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Nuclear spin detection,
Nanoscale MRI

Diamond
NV center

Imaging of Magnetism,
Spin textures,
Ferroelectrics

~

Imaging of
Mesoscopic Transport

Nanomechanics




Outline

Experimental platform
Single spin experiments with NV centers (electronic and nuclear)

Outlook: Toward nanoscale NMR of surface molecules
Outlook: Applications
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Color centers in diamond

NV center

Nitrogen-doped

/ (~100 ppm)

Single emitter (630-800 nm)
Electronic spin S=1

T,~5ms

T, ~1-100 Us

Few defects

Nitrogen-Vacancy center
(~10 ppm)



Color centers in diamond

NE8: 782-802 nm
NiSi = 767-775 nm
Cre== 740-790 nm
siv. X 730-750 nm

NV 637 nm >

NV 575 nm |
550 nm
ST1 Pal N - spin manipulation of single spins
?532 nm has been shown
H3 503 nm
470 nm
-||-R‘I2 I | | | | | | Wavelength
| | | (nm)
450 200 290 600 650 700 730 800

From: |. Aharonovich and E. Neu, “Diamond Nanophotonics®, Adv. Opt. Mater. 2, 911 (2014)



Smgle emitters in semlconductors

CaF,:0.1mol% YbF,
Chromium-doped y
(Ruby) '
CaF,:1mol% ErF,
b o

CaF,:5.5mol% ErF,

g,

Iron/Titanium-doped € - J

CObalt-dOped (Blue Sapph|re) |ll“|llli'il"'llli]Il!lﬁ?ﬁﬁﬁ[ﬁl]ﬂilllllqﬂlI!Illqnuluilp T T LT T
(Emerald) » 10 20 30 40 80 60 0 80 00 100 1
Aluminum oxide (AL,O,) Rare-earth-ion doped crystals

Source: Wikipedia Source: Nicoara et al, J. of Crystal Growth 287, 2, 234 (2006) °



ETHziirich+ * _ ' o 4
Fluorescence spectrum of NV centers

Green Laser

NV Spectrum

Intensity (a.u.)

500 600 700
Wavelength (nm)
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Optically detected magnetlc resonance (ODM R)

"bright state’

SpinS =1
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Optically detected magnetic resonance (ODMR)
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Quantum Edukit XJZABRE

WWW.gzabre.com

ETH:zirich
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Fluorescence Microscopy

/<;6;70-800 nm

'

532 nm Laser W\
(modulated) Dichroic mirror

Sample

é XYZ

Microwaves Room temperature
~3 GHz
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Fluorescence microscopy of single NV centers?®
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Optically detected. magnetic resonance (ODMR) 28 M""Z/ mT

f /
. .
# r . % gt A8 24 mT
[ ‘
e . S .
v _ | . -
© :
' et o 0.5 mT
e : G) \
- " L 8]
" & ? - S GC) NW s
~ ® A 3 ,'J‘ omT
' #+ i ) )
o ~ -
. - -r_’ - % »
i # L_I_)
: '..* o * T T T 1
- * " 2./ 2.8 2.9 3.0 31
.
ge® 2 . N Microwave frequency (GHz)



Fluorescence microscope for ODMR of single NV's
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“Modern” NV Center Platforms

Scanning tips Biomarkers

High purity plates Nanopillar arrays
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From: Adamas / Mohan, Nano. Lett. 2010

Jens Boss - Degen Lab Jan Rhensius - ézabre Ltd.

From: e6/Thorlabs; MIT/Lincoln Lab
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Diamond with shallow NV centers

i

15N*
. lon implantation ‘ | ‘ | ‘ | ‘
.~ Annealing
o ¢ ¢ g
: -Am .- . .___f_'____‘ - ‘,15—10 nm

Lithography
Etching
ElementSix “electronic grade”
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= Single spin experiments with NV centers
(electronic and nuclear)
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High-resolution ODMR spectra

' 14N and two nearby 13C
, , _ 412MHz
' . . | < — > | . . ®
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J. R Rabeau et al, Appl. Phys. Lett. 88, 023113 (2006). A. Dreau et al, Physical Review B 85, 134107 (2012).



Stochastlc fllps of smgle 13C

900 7

800 1

13C

700 t

600 1

B =1610 G

500 = i } } } }
0 5 10 15 20 25
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Counts per 120 ms

A. Dreau et al, Phys. Rev. Lett. 110, 060502 (2013).
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Exploring the neighborhood of the NV center
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Pulsed experiments
Photodetector ‘ ‘

"CPMG sequence’

Laser
(532 nm)

Microwaves I I I I I

(~2.9 GH2)

time

\\\\\\\\\\

NMR signal i i
(1-10 MH2) //\ /\ ’
| \/Frequencyf N

Repeat ~10° times
= Recoupling conditiont = 1/(2f)



Detectlon of distant 13C through NV decoherence spectroscopy

B~80mT

N=200 pulses

i

035Hs | Pulse spacing T 185 ps

Recoupling due to 13C
0.6 us ~ 830 kHz

NV optical signal
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Detection of 8 mdmdual 13C nuclel
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Fourier spectrum of many 13C nuclear spins
200 7
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Spatial map (n=29)

y (nm)
900

135¢

2250

Mo

K. S. Cujia, K. Herb, J. Zopes, J. M. Abendroth, and CLD, arXiv:2103.10669 (2021)



Spatlal map - second dataset (n 20)

y (nm)
90° Z (hm)

180°

2700

K. S. Cujia, K. Herb, J. Zopes, J. M. Abendroth, and CLD, arXiv:2103.10669 (2021)
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Article

Atomic-scaleimaging of a 27-nuclear-spin
cluster using aquantumsensor

Abobeih, Taminiau et al., Nature 2019

(Deep NV and liquid Helium temperature)
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= Qutlook: Applications
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Diamond platform for single- molecule NMR

* Imaging of atomic structure
* Molecular dynamics
« DNP

Single electron spin

Diamond chip (NV center)



Diamond
(single crystalline)

5 MM

DiamOnd tlp
w/ single NV center

Si handle




Integrated scanning chip

WWWw.gzabre.com



Tech Transfer: Quantum Scanning Microscope (QSM)

g




Example: GdCo ferrimagnetic racetrack

Scanning NV magnetometry

Injector

Color scale
t1.2mT

50 Pixels/sec

Nicholas Meinhardt, William Huxter, Zhentao Liu, Ales Hrabec, Laura Heyderman



Electrical current mapping

Current map

500 nm

overlayed with AFM
topography

79



Nanosecond Magnetometry 3).3).

a 4ns1 «—
»

* Magnetization dynamics
* Photocurrents

80



Compact integrated magnetometers

From: F. Sturner et al.,, Diamond & Related Materials 93, 59 (2019)

= Sensitivity ~1 pT/HzY2 (10 pT/Hz¥2 for compact sensors)



Biosensing

From: Adamas / Mohan, Nano. Lett. 2010



Microfluidics

L S iR g

" glass coverslip

<

microwave
circuit

From: S. Castelletto, L. Rosa, A. Boretti, Diamond & Related Materials 106 (2020) 107840
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