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Agenda

* Wednesday (06/08/2025) — Introduction: the need for spin-photon interfaces,
examples of spin-photon interfaces, the NV system in diamond

* Thursday (07/08/2025) — The NV system in diamond: spin control protocols
and implementation as quantum sensing and quantum computing platform.

e Saturday (09/08/2025) - Quantum communication demonstrations using the
NV and alternative systems.



munication
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Challenges in quantum communication

Quantum
Sending photons from A to B in a state |?,D communication
® _>
CR) ! M!
( o) Non-cloning theorem

Fundamental limitation: loss in optical fibers or in free-space propagation

A piece of fiber that is 1 km long has a transmission of 95 percent

Credit: Gabriel Horacio



What is the role of the photons?

Protocol 1: Send photons in a state 7)) from A to B

—= o
A ;

Protocol 2: Send one part of the state to A and the other to B

o—+——— o

Protocol 3: Entanglement swapping:

A. Ekert, Phys. Rev. Lett. 67. 661 (1991).

. \
|-
Quantum
communication

|-

Credit: Gabriel Horacio



Objective: Establish entanglement between two quantum memories using photons and projective measukgments

antum
munication
N. Sangouard, C. Simon, H. De Riedmatten and N. Gisin, Rev. of Mod. Phys. 83. 33 (2011). adit: Gabo

12/08/2025 gilardonicm@gmail.com



Hong-Ou-Mandel Interference

N

R

|OL1 1R> + |1Li OR)
Wjout) =
V2

[Win) = 114)
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Hong-Ou-Mandel Interference

~. N

R |1L10 )_l L11R>
L WJout) = W/
It arises because the two sides of the half-

B A ‘\B mirror are not the same! A phase of pi arises!

A .\
|7~/)in) = |1p)
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Hong-Ou-Mandel Interference

|0A,L' 1A,R) + |1A,L' 0A,R>) (llB,L' OB,R) . |0B,Ll 1B,R)>
V2 V2

wjout) = (

| l/) ) _ |0A,Lr1A,R)|1B,L:OB,R>+|1A,L:0A,R)|1B,L»0B,R)_|0A,L»1A,R>|OB,L:13,R>_|1A,L'OA,R)|0B,L'1B,R>
out >

If the photons are indistinguishable, | can't know who is photon A and who is

/ ‘\ photon B!

[Yin) = |14, 1) ) Vl/-I-IZL 0r)—10L,2g)— |1y1/) |21,,0r)—101,2R)
out

=7 > V2
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Hong-Ou-Mandel Interference
‘ L

/ AN

[Win) = |14 1p)

_ |OA,L' 1A,R) + |1A,L' 0A,R> |1B,L' OB,R) . |0B,Ll 1B,R)
|l/)0ut> -
& 2 2

. |0A,L;1A,R) | 1B,L.OB,R)+ | 1A,L:0A,R) | 1B,L,OB,R)— | OA,L»1A,R>|OB,L:13,R>_ | 1A,L;0A,R) | OB,L;1B,R>
[Yout) =
out 5

|l/1 ) _ |1a1.1BR)+ |1aL1B.L)-|1ar1BR)- |1BL14R)
out 2
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Projective measurement

laa, v5) + |84 O5)
V2 Qubit A Qubit B

|1/J0> —

Postulate of Quantum Mechanics: the collapse of the wave function

Pall/)0>

Y)Y = , Py = la)(a]
N
B, = [V ){V5l
NyeXvelaa, ve) + lyeXvslBa, 05) ~ -
) = N o 14

V) = laa, vp) HpiLA



The NV - a defect with spin 1

Spin total =1 Spinto

Intensity (a.u.)

