
Quantum Information
NV Centers in Diamond

General Introduction 

ZlatkoMinev& Nate Earnest

April 2011



QIP & QM & NVD Outline

ÅInterest in Qubits. Why?

ÅQuantum Information Motivation

ïQubitvsBit

ïSqrt(Not) 

ÅComputer Architecture

ÅDiVincenzoCriteria

Å±ƛƻƭŀǘƛƻƴ ƻŦ .ŜƭƭΩǎ LƴŜǉǳŀƭƛǘȅ ǿƛǘƘ b±5

ÅNVD Ensembles & CPW



Why care about QubitResearch?

Quantum System Emulator
- solve molecules 
- study fundamental physics
Quantum Computer 
- certain parallel processing 
power
Spinoffs
- ultra low noise amplifiers

Excellent Quantum 
Mechanics Test Bed
- Study the scope of the 
theory of quantum 
mechanics
- Probe for new phenomena
- Engineer quantum systems 
with desired properties

Fundamental:Applied:



Quantum Information
General Introduction 



Encoding Information

Classically

Bits   
(1 or 0)

Quantumly

QuBits
(1 and/or 0)

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



Classically

One Classical N Bit Register

2NRange:

Can store1 Number

To Store N #s  =>  NRegisters

Quantumly

01&

One Quantum N Bit Register

2NRange:

Can store2N Numbers

To Store N #s  =>  1Register
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F(x)¬¬®®

x

¬®®

F(x)

Classically, F(x) would have had to be invoked 2N number of times. 
- Time of execution = 2N

¶RunTime( F(x) )

Quantumly, F(x) is invoked only 1 time. 
- Time of execution =  1 ¶RunTime( F(x) )

Quantum Algorithms 



Consider QubitΧ
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Assumingwhole # periods of wavelength traveled
(from D. Deutsch Lectures)
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Thisis our Operation

IN B NOT B OUT

B·NOT·B = 1

B-1 =   NOT
on 1 bit



Computer Architecture



Digital Computer Organization





Bit by Bit 

Sequential 
Computing





DiVincenzo Criteria

Å5 criteria to build operational quantum computer
ïWell defined Qubits
ïInitiation into pure state
ïUniversal set of Quantum Gates
ïQubit-Specific Measurement
ïLong Coherence Times

Å2 additional criteria for quantum communication
ïInterconvert stationary and flying Qubits
ÅE.g. Repeater stations

ïTransmit flying Qubitsbetween distant locations
ÅE.g. Error correction



NV Diamond Qubit



±ƛƻƭŀǘƛƻƴ ƻŦ .ŜƭƭΩǎ LƴŜǉǳŀƭƛǘȅ 
Using NV Diamond 



Bell Inequality

ÅWhat is it?
ïA means of testing quantum mechanics

ÅTemporal versus Spatial inequalities
ÅTemporal Bell Inequality (TBI) based on two 

assumptions
ïReality
ÅThe state of a physical system is always well defined

ïStationarity
ÅConditional Probability of system to change to a new state 

depends only on the time difference between two different 
measurements



Temporal Inequality 

ÅConditional Probability
ïQij(t1,t2)

ÅBounds on strength of temporal correlations:

ÅCan be violated by quantum mechanical 
dynamics (i.e. Rabi Oscillations).  
ïThis will violate the realist description of the 

physical dynamics and motivate the inherent truth 
of quantum mechanics

 

Qii (0,2t)-Qii

2(0,t)²0



Set up for the diamond

ÅNV- vsNV0 centre

ï30% of the time in NV0

state

ÅDue to two photon 
ionization

ïNV0 state hinders 
measurements to see 
Rabi Oscillations 
necessary to violate TBI

ïFlash green light to put 
into excited NV- state



Set up for the diamond

ÅElectron Spin destroyed 
during this process

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

ïMapped onto electron 
state with CNOT-Gate

ïMake quantum non-
demolition (QND) 
measurement of Nuclear 
Spin:



Set up for the diamond
ÅZero-Phonon Line (ZPL)

ïNV0 is 575nm

ïNV- is 637nm

ÅWavelengths significantly greater than 575 will not induce 
fluorescence from NV0.

ÅIlluminate with orange light (600nm)

ÅLow power excitation

ïIonization rate of NV- decreases quadraticallywith power

ïFluorescence decreases linearly

ÅAllows us to measure fluorescence from NV- before it becomes 
ionized



Resulting Measurements

ÅAfter choosing only NV- centres
ïUsing the measurement sequence: 

ïRabi Oscillations occur:

ïGiving the resulting TBI graph



VBI Conclusion
ÅViolated TBI!

ïOver 50 standard deviations

ïDynamics of single nuclear spin cannot be 
ŘŜǎŎǊƛōŜŘ ōȅ άǊŜŀƭƛǎǘ ǘƘŜƻǊȅέ 

ÅQuantum Mechanics stands strong!



Future work

Å2 nuclear spin entanglement 

ïcontextuality of quantum mechanics can be tested

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

ÅQuantum Information and Processing

ïRefining stability of NV-
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Color centers in solids (NV-)

Show astonishingly long coherence times even at room 
temperature  ~ 2ms
ÅEnable: Quantum memories

Provide coherent bridges between electron spin resonances 
(ESR) in the GHz range and optical
photons suitable for long-distance
transfer

Slower quantum state manipulation
ÅSolution: Hybrid System



Atomic Ensembles

Issue: 
Coupling between a single spin and the electro-magnetic  
feld is typically very weak

Solution:
Åwriting single excitations into ensembles
of N spins, it is enhanced by a factor

Still Need:

Overcome resonatorand emitter damping 
rates





Some Numbers

~ 2.87 GHz

~ 10

~ 11 MHz 

~ 2 x 10 

~ 3x3x0.5 mm 

~ 40 mK

High Pressure/Temp

Zero Field Splitting:

NV Center Population: 

Collective Coupling Constant g: 

Resonator Quality Factor Q: 

Diamond Dimensions:

Operational Temperature:

Diamond Type:

12

4



Conclusion Spin Ensemble Coupling

ÅStrong coupling between an ensemble of nitrogen-vacancy 
center electron spins in diamond and a superconducting 
microwave coplanar waveguide resonator
ÅHowever, resonator and spin linewidthsneed 1 order of 
magnitude reduction to implement a quantum memory

ÅObserved scaling of the collective coupling strength with

Åmeasure hyperfine coupling to C13 nuclear spins
Åfirst step towards a nuclear ensemble quantum memory

Åmeasure the relaxation time T1 of the NV 
center at millikelvintemperatures in a
non-destructiveway




