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» NV center magnetometry: measurement of the stray field above the surface
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» Completely compensated antiferromagnets = no static stray field to probe
» But NV centers are also sensitive to magnetic noise!
» Use the different noise properties above domains and domain walls for imaging

» Noise detection from the spin relaxation rate of the NV center
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Collaborations: C2N: Thibaut Devolder, Jean-Paul Adam, Joo-Von Kim
UMR CNRS/Thales: William Legrand, Fernando Ajejas, Karim

Bouzehouane, Nicolas Reyren, Vincent Cros THALES

© 6

Experimental investigation of the NV center response to magnetic noise

Application to the detection of domain walls in a synthetic antiferromagnet

Extension of the relaxometry mode to spirals and skyrmions

B A. Finco et al. arXiv:2006.13130 [cond-mat] (2020)



Detecting magnetic noise from the emitted PL

. |ms = +1) ———— dark
ﬂ/ fay = 2.87 GHz
" my=0) ————

NV spin ~  bright

—> Static B field
Zeeman shift of the
magnetic resonance



Detecting magnetic noise from the emitted PL

. |ms = +1) ————— dark

\- fuy = 2.87GHz  Relaxation rate I'; o Sg, (fiv)
. magnetic field spectral density

“~ |mg = 0) ——— bright
Ims ) '8 at the resonance frequency fny

— Fluctuating B field
Acceleration of
the spin relaxation



Detecting magnetic noise from the emitted PL

o Ims = &)

————— dark
ﬂ/ C ) o |fay =2.87GHz  Relaxation rate 'y oc Sg, (fivy)

* |ms = 0) " bright magnetic field spectral density
ST & at the resonance frequency fny

norm. PL

— Fluctuating B field
Acceleration of
the spin relaxation

0.1 1 10 100



Detecting magnetic noise from the emitted PL

- ‘ms — :l:1>

———— dark
ﬂ/ C ) > |fuw =2.87GHz Relaxation rate I’y oc S (fuv)

N . magnetic field spectral density
~ |mg = 0) ————— bright
Ims ) 's at the resonance frequency fny

Competition between
optical pumping and
spin relaxation

- Fluctuating B field
Acceleration of
the spin relaxation

norm. PL

0.1 1 10 100



Experimental investigation of the effect of magnetic noise
Collaboration C2N: Thibaut Devolder d

Bulk diamond sample

0 50 100 150
PL (arb. unit)



Experimental investigation of the effect of magnetic noise
Collaboration C2N: Thibaut Devolder d

Bulk diamond sample ESR spectrum
1 T . o %y e
- ”."“\o ’,:"
a N !
209 | Yo
N v d
5 0.8 | ) !
Z v !
16
07| Y
284 287 29
B 0 Frequency (GHz)

0 50 100 150
PL (arb. unit)



Experimental investigation of the effect of magnetic noise

Collaboration C2N: Thibaut Devolder d

Microwave
generator

White noise
source

mixer

Fiiter ]| £ TSI ESR spectrum

1 T . o %y e
- ”."“\' ’:‘
[a ) ”
209 | Yoo
= y ¢
£ L
508 | Vo
z s !
1 é
1
07{ N
2.84 287 29
- Frequency (GH2)

0 50 100 150
PL (arb. unit)



Experimental investigation of the effect of magnetic noise
Collaboration C2N: Thibaut Devolder d

Microwave [Filter — £ NGrOWavEaREeARa™) ESR spectrum
generator

1 Jomses o Oy e

S s o ”.‘-h. ,"u
White noise - = LA

source mixer <09 | T

QE) ’ 1\ d
T’\ —-20 } TE“ ‘| ',
T 50.8 Vo
z Z s 1
E 40 | \
g 0.7 1 1 ‘. 1
& 00| 284 287 2.9
$ - Frequency (GHz)
2 3 4 0 50 100 150

Frequency (GHz) PL (arb. unit)



Experimental investigation of the effect of magnetic noise
Collaboration C2N: Thibaut Devolder d

Microwave [Filter — £ NGrOWavEaREeARa™) ESR spectrum
generator

1 Jomses o Oy e

S s o ”.‘-h. ,"u
White noise - = LA

source mixer <09 | T

QE) ’ 1\ d
T’\ —-20 } TE“ ‘| ',
T 50.8 Vo
z Z s 1
E 40 | \
g 0.7 1 1 ‘. 1
& 00| 284 287 2.9
$ - Frequency (GHz)
2 3 4 0 50 100 150

