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Diamond sparkles
with one photon
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Photo: Yasuo Nakamura/Meijo Photo: Nagoya University Photo: Randall Lamb, UCSB
Isamu Akasaki Hiroshi Amano Shuji Nakamura

‘for the invention of efficient blue light-emitting
diodes which has enabled bright and enerqy-saving
white light sources”
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Photo: Matt Staley/HHMI © Bernd Schuller, Max-Plancl Photo: K. Lowder via Wikimec
Eric Betzig Stefan W. Hell William E. Moerner

"for the development of super-resolved
fluorescence microscopy”
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Impurities can incorporate :
Various colors
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Success of Diamond synthesis by High
Pressure High Temperature method

1955 Success by GE




CVD (Chemical Vapor Deposition) synthesis of
diamond

H, — 2H

CH4+H —.>CH3+H2

diamond

FREHA (A2+KFE)
HBRFRATA

3cm

Realization of semiconductor
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NV center: Paramagnetic color center
Electronic states of defect in deep level (molecular like)

-S=1 (triplet state, paramagnetic, localized spin)
*Strong emission (Fluorescence) from excited spin

(b) B//NV
Me= 4| |EIE= BIEKECE)

1

HE= BIRIRAECA)

(a) Energy level by molecular orbital model of NV- center (linear combination of 3
carbon and 1 nitrogen dangling bonds)

(b) Schematic electronic states 2020



History: EE—NVHIDERHI (1997)

“Scanning confocal optical microscopy and magnetic resonance on

single defect centers: Single NV center”
A. Gruber, A. Drabenstedt, C. Tietz, L. Fleury, J. Wrachtrup,* C. Borczyskowski, Science, 276, 2012, 1997
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History: BE— 7+ D FE LD ER A (1990)

VOLUME 65, NUMBER 21 PHYSICAL REVIEW LETTERS 19 NOVEMBER 1990
Single Pentacene Molecules Detected by Fluorescence Excitation in a p-Terphenyl Crystal

M. Orrit and J. Bernard

Centre de Physique Moleculaire Optique et Herztienne, Centre National de la Recherche Scientific et Universite de Bordeaux I,
351, Cours de la Liberation, F-33405 Talence CEDEX, France
(Received 9 July 1990)

500 400

1st scan
-

FLUORESCENCE I:\'TF}I\'S['I:Y

-
=)
ol
-
=3
=1
-~
=
=
o
Z.
=3
[
L7y
=L
21
o
-l
—
fr,

a1

005 GHz
| |

Prof. M. Orrit 205 e EXCITATION FREQUENCY
EXCITATION FREQUENCY FIG. 4. Two successive scans of the excitation spectrum of a
single molecule suggesting a photophysical hole-burning pro-

FIG. 2. Shape of a single molecule’s excitation peak at cess. The sudden intensity falls and surges might arise from
different frequency scales. The bottom spectrum is approxi- the flip-flops of a two-level system in the neighborhood of the
mately Lorentzian with FWHM about 12 MHz. The vertical molecule. The time per channel was 0.08 s and a scan lasted

scale is in counts/channel. about |1 min. The vertical scale is in counts/channel.
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History: EE— 7 F D RAE > DR HI(1993)

Optical detection of magnetic
resonance Iin a single molecule

). Wrachtrup™, C. von Borczyskowski®, J. Bernardt,
M. Orritt & R. BrownT

* Fachbereich Physik, Freie Universitat Berlin, Arnimallee 14,

1000 Berlin 33, Germany

T Centre de Physique Moléculaire Optique et Hertzienne, u.a. 283 du
C.NR.S., Université Bordeaux |, 33405 Talence cedex, France

NATURE - VOL 363 - 20 MAY 1993
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FIG. 1 Decrease of the fluorescence intensity of a single pentacene molecule
when the microwave field is resonant with the y-z or the x-z transition.
The inset shows the x-z transition on an enlarged frequency scale, on
reducing the microwave power by a factor of ~30.
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Stimulated Emission Depletion (STED) microscopy
ature LETTERS

PUBLISHED ONLINE: 22 FEBRUARY 2009 | DO: 10.1038/NPHOTON.2009.2

STED microscopy reveals crystal colour centres
with nanometric resolution

Eva Rittweger’, Kyu Young Han', Scott E. Irvine®, Christian Eggeling and Stefan W. Hell*
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Optically detected magnetic resonance (ODMR)

Laser excitation (532 nm)
plays very important roles
as initialization and read
out the spin states.

