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Quantum Information Science

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.

Quantum Quantum Quantum
Computing?! Communications? Sensing3

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

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

MonArk
Quantum Foundry

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

Superposition! Entanglement?

bit information qubit

s is physical

« . «|@)+H@ 1 2
heads (“0”) | nature | \ <€)

OR / isquantum N

) T
tails (“1”) mformat"lon ‘ |@/\

processing

Pioneering quantum information science

4 October 2022, the Royal Swedish Academy of Sciences

) ) ) o announced that the 2022 Nobel Prize in Physics would be
Information is encoded in a superposition of states, for awarded to three scientists — Alain Aspect, John F. Clauser and

a two-level system this is termed a qubit. Anton Zeilinger — “for experiments with entangled photons,

establishing the violation of Bell inequalities and pioneering
quantum information science.”

2 i i -
1https://cnqo.phys.strath.ac.uk/research/quantum-information/ [;\gﬁu:g ?ggg;;lﬁté%rzloggl_eonocseegE)g2 Vol. 2 Issue 11 Pages 687-688
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EPR Paradox and Bells Theorem

MonArk
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EPR Parodox! Bells Theorem?

Locality

EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

« 4 . thattheresultofa
measurement on one
system be unaffected by
operations on a distant
system...” (Bell)

John Stewart Bell is the originator of Bell’s theorem,
important in quantum physics reqarding hidden
SEE FULLER ONE POSSIBLE Einstein and Rosen drafted in coordination with Po- variable theories. — Wikipedia

dolsky their famous paper labeling effects originating

. g as | from complementarity and entanglement the Ein- o In 1964 John Stewart Bell replied on the Einstein-
Believ Whole Description of : G . . .
‘the :haysic:l ;eali tsy' gan Be stein-Podolsky-Rosen paradox. — Wikipedia Podolsky-Rosen Paradox, deriving an inequality
‘ making it possible to distinguish between all local
Provided Eventually. “EPR appeared to have contrived a means to realistic theories and quantum theory.
establish the exact values of either the
momentum or the position of B due to o inthe early 80’s Aspect, Grangier and Roger
measurements made on particle A, without showed their experimental data violated the
the slightest DOSSIbIII"ty of particle B being inequality, refuting all local realistic theories and
physically disturbed. proving that quantum theory was right!
New York Times, May 4, 1935 https://en.wikipedia.org/wiki/Einstein-Podolsky-Rosen_paradox 2http://www.qutools.com
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Entangled Photons by SPDC on a Global Scale REE

MonArk
Quantum Foundry

Satellite-based entanglement over 1200 kilometers?
s

—— Seattle Spokane |
3 A NORTH F
WASHINGTON OAROTA g
- (R = |
Y Portiand . L MINNESOTA v
: & Mirmoonpolls N
e B Qe | e i
OREGON Boise : ‘
< 1DAHO {
P WYOMING ‘ .L "
\ 2 N,
HWP ' ‘ o oneme’ (o i
NEBRASKA Wy- » er 4 -
Sh { PENNSYLVANIA | 1 g
ILLINOIS. WOIANA OHIO Philadelphia . New York
DM1 ' & Isolator \ "o, United States  uripacey rane
Sacr 1 PTaH ) St Lois o Wik 08
@ COLORADO e RS \ et it

LPCollimator

T

Entanglement over global length scales demonstrated via entangled photons generated by spontaneous parametric
downconversion (SPDC) transmitted via satellite.

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
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2D Materials for Integrated Quantum Technologies

MonArk
Quantum Foundry

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. N\ CMOS + X

. ; Quantum
“ Gomping .
Computing
s 2D materials >—< pL Ao
3 _
S _ b W W
Py <
Q
c
£
S Functionality
T P
g Material Heterogeneous i~
soa S’ scalin i Beyond
scaling 7nm 9 ey g
L i ~ 0 Scaling Si CMOS scaling
) . with 2D materials
Happy iy &
scaling 65nm
era Soam

[t S
FInFET/

e VS
New
e High-k-/  architectures
Metal Gate
BEOL
Introduction
of Cu
[05 [07 [09 [11 [13 [15 [17 |19 [21 >

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

Year of 1*! introduction
Parametric down conversion generates entangled photon pairs! for quantum communications. 2D materials can integrate into CMOS fab, promising properties?.

