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NV center: Optically addressable, highly coherent spin
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NV center: Optically addressable, highly coherent spin
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NV center: Optically addressable, highly coherent spin

Colour centres

diamond silicon carbide
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I Rogers et al. PRL 113, 263602 (2014) ! Christle et al., Nat. Mater. 14, 160 (2015)
Sipahigil et. al, Science 354, 847 (2016) : Koehl et al., Nature 479, 84 (2011)
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Appel et al., New J. Phys. 17, 112001 (2015)
Thiel et al., Nat. Nanotechnol. 11, 677 (2016)
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NV center: Optically addressable, highly coherent spin

Appel et al., New J. Phys. 17, 112001 (2015)
Thiel et al., Nat. Nanotechnol. 11, 677 (2016)

Teissier et al., PRL 113, 020503 (2014)
Barfuss et al., Nat. Phys. 11, 820 (2015)
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Quantum information
Long distance spin-spin entanglement
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Appel et al., New J. Phys. 17, 112001 (2015)
Thiel et al., Nat. Nanotechnol. 11, 677 (2016)
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Barfuss et al., Nat. Phys. 11, 820 (2015)
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NV center: Optically addressable, highly coherent spin

Quantum information

Long distance spin-spin entanglement
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Appel et al., New J. Phys. 17, 112001 (2015)
Thiel et al., Nat. Nanotechnol. 11, 677 (2016)
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Hensen et al., Nature 526, 682 (2015)

rate of coherent photons
(~ mHz)

Teissier et al., PRL 113, 020503 (2014)
Barfuss et al., Nat. Phys. 11, 820 (2015)
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* Motivation

* NV centres in diamond

* Optical cavities

 Fully tunable Fabry-Pérot microcavity
e Experimental results and analysis

 Summary and Outlook
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A excited Conduction band
state ANNNNNNNNNNNNNNNNNNNNY
1.945 eV
PL excitation o
___ NV
Vacancy L: 637 nm
Nitrogen s,
ground Valence band |
state

Key features:

° Iong spin coherence times (> 1 ms) Balasubramanian et al., Nat. Mater. 8, 383 (2009)
}@RT

* nuclear guantum memory (> 1s) Maurer et al., Nature 8, 383 (2009)

* fast one- and two- qubit gates Fuchs et al., Science 326, 1520 (2009)

e ground state spin control via external fields



A excited —
state
PL excitation

E,
Vacancy L, :
Nitrogen | _
state Many No
Key features: photons photons

* spin-readout via spin-state dependent photoluminescence (PL) intensity
* spin-selective / cycling transitions

e optical lambda-system: requirement for spin-photon entanglement
Togan et al., Nature 466, 730 (2010)



Vacancy

NV centres in diamond - challenges

A excited
state

"
_ ) 2pL PSB
: phonon

Nitrogen

ground
state

Key challenge: light extraction

1.
2.
3.

small extraction efficiency out of bulk diamond

long radiative lifetime: ~ 12 ns

Normalized PL

1.0

0.0 L

small fraction of PL emission at ZPL (637 nm): ~ 3%

Zero phonon line (ZPL)

T =300K

i1 Phonon side
i, band (PSB)

1
600

650 700 750

Wavelength [nm]



Vacancy

NV centres in diamond - challenges

A excited
state

ZPL

PSB

: phonon

Nitrogen
ground
state

Key challenge: light extraction

1.
2.
3.

small extraction efficiency out of bulk diamond

long radiative lifetime: ~ 12 ns

Normalized PL

1.0

0.0 L

small fraction of PL emission at ZPL (637 nm): ~ 3%

-> solve all 3 problems with cavity

Zero phonon line (ZPL)

i1 Phonon side
i, band (PSB)

T=300K

1
600

650 700
Wavelength [nm]
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X Optical cavity - Purcell enhancement

Transition rate for spontaneous emission:

27 I
Y12 = ﬁ <p- Evac >2 g((.J)



NX . .
X Optical cavity - Purcell enhancement

Transition rate for spontaneous emission:

electric dipole density of states
21 \_, - 7
V12 — ﬁ <p- Evac >2 g((.J)
\

vacuum electric field
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X Optical cavity - Purcell enhancement

Transition rate for spontaneous emission: Density of states (DOS)

gfree(w) ~ w?