V)

Signal (arb.£inits)

Photoluminescgnce spectrum

09/08/2025
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LETTER

Heralded entanglement |between solid-state qubits
separated by three metres

H. Bernien', B. Hensen', W. Pfaff!, G. Koolstra!, M. S. Blok', L.. Robledo!, T. H. Taminiau', M. Markham?, D. J. Twitchen?,
L. Childress® & R. Hanson! 2013

doi:10.1038/naturel12016

09/08/2025
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" - T

o) TR le) e) e) e) el

- A

N>
{ N\ AVASS >
2] 4 N
e @ 0 6,0 || ~0—| —
o ) —e | ) —o— L o-F N o —.—/(,;2)“)
1) 1) 1) 1) 1)
W) = [T Tp) \ -
rojective measurement
h/)) — (lTA)+|*LA))
V2 2 So far, no interaction between NVs A and B!
L The spaces are completely separable.
_ |TA;1A)+|~LA;OA> |TB,1B>+|~LB,OB>
) = (Feos) ()
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Projective measurement:
measuring a photon in one of
the detectors
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c

9ps ’ 600 ns ; |
Initialize & ﬂ ’T‘ n ( EI Readout

| x| | le) le) |
I I [ I\
(2] TV ° jw ( VR
& e o D e AN o B gy
i) i) 1) It It) o
Perick teft = 104150415 + [1405)(1,40p5| + [1415)(1415| __l
PCliCk T'lght — _|0A1B><OA1B| + |1AOB><1AOB| o |1AlB><1A1B| Projective measurement:
(14120 + 14,020 (ITB,1B)+|15,08) measuring a photon in one of
|l/)0> — NG V2 the detectors
|l/} ) _ |TA7 TB) 1A1 1B> + |‘1’A; TBJ OA) 1B> + |TA) ‘LB) 1AI OB) + |‘LA) ‘LB) OA! OB)
0 2
|lp> _ <i|TA: TBJ 1Ai 1B> i |‘LAJ TBJ OAr 1B> + |TAJ ~LB; 1Ar OB))
V3
|l/’spin> It's already an entangled state, but it's not a maximally

(ilTA, Tg) £ g T) + T4, lB)) entangled state
V3



= - S T

&) TR le) e) e) e) el
o 7V o % W
e o,— || -o 6,0 || ~0—| —
o N el o N oA N o ) —.—/(,,';E)Ii)

1) 1) 1) 1) 1) )
: \< | \k !
1IT4,14)+ 14,04\ (T8, 1B)+|iB,0B) T4, T5) £ N4, T) + T4, Lp)

) = (Hataliata)) (ads s sy 7y, ) ( - )

Projective
measurement:
measuring a photon in
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&) TR le) e) e) e) el

NI

) S\ 2] % VN

o V) -e4,lV) o {p_‘?-.: ) o W) +/(,;2)I\L)
1 I

) ) IT)\< 1) 1) :
/ N
|‘/’spin) / \

_ (ilTA; Tg) £ g T) + T4, J'B)) ) [yp)
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~
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lY) = 73 Projective
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¢ 9us 600 :
Initialize B n K3 /\ ( ] ) Readout
o T e o) o) LI D)
B o |7V o % W
T o, — - e, 0 o —
o U e o N oA o W)y —efyl
IT) IT) ) IT) ) T)
1

Perick teft = 104150415 + [1405)(1,40p5| + [1415)(1415|

Perick right = —10415)0415] + [1405){1405]| — |1415){1,15] Projective measurement:
measuring a photon in one of

the detectors

il‘l’A; ‘LB; OAr OB> i |TAr ‘LBr 1Ai OB) + |‘1’Al TB) OAr 1B>
| o>= \/§

|1,[)> _ (l‘l’Ar TB'OA' ]-B> i |TA' ‘l’B' 1A' OB))
V2

_ (RaT) £ 1Talp)\ | ABellstate!
|l/)spin> -
V2




&) K le) o) o) o) o)
)
L 0_—
| 4 .
1) )
[¥)
_ (i”A' 100060 £ [ be 10, 05) + a1, O 16)Y 1 (1T de) £ 1 1)
/3 [Y) = 7
\ /
Projective
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v o, — —0- ©, 0
P —.—4,2\ ) —o— ) _0_4 1)
IT) IT) ) )

Spin total =1

Optical control and

Spintotal=0

Q
Q

\ Reading j




Measured in base Z (it is already the base on which we are operating)

Measured in base X (microwave pulse to rotate the spins) Quantum state tomography

1 laser = R - -
> | l{ | Readout bases Z 7 ZZ| ¢

NV photons detected b

£

0.5

'\ > |4,
i\ o= NV photons detected m

Probability

) = ('TA' tp) £ TB>> Can this be used to
vz realize teleportation of a
quantum state?

