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Abstract 
 

A Phenomenological Study of High-Field Optically Pumped 13C NMR in Diamond 
 

by 
 

Eric Scott 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Jeffrey A. Reimer, Co-Chair 
Professor Alexander Pines, Co-Chair 

 
 Nuclear magnetic resonance (NMR) is a powerful spectroscopic technique capable of 
probing the local electronic environment in a wide array of materials.  The sensitivity of an NMR 
experiment is proportional to a net nuclear spin polarization that is often generated by placing the 
sample of interest in a static external magnetic field and allowing the spin state populations to 
come to thermal equilibrium.  Unfortunately these thermal polarizations are exceedingly small.  
Even with a 23.5 Tesla magnet, the strongest currently available, the room temperature 1H 
polarization is only 0.0081%.  Significant sensitivity enhancements can be achieved by 
hyperpolarizing the nuclear spin system.  Transferring polarization from electrons to nuclei, also 
known as dynamic nuclear polarization (DNP), is one method by which this hyperpolarization is 
achieved.  Optically pumped NMR (OPNMR) is a form of DNP, which uses laser light to 
athermally polarize a reservoir of electron spins which in turn athermally polarize coupled nuclei. 
 For much of its history solid state OPNMR involved transferring polarization from photo-
excited conduction electrons to hyperfine coupled nuclei in zincblende semiconductors at 
temperatures ≤ ~80 K.  Within the last decade it was found that OPNMR of 15N, 14N, and 13C in 
single crystal diamond is possible via optically polarized negatively charged nitrogen vacancy (NV-
) defects.  The best characterized form of OPNMR in diamond is a hyperfine-mediated 
phenomenon that takes advantage of the NV- excited state level anti-crossing that occurs when 
the external field is set to ~50 mT.  A high-field form of 13C optical pumping has been observed 
at 7.05 and 9.4 T, well beyond the level anti-crossing.  Polarization rates, lifetimes, and magnitudes 
are influenced by the concentrations of NV- and P1 defects in the diamond.  Two of the samples 
characterized in this study have defect concentrations that allow for the generation of room 
temperature 13C polarizations up to 200 times that of thermal equilibrium.   Both positive and 
negative polarizations are observed.  The sign and magnitude of the polarization exhibit an 
extraordinary sensitivity to the orientation of the crystal with respect to the polarization of the 
electric field vector of the optical illumination incident on the sample.  For example, the sign of 
the polarization can flip with as little as a 0.5° change in the orientation of the crystal. 
 
 The mechanism responsible for this high-field pumping process remains unknown.  
Progress in developing a theoretical model is hindered by the simultaneous presence of four 
defect orientations for every orientation of the crystal.  
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Chapter 1 

Introduction 

1.1 Magnetic Resonance 

Generations of scientists have employed magnetic resonance to study the local magnetic, 
electronic and nuclear environments in an exceptionally diverse array of materials.  A conventional 
magnetic resonance experiment is the manipulation of the orientation of a particle’s intrinsic 
magnetic moment in the presence of an external static magnetic field.  The energy of a magnetic 
moment µµ  in an external magnetic field B [1-9] is: 

(1.1) 

µµ  can be written in terms of the gyromagnetic ratio γ and the quantum mechanical spin angular 
momentum operator 𝑺𝑺 resulting in the Zeeman Hamiltonian: 

                                                           (1.2) 

In the case of NMR active nuclei the gyromagnetic ratio can be written in terms of the nuclear 
magneton 𝛽𝛽! ≈ 5.05  ×10!!"  J ⋅ T!! and the nuclear g-factor 𝑔𝑔!: 

(1.3) 

The g-factor relates the angular momentum to the observed magnetic moment and is unique to each 
NMR active nucleus.  For an electron we have the electronic g-factor 𝑔𝑔! and the Bohr magneton 
𝛽𝛽! ≈ 9.27  ×10!!"  J ⋅ T!! giving:       

(1.4) 

