Quantum Information
NV Centers in Diamond

General Introduction

ZlatkoMinev & Nate Earnest
April 2011




QIP & QM & NVD Outline

A Interest inQubits Why?
A Quantum Information Motivation
I QubitvsBit
I Sgri{Not)
A Computer Architecture
A DiVincenzcCriteria
A+ A2t O0A2Yy 2F . Stf Qa
ANVD Ensembles & CPW



Why care aboutQubitResearch?

Applied: Fundamental.

Quantum System Emulator Excellent Quantum

- solve molecules Mechanics Test Bed

- study fundamental physics- Study the scope of the
Quantum Computer theory of quantum

- certain parallel processingmechanics

power - Probe for new phenomen:
Spinoffs - Engineer quantum systerr

- ultra low noise amplifiers with desired properties



Quantum!information

General Introduction




Encoding Information

Quartumly Classically

QuBits Bits
(1 and/or 0) (1 or 0)

Using bits to encode #s. Using those #s to encode letters
(each letter corresponds to a number), or

Pictures,

Movies,

Systems, etc.



Quartumly
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One Quantumi Bit Reqister

Range: 2N

Can storé2N Numbers

To StoreN#s =>1 Register
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Classically
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One Classicdl Bit Reqister

Range: 2N

Can storel Number

To StoreN#s =>N Registers
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Quantum Algorithms

e O

Classically, F(x) would have had to be invoKeauPnber of times.
- Time of execution 2N fRunTimé F(x) )

Quantumly F(x) is invoked only 1 time.
- Time of execution & {RunTimé F(x) )
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Assumingvhole # periods of wavelengtinaveled
(from D. Deutsch Lectures)
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beam splitter

2(1+1)=X(1)
Y(t+1)=Y(1)
X(t+1)==2(t)
1t+1)=1)
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beam splitter |
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mirrors | .
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201 +1)==-2(I)
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Thisis our Operation

B-NOIB=1
B1=J/NOT

on 1 bit



Computer’Architecture




Digital Computer Organization

Long-term:

oy S
: ard Drive =Y !
. CD-ROM Memory Graphic RAM |
: RO |
i Keyboard : Monitor
i Mouse S "N i Printer i
' Graphic Pad Input Processor QOutput | Modem |
! Modem i Metwork |
' Mletwork : + : |
BIOS i
Control Operating System !
Application Program |
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Figure 11-2 instruction determines path of wnrds through digital coraputer.

To
CPU



Memory Memory . "
address word Comment B It by B It

0000 0010 Step 1. Read following word as address.

0001 1110

0010 0100 Step 2. Read data word and store in CPU.

0011 0010 Step 3. Read following word as address. E; e nt I
0100 U q u e I a.
0101 0110 Step 4. Add .
0110 1000 Steps 5 and 6. Store ( :Olllputlng
0111 0000 Halt

1000

100 St :

001 Table 11-2 4-Bit instruction set

1010

1011 Instruction  Interpretation

1100 0010 Read the conlents of next memory word and interpret as a data memory address.
1:9:041 0100 Read the contents of the addressed data word, interprel as binary data, and store in
1151 the CPU.

0 0100 Data word 0110 Add the contents of addressed data memory word to data word stored in CPU.
110 0001 Data word 1000 Store data word in CPU at memory word addressed by data memory address.
1001 Read data word in the I/O register and store in CPU.
Figure 11-6 P . ; 1010 Read data word in CPU and store in the I/O register.
s rogram to add 0100 and 0001. 1100 Complement data word stored in CPU.
0000 Halt.




~ Arithmetic and
log;c umt

‘ Statusﬂags' "
ClO|S|Z
ALU latches

Arithmetic
and
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Figure 11-8 Microprocessor chip organization.




DiVincenzo Criteria

A 5 criteria to build operational quantum computer
I Well definedQubits
I Initiation into pure state
I Universal set of Quantum Ga
I Qubit-Specific Measurement
I Long Coherence Times

A 2 additional criteria for guantum communicauon
I Interconvert stationary and flyinQubits
A E.g. Repeater stations

I Transmit flyingQubitsbetween distant locations
A E.g. Error correction



NV Diamond Qubit

Table 1. Status of NV diamond relative to DiVincenzo criteria.