0
L I I N % S Tttt it Ll
State State
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Qubits A and B are entangled, Alice has qubits A and C, Bob has qubit B

|W)ap = |[¥) 45, Or any other of the Bell states

[Y)e = al0)c + Bl1)c

[ Wape = [W)e @ ¥ ) ap p

) agc = % (1100 asc +1010)45¢) + 7= (1101ape +1011)15c)

W apc = 1/2[|¥ ") ac ® (a|0)p + BI1)p) +
Y )ac @ (—al0)g + £l1)p) +
O )ac ® (Bl0)p + al1)p) +
D )ac ® (—£10)p + a|1)p)]

Alice measures her two qubits in the Bell basis and informs (feeds forward) what
unitary transformation Bob needs to perform to recover Charlie’s original state



LETTER

Quantum teleportation over 143 kilometres using
active feed-forward

Xiao-Song Ma'"*#, Thomas Herbst"?, Thomas Scheidl’, Daging Wang', Sebastian Kropatschek', William Naylor’,
Bernhard Wittmann'?, Alexandra Mech!?, Johannes Kofler"?, Elena Anisimova®, Vadim Makarov?, Thomas Jennewein*,

Rupert Ursin' & Anton Zeilinger'+
-
grf@
a La Palma Tenerife 2’

doi:10.1038/naturel1472
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RESEARCH ARTICLES 532 1 AUGUST 2014 - VOL 345 ISSUE 6196

QUANTUM INFORMATION

Unconditional quantum teleportation
between distant solid-state
quantum bits

W. Pfaff,'" B. J. Hensen,' H. Bernien," S. B. van Dam," M. S. Blok," T. H. Taminian,"
M. J. Tiggelman,' R. N. Schouten," M. Markham,® D. J. Twitchen,” R. Hanson'}

1. Bell-state measurement 2. Communicate result 3. Feed-forward operation

/ ﬁ,’g

s

Bob
Arbitrary rotations on electron spin
Readout of electron spin

Conditional rotations on nuclear spin

=

Bell-state measurement
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RESEARCH ARTICLES 532 1 AUGUST 2014 - VOL 345 ISSUE 6196

QUANTUM INFORMATION

Unconditional quant '
between distant solid © "
quantum bits g ) {

W. Pfaff,"" B. J. Hensen," H. Bernien," S. B. van  Alice
M. J. Tiggelman,' B. N. Schouten,” M. Markham,

Prepare o iny)

ROM—[RO

e readout (E))

1. Bell-state measurement e reset (EI,E}

¥

g e manipulation (MW) 'Wf'
I N manipulation {HF}M
” . ) . 110ps
- ./ Bob
‘ X )
\é, ce |q)_)A,B ® (0('0)6 + ,B|1>C)
A i

Bell-state measurement
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RESEARCH ARTICLES 532 1 AUGUST 2014 - VOL 345 ISSUE 6196
Arbitrary rotations on electron spin

Readout of electron spin

QUANTUM INFORMATION . : :
Conditional rotations on nuclear spin

Unconditional quant '
between distant solid © "
quantum bits g ) {

W. Pfaff,"" B. J. Hensen," H. Bernien," S. B. van  Alice
1 1
M. J. Tiggelman, R. N. Schouten,” M. Markham, ereal:laut{Ey}

Prepare o iny)

ROM—[RO
P le —o =

1. Bell-state measurement

e reset (E )

3 e manipulation (MW) 'Wf'
I N manipulation (RF)_ e} i)
i -- ' . 110ps
Z ./ Bob
‘ D 2l
\}, ce |q)_)A,B 03¢ (0(|0>C + ,B|1>C)
A i

Bell-state measurement
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RESEARCH ARTICLES 532 1 AUGUST 2014 - VOL 345 ISSUE 6196