The three components of the spin angular momentum operator: 𝑆𝑆! , 𝑆𝑆!, and 𝑆𝑆! do not mutually 
commute.  Each individual component commutes separately with 𝑺𝑺! and in the presence of an 
external magnetic field the square of the spin angular momentum operator and one of its 
components (the z component by convention) form a complete set of commuting operators with 
the eigenstates and eigenvalues: 

(1.5) 

(1.6) 

where 𝑠𝑠 = 0, 1 2 , 1,
3
2 ,…, which is a specific property of the nucleus or electronic spin system of 

interest, and 𝑚𝑚! = −𝑠𝑠,− 𝑠𝑠 − 1 ,… 𝑠𝑠 − 1, 𝑠𝑠 [2].  So taking the magnetic field 𝐵𝐵! to be along z (1.2) is 
re-written as: 

𝐸𝐸 = −𝝁𝝁 ∙ 𝑩𝑩 

ℋ = −𝛾𝛾𝑩𝑩 ∙ 𝑺𝑺! 

𝛾𝛾! =
𝑔𝑔!𝛽𝛽!
ℏ

 

𝛾𝛾! =
𝑔𝑔!𝛽𝛽!
ℏ

 

𝑺𝑺!𝟐𝟐  |𝑠𝑠,𝑚𝑚!⟩ = ℏ!𝑠𝑠(𝑠𝑠 + 1)  |𝑠𝑠,𝑚𝑚!⟩ 

𝑆𝑆!!  |𝑠𝑠,𝑚𝑚!⟩ = ℏ𝑚𝑚!  |𝑠𝑠,𝑚𝑚!⟩ 
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(1.7) 
yielding the Zeeman energy: 

(1.8) 

Fig. 1.1 shows the Zeeman energy level diagram for a single electron in the presence of an 
external field.  The diagram is also valid for 𝐼𝐼 = 1 2 nuclei that have a negative gn such as 15N or 
125Te.  At thermal equilibrium the lower energy spin state will be preferentially populated in 
accordance with the Boltzmann distribution.  In the case of 𝑠𝑠 = 1 2  the thermal equilibrium 
populations 𝐸𝐸𝐸𝐸𝐸𝐸 of each spin state are: 

(1.9) 

(1.10) 

where Z is the partition function.  As a result of this preferential population a macroscopic collection 
of N spins in a volume V will develop a net magnetization 𝑴𝑴 per unit volume aligned with 𝐵𝐵!:  

(1.11) 

the magnitude of which depends on 𝑁𝑁, 𝛾𝛾, 𝑠𝑠, 𝐵𝐵!, Boltzmann’s constant 𝑘𝑘!, and the temperature 𝑇𝑇 [4]: 

(1.12) 

ℋ = −𝛾𝛾𝐵𝐵!𝑆𝑆!! 

𝐸𝐸 = −ℏ𝛾𝛾𝐵𝐵!𝑚𝑚! 

𝐸𝐸𝐸𝐸𝐸𝐸!!!!! !⁄ =
1
𝑍𝑍
⋅ 𝑒𝑒!

!ℏ!"!
!!!!  𝐸𝐸𝐸𝐸𝐸𝐸!!!!! !⁄ =

1
𝑍𝑍
⋅ 𝑒𝑒!

ℏ!"!
!!!!  

𝑍𝑍 = 𝑒𝑒!
!ℏ!"!
!!!! + 𝑒𝑒!

ℏ!"!
!!!! 

𝑴𝑴 =
1
𝑉𝑉
!𝝁𝝁!

!

!!!

 

𝑀𝑀 =
𝑁𝑁𝛾𝛾!ℏ!𝑠𝑠(𝑠𝑠 + 1)

𝑘𝑘!𝑇𝑇
𝐵𝐵! 

Δ𝐸𝐸 

𝐵𝐵!  

!!
!
, !!
!
! 

∆𝐸𝐸 = 𝑔𝑔!𝛽𝛽!𝐵𝐵! = ℎ𝜈𝜈! 