Thitps://spectrum.ieee.org/metasurface-entangled-photons 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

= Parametric downconversion = ijzlz in 2D heterostructures = Integrable with chip scale fab
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Nonlinear Optics, 2D Materials and Metaphotonics ST
Duamgmégﬁndry
2D Materials Prototype
Mm_:‘u S Exfoliation Optical ID Heterostructure Robotic Transfer Device Fabrication device

and Archive Stacking

/v Synthesis \

Nanoscale
Assembly

MonArk Non-Lfnear
Optics

&
Imaging

=-.1

Methods Available at South Dakota MonArk Enabling Infrastructure: The 2D-QMaPs of the MonArk NSF Quantum Foundry are a primary resource for the

Mines: Nonlinear imaging, synthesis preparation of 2D samples from bulk crystals, assembly of 2D heterostructures of multiple 2D layers, and the fabrication of
of 2D materials and self-assembled  prototype quantum devices.

nanostructures/metasurfaces, FDTD

simulations and density functional
theory.
FLOBN/ALTMD Twisted 1L-TMDs
: xN>10 o N
. . :D xN>10 2D Materials
Optical o &
o 1L ® heterostructures
- 3 :
" B
Si0; 2 Si0 Education
. 2 &
20 ym Si Si Workforce
 Pe—— Metas:rfaces development Plas:ons
South Dakota Mines team: Expand scope to MonArk team: Collaborate on the development of multilayer ftphonie folerions
include materials synthesis and theory to 2D materials heterostructures and varying interlayer coupling S
explore limits of ¥ in 2D materials and 2D leading to optimal ¥ 2. e
P T Xiji . gtoop Xiji Scientific Scope
materials integrated with metasurfaces.

= materials, growth, theory and optics = MonArk 2D-QMaP, heterostructures = metaphotonics, polaritons, plasmons

¢S9 THE INSTITUTE ‘%7‘ ) 3
“"J FOR UNDERGROUND SCIENCE J ‘

AT SURF

3rd Annual Quantum Partnership Workshop at SURF 7/24/2026



Spectrally-Resolved Multi-photon Imaging and Spectroscopy
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DM Mirror

60X Obj
NA=0.9

Sample

Piezoe]
Stage // XY Transition Stage
L
100X Obj
IR Excitation E— (NA=1.4)

Emission I

Dichroic Mirror
1

2 Wave plate
Beam Expander Emission filter
Color filter
Transmission grating

Polarizing "\ Flip Mirro

Tube I
Ti-sapphire Beam splitter /4 Wave ubefens
Laser plate
Periscope CMOS C ﬁ% Order dispersion
amer in EMCCD
Flip Mirror
Trinocular
M
£ 124 — Intima 2 Gaussians that fit data. Mean Residual = 6.631530.
— 3 ~— Media il ===
e A o 9 — Adventitia A
_(\% 0™ Order o 4 - i\
MY s
N & -
&S = sl
\O\L 4.,‘»\0 & 7] 6 >
R S c 2
L) © & ) w /A
g ,\{b ___________ b o
r 3 e
Vd 0 4_1—_—_1 £ - % \
g |] 1] : ~ : e
/ = 400 500 600 700 800 . M e
X

Wavelength (nm)

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.