Pure state can be prepared.

E= BIEKIECA)

We detect Single NV and
repeat detection cycles.

30

2600 2700 2800 2900 3000 3100
MW frequency [MHz}



Previous and Recent topics in NV center

Demonstration of single photon source at RT

Stable Solid-State Source of Single Photons

Christian Kurtsiefer,! Sonja Mayer,' Patrick Zarda > and Harald Wemfurter'-

| Sektion Physik, Ludwig-Maximilians-Universitit, D-80799 Mimchen, Germany
*Max-Planck-Insitut fiir Quantenoptik, D-85748 Garching, Germany
PHYSICAL REVIEW LETTEES 10 JuLy 2000

Our measurement

645 nm ~ 800 nm




Previous and Recent topics in NV center (2)

CNOT gate of two qubit
(NV-13C, electron spin and 13C nuclear spin)

F. Jelezko et al., Phys. Rev. Lett, 93, 130501, 2004

b
C-ROT gate
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(CROT is equivalent to CNOT gate except for a t/2 rotation of the nuclear spin around z-
axis.) 32



Confocal microscopy image

Anti-bunching

Fluorescence Int.

10 15 20 25
Pulse Length (ns)




Scanning probe magnetometry (magnetic sensor)

Minimum detectable Magnetic field sensitivity (per Hz'?)
magnetic field _ i

I ] I

gsip RN 1 \NiT,

SOUID |
SENS0rs

R: Measurement contrast
n: detection efficiency

N: number of spin centers
t: integration time
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Magnetic moment

. . : caneitivity (pe EI-".:'
Diamond single-spin nsitivity (per Hz'<)

Sensitivity 1|
3nT/100s 1,
-1/2
30 nT Hz / C. Degan, Nature nanotechnology, 3, 643 (2008).
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Nanoscale imaging magnetometry with diamond
spins under ambient conditions

Gopalakrishnan Balasubramanian', I. Y. Chan?f, Roman Kolesov', Mohannad Al-Hmoud', Julia Tisler!, ChangShin",
Changdong Kim~, A_Ieksander Woijcik?, Philip R. Hemmer’, Anke Krueger®, Tobias Hanke’, Alfred Leitenstorfer?,
Rudolf Bratschitsch®, Fedor Jelezko' & J6rg Wrachtrup'

(Nature, 455, 648, 2008)

Magnetic tip

P NV diamond
~ nanocrystal

cence (a.u.)

ot

Microwave

wire

Increasing B

Fluore:

Confocal microscope

2,600 2,800 3,000 3,200
Microwave frequency (MHz)
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5mT

Resonance
line

centre (shown in the AFM topography). ¢, Two-dimensional magnetic
resonance image of a single nitrogen-vacancy centre, showing resonance
rings corresponding to a magnetic field of 3 mT (resonance frequency of
2,780 MHz). Inset, an enlarged section of a ring with a width of
approximately 5 nm.
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LETTERS nature

PUBLISHED ONLINE: 15 APRIL 2012 | DOL 10.1038/NNANO.2012.50 nanOtCChnC)lOgy

A robust scanning diamond sensor for nanoscale
imaging with single nitrogen-vacancy centres

P. Maletinsky'", S. Hong??, M. S. Grinolds'", B. Hausmann?, M. D. Lukin', R. L. Walsworth'3, M. Loncar?
and A. Yacoby'*

Optical
addressing
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Figure 3 | Nanoscale magnetic-field imaging with the scanning NV sensor.



Nuclear Magnetic Resonance
Spectroscopy on a (5-Nanometer)®

Sample Volume

T. Staudacher,™? F. Shi,” s. F"lezzagna,4 ]. METjEI’,4 ]. Du,? C. A. Meriles,”

F. Reinhard,* ). Wrachtrup®

SCIENCE VOL 339 1 FEBRUARY 2013

Structural information
of single protein on the
surface

Microwave ‘VV center \

Fluorescence
spin readout
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Fig. 2. (A) NMR spectrum of statistically polarized nuclei in the vidnity of a  weaker component of 'H nuclei of the sample (blue, acquired using a XY8-160
shallow implanted NV center. A strong contribution of “°C nuclei inside the dia  sequence and a sample of micrescopy immersion oil). (B) Both components shifted
mond [yellow, acquired by a CPMG6 sequence (20)] was accompanied by a  with the magnetic field at the gyromagnetic ratios of the respective species.
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LETTERS nature
nanotechnology

