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A very short history

1997:

2004:

2008:

2012:

2020:

First detection of single NV centers

B A. Gruber et al. Science 276 (1997), 2012

Proposal of the scanning NV center magnetometer

B B. M. Chernobrod and G. P. Berman. J. Appl. Phys. 97 (2004), 014903

First demonstration of scanning NV imaging

B G. Balasubramanian et al. Nature 455 (2008), 648-651

All-diamond probes

B P. Maletinsky et al. Nat. Nano. 7 (2012), 320-324

Commercial scanning NV microscopes available



Further reading

Reviews about NV center magnetometry:

® S. Hong et al. MRS Bulletin 38 (2013), 155-161
® L. Rondin et al. Reports on Progress in Physics 77 (2014), 056503
® F. Casola et al. Nature Reviews Materials 3 (2018), 17088

e A. Laraoui and K. Ambal. Applied Physics Letters 121 (2022), 060502

Y. Xu et al. Photonics Research 11 (2023), 393-412

A. Finco and V. Jacques. APL Materials 11 (2023), 100901
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1. The NV center in diamond as a quantum sensor



The NV center in diamond
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e Artificial atom: energy levels in the
diamond bandgap

e Photostable defect

® Spin S=1

® |ndividual defects can be
isolated/implanted

e Ambient conditions
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The NV center as a quantum sensor
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2. Dismantling the scanning NV microscope



Dismantling the scanning NV microscope

Confocal

microscope
ot .
N permanent magnetic field

* | photoluminescence |

\\‘j cantilever
Jnano-probe]

spins iamond tip

RF field

Atomic force
microscope

B B. M. Chernobrod and G. P. Berman. J. Appl. Phys. 97 (2004), 014903



The confocal microscope

Collection

Filter
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The atomic force microscope

Akiyama probes
Ceramic Plate

® The quartz tuning fork oscillates at about
32 kHz.

® The tip and cantilever are removed and the
diamond tip glued on one of the arms.

Silicon Cantilever

® Excitation and reading of the mechanical
resonance with piezo elements.

® Feedback loop onto the frequency or the
amplitude of the mechanical resonance.

Image from www . akiyamaprobe.com


www.akiyamaprobe.com

The diamond probes

All-diamond probes developed in 2012
P. Maletinsky et al. Nat. Nano. 7 (2012), 320-324

Image from www . qzabre. com

High-purity diamond

- Good coherence properties

Hosting single NV centers at 50-100 nm from
the sample surface

- Spatial resolution of the microscope

Usually made from (001) diamond
- Tilted NV axis

Diamond pillar as guide for the emitted light
- Optimized signal collection

13


www.qzabre.com

The microwave antenna

We need to deliver a microwave signal very close to the NV center. Several options:

Patterned gold line on the sample

Use a wire, close to the tip

14
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3. Quantitative ODMR experiments
Principle of the measurement
The need for a proper calibration
Example 1: analyzing domain walls
Example 2: the spin cycloid in bismuth ferrite
Example 3: van der Waals magnets



Optically detected magnetic resonance (ODMR)

My = 0w

B#0

dark

29nvBny

dark

bright

ms = +1
ms = —1
fr

ms = 0

PL normalized
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The different regimes

Calculation of f_ and f.., with a 45° angle between B and the NV axis

Bad sensitivity at low field Linear regime Non-linearity caused by B |
~
T
O
> 2875+ f
c
o
> Off-axis
:l_’ 2.870 | |zero-field
o splitting
e
g f+
S 2865 |
(%)
g t t t t t t > t t >
(6] 100 200 (0] 1 2 3 4 5 0 10 20 30
B (uT) B (mT) B (mT)

-> We apply a bias field roughly aligned with the NV axis (also to extract the sign of Byy)
- Quantitative measurements of very strong fields impossible
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Magnetic field sensitivity

B 4 Af
] T8 3By CYR

® Linewidth Af: tunable with the
0.95 | Af power
¢l 7 ® Contrast C: tunable with the laser and the
power
e Off-resonance count rate R: tunable with
the laser power

PL normalized

0.9 +

2.84 2.86 2.88 2.9 - Optlmal (Plaser, ) values
Microwave frequency (GHz) > Sensitivity: a few pT/\/ﬁZ

[ A. Dréau et al. Physical Review B 84 (2011), 195204
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Understanding stray field maps

B=1oVe
where ¢ is a scalar potential which

verifies the Poisson equation:
Ap=V-M

Same equation as for
the electrostatic potential V
AV =L

€0

= V - M can be seen as
the magnetic field source

By (uT) By (uT)
-100 -50 0 50 100 -150 -75 0 75 150

‘e

Field sources: edges, domain walls, skyrmions, etc.