= Imaging point spread function (x,y) = Spectra resolved, measure scattering = Normalize out intensity variations
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Multiphoton spectrally-resolved Imaging of WSe, (Borys)
Hi-photon Emission vs position MonArk

Multi-photon Emission vs position

Quantum Foundry

:’y 2 inch pillar (P2) 7. Shack hartmann detector (SH) e
2. Microscope body (MI) 8.  Dichroic mirror (DM) 1400
3. Microscope objective (OB) 9. Iris(IR) 6
4.  xyzstage (X2) 10. Flip Mirror (FM)
5. Kinematic base (KB) (to be removed) 11. EMCCD (EM) S
6.  Kinematic obj. holder (KO) 12. Obijective Platform (OP)
P2 e
' 8000
IR-5 800
. Muti-photon 300 /4
h 1600 \418nm ‘
00 280 /=
Auzoo 260 =
z 240
e, i j-
lyxz- ) & 600 -
\dz i 634hm
= SHG indicates monolayer fluctuations = Correlated MPL details layers = Spectra, Polarization at each point.
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Angle-resolved linearly-polarized SHG from WSe, few-layer stacks

\‘/

\

Angle resolved SHG

Coverslip ‘

SHG
Excitation

Objective lens [

Linear Polarization (8)

Circular Polarization
Linear Polarization (6)

White light @ 100X

= circularly polarized light input 18

C,

~
N

R

00

L 4

Dependence of Power after A/4 plate compared to average
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= primarily multi-layer samples

Corrected SHG
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Spectrally-integrated SHG
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Correcting ellipticity in dichroic mirror to obtain circular polarization i3

e °s
% o®

: y (p) . ; | _ ) r\ilonAl\:rk |
sample —~ Jones matrices for system elements: y
M, = R.e®0/? 0' R = (cgsg — sinee)
z X (s) — 0 Rpe—LS/Z sin cos
PBS
0 i 0 plim/4 0
V;,= = —
1/2  AJ4 i (1) Mj/2 (o —i) M) /a ( 0 e—m/4)
/]
1 DM _ 1
M I I birrpss Mg - B 1(9) MA/TL 5(9) Vout = MS}/S (0)

M - R,e®0/? 0 (cos,B sinﬁ)(eiﬂ/4 0 )(COS,B —sin,ﬁ’)(cosa sina)(i O)(cosa —sina)
—SYs 0 Rpe—i5/2 —sinf8  cospf 0 e~ /4 \sinf cosfB /\—sina cosa’/\0 —i/\sina cosa
i5/2 e!%/2{(1 4+ i) cos 2a — (1 — i) cos 2(a — B)}R;
Vot = € .
out e 0/2{(1 + i) sin2a +(1 — i) sin2(a — B)}IR,
. e'%/2{cos 2a — cos 2(a — B) + i(cos 2a + cos 2(a — B))}R
— 818/2 . S
e~9/2{sin 2a + sin 2(a — B) + i(sin 2a — sin 2(a — B))IR,

(% + %) (—1)3/8Rs(cos 2a + i cos 2(a — B))

(% + %) (—1)'/8R,(sin 2a —isin 2(a — B))

Vout

5~7T/4 Vout =
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Expanding the palette of 2D Materials (Lipatov, Paudel) e
nature photonics J' A C | S

Quantum Foundry

Subscriber access provided by UNIV AUTONOMA DE COAHUILA UADEC

glant ¥odnlacan o Secontik anmonic E?I;nto tical nonlinearityofFe?:ﬁ?Pﬁ:?:ﬁ:y Commumcnou Second-H G by Van der Waal
H H . . egulating Second-Harmonic Generation by Van der Waals

Generatlon .In Cu'nP256 by Interfacmg W|th H t |') “ th' s d ct p Interactions in 2D Lead Halide Perovskite Nanosheets

MOSZ Atomic Layers inatomica y msemiconauctors Wen-Juan Wel, Xingxing Jiang, Li-Yuan Dong, Wel-Wei Liu, Xiao-Bo