27 -

—

712:ﬁ<p'Evac >2

g(w)

gev(w) ~ Q




NX . .
X Optical cavity - Purcell enhancement

Transition rate for spontaneous emission: Density of states (DOS) 5
gfree(w) ~ W
27T N — 2 3
'712:ﬁ<p'Evac> g(w) IS
~1/V ~Q gcav(w)~Q

&Q Mode volume of

vacuum fluctuation:
I |

V ~ um?3

Energy of vacuum fluctuation:

Je g E2dV=hhw /2



NX . .
X Optical cavity - Purcell enhancement

Transition rate for spontaneous emission:

27 —
712:ﬁ <p'Evac >2 g((.J)
~1/V ~Q

Relative transition rate enhancement:

Jeav Q (Purcell enhancement)
Vree

/

constant Increased DOS - High Q

Confined E,. - SmallV

Density of states (DOS)

gfree(w) ~ w?

g(w)

gev(w) ~ Q

&ﬁ Mode volume of

vacuum fluctuation:
I |

V ~ um?3

Energy of vacuum fluctuation:

Je g E2dV=hhw /2



Diamond cavities

2D photonic crystal nanobeam
photonic crystal

Faraon et al., New J. Phys. 15 025010 (2013)  Faraon et. al, PRL 109, 033604 (2012)

Faraon et al., Nat. Photon. 5, 301 (2011) Riedrich-Mdller et al.,
Appl. Phys. Lett. 106, 221103 (2015)

Key result:

e up tp 70-fold enhancement of emission rate

Hausmann et al., Nano Lett. 13, 5791 (2013)
Burek et al., Nat. Commun. 5, 5718 (2014)

Li et al., Nat. Commun. 6, 6173 (2015)
Sipahigil et. al, Science 354, 847 (2016)
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& Diamond cavities

2D photonic crystal

Faraon et al., New J. Phys. 15 025010 (2013)  Faraon et. al, PRL 109, 033604 (2012)

Faraon et al., Nat. Photon. 5, 301 (2011) Riedrich-Mdller et al.,
Appl. Phys. Lett. 106, 221103 (2015)

Key result:
e up tp 70-fold enhancement of emission rate
Challenges:

e spatial and spectral overlap

nanobeam
photonic crystal

* high Q-factors Hausmann et al., Nano Lett. 13, 5791 (2013)
Burek et al., Nat. Commun. 5, 5718 (2014)

» efficient outcoupling

* emitter stability

Li et al., Nat. Commun. 6, 6173 (2015)
Sipahigil et. al, Science 354, 847 (2016)



N
NN

>/ |\/ |\/

<l
XX
AN

w2

UNI
ASE

=
-

mirror

coating

Fully tunable microcavity design

Sio,

= ==

diamond =—p

Si0,

piezo positioner

Experiments on quantum dots:

Barbour et al., J. Appl. Phys. 110, 053107 (2011)
Greuter et al., Appl. Phys. Lett. 105, 121105 (2014)
Greuter et al., Phys. Rev. B 92, 045302 (2015)
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B Fully tunable microcavity design
mirror S Advantages of microcavity design:
coating .

\ minimal diamond processing
_/‘¥ (low spectral fluctuations)

* well-defined Gaussian output mode

diamond =»
e full in situ tunability:
» resonance wavelength
SI0, » spatial overlap
4
y : w > select favourable NV
piezo positioner
N  small mode volume V

* high Q factor

Experiments on quantum dots:

Barbour et al., J. Appl. Phys. 110, 053107 (2011)
Greuter et al., Appl. Phys. Lett. 105, 121105 (2014)
Greuter et al., Phys. Rev. B 92, 045302 (2015)
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Fully tunable microcavity design

Sio,

= =

diamond =—p

Si0,

piezo positioner

Experiments on quantum dots:

Barbour et al., J. Appl. Phys. 110, 053107 (2011)
Greuter et al., Appl. Phys. Lett. 105, 121105 (2014)
Greuter et al., Phys. Rev. B 92, 045302 (2015)

Advantages of microcavity design:
 minimal diamond processing
(low spectral fluctuations)

* well-defined Gaussian output mode
e full in situ tunability:

» resonance wavelength

» spatial overlap

» select favourable NV

e small mode volume V

high Q factor

Proof of concept using nanodiamonds:

Albrecht et al., PRL 110, 243602 (2013)
Johnson et al., New J. Phys. 17, 122003 (2015)
Kaupp et al., Phys. Rev. Applied 6, 054010 (2016)



Fully tunable microcavity design

R~ 10 um
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Integration of a microscopic diamond membrane into microcavity
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Fabrication of curved mirror templates
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CO, laser

Pulsed CO, — laser radiation:

e surface atomically smooth

high Q factor

 small radius of curvature

small mode volume V

Dielectric
reflective
coating
Concave
depression: 2 3
R~5..500 pum

Hunger et al., AIP Adv. 2, 012119 (2012)
Najer et al., Appl. Phys. Lett. 110, 011101 (2017)

AFM — phase image



X . . .
X Fabrication of diamond membranes

Commercially available diamond and nitrogen implantation + annealing

ICP
etching
electron beam
lithography
micro
manipulator

=)

Appel et al., Rev. Sci. Instrum. 87, 063703 (2016)
Maletinsky et al., Nat. Nanotechnol. 7, 320 (2012)

van der Waals bonding
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DR et al., Phys. Rev. Appl. 2, 064011 (2014)




Linewidth measurements
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Photoluminescence excitation measurement

excite detect
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S Linewidth measurements
Photoluminescence excitation measurement |
(o]
excite detect 2.5 |
. 2 2|
1.0 8
_ < 15 | membrane:
= — 1 GHz
) V)
% 0.5 S, 17 ]
£ & "bulk”:
2 0.5 & 100 MHz
0.0 L 660 .

o

Wavelength [nm]

membrane "bulk"
d~1um d~ 40 um

Chu et. al, Nano Lett. 14, 1982 (2014)
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Photoluminescence excitation measurement

excite detect 2.9 |
| /(-])\ 2 i
9
_ < 15 | membrane:
= — 1 GHz
) V)
'TL:: 0.5 S) 17 ]
£ &5 "bulk”:
= 05 ¢ % 100 MHz
ool . P S

600 6bo— 700 750 0
Wavelength [nm]

linewidth smaller than ground

membrane "bulk” state spin splitting: 2.87 GHz

d~1pum d~ 40 um

Chu et. al, Nano Lett. 14, 1982 (2014)



Cavity characterization

Analyze cavity mode structure:

* couple green laser

e tune width of airgap L

* record photoluminescence (PL)
spectra for different L




PL vs. air gap width L
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PL vs. air gap width L
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From simulation:

N

» diamond thickness t,
» width airgap L

» vacuum field E ,_

225 25 275 3 325 225 25 275 3 325
L (um) AL (um)

Janitz et. al, Phys. Rev. A 92, 043844 (2015)




Wavelength (nm)

PL vs.

relative detuning AL
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Wavelength (nm)

PL vs. relative detuning AL

» Clear single emitter signature in photon autocorrelation
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Wavelength (nm)

PL vs. relative detuning AL

» Qfactor: 58500 k=w/Q=5.06"-
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Counts in 1000 s

Lifetime NV2: spectral detuning

-
o
N

detuning from
resonance




N2
;H; Lifetime NV2: spectral + spatial detuning

ZPL6

Full in situ control of the cavity system



N2
;H; Lifetime NV2: spectral + spatial detuning

................ vres

ZPL6

----------- uh voffres

Full in situ control of the cavity system

Vies= 15810651 y . =88.2-105s1 Ay=69.8- 1065
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Experimental results:
Vies= 158 - 10°st, y .. = 88.2 - 10°s1, Ay = 69.8 - 10°s?

Vay=79.4 - 1085t (measurement without top mirror)

vres

. Voffres
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Experimental results:

vres
Vies= 158 - 10°st, y .. = 88.2 - 10°s1, Ay = 69.8 - 10°s?

