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Memory-based repeaters

Generate remote entanglement Swap into nuclear spin memories
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Memory-based repeaters

Generate remote entanglement Swap into nuclear spin memories
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The NVs are now available for entanglement with other NVs
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Quantum internet

Create and distribute entanglement
Control with high precision/fast the nodes of the network (gates)
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Single spin coupled to defect

Hamiltonian for a nuclear spin (e.g., 3C) coupled to an electronic qubit (e.g., NV
center)

Larmor Frequency Nuclear spin operators

H=10)(0|®@wrl, + 1) (1| ® [(wL — AL — ALl

Hyperfine Interactions

= H=10)(0|® Hy+|1) (1| ® H,

The nuclear spin experiences a different Hamiltonian conditional to the state of the
electronic spin!

U = 10) (0] ® Rn, (o) + 1) (1] @ Ry, (f1)

‘ 2x2 nuclear spin \

Rotation matrix 10



Example

U = 10) (0] @ Rp, (¢0) + [1) (1] @ Rn, (41)

¢0:—¢1:7T/2 nNop — 11 — X

U =00 ®@Rz(7/2) + 011 ® Ry (—7/2) = CR,(7/2)

CRe(7/2) [40) = [0) [=) + [1) [+)

CRx(T{'/Q) ~ CNOT = J00 @]1 + 011 ®X



Example

U = 10) (0] @ Rp, (¢0) + [1) (1] @ Rn, (41)

¢0:¢1:7T/2 Ngp — 1] — X
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Controlling nuclear spins selectively
What happens when there are many nuclear spins?

Challenges:
 All nuclel are always coupled to defect (crosstalk)
* Experimental constraint: only defect drive available

Potential:
* Large entangled states (q. info, metrology, etc)
* Exploit large coherence times of nuclear spins
* High-fidelity qguantum gates
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Dynamical Decoupling pulses

Suppress the decoherence caused by the (unwanted) nuclear spins

> CPMG N ¢ >
> UDD-n (T|2T|T)
> XY-n b N
t
@
. 2
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Dynamical Decoupling pulses

Suppress the decoherence caused by the (unwanted) nuclear spins

> CPMG p
> UDD-n
> XY-n

AVAVAVAN
Also enhance interactions with specific nuclei M
(registers)

Control knobs: &
¢ Unittime T —A

* |terations N
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Spin distinguishabity

7 T
Control knobs: (clo 1e)

* Unittime T Tk(AH,AJ_) ~ ( h
* lterations N Mu\
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Taminiau et al. Phys. Rev. Lett. 109, 137602 (2012) V7



Defect coupled to many nuclear spins

1
H=Y 0j;® (HJ(1)®]12L_1 + 10 HP @lge2 + oo + Ly ®H§L>)
=0

*Neglect nuclear-nuclear interactions
Weaker than electron-nuclear interactions

Multi-qubit evolution operator

U =000 iy R (0)) + o1 ©f2y RY) (61)

E. Takou, E. Barnes and S. E. Economou, Phys. Rev. X13, 011004 (2023) 18



One-tangles

Calculate correlations between single nuclear spin & remaining system

(€rest||ith spin) .
— Il ;\\\\\
Pae -‘~\ // ~a
e Shown that the one-tangle for the it" spinis R e N
! 73 N
(i e
- l " I, \ \\
€rest||ith spin — 1 — Gl L @ N
\
1 // ‘ \ \
/ / \ \
| Vo
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* Reliable metric of nuclear spin selectivity ';,' pe ! '.'
I
7\ - : / 1
€ — 1 Spin is maximally entangled with de the defect / ‘\\ A Q ¢298,|/ /'
1 7 Ve
[ 13 ’ ’
| \ #'Al g' C —”/ //,
€ — O Spinis completely decoupled ‘\\ ) S __—____:::::_’__,/

T. Linowski et al. Journal of Physics A 53, 125303 (2020)

(G1,G2) = (0,1) E. Takou, E. Barnes and S. E. Economou, Phys. Rev. X 13, 011004 (2023) 19



Quantifying entanglement

Forany 7 — pulse sequence

2
G = (008@008@+n0-n151n@sinﬂ>

2 2 2 2
Go =1+ ng - nj sin ¢g sin ¢ + 2(0082 % cos? % + (ng - n1)2 sin? % sin? %)
Makhlin invariants (G1,G2) encode the non-local part of the gate:
* Depend on nuclear rotation axes & angles
* Directly optimize the gate [ <NOT |
G, 0
G, 1

Makhlin, QIP 1, 243-252 (2002)
E. Takou, E. Barnes and S. E. Economou, Phys. Rev. X13, 011004 (2023)
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Multipartite entanglement

Register spins Bath spins
A N
o N7 N
K L—K K+
Gate: U = Z 044 ®k:1 Rn(_k) (é?) ®l:1 Rn(.K+l) (¢§ ))
je{0,1} ’ ’
Target gate: Uy = Z 0} @521 Rn(.k) (gb;f)
j€{0,1} ’

Bath

Kraus Operators E; = Z Cg-i)pg-i)(fjj ®£{:1 Rn(_k) (ngk))
7=0,1 !