QUANTUM INFORMATION
Prepare o iny) . Bell-state measurement

A n

Unconditional quant
between distant solid © " TGotos
. (2) n ; :

quantum bits o s { — T

W. Pfaff,"" B. J. Hensen," H. Bernien," S. B. van  Alice - oyl
1 1 H
M. J. Tiggelman, R. N. Schouten,” M. Markham, ereai:luut{Ey] = /)
: 12 ps 12 ys
1. Bell-state measurement e reset (E1 2} E J’_‘[
Dulat (MM;J] T, : CNOT T, 15 puys CNOT
e manipulation 'Wf' :._w'n_ NI ._w';_
3m H
. - RE.0) = RE) i = mp2 O m/2 : |
(¢ N manipulation (RF) : \
110 ps : 60 us
[yr) f < H : # H ¥
<3 / Bob
' v
i ce _ _
V] a|0)cl¥Y )ap + Bl c|P )ap
A

Bell-state measurement
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RESEARCH ARTICLES 532 1 AUGUST 2014 - VOL 345 ISSUE 6196

QUANTUM INFORMATION

Prepare o iny) . Bell-state measurement

A ‘
Unconditional quant
i s O 1 {Reo—{resk-e—{w2}— w2} 2x

between d1§tant solid o ey ’I—L A 1o
quantum bits L i

W. Pfaff,"" B. J. lllulsen,‘ H. l!‘-ernful.,‘ S. B.van Alice - o]
M. J. Tiggelman, R. N. Schouten,” M. Markham, e readout l:Ey] E I'—'l [—l ?
1. Bell-state measurement e reset (E ,) 12 ps / 12 ps
CNOT 15us CNOT i
3 e manipulation (MW] ”HHHI"' 'HHHH "IHH ".mr
/e N manipulation {RF} Ae-e) i j } ﬁ
) o 110ps . 60ps
"\ Bob
“ . ) |
K\ Hce /70< /70< 100)4c @ (BI0) — a|1)p) |[—x ~x| 100)4c ® (a|0)g — Bl1)p)
ol
i A 1Dac @ (BlOYs + all)g) [XS||XS| 111)ac @ (210)5 + B11)5)

Bell-state measurement
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RESEARCH ARTICLES 532 1 AUGUST 2014 - VOL 345 ISSUE 6196

QUANTUM INFORMATION

A Pre o . ' Feed-fwd &
.. ® pare iny) Bell-state measurement {  Readout
Unconditional quant I |
s s 1y Jree]—R@E.0): /2 w2} X
between distant solid © iy g Tl S
quantum bits ) { S —
W. Pfafft,"” B. J. lllulsen,‘ H. Bernful,‘ . B. van TAlice - 2x]
M. J. Tiggelman,’ R. N. Schouten,” M. Markham, e readout (E) ] [
1. Bell-state measurement e reset [EL::} 124 [ 12
T, : CNOT T, 15pus CNOT
G 3 manipulation (MW) 'Wf' w' 'h‘: ‘-'M"
I N manipulation HF)_W_W—%_% . d
" \ 4 “ . 110ps . ©60ups X
7 / Bob
\}; ce
A

Bell-state measurement
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QUANTUM INFORMATION

A Pre . ' Feed-fwd &
.8 pare o iny) Bell-state measurement . Readout
Unconditional quant s |
. ° 1  JRe.0)}—RE.0) /2 w2 | X
between distant solid © ooy | 1
; & Lo oo o
quantum bits ) { e S £
o 1Y A
W. Pfaff,"" B. J. Hensen,! H. Bernien,' S. B. van  Alice - oxl
: 12 s @ 12 ps
> 1.0 .
o permn
T 23t -{5—> Cwlo feed-fwd /2 i |
2 05 {5 b - i
= ks
= ° o
© 0.0 /M
| -2 -Z) I-X) ) IV Average T U 20 ps
N e T 100ps 00 s T to0ps
A i

Bell-state measurement
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A Prepare o in [y) .

QUANTUM INFORMATION
o 0 1
Unconditional qu:

: o .
between distants g "1
quantum bits .