Vay=79.4 - 1085t (measurement without top mirror)

Overall enhancement:
- Voffres

I:P = Vres/ Yy = 2.0 2 0 2

‘+vvwnovNAﬁ+‘

waveguide effect
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Experimental results:

Vies= 158 - 10°st, y .. = 88.2 - 10°s1, Ay = 69.8 - 10°s?

Vay=79.4 - 1085t (measurement without top mirror)

Overall enhancement:

AX (um)
Purcell enhancement of ZPL: %
Fraction of ZPL emission in bulk: ~ 3% ‘ N\ OV ‘
Vop, = 2.38 - 106 51 waveguide effect

FospL= OV / Yoo+ 1=30.3 o
7pL \PSB

v ground
state

vres

. Voffres

I:P = Vres/ Yy = 2.0 2 0 2
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Experimental results:
Vies= 158 - 10°st, y .. = 88.2 - 10°s1, Ay = 69.8 - 10°s?
Vay=79.4 - 1085t (measurement without top mirror)

Overall enhancement:

I:P = Vres/ VNV= 2.0

Purcell enhancement of ZPL:

Fraction of ZPL emission in bulk: ~ 3%

‘+¢v\ﬂovNAﬁ+‘

Vop = 2.38 - 10°s1

Fozp =AY /Vzp +1=30.3

Fraction of ZPL emission in cavity:

N=(Ay+Vzp )/ Ve =45.7%
before: ~ 3%

ZPL

4

3

\PSB

v

waveguide effect

excited
state

ground
state

vres

. Voffres
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S Calculation of expected Purcell enhancement

L=1.96 um, t;=0.77 pm dlamond =36.2 kV/m
I 1 2-5
= 80 r | NV location
- L l 42
S 60 {\ |
~ 40 B |
§ | 11.5
w2 mﬂ l
() b ‘ | ““‘LA‘-_ 1 1
0 1 2 3 6 4

Physical thickness (pm)

1D-transfer matrix calculation + Gaussian lateral confinement

Refractive index



N2 ,
S Calculation of expected Purcell enhancement

L=1.96 um, t;=0.77 pm dlamond =36.2 kV/m
I 1 2-5
= 80 r | NV location
- L l 42
S 60 {\ |
~ 40 B |
§ | 11.5
w2 mﬂ l
() b ‘ | ““‘LA‘-_ 1 1
0 1 2 3 6 4

Physical thickness (pm)

1D-transfer matrix calculation + Gaussian lateral confinement
Vay=79.4- 10651 k=5.06-101s?1 g=5097-10%s"

Theoretical Purcell enhancement:

Fo =482/ (Kyyy) =35.5

Refractive index
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Current experiment:

- . 6 -1
V= 79.4-10%s oo [T
K=5.06-10%s? S w
g=5.97-10%s? v

0 1 2 3 4 5
Physical thickness (um)

Best air-confined cavity:

g=1.41-10"s1 k=2g

Fpair =356 o 1 2 3 4 s

Pair
Physical thickness (um)

Best diamond-confined cavity:

g=2.09-10%s1 k=2g

FP,dia =527 0 1 2 3 4 5

Physical thickness (um)

Potential enhancement of entanglement rate: 10°

Bogdanovic et al., arXiV: 1612.02164

Refractive inde

Refractive index

Refractive index
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& Conclusion and outlook

Vres

. Voffres

A g
y
‘_’] i v’ Theoretical model (
v Fully tunable microcavity D. Riedel et al v’ Purcell enhancement

Outlook: submitted

AX (um)

* integrate microwave for spin control of NV centers
* improve Q/V - enhancement > 500 feasible

* other colour centres in diamond (SiV, GeV), silicon carbide, ...