We need to calibrate the NV flying distance!

Simulated stray field maps from skyrmions of diameter 150 nm in a 0.5 nm thick film with Ms = TMAm™'
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200 nm —2
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We need to calibrate the NV flying distance!

Simulated stray field maps from skyrmions of diameter 150 nm in a 0.5 nm thick film with Ms = TMAm™'

Clockwise Néel skyrmion Counter clockwise Néel skyrmion

(.LLU) /\Ng

. . :

200 nm

NV height: dyy = 50 nm NV height: dyy = 80 nm
DW width: w = 15 nm DW width: w = 30 nm



The calibration procedure

1. Find the NV axis orientation

Resonance freq. (GHz)

Resonance freq. (GHz)

2.87

2.86

2.85

2.84

Fixed 0 = 90°
— PNV = 1.5°

20 40 60 80
Angle ¢ (°)

— QN\/ = 57°

Angle 65 (°)

Fixed $YB = PNV = 1.5°

By (mT)

2. Find the NV height dyy with a well-known

ferromagnetic stripe

de:55:t5nm

1 2
Lateral displacement (pm)
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Topography (nm)

B T. Hingant et al. Phys. Rev. Appl. 4 (2015), 014003
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Example 1: analysis of domain walls

Analytical expression of the stray field

Néel left
Bloch

Néel right

By (mT)

Bloch
0
-300 0 300
X (nm)
) 3
Intermediate Neéel left
y 2
Bloch
X 1 N
e Neel gt
z £ o
Ly
Néel (right-handed) -1
-2
3
-300 0 300
X (nm)

& J.-P. Tetienne et al. Nat. Commun. 6 (2015), 6733
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Example 1: analysis of domain walls

Analytical expression of the stray field

5
) Néel left Ta/CoFeB/MgO stripe
Bloch
= 3 Néel right
% - . e Data
0 T Left Néel
Bloch ! g T
. = —— Right Néel
® -300 0 300 -%
X (nm) c
[o]
Intermediate g Néel left g
Iy : Boeh_ N
X __® = ! Néel right r T = T
z £ -
— 5 0 -05 0 0.5
Néel (right-handed) . Position x (um)
-2
® . . . . .
R - With a precise calibration, we can determine
o) the internal texture of the domain wall

B J.-P. Tetienne et al. Nat. Commun. 6 (2015), 6733
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Example 2: the cycloid in bismuth ferrite

G-type antiferromagnet

1=

23



Example 2: the cycloid in bismuth ferrite
P [111]

G-type antiferromagnet

11

/\b =
64nm K

Fully compensated cycloid
— No stray field!

B M. Ramazanoglu et al. Phys. Rev. Lett. 107 (2011), 207206
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Example 2: the cycloid in bismuth ferrite
P [111]

G-type antiferromagnet

11

Spin density wave
Weak uncompensated moment
— Small stray field

B M. Ramazanoglu et al. Phys. Rev. Lett. 107 (2011), 207206

23



First real-space images of the cycloid

Piezoresponse force microscopy image NV image
Ferroelectric domains Field from the spin density wave

Norm. iso-B signal
o

Reminder: The wavevector k of the cycloid
is always perpendicular to P B 1. Gross et al. Nature 549 (2017), 252-256

24



Note: the iso-B mode

APL = PL(f,) — PL(f})

B = Bpjas Bnv >0 Bnw <O

Photoluminescence

>

275 276 277 2.78 2.79 275 276 277 2.78 2.79 275 276 2.77 2.78 2.79
MW freq. (GHz) MW freq. (GHz) MW freq. (GHz)
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Creating "topological" multiferroic states in BiFeO;

