the parallel ISHG formula from the supp. info of Ref.1 and inputting the same 
a1, b1 and c1, an offset of 33 degrees, and an ϵa value of 1.5 (i.e. 1.5% strain). The 
formula assumes the strain is aligned with the armchair axis. 
1. Liang, J., Zhang, J., Li, Z., Hong, H., Wang, J., Zhang, Z., ... & Yu, D. (2017). Monitoring local strain vector in 
atomic-layered MoSe2 by second-harmonic generation. Nano letters, 17(12), 7539-7543.
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Band structure of monolayer 2D 𝐵𝑒𝑛𝑧𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚 Y𝑃𝑏𝐵𝑟Z Perovskite (Paudel)

(a) (b) (c)

• Fig. (a) represents the monolayer crystal structure
• Fig. (b), (c), (d), and (e) show the DFT results: band, atom-

resolved density of states on C-atom, charge densities (CD) 
of Pb-s and C-p orbitals resp. calculated using VASP

• Results identify the presence of optically inactive surface 
state in monolayer slab, which are attributed to surface C-
atoms p-orbitals that are separated by a large distance (> 
10 Å) in real space and do not overlap with Pb-s/p states 
forming the valence bands resulting in the absence of an 
optical signal in the linear regime

CD_Pb-s CD_C-p 

(d) (e)

Himal 
Oli
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Reflectance lab set up and optical microscope images

• Fig. (a), (b), and (c) represent setup designed in 
Autodesk Inventor, setup after assembling the 
parts, and the overall experimental lab setup 
respectively

• Fig. (d) represents the optical microscope image 
of mirror substrate

• Fig. (e), (f), (g), and (h) represent the 
mechanically exfoliated optical microscope 
image of different flakes of 2D 
(𝑩𝒆𝒏𝒛𝒚𝒍𝒂𝒎𝒎𝒐𝒏𝒊𝒖𝒎)𝟐 𝑷𝒃𝑩𝒓𝟒 perovskite 
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SHG	in	2D 𝐵𝑒𝑛𝑧𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚 !𝑃𝑏𝐵𝑟" Perovskite

• Fig. (a) and (b) display a map of mulO-photon emission vs posiOon with & without graOng respecOvely. It shows the spaOal 
distribuOon of mulO-photon emissions within the sample.

(a) (b)
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Tri-layer WSe2 device fabricated at MonArk

Schematic of
device

a b

Sample holder Multiphoton spectra SHG image

Wide field images

Arik 
Ahmed
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à SHG spectroscopy on the MoS2-WS2 sample to determine twist angle between the MoS2/WSe2 bilayer

λ=420 
nm

λ=420 
nm

WS2 MoS2

Twist angle in MoS2/WSe2 heterojunction device (Behura)
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Self-assembled metasurfaces and RoboAc Chemistry

Left to right: Colloidal self-assembled tetrahedra, chiral assembly via enatiomeric coupling and SEM image of chiral metasurface.

Left to right: Simulation of robotic arm, photo of arm learning chemistry and SEM CAD rendering of custom pipette actuator.

Shan Zhou (2022)
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Infrastructure Improvements

TEM MRI (2025)

Quantum Mechanics Laboratory Kit (2024) Quantum Cascade Laser and Near-field Microscope (2025)

(2025) Nano-Frazor Photothermal 
nano-Lithography (2025)

6 DOF Robotic Manipulator (2026)
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† We acknowledge the MonArk NSF Quantum Foundry supported by the NaVonal Science FoundaVon Q-AMASE-i 
program under NSF award No. DMR-1906383, and the Quantum Materials InsVtute supported by the NSF Expand-
QISE program under NSF award No. OSI-2427079 and our IAB members from Intel, IonQ, IBM, and CSM. 

Conclusions and acknowledgements

o Spatially-resolved, second harmonic and multiphoton luminescence imaged in 
2D materials coupled with theory and materials synthesis. 

o Ongoing investigations in a palette of 2D materials, heterostructures and 
metasurfaces.

o Future work will focus on heterostructures, including meta-materials.
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