Han, Yan Qin, Kai Li, Wei Li, Zheshuai Lin, Xian-He Bu, and Pei-Xiang Lu
J. Am. Chem. Soc., Just Accepted Manuscript - DOI: 10.1021/jacs 9b01874 - Publication Date (Web): 26 May 2019
Cite This: ACS Nano 2024, 18, 3269032898 E Read Online Received: 21 September 2023 Liuxin Gu@", Lifu Zhang ©%, Ruihao Ni®', Ming Xie ©, Dominik S. Wild®?, from acs.org on May 26, 2019

Suji Park*, Houk Jang*, Takashi Taniguchi@®, Kenji Watanabe ©°,
Accepted: 25 March 2024 d Hafozl®’ & You Zhou®™*

Dawei Li,* Xinyi Hou, Fanyi Kong, Kun Wang, and Xia Hong*

= CIPS/Mo0S2 heterostructures = MonArk WSe,/h-BN heterostrucures = Perovskite layered materials
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2D non-centrosymmetric materials synthesis XX
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Synthesis of 2D materials (a-In,Se; B-In,Ses, CIPS)

CVT method

{(0)

-|||nl1l||| nl

Intensity (a u )

Co Kq radiation

R3m #160

—— Observed
~— Calculated
Difference

| Bragg positions

10 20 30 40 50 60 70 80 90

CIPS crystals in an ampoule
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CVD method

MonArk
Quantum Foundry

(b) 1

Intensity (a.u.)

Venera Alimova,
] { A PhD student

A | \ L "
{ ’I._“ y Ul o !\ ' :\

" ey
iy oot LT

! 'Wi“’“ Ry -ll,'l\M.\“',-\l*1

T T T T T | A

20 300
Raman Shift (cm™)

MoS,/In,Se; heterostructure

3rd Annual Quantum Partnership Workshop at SURF
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2D heterostructures and devices fabrication fo

MonArk

Semiconductor TiS;

CIPS flake

llya Mikhailov,

Si/SiO,wafer PhD student

with CIPS flake
on it

piece of PDMS
gel with TiS;
flake on it

Au electrode hBN

35n
35.0nf
“on _\ON current
30.0n
< <
£ 250nt = 25n ONJ/OFF = 1.149
20.0n} OFF current
20n
: 15.0n — : : : : o 2 4 6 & 10
-40 =20 0 20 40 . :
Photo of a flake transfer setup Ve (V) Time {min)
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Multiphoton Imaging of In,Se; (Lipatov)

Multi-photon Emission vs position

MonArk
Quantum Foundry

)

Arik
. Multi-photon Induced Fit  Intensity vs. g . Multi-photon Emission vs position Raman Iaser - 638 nm Ah m Ed
b x=58, y=60 100.0
-
— 2H Flake 4 - 638 nm
: 2 50.0
£ s
e 0.0 . . .
Y am 100 200 300
Raman Shift (cm™)
Figure 4: (a) High-resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) Z-contrast images of 2H and 3R In,Ses
together with the structural models?. (b) SHG spectrum of In,Ses (c) Spatially resolved SHG from 2H stacked In,Ses (d) White light image of 2H stacked
In,Ses (e) Spatially resolved SHG from 3R stacked In,Ses (f) White light image of 3R stacked In,Ses
-> Predicted to have high Xi(jzlz and sensitivity to interlayer coupling
-> Variation in intensity observed, SHG (3R) 10X SHG (2H)
1. Klpers, 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 a-In2Se3. Inorganic chemistry, 57(18), 11775-11781.
= Imaged SHG in 3R and 2H In,Se; = Edges highlighted, suppressed in 2H = Stacking determined by Raman

7/24/2026
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SHG Imaging in CIPS/Mo0S2 heterostructure (Lipatov) e

Quantum Foundry

Multi-photon Emission vs position Multi-photon Induced Fluorescence Intensity vs. Waveleng;b