Frequency (GHz) PL (arb. unit)



Experimental investigation of the effect of magnetic noise
Collaboration C2N: Thibaut Devolder d

Microwave [Filter — £ NGrOWavEaREeARa™) ESR spectrum
generator

1 Jomses o Oy e

S s o ”.‘-h. ,"u
White noise - = LA

source mixer <09 | T

QE) ’ 1\ d
T’\ —-20 } TE“ ‘| ',
T 50.8 Vo
z Z s 1
E 40 | \
g 0.7 1 1 ‘. 1
& 00| 284 287 2.9
$ - Frequency (GHz)
2 3 4 0 50 100 150

Frequency (GHz) PL (arb. unit)



Experimental investigation of the effect of magnetic noise
Collaboration C2N: Thibaut Devolder d

Microwave [Filter — £ NGrOWavEaREeARa™) ESR spectrum
generator

1 Jomses o Oy e

S s o ”.‘-h. ,"u
White noise - = LA

source mixer <09 | T

QE) ’ 1\ d
T’\ —-20 } TE“ ‘| ',
T 50.8 Vo
z Z s 1
E 40 | \
g 0.7 1 1 ‘. 1
& 00| 284 287 2.9
$ - Frequency (GHz)
2 3 4 0 50 100 150

Frequency (GHz) PL (arb. unit)



Acceleration of the longitudinal spin relaxation

signal ref.

Laser ] delay 7 .
polarization pulse reading pulse

|£1) |£1) ——8=

0 —@— 0) —e—



Acceleration of the longitudinal spin relaxation

signal ref.
Laser ] delay 7 .
polarization pulse reading pulse
|£1) |£1) ——8=
o) —@— |0) —e—
Bulk
diamond

oy

NV

Normalized signal

0.95 |

0.9

0.85 ¢

A Noise OFF N

10-5 103

Delay 7 (s)

1077



Acceleration of the longitudinal spin relaxation

signal ref.
Laser ] delay 7 .
polarization pulse reading pulse
|£1) |£1) ——8=
o) —@— |0) —e—
> Bulk
l’\," \‘\.é diamond
oo 0
NV

Normalized signal

0.95 +

0.9 +

0.85 ¢

a Noise OFF 4
e Noise ON ~--

1073 1073

Delay 7 (s)

1077

Noise window centered at 2.87 GHz



Acceleration of the longitudinal spin relaxation

signal ref.
Laser delay 7 | Shifting the noise window
polarization pulse reading pulse 102+ T
1) |+1) —0= . H f—ﬂ'f
o) —@— 0) —e— 3 i
1073 | $
T 5.2 < : :
= ms - 1
T“ 1 === A“A‘A“ :A-‘K“AA " f ?
& - “a 104 | '
7)) ~§. A i i
- 0.95 . 3 1
E s s ¥
g 0.9 T4 Noise OFF .‘-I}*_é_g_kfs_x o 10-5 | \El
() oN ON
Z 0.85 1 oise ‘ } S : : : :
1077 105 10-2 2.6 2.8 3‘ 3.2
Delay 7 (s) Center of the frequency window (GHz)

Noise window centered at 2.87 GHz



Acceleration of the longitudinal spin relaxation

signal ref.
Laser delay 7 | Shifting the noise window
polarization pulse reading pulse 10-2 | T
ES) |+1) =—08= - %f f—%f—'f
0) _._ |0) —e— 3 i ESR spectrum
10723 | $
T 5.2 < : :
= ms - 1
TC“ 1 ====z- ‘.“.AL ‘jA"K“AA = f ?
%D “~ A\A‘X 104 | i .
< 0.95 S A . §
2 ) K té
& 0.9 |4Noise OFF _ \1 2.84 2.87 2.9
g . No|se ON .\'Il' —6—3—HS—X R 107 ¢ $
Z 0.85 1 } } S : : : :
1077 105 102 2.6 2.8 3‘ 3.2
Delay 7 (s) Center of the frequency window (GHz)