Neu et. al, New J. Phys 13, 025012 (2011)  Siyushev et al., arXiV: 1612.02947 DR et al., PRL 109, 226402 (2012)
Rogers et al. PRL 113, 263602 (2014) Bhaskar et al., arXiV: 1612.03036  Widmann et al., Nat. Mater. 14, 164 (2015)
Sipahigil et. al, Science 354, 847 (2016) Christle et al., Nat. Mater. 14, 160 (2015)
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NXJ . .
B Linewidth measurements
| .
(o]
2.5
w27
o
@)
distance to etched surface =< 1.5
>> distance to implanted surface c_g
S5 1
0p)
0.5
o (68+16) nm=\/4 °
0

membrane "bulk”
d~1pum d~ 40 um



Linewidth measurements

# of scan

# of scan

2 0
2000 O
1500 = - 2|
1000 %‘ Q.
§ 245 | membrane:
500 - 1 GHz
®
0 C 1 i J
.c%’ "bulk”:
05 F 100 MHz
4 0
3 5
2 3
1
0

membrane "bulk”
d~1um d~ 40 um
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Power saturation
NV2 Low count rate due to losses:
10000 ' - )
OOOO
00 T=1-R-A
oOO
O
5000 ¢t OO (T:= Transmissivity of mirror coating)
OO (R:= Reflectivity of mirror coating)
O (A:= Absorption and scattering losses)
OO 550 nm + 10 nm
OO 78MHz repetition rate o )
0 ' : ' Transmission of tunable red diode laser:
0 2 4 6 8

Laser power (mW)

~ 4%

Ideal transmission: 100%

- Factor of 25 for lossless mirrors /
no scattering, no absorption

h



NX . .
X Optical cavity - Purcell enhancement

3
Wcav — [ = 3 (Aca\f) Q
Wihree 42 n Veav
Transition rate for spontaneous emission:
Qo 5 Increased DOS - High Q
Wia = ﬁ|M12| g(w) Confined E,,. - SmallV

Transition matrix element:

R [ hw
|]\412|2 =< ﬁ Eac >2 Fyac = 2V
0 \

single photon

Photon density of states: mode volume
B w?V
gfree(w) — 203
2 Aw? 3
gcav(w) — IS

AW 4w — we)? + Aw?




Vibronic structure of the NV center

“Phonon sidebands” in both

excited o absorption and emission
state /= . \ /
S=1 A =\
\_\ \\ L N >
\\ \‘ A\ ,/
\\\ — &>.D A
\ v g.S.
N D ZPL ,
e \ Dominant
ground . p vibronic modes
/ - 4
state === +1 \\_/V/ ~70, 140 meV
S=1 —
\_L m, =0

Atomic displacement

Different equilibrium
positions in the ground
and excited states (ab
(‘D\ initio calculations)
Ma et al. 2010 PRB
Gali et al. 2011 NJP
Zhang et al. 2011 PRB

Abtew et al. 2011 PRL __/

Toyli et al. 2012 PRX 620 640 660 680 700
Wavelength (nm)

oK

ZPL PSB

A9

<© <@

Fluorescence (a.u.)




excited

state
S=1

ground
state
S=1

Strain effects at low temperatures

v

’
L7
4
4
4
4
’
’

Zero strain:
C;, symmetry

‘m,==1

S
m, =0

Axial strain shifts all the
energy levels together

Electric fields have the
same effect as strain

Batalov et al. 2009 PRL

5

I

< High transverse

S strain:

(0
A,0 Two S=1 orbital
A, branches
E,\° Linearly polarized
E emission, spin

=
N

conserving in the
limit of high strain

4
o

20
0 (b) 1 2 3 4
1.0
. Nrmh Significant mixing
g between spin states
s 10 7 (i) Lower branch .
= in lower branch
- 1 (ii)
0.0 0 | 2 3 4
Electric field

Tamarat et al. 2008 NJP

(MV m1h
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Distributed Bragg Reflector (DBR) y
2 airga
R >99.99% @ 637nm oy 3A/4 diamond slab
Incident Reflected light
Ilght /TaZOS I TaZOS/
r]air =
A/4 { nH B hlgh index 1.0x10 T T T 2.5
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Mode structure:

* Two hybridized cavites:
» air modes
» diamond modes

*  From simulation:
» Diamond thickness
» Width airgap
» Vacuum field at NV

* Higher order mode spacing

> Radius of curved mirror
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