Interconvert stationary and flying qubits

Progressing well

Maybe

Transmit flying qubits to distant locations

Progressing well

Criteria Low temp Room temp

1 | Well-defined qubits v v

2 | Initialization to a pure state v v

3 | Universal set of quantum gates v v

4 | Qubit-specific measurement v Progressing well
5 | Long coherence times v v

6

7

Progressing well
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Bell Inequality

A What is it?
I A means of testing quantum mechanics
A Temporal versus Spatial inequalities

A Temporal Bell Inequality (TBI) based on two
assumptions

I Reality
A The state of a physical system is always well defined
| Stationarity IN UR QUANTUM BOX..

A Conditional Probability of system to chang
depends only on the time difference betwe
measurements

v
.‘4




Temporal Inequality

A Conditional Probability
T Qy(ty,t))
A Bounds on strength of temporal correlations:
Qi (021) - Qi(O1)2 0
A Can be violated by quantum mechanical

dynamics (i.e. Rabi Oscillations).

I This will violate the realist description of the
physical dynamics and motivate the inherent truth
of guantum mechanics



Set up for the diamond

a) b) {i| Threshold

A NV vsN\ centre po——

30% of the time in NV =3 '-RF.;_ i /me |
State | "'mt P bt
A Due to two photon [ S 43__—'1'+11;01 -
lonization GS---v—“— }*:3} 'LW_ -
N\ state hinders e L

FIG. 1: a) Energy level scheme of the NV~ defect in a small
m eaS u re m e ntS to See mnglu:t.i(('l ﬁcln,{. : O].»l‘i‘m.l“ t;ail‘si:iona‘ occur (')‘0_’;\;('('!1 ;{1:)1:!1(1

. . . state (GS) and excited state (ES) (vertical arrows), dotted
Rabl OSCI I Iatl OnS lines (gray) indicate radiationless decays. Line thickness cor-
responds to transition rates. b) Histogram of many subse-

quent QND measurements of the nitrogen nuclear spin. Low

necessary to VIOlate TB| fluorescence level indicates that the MW 7 pulse was success-

ful, i.e. that the nuclear spin state is ms = +1. ¢) Magnifica-
tion of the mgs = 0, —1 levels including hyperfine splitting due

F | a.S h g ree n I ig ht to put to the " N nuclear spin (states are denoted as |mg, m[.)). Tht:

dotted (blue) arrow illustrates the nuclear spin selective MW

7 pulse, the dashed (purple) arrow the nuclear spin transition
Into excited NVstate



Set up for the diamond

A Electron Spin destroye
during this process

I Nuclear Spin made
robust with strong
magnetic field (B=0.6T)

I Mapped onto electron
state with CNO-Gate

I Make quantum non
demolition (QND)
measurement of Nuclea
Spin:

a) b) {i| Threshold
., = 3 4] I R
‘energy £ E g
_Z:q: - |+1) ®
ES . d . I‘l) > | O
: |0) §
Ol o
0y %, 100 150 A0
e —— number of counts
1 & MS singlet
: c) |'l.0)
“.,'—‘—|-1_+1)
: |-1,-1)
i3 l41) T IMW
GS I'”}" - isomen s |0, 0)
» ; s JRF
10y Jesti e i T o,
_-_|0'+1) | ' )

FIG. 1: a) Energy level scheme of the NV~ defect in a small
magnetic field, Optical transitions occur between ground
state (GS) and excited state (ES) (vertical arrows), dotted
lines (gray) indicate radiationless decays. Line thickness cor-
responds to transition rates. b) Histogram of many subse-
quent QND measurements of the nitrogen nuclear spin. Low
fluorescence level indicates that the MW 7 pulse was success-
ful, i.e. that the nuclear spin state is ms = +1. ¢) Magnifica-
tion of the mgs = 0, —1 levels including hyperfine splitting due
to the " N nuclear spin (states are denoted as |mg, m;)). The
dotted (blue) arrow illustrates the nuclear spin selective MW
7 pulse, the dashed (purple) arrow the nuclear spin transition
driven by RF pulses.