Noise window centered at 2.87 GHz



Acceleration of the longitudinal spin relaxation

signal ref.
Laser delay 7 | Shifting the noise window
polarization pulse reading pulse 10-2 | T
ES) |+1) =—08= - %f f—%f—'f
0) _._ |0) —e— 3 i ESR spectrum
10723 | $
T 5.2 < : :
= ms - 1
TC“ 1 ====z- ‘.“.AL ‘jA"K“AA = f ?
%D “~ A\A‘X 104 | i .
< 0.95 S A . §
2 ) K té
& 0.9 |4Noise OFF _ W) 2.84 2.87 2.9
g . No|se ON .\'Il' —6—3—HS—X R 107 ¢ ¢
Z 0.85 1 } } S : : : :
1077 105 102 2.6 2.8 3‘ 3.2
Delay 7 (s) Center of the frequency window (GHz)

Noise window centered at 2.87 GHz



Acceleration of the longitudinal spin relaxation

signal ref.
Laser delay 7 | Shifting the noise window
polarization pulse reading pulse 10-2 | T
ES) |+1) =—08= - %f f—%f—'f
0) _._ |0) —e— 3 i ESR spectrum
1073 ¢ $
T 5.2 < : :
= ms - 1
TC“ 1 ====z- ‘.“.AL ‘jA"K“AA = f ?
%D “~ A\A‘X 104 | i .
< 0.95 S A . §
2 ) K té
& 0.9 |4Noise OFF _ W) 2.84 2.87 2.9
g . No|se ON .\'Il' —6—3—HS—X R 107 ¢ ¢
Z 0.85 1 } } S : : : :
1077 105 102 2.6 2.8 3‘ 3.2
Delay 7 (s) Center of the frequency window (GHz)

Noise window centered at 2.87 GHz
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Synthetic antiferromagnets

Collaboration UMR CNRS/Thales: William Legrand, Fernando Ajejas, Karim @

Bouzehouane, Nicolas Reyren, Vincent Cros
THALES

Two ferromagnetic layers coupled antiferromagnetically

» No net magnetic moment
» Small stray field (vertical shift)

» Compensation of the dipolar fields

® Fast domain wall movement
[ S.-H. Yang et al. Nat. Nano. 10 (2015), 221

® Small skyrmions
B W. Legrand et al. Nat. Mat. 19 (2020), 34

» No skyrmion Hall effect

B T. Dohi et al. Nat. Comm. 10 (2019), 5153 B W. Legrand et al. Nat. Mat. 19 (2020), 34
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Detection of domain walls by relaxometry
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Local variation of the relaxation time
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Local variation of the relaxation time
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Magnetic origin of the noise
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» Same T; with the tip retracted
or engaged on Pt or bulk
diamond

» We exclude Johnson noise (no
effect on Pt)

» Also not an effect unrelated to
the sample, like modification
of the NV charge state
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Origin of the noise: spin waves

Collaboration C2N: Jean-Paul Adam, Joo-Von Kim
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Collaboration C2N: Jean-Paul Adam, Joo-Von Kim
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Origin of the noise: spin waves

Collaboration C2N: Jean-Paul Adam, Joo-Von Kim

f (GHz)

100 -50 O 50 100 100 -50 O 50 100
k (um™) k (um™)

» NV frequency in the tail of the dispersion relation, almost below the gap: we are only
sensitive to a few modes in the domains

» No gap in the domain walls, presence of modes at the NV frequency: we are much
more sensitive to the noise from the walls!
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Map of the detectable noise

Calc.

Simulation of the expected noise map
above a domain wall
(at 2.87 GHz and at 80 nm from the surface)

» Disorder in the static magnetic
configuration (anisotropy variations)

» Driving field at 2.87 GHz with random .EW)WE»I

spatial variations
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More details: see talk N2-14 by Joo-Von Kim
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Single-spin relaxometry on spin spirals
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Single-spin relaxometry on spin spirals
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Single-spin relaxometry on spin spirals
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T1 measurements and expected noise map
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T1 measurements and expected noise map
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Antiferromagnetic skyrmions
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Antiferromagnetic skyrmions
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Antiferromagnetic skyrmions
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Summary

— All optical detection of magnetic noise with NV centers
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— Application to the imaging of magnetic textures in synthetic antiferromagnets
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