Collaboration: Lab. A. Fert, Paris (A. Chaudron, K. Bouzehouane, S. Fusil, V. Garcia)

NV image

Cycloid configuration Simulation

Ferroelectric state

NI777%

Center-divergent

Center-convergent

[ Z Lietal. Phys. Rev. Research 5 (2023), 043109
B A. Chaudron et al. submitted (2024) 2%



Example 3: van der Waals magnets

Crls @ms, 8.8
"'4\“ . 0.3

\ s 5
. : :U°

-0.35

4

[3 L. Thiel et al. Science 364 (2019), 973-976

2um

NV image Simulation

CrTe2 i

EIF. Fabre et al. Phys. Rev. Mater. 5 (2021), 034008

Crls

Stray magnetic field map

B, (mT)
0.6

CrSBr

.
-«
- B

M (/o)
6060

Encapsulation
lon‘encap,” =

L=

BT Song et al. Science 374 (2021), 1140 [ M. A. Tschudin et al. arXiv 2312.09279 (2023)
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Reverse propagation to compute M maps

NN

C  Magnetic stray-field map

Reconstruction of ferromagnetic magnetization
density maps

Fourier space calculation

M needs to be aligned along a single direction (cv, )

.\ Af.;g‘, B /Ey(mT)

s 0.35
™ U A
Y035

d

2um

® Mostly reliable for out-of-plane magnetized samples
O (ug/nm?)
20 2
. G B9 o . .
B« a a sin « cos BM(ax, gy)
éy — Mo Iy %

Ternw | s < gy sin a:sin BM(ax, ay)

. . COSO[M
iax gy —q (aa)

B L. Thiel et al. Science 364 (2019), 973-976

B D. Broadway et al. Phys. Rev. Appl. 14 (2020), 024076
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Working with a model

Collaboration: Institut Néel, Grenoble (A. Purbawati, J. Coraux, N. Rougemaille)

2D ferromagnet at room temperature &%&%ﬁ%ﬁ%ﬁnﬁ o Cr
with in-plane magnetization &%%%&%%%%%%0 oTe

Topography NV image Simulation Line profiles

e Experiment
—— 10.0 kKA/m
—— 26.1 kA/m
—— 40.0 kA/m

By (mT)
o

C  s— —05 0.0 05
0 20 40 Lateral displacement (um)
Height (nm)

B F. Fabre et al. Phys. Rev. Mater. 5 (2021), 034008
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Vortices!

Collaboration: Spintec, Grenoble (F. Bonnell, M. Jamet)
At zero field, we observe vortices in microstructured FesGeTe, (also an in-plane RT magnet):

¥

. -
% - ’
- 4 - 1
1pm 500nm 500nm »
RN, NI . Z
3
4
- = > —1
- s - %
-
o [ E. Sfeir et al. in preparation (2024)

500 nm
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Outline

4. Taking a step back: PL quenching effects
Strong off-axis magnetic fields
Magnetic noise!

31



Simpler, faster but qualitative: measure the PL

Photoluminescence maps, under B, = 3mT

MNormalized PL

B I. Gross et al. Phys. Rev. Mater. 2 (2018), 024406
32



The effect of perpendicular magnetic field

“Strong” field not oriented along the NV axis
- Mixing of the states my; = 0, £1, which are not eigenstates anymore

Non-linearity caused by B |

3.5

25 fr

B (mT)

33



The effect of perpendicular magnetic field

“Strong” field not oriented along the NV axis
- Mixing of the states my; = 0, £1, which are not eigenstates anymore

Non-linearity caused by B, 50 oemt VI“
! 40mT o
3.5 ‘ V
f 100 g B4MT i st jrions
'_ =
= 0.8 E 5 | s2mr »
e R 8§ oz
m o 1014 mT
50 - :
=
0.6 12.7 mT )
2.5 f+ [T
0 - I 1 19.3 mT .
- > 0 50 100 150 v w
0 10 20 30 26 27 28 29 30 31 32
BNV (mT) Microwave frequency (GHz)
B (mT)

B J.-P. Tetienne et al. New J. Phys. 14 (2012), 103033

33



Skyrmion nucleation in PL quenching mode

Ta (2nm)