PUBLISHED ONLINE: 8 MAY 2011 | DOI: 10.1038/NMNANO.20T.64

Quantum measurement and orientation tracking of
fluorescent nanodiamonds inside living cells

L. P. McGuinness'?, Y. Yan?, A. Stacey', D. A. Simpson™, L. T. Hall'?, D. Maclaurin'?, S. Prawer’,
P. Mulvaney?, J. Wrachtrups, F. Caruso?, R. E. Scholten'® and L. C. L. Hollenberg'?*

Quantum Magnetic based

coherence orientation
measurement tracking
(Study1& 2)

Strain
K

Ground

state
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In classical information, a bit of 0 and 1.
In quantum information, superposition of 0 and 1.

Bloch sphere (vector space of wavefunction of |0> and |1>)

- Superposition of [0> and [1> is called coherence.

* Relaxation of coherence is characterized by T, (Reduction
time to 1/e).

- Oscillation during MW irradiation is called Rabi oscillatiop).
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Coherent coupling of a superconducting flux qubit to
an electron spin ensemble in diamond . )

Xiaobo Zhu', Shiro Sa.itu', Alexander Kemp', Kosuke Kakuyana: i', Shin-ichi Karimqt{)', Hayato Nakam)', William J. Mun.m', E
Yasuhiro T{)kura', Mark S. Everittz, Kae Nem{)tuz, Makoto Kasu', Norikazu Mizuochi** & Kouichi Semba’

0.25 . : : ‘ : A\ [ | .
Wt N N h > o \Vaterials 2009,
0sl ot /N A N W\ 0

: o e fema WO\
0 A;'ff\ ronarea /rcdonanes _ Quantum entanglement between an optical photon
o - xcite point and wait point Measure R N .
E S and a solid-state spin qubit
g 0.1 \"“-'-&‘h (ii) E. Togan'*, Y. Chu'*, A.S. Trifonov', L. Jiang">?, J. Maze!, L. Childress'*, M. V. G. Dutt"®, A. S. Serensen®,
1% e P.R. Hemmer’, A. S. Zibrov' & M. D. Lukin’ 1

0.05] |5")=E(|5—)|+1)+|5+)|—m

0

Nature 2011, Harvard
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- Quantum
Electrically driven single-photon source at room
temperature in diamond

N. Mizuochi*?*, T. Makino®#, H. Kato34, D. Takeuchi®?4, M. Ogura®?, H. Okushi®*#, M. Nothaft5,
P. Neumann?, A. Gali%’, F. Jelezko® J. Wrachtrup® and S. Yamasaki®*




2. _NhZET
12C, BCZEAHIHLI-SmEX (VY EVFIZKDHHE

BRRAEVIEINAREDHBEERANDSKEVWEFEVRELRYFS.

1990 F KB FITNMRIZE L TIERZENH 5.
O Long coherence time at RT.
X Itis not easy to access.

In our research \

Optical detection and manipulation of single nuclear spins

through Single NV center in diamond

13C (1=1/2) conc. Natural abundance = 1.1 %

Multi-qubits system by 13C enriched high quality diamond
Effects on coherence time by nuclear spin
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TE—L > REERE (T,)

In natural abundance diamond at RT

- |0>E1> DEREHLEZOE—L 2R
- AE—L U RAFROEMZEIE—L U AR T, (1/el275 5B,

T, (electron spin)

2003 50 ps T. A. Kennedy, et al., APL, 2003
2006 200 ps L. Childress, et al., Science, 2006

350 us T. Gaebel, et al., Nature physics, 2006
2009 700 us N. Mizuochi, et al., PRB, 2009

T, TR ORMBEDFODOEFAEVIZKY RSHNRFEY . Gk
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Observation of unreported NV center

NN 3C=>1

Obs. 16%
Calc. 17%

Labeled 1, 2, 3 carbon are
nearest neighbor (NN) C.