W. Pfaff,"" B. J. Hensen,' H. Bernien,' 5. Alice

M. J. Tiggelman,' R. N. Schouten," M. M: e readout (E,)

e reset (E, ,)

R JU T L —

Bell-state measurement Feed-fwd &
Readout
{Re.o}—{Re.0): /2 w2} [ 2
5 : —
47 JJ—L T 4_/_];\ bﬂ} é*/-ﬁ
] 2x
12 ps 12 ps

[

T,

| CNOT

T,

15ps CNOT

Even though individual gates on the electron spins are fast (~50 ns),
implementation of quantum gates on nuclei and combined gates are slow (~100 us)
Electrons must have long coherence times!!!

e manipulation (MW)

[

Tllla
TH""

|

100 ps

Iyv

100 ps




Letter Published: 21 October 2015

Loophole-free Bell inequality violation using electron
spins separated by 1.3 kilometres

B. Hensen, H. Bernien, A. E. Dréau, A. Reiserer, N. Kalb, M. S. Blok, J. Ruitenberg, R. F. L. Vermeulen, R. N.

Schouten, C. Abellan, W. Amaya, V. Pruneri, M. W. Mitchell, M. Markham, D. J. Twitchen, D. Elkouss, S.

Realization of a multinode quantum network of remote
solid-state qubits

M. POMPILI . S. L. N. HERMANS , 5. BAIER , H. K. C. BEUKERS , P C. HUMPHREYS, R. N. SCHOUTEN .R.F L. VERMEULEN, M. J. TIGGELMAN,

L. DOS SANTOS MARTINS o d AND ST

Qubit iéiepﬁftéfiahbetween non-neighbouring nodes
in a quantum network

SCIENCE - 16 Apr2021 - Vol 372, Issu

S. L. N. Hermans, M. Pompili, H. K. C. Beukers, S. Baier, J. Borregaard & R. Hanson ™

Nature 605, 663-668 (2022) ‘ Cite this article
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QUANTUM INFORMATION

Unconditional quantum teleportation
hetweeﬂ diStant SOlid-Stﬂte Y Initialize @  entangle e&e
quantum bits

n
W. Pfaff,"" B. J. Hensen,' H. Bernien,' S. B. van Dam," M. S. Blok," T. H. Taminian,"

M. J. Tiggelman,' R. N. Schouten,” M. Markham,” D. J. Twitchen,” K. Hanson'{ 9 |1} ‘ "73\1' |D} —
1. Bell-state measurement E“‘:'" IT—)
(3 Y 'y é' T
i 20us . 8us

> >
Bob ; repeat until “repeat until |

i success SUCCess

Success rate: s
250 s |:l 0.05 |:'~'|ﬂ?

L B gy re- purlfy o aﬁer 250 falled attempts

Bell-state measurement
09/08/2025 36




Challenge 1: Interfering photons must be indistinguishable!

Absorption (excitation) spectrum
Photoluminescence spectrum

Only <10% of the photons emitted by NV are useful!

Signal (arb. units)

C | 450 500 550 600 \ 650 Wdo
9 us ‘ 600 ns Wavelength (nm

le) T le) e) e)

-: /%

o\

e o,— || o —
o V)V -e4,lV) o —.—/(n:z)ll)
1) 1) 1) 1)
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Challenge 1: Interfering photons must be indistinguishable!

Absorption (excitation) spectrum
Photoluminescence spectrum

Only <10% of the photons emitted by NV are useful!

b. units)

Challenge 2: Extracting photons from diamond is inefficien

The refractive index of diamond is very high, total
internal reflection occurs

Cavities: enhancement of photon emission through

Purcell effect, enhancement of photon collection

through channeling into a directional mode, etc. C
3

e
PHYSICAL REVIEW LETTERS 129, 173603 (2022)



Alternative platforms and protocols

Nature | Vol 629 | 16 May 2024 | 573

Frequency conversion

=

e
o
2]

Norm. reflectivity

0 i = A
0.5 0 05 1.0
Probe frequency - 406.667 THz (GHz)
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Article Open access Published: 15 May 2024