CFA (1.6 nm)

Pt@nm)

Ta (2nm)

Byy=13mT

0.7 0.8 0.9 1.0

normalized PL

B W. Akhtar et al. Phys. Rev. Appl. 11 (2019), 034066
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Skyrmion nucleation in PL quenching mode

Byyv=13mT \

Ta (2nm)

CFA (1.6 nm)

Pt@nm)

Ta (2nm)

normalized PL

07 08 08 1.0

Byy=13mT

Applied field aligned

with the NV axis e
- Observation of in-plane field
assisted nucleation

normalized PL

B W. Akhtar et al. Phys. Rev. Appl. 11 (2019), 034066

34



Skyrmions stabilized by exchange-bias

Blocking T below RT

17N\ =<\ 1T~

AFM 2 Ne\ L 7\ Nv¢S
“~\7Zle\=le

FM T 7000111l

0.9

Normalized PL

Blocking T above RT
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tEEttteeeeeet
tt 7o\l A 1t | et
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a i »
TTr=®=dg®~=y  ,®*==°%= 0
2 o * \ ‘ °
= 0.9 “ 1
© —
e e data l—)“ ,, w = 47nm
S 0.8 . 1
[}
3 - = fit w
+ It L]
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0 100 200 300 400

Lateral displacement (nm)

@ K. G. Rana et al. Phys. Rev. Appl. 13 (2020), 044079
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Skyrmions stabilized by exchange-bias

Blocking T below RT Blocking T above RT o0
177V =2<\1T 11111111111 Z oo4
AFRM 2Nel 2 7N NS LT 2
“~\lev=ltes tHTTTTTTTTTEE B 0-02
AVER SR R RO NN RUNNN IR § Pl W PN § e I a |

Quenching contrast (%)

- o ©o
a - = =% 20 _ p—
E B 1 ° . o \\ I' hd 0.02 +
kS S o9 & \
E 0.9 g e data Hw_47nm _E,‘ A 65+10nm
s 0 S | M : y
£ z v S 0.01
S ; ; a
z 0 100 200 300 400
0.8 Lateral displacement (nm) s,
0 . — -
0 50 100 150
B K. G. Rana et al. Phys. Rev. Appl. 13 (2020), 044079 w (nm)
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Trying to extract quantitative information

Diameter 30 nm Diameter 80 nm Diameter 120 nm
NV axis proj.
—
1 1
1
£
el 42 nm 0.9 66 nm 91nm
- 0.99 0.8
[« W
0.8 |
—200 0 200 —200 0 200 —200 0 200
Lateral displ. (nm) Lateral displ. (nm) Lateral displ. (nm)

B K. G. Rana et al. Phys. Rev. Appl. 13 (2020), 044079

0.8

1d pazijew.oN
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Noise: another source of PL quenching

Thick ferromagnet Synthetic antiferromagnet

Pt/ Co (0.65nm) / Ru/ Pt/ Co (0.65nm) / Ru
[Pt/ Co (0.65nm)]4 .

0.8

0.9

Normalized PL

0.6

1d PazijeutioN
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Outline

5. Relaxometry: sensing via the relaxation time

38



Effect of magnetic noise on the NV center

dark

//ms: —1 = dark =— —_— —_—ms =1
o\ /T

— bright =—m;=0
NV spin

Relaxation rate 'y o< Sg, (fnv) magnetic field spectral density at the resonance frequency fay

B M. Rollo et al. Phys. Rev. B 103 (2021), 235418
39



Effect of magnetic noise on the NV center

— dark dark =—

— bright =—m;=0
NV spin

Relaxation rate 'y o< Sg, (fnv) magnetic field spectral density at the resonance frequency fay

Low noise

1 A
z
€09+ P = Pua Competition between
5 optical pumping and
c . .

High noise spin relaxation
0.8 |
103 102 10! 10° 10’ 102 10°
T1 (ps) B M. Rollo et al. Phys. Rev. B 103 (2021), 235418
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Effect of magnetic noise on the NV center

— dark dark =—

— bright =—m;=0
NV spin

Relaxation rate 'y o< Sg, (fnv) magnetic field spectral density at the resonance frequency fay