Fig. 1.1.  Spin state energy levels of an 𝑠𝑠 = 1 2⁄  electron spin system in the presence of a static 
external magnetic field.  The diagram is also valid for 𝐼𝐼 = 1 2⁄  nuclei that have a negative gn 
such as 15N or 125Te. 

!!
!
, !!
!
! 
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Development of a net thermal equilibrium magnetization is referred to as spin-lattice 
relaxation and is characterized by the time constant 𝑇𝑇! [4-9]: 

(1.13) 

and depends on the properties of the material under study (the presence of conduction electrons for 
example). 

The torque exerted on the magnetization by 𝐵𝐵! will cause Larmor precession about the z-
axis with a frequency of: 

(1.14) 

For the case of NMR on insulators 𝐵𝐵!"" = (1 + 𝛿𝛿)𝐵𝐵! and for conductors 𝐵𝐵!"" = (1 +𝒦𝒦)𝐵𝐵!.  The 
chemical shift 𝛿𝛿 accounts for the additional magnetic fields at the nucleus generated by currents in 
the surrounding bonding electrons induced by 𝐵𝐵!.  In conductors, the fields at the nucleus generated 
by the spin and orbital magnetic moments of itinerant electrons are responsible for the Knight shift 
𝒦𝒦.  The 𝛿𝛿 or 𝒦𝒦 for any given sample is expressed in terms of the NMR frequency of the sample ν0
and that of a reference standard νr: 

(1.15) 

Because of differences in magnitude the chemical shift is typically expressed in ppm while the 
Knight shift is expressed as a percent.  In EPR experiments [7] the convention is to express 𝐵𝐵!"" in 
terms of an effective g-factor 𝐵𝐵!"" = 𝐵𝐵! ⋅

!!""
!!

.  The effective g-factor for any given sample is 
expressed in terms of the resonance field of the sample B, that of a reference standard Br, and the 
effective g-factor of the standard gr: 

(1.16) 

The orientation of the precessing magnetization is manipulated by applying a second
magnetic field 𝐵𝐵! << and perpendicular to 𝐵𝐵!.  If 𝐵𝐵! is set to oscillate at the Larmor frequency a 
resonant transfer of energy occurs which overcomes the effect of 𝐵𝐵! [1-9] and the magnetization will 
begin to precess about 𝐵𝐵!.  The angle 𝜃𝜃 by which the magnetization is deflected, commonly referred 
to as the flip angle is:   

(1.17) 

where 𝑡𝑡! is pulsewidth which is the length of time that 𝐵𝐵! is applied.  Pulse and continuous wave 
experiments take advantage of this phenomenon in different ways. 

𝑀𝑀!(𝑡𝑡) = 𝑀𝑀!(0) ⋅ !1 − 𝑒𝑒
!!
!!! 

𝜈𝜈! =
𝛾𝛾𝐵𝐵!""
2𝜋𝜋

 

𝜃𝜃 = 𝛾𝛾𝑡𝑡!𝐵𝐵! 

𝛥𝛥𝛥𝛥 =
𝜈𝜈! − 𝜈𝜈!
𝜈𝜈!

 

𝑔𝑔!"" = 𝑔𝑔! !−
𝐵𝐵 − 𝐵𝐵!
𝐵𝐵!

+ 1! 
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1.2 Pulse NMR 

An inductively detected pulse experiment is the most common method employed in
acquiring an NMR spectrum.  A typical pulse NMR experimental setup is outlined in Fig. 1.2.  A 
superconducting magnet is used to generate 𝐵𝐵! with strengths typically ranging from 7.05 to 16.44
Tesla or 300 to 700 MHz in terms of 1H frequency. The sample is positioned within a pick-up coil 
inside the magnet and an amplified radiofrequency (RF) pulse is sent through the coil generating a 
𝐵𝐵! field that rotates the magnetization 90° into the x-y plane.  Microscopically speaking the x-y 
magnetization is the result of a vector sum of coherent superpositions of spin states.  Using an 𝐼𝐼 = 1
nucleus as an example and starting with: 

(1.18) 

and using the well known relations: 

(1.19) 

(1.20)         

(1.18) is written as: 

RF 
probe 

Superconducting m
agnet 

Transmitter 

Receiver 

RF amplifier 
λ/4 

Cross diodes 
to ground 

Preamplifier 

Fig. 1.2.  A simplified single-channel pulse NMR experimental setup. 
 