1000 &l . X=34, y=32_
900 550 | ﬁ
800 500 | \
700 3’57450 i
g0 8400

2350
500 =

2300}
400 250
300 200 \
200 150 -

A~
- 100 & X : ¢ ; A : g
400 450 500 550 600 650 700 750
A (nm)
= CIPS/MoS, widefield image = CIPS/MoS, SHG image = SHG spectra, and angular dependence
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SHG intensity map

Multi-photon Emission vs position

Putting new tensor elements into the formula above, we could get strain-dependent SHG

intensity:

. 2
e |d§'2"“)(cos39 + £4(ayc08%0 — bysinGcosd — Zc,sinzscose))l

2
1) = |d§‘z’*"’(sm:m + £,(a,5in0cos?0 — bysin®0 + Zc,sin()coszll))l

where 8 is the included angle between unique armchair crystal orientation which remains a €, axis.
Under &;, we would obtain the same formula shown above with &g, @,. by, ¢, replaced by &, az. b;.

¢, respectively.

S9. Parameters used to characterize strain-dependent?.

Table S1 | Parameters used to characterize strain magnitude

a; b; Ci
i=1 -0.31 -0.19 -0.17
i=2 -0.12 -0.26 -0.25
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Polarized SHG in CIPS and fits

Region 1

Region 2

. |+ SHGaata
~——— SHG theory

Region 3
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Using the parallel Isyg formula from the supp. info of Ref.1 and inputting the same
al, bl and c1, an offset of 33 degrees, and an €, 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),PbBr, Perovskite (Paudel) i3

%® o %
G0 o®
300 — : : : : : : ; : MonArk
B Quantum Foundry
: l
: 250 _
| _a0f J
20 ! Z
S > N
T 4
I 2150 -
(a) : (b) = (c)
(=1 z .
i z 1 Himal
a
100 H — .
Oli
— — ) M —
— — JJL 1 l 1 l
2 = 0 " . L - ,
r X C L BZ A Y r z - - 2
High Symmetry Points E-E (eV)

* 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

a state in monolayer slab, which are attributed to surface C-

atoms p-orbitals that are separated by a large distance (>

10 A) in real space and do not overlap with Pb-s/p states

forming the valence bands resulting in the absence of an

c optical signal in the linear regime
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Reflectance lab set up and optical microscope images

MonArk
Quantum Foundry

e —~

Multi
mode
Fiber

Waveleagth (nz)
B - 0 & o

/ g '/\l‘ |
s
Y" \
\
| '/N \\\&

= RiFlake)
By sadstrate)

Focusing
Stage

XY
Stage

Beams
plitter
mount

* 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), PbBr, perovskite
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SHG in 2D(Benzylammonium),PbBr, Perovskite

Multi-photon Emission vs position Multi-photon Emission vs position

1500

- 14000

1450

4 12000
<400

10000
350

8000
300

250 6000

200 4000

150 2000

100

* Fig. (a) and (b) display a map of multi-photon emission vs position with & without grating respectively. It shows the spatial
distribution of multi-photon emissions within the sample.
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Tri-layer WSe, device fabricated at MonArk

MonArk

b
Schematic of Wide field images

device

Graphite

hBN RN & MonArk
. Akl 2 Quantum Foundry
Arik Three-layer
WS
Ahmed %

hBN

Graphite

L]
vy
"
e,

Multiphoton spectra

MU= PHULUT SHISSIVI VD PUSILUE

SHG image

Multi-photon Induced cence Intensity vs.

x=64, y=82
n

Intensity (counts)
g

———— e
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Twist angle in MoS2/WSe, heterojunction device (Behura) S

MonArk
Quantum Foundry

WS2 MoS2

Multi-phaton Emission vs position

v

- SHG spectroscopy on the MoS,-WS, sample to determine twist angle between the MoS,/WSe, bilayer
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Quantum Cascade Laser and Near-field Microscope (2025) 6 DOF Robotic Manipulator (2026)
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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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