Low noise

1 A
z
€09+ P = Pua Competition between
5 optical pumping and
c . .

High noise spin relaxation
0.8 |
103 102 10! 10° 10’ 102 10°
T1 (ps) B M. Rollo et al. Phys. Rev. B 103 (2021), 235418
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Experimental investigation

Collaboration: C2N, Palaiseau (Thibaut Devolder)

Microwave Fiter|— NSRS SRR
gen erator

ESR spectrum
White noise - 1 T, R
source mixer . o >
[a » .P
= Bo9 | Yoo
|N _20 ] center ﬁ 1* ;‘,
I 5 N
> ]
£ —40 | B 0.8 I
m z !
o e
8 %0 0.7 ‘ . ‘
% 284 287 29
~ 5 3 4 0 50 100 150 Frequency (GHz)

Frequency (GHz) PL (arb. unit)

@ M. Rollo et al. Phys. Rev. B 103 (2021), 235418
40



Acceleration of the relaxation with noise

Noise

signal \x\‘
JU— S Bulk
S v diamond

N
! \
! \

| . B

P

signal ref.

polarization pulse reading pulse
|£1) |£1) ——8=

o) —@—

|0) —e—

Normalized PL signal

1.2

11+

T aNoise OFF

e Noise ON

10~/ 10> 103
Delay T (s)
Noise spectrum centered
at the NV transition frequency

@ M. Rollo et al. Phys. Rev. B 103 (2021), 235418
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Evolution of the PL with noise

1 S N
_ P Sl S
© /‘ R /,’ -
go 095 /,'*',’./ - ,’E /}’_;4
ki S A AP/pa = 0.6%
'Té 09 | -~ 7 ¥ ,E *P/py = 1.2%
5 g i E’E, = P/p = 5.2%
z oss [ /,’:ﬁ’ *P/py = 9.8%
10~ 10—° 10— 10—3 10~2

B M. Rollo et al. Phys. Rev. B 103 (2021), 235418
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Applications of NV relaxometry

Measurement of Johnson noise: conductivity

] Investigation of spin waves
3 _ BaldmT =
) sk g :
2 :1'5 BMHz . |-
o P

i
ESRO#1
-

B A. Ariyaratne et al. Nat. Commun. 9 (2018), 2406

Frequency (GHz)
w

<Y
FMR

(*wJou) 30U80S3UIWNI010Yd

Detection of fluctuating magnetic particles

Ti=68us . °, > :
” ESR 01
/
0.9
20 — 40 60 — 80
Field B, (mT)
0.1 1 100 B C.Duetal. Science 357 (2017), 195

10
Dark time (ps)

B J.-P. Tetienne et al. Phys. Rev. B 87 (2013), 235436



Relaxometry to image antiferromagnets

Principle: spin waves have different frequencies when they are confined inside domain walls

NV spin

Thermal agitation
Spin waves

[AY2Y2 Y YAYAVAYAYAYAl

B B. Flebus et al. Phys. Rev. B 98 (2018), 180409
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Relaxometry to image antiferromagnets

Principle: spin waves have different frequencies when they are confined inside domain walls

NV spin

Thermal agitation

AAAIRAAAL

domain wall

B B. Flebus et al. Phys. Rev. B 98 (2018), 180409
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Synthetic antiferromagnets

Collaboration: LAF, Palaiseau (W. Legrand, K. Bouzehouane, N. Reyren, V. Cros)

Two ferromagnetic layers coupled antiferromagnetically

. Pt

-’

Co
Pt

Co
Pt

N

N

B W. Legrand et al. Nat. Mater. 19 (2020), 34

® No net magnetic moment
e Small stray field (vertical shift)
® Highly tunable properties

® Spin wave frequencies in the few GHz range

- Perfect test system
for noise imaging!

45



Detection of domain walls by relaxometry

Stray field map

-
"

-
av

3

llll-

-
-

-

.

=

0.85 0.9 0.95 1.0
norm. PL —_500 O 500
Bv(pT)

0.9 0.95 1.0
norm. PL

B A. Finco et al. Nat. Commun. 12 (2021), 767
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Local variation of the relaxation time

signal ref.