1
Fidelity: I = m(m + 1) > T [(UJE;C)*UJE;C} +
k

2
Tr U] By ‘
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Multipartite entanglement with single shot operation

1.0

Chose N*and 7 such that:

0.8f

|
: . : I
* €p is maximized for selected spins 0.61 |
ij
0.4} |
« €p is minimized for unwanted spins 0 oot
2 | 1-F=0
 Shortgatetime Nt =T, <Ty V07414 07431 0.7448
Time 7, (ms)
13
Example @cC o o
0.8 T =79.298 us| 0.8 |f =22.268 ps|
N= 20 N= 12
0.6} | 1-F=4.544 1071 0.6} 1-F=7.748 10°1
G |
0.4/ |
0.2¢ |
4 ’29Si 0 582 T5%6 1.587 0 5266 0.267 0.268

&;—-AL Time 7, (ms) Time 7, (ms)



Questions we want to answer

* What DD sequences perform best for various cases?
* How does Fidelity deteriorate with increasing register and bath sizes?

 What are the protocols for achieving entangling states for (realistic) SiC defects?

Help experimental physicists
conduct experiments!

Thessaloniki, Greece 2019
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Monovacancy in SiC

Defect: S=3/2

Nuclear spins: '3C, 29Si

Proportion of spins: 2°Si/13C = 4.27
Gyromagnetic ratio: y.> 0,y <0
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F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear
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Monovacancy in SiC

Defect: S=3/2

Nuclear spins: '3C, 29Si

Proportion of spins: 2°Si/13C = 4.27
Gyromagnetic ratio: y.> 0,y <0
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F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear
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Monovacancy in SiC

log ( 1-F)

Defect: S=3/2
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F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear



Monovacancy in SiC

Defect: S=3/2

Nuclear spins: '3C, 29Si

Proportion of spins: 2°Si/13C = 4.27
Gyromagnetic ratio: y.> 0,y <0

* Random realizations of n-spin positions and register vs bath

assignment and calculated the fidelity (purity) of the gates;
averaged over realizations

* Use to guide experiments/assess viability

F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear
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Monovacancy in SiC

Defect: S=3/2

Nuclear spins: '3C, 29Si

Proportion of spins: 2°Si/13C = 4.27
Gyromagnetic ratio: y.> 0,y <0

* Random realizations of n-spin positions and register vs bath
assignment and calculated the fidelity (purity) of the gates;
averaged over realizations

* Use to guide experiments/assess viability

Average over
200 realizations

F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear
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F. Dakis et al. arxiv.org/abs/2405.10778

Monovacancy in SiC
log (1-F)
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Monovacancy in SiC

log (1-r "
Defect: S=3/2

Nuclear spins: '3C, 29Si

Proportion of spins: 2°Si/13C = 4.27
Gyromagnetic ratio: y;> 0, y5 <0
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log1o(1 — Fivg) = an €% + cpetne
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Similar results for Divacancy
and higher magnetic field
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F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear



What DD pulse sequece operates better?

Defect: S=3/2

Nuclear spins: '3C, 29Si

Proportion of spins: 2°Si/13C = 4.27
Gyromagnetic ratio: y.> 0,y <0

Register (N, )

F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear

10 11 1 099 098 0975 0.97 0945 UDD,

OB 1 1 09950995 0.98 0.965 0.935 0.91 0.875 0.845

i) 0.88 0.88 30.83530.725@0.68530.5553 049 046 047 053 UDD3

Il 0.58 0.385 0.435 0.52 0.555 0.605 0.6 0.66 0.

RY 0.41 0.53 0.56 0.615 0.625 0.59 0.665 0.535 0.605 0.575

CPMG

PAN 0.635 0.565 0.505 0.48 20.405 0.455 0.535 0.5 0.675 0.605

1 10.58 0.835 0.96 0.97 0.995 0.985 1 0.995 1 0.995

1 2 3 4 5 6 7 8 9 10
Bath (N, )
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Sign difference in gyrgomagnetic ratios

Defect: S=3/2
Nuclear spins: '3C, 29Si
Proportion of spins: 2°Si/13C = 4.27

Yc>0, yg<O0 Yc>0, Y5<O0
log (1-F) log ( 1-F)
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F. Dakis et al. arxiv.org/abs/2405.10778, Phys. Rev. Applied, to appear
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Summary

» Discussed the challenges and the potential in spins coupled to defects
» Gate fidelity deteriotates faster with size of the register

»Showed the register-bath combinations where different DD pulses operate the best

» Developed high-throughput characterization method for arbitrary defects/host materials/registers

Q

Dakis, Takou, Barnes, Economou. arxiv.org/abs/2405.10778 ‘MN\
Phys. Rev. Applied, to appear

dakisfilippos@vt.edu J %

® =

b-a o-c



Acknowledgements

Evangelia Takou

£

5 ,

N A
S

B .4 C2QA

- | Co-design Center for
11 Quantum Advantage

‘%
» v

Sophia E. Economou

( VTQ

Ed Barnes

VIRGINIA
TECH.



	Slide 1: Assessing  Nuclear  Spin  Registers  Coupled  to Defects  for  Quantum  Memories
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6: Quantum internet
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36