Obs. 1.3%
Calc. 1.0%

Obs. < 0.4%
Calc. 0.07%

I I I I I I
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Microwave [MHz]
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B A FE THIOHTCGHZWIKRED E . KU EIRT
DN JVIREED £ K.
P. Neumann®, N. Mizuochr’, et al., Science, 320, 1326 (2008)

BCZRAW-Z2EFEYMELZDHIEIZATI (3DDE
BCKRAEY . CNFETIF1DFIT)
N. Mizuochi, et al., Phys. Rev. B, 80, 041201(R) (2009). Editors’suggestion
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G. Balasubramanlan et al., Nature mafterials, 8, 383 (2009)
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Previous and Recent topics in NV center

Quantum non-demolition measurement, Projective
measurement of a single nuclear spin at RT

P. Neumann et al., Science 2010
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Fig. 2. Readout fidelity and conditional gates using single-shot readout. (A) Photon-counting histogram
of a fluorescence time trace fitted by two Gaussian distributions (solid lines). Left and right peaks
comrespond to the dark (|-1,}) and bright (|0,), |+1,}) states, respedtively. By setting a threshold (red
line), the nuclear spin state |-1,) (fluorescence below threshold) can be distinguished from the other
nuclear spin states (fluorescence above threshold). For the given lifetimes at 0.65 T and fluorescence
levels, the fidelity to detect a given state comectly is 92 + 2%. (B) Conditional nuclear spin Rabi
oscillations and histograms. The wire diagram on top illustrates the conditional Rabi sequence. Only if the
measurement outcome is |-1,), a resonant radio-frequency (rf) pulse of certain length is applied on the
nuclear spin transition |-1,} «»|0,} and a subsequent measurement is performed. Otherwise the sequence
is restarted immediately. (C) Conditional histograms. Two consecutive QND measurements have a high
probability (=82%) of giving the same outcome (lower histogram). if a f & pulse is applied after detecting
|-1,}, this probability drops to =33% (upper histogram). Possible reasons for the Rabi contrast of <1 are,
for instance, the setup instability and imperfect initialization and readout of the electron spin.
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The jumps occurs nuclear-electron flip-flop process.
hyperfine Hamiltonian 44 = (S, I_ JF,S LA, )2+ S.1.4,
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Previous and Recent topics in NV center

Entanglement between spin and photon (Low temp.)

Quantum entanglement between an optical photon
and a solid-state spin qubit

E. Togan'*, Y. Chu'*, A. S. Trifonov', L. Jiang"*’, J. Maze', L. Childress'*, M. V. G. Dutt'”, A. S. Serensen®,
P.R. Hemmer’, A. S. Zibrov' & M. D. Lukin'

Nature 2010
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Previous and Recent topics in NV center (7)

Long coherence time (>1 s) of single nuclear spin at RT

Room-Temperature Quantum Bit
Memory Exceeding One Second Nature 2012

P. C. Maurer,** G. Kucsko,™* C. Latta,® L. Jiang,” N. Y. Yao,' S. D. Bennett, F. Pastawski,?
D. Hunger,? N. Chisholm,* M. Markham,” D. ). Twitchen,® ]. I. Cirac,> M. D. Lukint
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“Electrically driven single photon source at
room temperature in diamond”

Nature Photonics, 2012
Collaboration with AIST and Stuttgart Univ.
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Electrically Driven Single photon Source Highest temperature in quantum
by quantum dot at 5K dot at 200K, PL (not EL)

Nature Materials, 5, 887 2006
A gallium nitride single-photon source
operating at 200K

4 JANUARY 2002 VOL 295 SCIENCE
Electrically Driven

Single-Photon Source

Zhiliang Yuan,! Beata E. Kardynal," R. Mark Stevenson,’
Andrew ). Shields," Charlene ]. Lobo,? Ken Cooper,?
Neil S. Beattie,? David A. Ritchie,? Michael Pepper'-2

SATOSHI KAKO'*, CHARLES SANTORI'-2*, KATSUYUKI HOSHINO', STEPHAN GOTZINGER2:,
YOSHIHISA YAMAMOTO? AND YASUHIKO ARAKAWA!*
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Charge state manipulation of single NV center

Electrode (Au/Pt/Tl)\
type diamond —
/ diamond

/ diamond
/ p—type diamond ‘
Electrode (Au/Pt/T|)

Observation of catch and release of single carrier (hole).

PL from single NV center

Charge state of single NV
center can be detect via

change of PL intensity

700
Wavelength (nm)




Real time meas. of charge state of single NV at RT
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Optical detection of electrical switching of charge state
between single NV- and NV°
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