Laser delay 7 1

polarization pulse reading pulse

|£1) |£1) =—8=
o) —@— o) —e—
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Local variation of the relaxation time

I’etracted
signal ref. l
polarization pulse reading pulse ==
I£1) |£1) =—8= g E
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6] 0 -
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Local variation of the relaxation time

r etracte d

°Nn domajp,

signal ref.
Laser ] delay 7 T
polarization pulse reading pulse
|£1) |£1) =—8=
11+ 2
0 —@— 0) —e— oot >
. ] . 90,
_— ,H\ﬁﬁhﬁ 0s
~ x %
3 %o, }O{kﬁ }%
& 0.9 | 4 retracted 2 .
= on adomain Fi%
0.8 |
1 10 Delay T (us) 100 1000



Local variation of the relaxation time

r etracte d

o .
on domajp, N domaip, wall

signal ref.
Laser ] delay 7
polarization pulse reading pulse
|£1) |£1) =—8=
111
o) —@— o) —e&—
O
¥
s 1 *
Clear diminution of Ty = . v E E}
c
— Enhancement of the @ 09 | 4 retracted ! ii% s ;ﬁi'
spin relaxation = on a domain 7 So ii\ (] fii&
e on a domain wall Q%éﬁ %"Eé'i'&" Sl
0.8 Ws
1 10 Delay T (us) 100 1000
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Origin of the noise: spin waves

Collaboration: C2N, Palaiseau (J.-P. Adam, J.-V. Kim)

f (GHz)

-100 -50 O 50 100 -100 -50 O 50 100
k (pm™) k (pm™)
® NV frequency slightly below the gap, in the tail of power spectral density, which is the reason why
we detect some noise when approaching the tip.
® No gap in the domain walls, presence of modes at the NV frequency: the NV center is more
sensitive to the noise from the walls!
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Origin of the noise: spin waves
Collaboration: C2N, Palaiseau (J.-P. Adam, J.-V. Kim)

Calc.

! 0.5puT?
<300 nm —]

® NV frequency slightly below the gap, in the tail of power spectral density, which is the reason why
we detect some noise when approaching the tip.

Exp.

||<5'32 ,||

¥ '.:.
[«~-2000m |,

® No gap in the domain walls, presence of modes at the NV frequency: the NV center is more
sensitive to the noise from the walls!
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Skyrmions stabilized by a bias layer

}SAF

THbias bias
layer

B W. Legrand et al. Nat. Mater. 19 (2020), 34
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Skyrmions stabilized by a bias layer

Top layer Bottom layer
0 i
1.0 uT?
N—.:[
[24]
=
0.25

norm. PL

We are not probing the internal modes but the scattering of spin waves on the skyrmions
49



Are these really skyrmions?
MFM under oop field 110 mT

Phase offset
—4.0F 1] 400

B W. Legrand et al. Nat. Mater. 19 (2020), 34

50



Are these really skyrmions?
MFM under oop field 110 mT NV images (zero field)

PL (kcts/s) Bnv (pT)

W. Legrand et al. Nat. Mater. 19 (2020), 34| area hackground fluctuations (roughness of the film)
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Are these really skyrmions?
MFM under oop field 110 mT NV images (zero field)

—500 0 500
PL (kcts/s) Bnv (pT)

W. Legrand et al. Nat. Mater. 19 (2020), 34| area hackground fluctuations (roughness of the film)
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Other samples without bias layer

Collaboration: Spintec, Grenoble (V.-T. Pham, J. Urrestarazu, O. Boulle)

NV stray field map Noise (PL) map

® Qop field of about 150 mT
applied for nucleation

® |ess background
fluctuations

150 200 250
BN\/(mT) PL (kcts/s)
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Statistics on Néel left skyrmions
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Statistics on Néel left skyrmions

Angular variation of PL

0.95

normalized PL

0.9

—180 —120 —60 O 60 120
(

¢ ()

2
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Statistics on Néel left skyrmions

Angular variation of PL
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Expected pattern on other skyrmion types