Set up for the diamond

A ZeroPhonon Line (ZPL)
I NWis 575nm

I NViIs 637nm

A Wavelengths significantly greater than 575 will not induce
fluorescence from NV

A llluminate with orange light (600nm)

A Low power excitation
I lonization rate of N\flecreasegjuadraticallywith power
I Fluorescence decreases linearly

a), b : fronm-Kxfnra it harnmac
/ I Fluorescence Init Measure | ., - : ‘ s
. | State —_ Threshold 600 FIG. 2: a) Timetrace of the fluorescence of the NV under
| 0 3 )X 7‘3*( L 4 n!:Vn cew illumination with 600nm, 0.44¢W laser light (orange line).
05014— 0, 04 The red line shows the most likely fluorescence level. The
- | 2| 8MS L jifetime of NV~ during orange illumination is around 600 ms.
2 A E b) Histogram of measurement results showing the distribution
5 71 © - of counted photons during orange illumination for the inset
R '8 NV° NV sequence: Gree Ises “reset” the NV and 8 ange pulse
Qo <] sequence: Green pulses “rese 1 NV and 8 ms orange pulses
NV° o measure the charge state.
0 r r r x 0——5 e .
180 200 220 10 2D

Time (s) Counts / 8 ms



Resulting Measurements

A After choosing only N\éentres
I Using the measurement sequence:
I Rabli Oscillations occur: a

b) 1
™~ ANy ' &
0,84 .. 'n ) s
= 064 ".
Sl ' Time T (ps)
= ag -
= i ; / ; . c .2 20 40 60 80
4 . .' ~ [ ‘ l"-‘
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~
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0 0 50 » 100 150 6 ‘ q
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021 “vE forbidden T




VBI Conclusion

A Violated TBI!

I Over 50 standard deviations
I Dynamics of single nuclear spin cannot be
RSAONAOSR 0& GNBFftAAl
AQuantum Mechanics stands strong!



Future work

A 2 nuclear spin entanglement

I contextuality of quantum mechanics can be tested

ANon-contextuality: the property that any measurement
has a value which is independent of other compatible
measurements being made at the same time.

A Quantum Information and Processing
I Refining stability of NV
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. Strong Coupling of a Spin Ensemble
to a Superconducting Resonator
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Color centers In solids (NV

Show astonishingly long coherence times even at room
temperature ~2ms
AEnableQuantum memories

Provide coherent bridges between electron spin resonance
(ESR) in the GHz range and optical S

photons suitable forong-distance
transfer

Slower guantum state manipulation
ASolution:Hybrid System




Atomic Ensembles

Issue:
Coupling between a single spin and the elegtragnetic

feldis typically very weak

Solution:
Awriting single excitations into ensembles

of N spins, it is enhanced by a far /N

Still Need:
g/N > K,y

Overcomeresonatorand emitter damping
rates
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Some Numbers

Zero Field Splitting: ~ 2.87 GHz
NV Center Population: ~ 10°
Collective Coupling Constant g: ~ ~ 11 MHz
Resonator Quality Factor Q: ~2x 10
Diamond Dimensions: ~ 3x3x0.5 mm
Operational Temperature: ~40mK

Diamond Type: High Pressure/Temp



Conclusiort

AStrong couplindpetween an ensemble of nitrogevacancy
center electron spins in diamond and a superconducting
microwave coplanar waveguide resonator
AHowever, resonator and splimewidthsneed 1 order of
magnitude reduction to implement a quantum memory

AObserved scalingf the collective coupling strength w +/~N
Ameasurehyperfine couplingo C13 nuclear spins

Afirst step towards a nuclear ensemble guantum memory

Ameasure therelaxation timeT1 of the NV
center atmillikelvintemperatures in a
non-destructiveway