Entanglement of nanophotonic quantum memory
nodes in a telecom network

C. M. Knaut, A. Suleymanzade, Y.-C. Wei, D. R. Assumpcao, P.-J. Stas, Y. Q. Huan, B. Machielse, E. N. Knall,

M. Sutula, G. Baranes, N. Sinclair, C. De-Eknamkul, D. S. Levonian, M. K. Bhaskar, H. Park, M. Loncar & M. D.
Lukin &

Nature 629, 573-578 (2024) | Cite this article

- * Available nuclear spin
register

* High symmetry defect!
Highly stable optical
transition, low coupling
to phonons, stable
when integrated into
cavities

* BUT: sub-K operation

09/08/2025 40




Article Open access Published: 15 May 2024

Entanglement of nanophotonic quantum memory
nodes in a telecom network

C. M. Knaut, A. Suleymanzade, Y.-C. Wei, D. R. Assumpcao, P.-J. Stas, Y. Q. Huan, B. Machielse, E. N. Knall,

M. Sutula, G. Baranes, N. Sinclair, C. De-Eknamkul, D. S. Levonian, M. K. Bhaskar, H. Park, M. Loncar & M. D.
Lukin &

Nature 629, 573-578 (2024) | Cite this article
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Article | Open access | Published: 15 May 2024 PHYSICAL REVIEW LETTERS 123, 183602 (2019)
Entanglement of nanophotonic qua Soin
nodes in a telecom network P H

C. M. Knaut, A. Suleymanzade, Y.-C. Wei, D. R. Assumpcao, P.-J. Stas, . Phﬂtﬂn_

M. Sutula, G. Baranes, N. Sinclair, C. De-Eknamkul, D. S. Levonian, M.
Lukin &

Nature 629, 573-578 (2024) | Cite this article

0 H g .
-0.5 0 0.5 1.0
Probe frequency — 406.667 THz (GHz)
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PHYSICAL REVIEW LETTERS 123, 183602 (2019)

Spin: ﬂ
Photon: ‘ ‘—1

/

[Wspin) = (D) + W) /V2 [Wene) = (BiIT, 1) + Beld, e)) /N2
|l/)phot) = (,Be|3> + .Blll»/\/E

- rae"
=
- -
= “’.
a - AT
. -".-
, -
e o i e

e e e R - - - -

o
o

Microwave stripline

Norm. reflectivity

0 ’ )
-0.5 0 05 1.0
Probe frequency — 406.667 THz (GHz)
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Electron—electron Bell-state
entanglement generation measurement

Electron node A — , ; : : AXYZ

: ey
Photon + M gate

Electron node B —

20m

ot oo 0 W
r‘- ? r‘.r -~ r-.""
it St J

Photonic time-bin E—
qubit No longer dependent on synchronizing the

photon emission from the two stationary
qubits!

* Less sensitive to polarization fluctuations,
etc. Photonic quantum state encoded in
early, late arrival time information.

¢ - " -

Microwave stripline

Nanophotonic cavity



a Electron—electron Bell-state

entanglement generation measurement
Electron node A — : —— : ——| AXYZ
Photon + JU L lgate] Lo 7
Electron node B — gate | A*YZ
?ﬁ e 2
"L’" “E" TS
NP c Mean photon number 10°
- Frequency conversion L : I S T | - 1 1 I S
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Systems analogous to NV, easier materials to process and optical transitions
In the telecom

¢ Yo A B
! |
r&y T4
. W % <

Ground state \ L — T TTes
Nature Communications 10, 2

ABCDEFGHIJKLMNOP

Creation

CONOO B WN=

-----------
da e

spin-orbit
1.5 um

ccccccccccccccc

- 20  ZPL counts / 100 ms / 2x SNSPD 160
Article number: 1954 (2019) &
©
©J=152
N g?(0)
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Some final remarks:

* Know your qubit! Mapping quantum circuits into actual
physical operations on the qubit requires deep knowledge
about the experimental platform, and creativity!

* Gate infidelity can add up quickly (even when we are
doing nothing, we are doing something)

* There are still outstanding challenges on the material side
of things, but this does not prevent us from testing
platforms and learning from it.
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