Simulated noise distribution along the contour

Left Bloch Left Néel Right Bloch Right Néel

3 A 3
£,
H

Slmulated stray field maps
}
0

Bny (mT)

-1
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Expected noise level for each domain wall chirality
Calculation: C2N, Palaiseau (J.-V. Kim)

Quantitative

field map Noise map

1.5mT / 4uT?
50 nm
-1.5mT o
1.5nm
Bottom 50 nm
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Experiment: looking at both sides of the film

Initial stack: Néel left

TaOx 3nm
Ru 0.6 nm
Pt0.5nm

Ru 0.8 nm

Pt3nm

Magnetic field map

B A. Finco et al. in preparation (2024)

500

-500

0.95

0.9

(1) ANg

1d "wou

Samples: J. Urrestarazu, Spintec, Grenoble
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Experiment: looking at both sides of the film

Initial stack: Néel left Inverted stack: Néel right
Magnetic field map

Magnetic field map

500 500 o
< 0
0 b
Ta3nm
- s ;
Ny 500 Pt3nm 500
o u - .
Noise map Noise map
: i Pt 0.45nm
Pt3nm g 0 8
9
Ta 3 §
5 ;
~ Ta15nm p
0.95
A. Finco et al. in preparation (2024) Samples: J. Urrestarazu, Spintec, Grenoble
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A DMI-related effect

Calculation: C2N, Palaiseau (J.-V. Kim)

Max. noise level

Calculation made for a single ferromagnetic layer
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Spin waves are like fridge magnets!
©Thibaut Devolder, C2N, Palaiseau

... and the DM is selecting a propagation direction!

STRONG SIDE
3dIS Mvam

3dIS ONOYLS
m OO0 000 LN OMONONONO)
om — | — | — 4k om — | — 1 — —k

@ J. Mallinson. IEEE Trans. on Mag. 9 (1973), 678
& T. Devolder. Phys. Rev. Appl. 20 (2023), 054057



Decrease of T, at ferromagnetic domain walls

PL intensity (a.u.)

Initialize

z )

2 2

Readout

® Intrinsic

N 50
v
v -
\
\\ S
O
0

® Away from domain wall
® Above domain wall 2 -
N
£
<1 oS
~
T,=82ps = ¢ %
=
e N
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2
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T, = 0.6 us % 1
-
. =
Of e——————
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-50

) g

Co/Ni/Co/Ni ferromagnetic layer

Coherence time T, of the NV center
decreased above the domain wall

Here T, is not modified!

Effect attributed to the gapless magnetic
excitation of the wall

B N.J. McLaughlin et al. ACS Nano 17 (2023), 25689
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Outline

6. Coherent control of the NV center using spin waves
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Measurement of a Rabi oscillation

Laser

Normalized signal

0.9 +

0.8 ¢

Detector

I

I I e

polarization reading

Tr=14+01ps

Duration 7 (ps)
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Rabi oscillation driven by a spin wave

0 10 20 30

0.5

d (um)

B B. G. Simon et al. Nano Letters 22 (2022), 9198
61



Wavelength filter with dyy

® Spin waves excited in YIG with a microwave stripline
® The wavelength of the spin wave at f4. is tuned with magnetic field
® The flying distance dyy is optimized to observe it in the ODMR contrast map

PL/PL, 7
0.8 0.9 1 m—s
B ]

(1) 34 mT / d=1.5 pm

(4) 37 mT / d=0.5 pm

B B. G. Simon et al. Nano Letters 22 (2022), 9198
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Outline

7. Going further: other sensors and sensing methods
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Boron vacancies in h-BN

Optically-active spin defect in h-BN found in 2020

N o e
B . . \
5 g @
o" ‘ 3 0. m
@ b @ :
- . S
o b‘Q QQ qg 1 1
\ [N Ty @ J/,I
°—-\. JUUSNRINS N A
B, #0

3 P. Kumar et al. Phys. Rev. Appl. 18 (2022), L0O61002

B A. Gottscholl et al. Nat. Mater. 19 (2020), 540

hBN sensing layer

\

oo Spin defect
J’ﬁ 7 = sensor
E oo o\ o/ 0.2

-"_ ( : cﬂ?,

Van der Waals magnet
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Imaging with boron vacancies

Collaboration: Institut Néel, Grenoble and LPCNO, Toulouse

Optical image AFM image PL image Magnetic image
-.ﬁ L "'h?'l
|
i
5pm "
| | _—
h-BN thickness: 85 nm 0 40 80 200 300 400 -2 0 2
CrTe; thickness: 64 nm z (nm) PL (kcts/s) B; (mT)

@ P. Kumar et al. Phys. Rev. Appl. 18 (2022), L061002
B M. Huang et al. Nat. Commun. 13 (2022), 5369
B A. J. Healey et al. Nat. Phys. 19 (2023), 8765



Advanced mode: gradiometry

Use a spin echo sequence to improve the
magnetic sensitivity

Quarflz K Laser pulses
tuning forl Photodetector
Electrical drive o
I v
Synchronize

v
Microwave pulses

B W.S. Huxter et al. Nat. Commun. 13 (2022), 3761

66



Advanced mode: gradiometry

Use a spin echo sequence to improve the

magnetic sensitivity

Quarflz K Laser pulses
tuning forl Photodetector
Electrical drive o

1

Synchronize

v
Microwave pulses

Oscillation

NV center

Magnetic sample

B W.S. Huxter et al. Nat. Commun. 13 (2022), 3761

Tuning fork
oscillation S=ee="" ~——""7"7:

Magneticfield -===~ _—""~___."
at the tip apex _1Photodetector

Laser polarization reading
<« E——

2T
M r1n

Microwave

t/2

Stray field from
atomic steps visible
in the A-type
antiferromagnet
Cr203
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Electric field sensing

To investigate ferroelectrics! o )
® Need to apply off-axis field to avoid that

Stark shift Zeeman effect dominates
dark |-+1) ® Electric susceptibilities rather small
— spin echo sequences
dark |[—1)
V’\\N Tip . /\/ ------
/\/J oscillation ~==-"~
—— bright —— |0) Electric .- =-. ~——— B}
fied 00000 T==-="
_l—l_Photodetector
Laser
532nm polarization reading
Microwave |_| |_| |_|
/2 g /2
B W.S. Huxter et al. Nat. Phys. 19 (2023), 644 B Z. Qiu et al. npj Quantum Info. 8 (2022), 107
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Electric field sensing

To investigate ferroelectrics!

Stark shift
dark [+1)
dark |[—1)

—— bright — |0)

Pb[Zro2Tio.s]Os

P-up

P-down

B W.S. Huxter et al. Nat. Phys. 19 (2023), 644

(pes) ¢ oseyq

® Need to apply off-axis field to avoid that
Zeeman effect dominates

® Electric susceptibilities rather small
— spin echo sequences
Tip N /\_/ - =

oscillation

Electric __--=_ ~
field Te=-T
_l—I_Photodetector

Laser

532nm polarization reading

1T

/2 ™ /2

Microwave

B Z. Qiu et al. npj Quantum Info. 8 (2022), 107
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Temperature sensing

Crystal dilatation > Shift of the zero-field splitting

0.95

norm. PL

T=28°C

©
o

T=78°C

2.85 2.86 2.87 2.88 2.89
Frequency (GHz)
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Temperature sensing

Crystal dilatation > Shift of the zero-field splitting

Sensitivity ~ 1K/v/Hz

Specifically designed probe -
to ensure a perfect e

R4 T = 30,65nm

thermalization of the sensor -

.
.
.
.
’
.
.

norm. PL

2.85 2.86 2.87 2.88 2.89
Frequency (GHz)
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First results on thermometry

Temperature variation (K)

0.05 4
£

Nanowire of doped Si from CEA Grenoble < 0001
I = 60 pA &

=0.05 1

[ E. Sfeir et al. in preparation (2024)

201

104

Lateral displacement (um)
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A versatile microscope to probe condensed matter

Magnetic field Electric field

(Anti)ferromagnetic .
textures Ferroelectric

textures
Currents
-
N
ij(
Spin waves Localized

Conductivity hot spots
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Interested in NV microscopy?
Join us!

https://solidstatequantumtech-12c.fr/
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https://solidstatequantumtech-l2c.fr/
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