𝐼𝐼!! = !
!1,+1!𝐼𝐼!!!1,+1! !1,+1!𝐼𝐼!!!1,0! !1,+1!𝐼𝐼!!!1,−1!
!1,0!𝐼𝐼!!!1,+1! !1,0!𝐼𝐼!!!1,0! !1,0!𝐼𝐼!!!1,−1!
!1,−1!𝐼𝐼!!!1,+1! !1,−1!𝐼𝐼!!!1,0! !1,−1!𝐼𝐼!!!1,−1!

! 

𝐼𝐼!! =
1
2
!𝐼𝐼!! + 𝐼𝐼!!! 

𝐼𝐼!±|𝐼𝐼,𝑚𝑚!⟩ = ℏ!𝐼𝐼(𝐼𝐼 + 1) −𝑚𝑚!(𝑚𝑚! ± 1)  |𝐼𝐼,𝑚𝑚! ± 1⟩ 
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(1.21) 

Solving for the eigenvectors results in a new basis consisting of linear superpositions of the original 
spin states: 

(1.22a) 

(1.22b) 

(1.22c) 

which satisfy the closure relation [2, 3] indicating a complete basis.   

(1.23) 

After the RF pulse the x-y magnetization is once again only under the influence of 𝐵𝐵! and 
will precess about the z-axis.  The oscillating coherent magnetization induces a current in the pick-
up coil that is amplified and subsequently detected by the receiver. The coherence time of the x-y 
magnetization is characterized by the time constant 𝑇𝑇! [4-8]: 

(1.24) 

A Fourier transform (FT) of the time domain free induction decay (FID) signal yields an 
interpretable frequency domain NMR spectrum.  Fig. 1.3 illustrates the advantage of pulse 
experiments, exciting and then detecting a range of transitions simultaneously. This is made possible 
by selecting a square waveform for the RF pulse.  As shown in Fig. 1.4 a square wave of 
fundamental frequency 𝜈𝜈! is actually the sum of a sine wave of frequency 𝜈𝜈! and its odd integer 
harmonics: 

(1.25) 

𝐼𝐼!! =

⎝

⎜
⎜
⎜
⎛
0

ℏ
√2

0

ℏ
√2

0
ℏ
√2

0
ℏ
√2

0 ⎠

⎟
⎟
⎟
⎞

 

=

⎝

⎜
⎛
−
1
√2
0
1
√2 ⎠

⎟
⎞
⋅ !−

1
√2

0
1
√2
! +

⎝

⎜
⎜
⎛

1
2

−
1
√2
1
2 ⎠

⎟
⎟
⎞
⋅ !
1
2

−
1
√2

1
2
! +

⎝

⎜
⎜
⎛

1
2
1
√2
1
2 ⎠

⎟
⎟
⎞
⋅ !
1
2

1
√2

1
2
! = !

1 0 0
0 1 0
0 0 1

! 

|𝜓𝜓!⟩! =
1
√2

(−|1,+1⟩ + |1,−1⟩) 

|𝜓𝜓!⟩! = −
1
√2

|1,0⟩ +
1
2
(|1,+1⟩ + |1,−1⟩) 

!|𝜓𝜓!⟩!

!

!!

⟨𝜓𝜓!|! = 𝕀𝕀 

|𝜓𝜓!⟩!! =
1
√2

|1,0⟩ +
1
2
(|1,+1⟩ + |1,−1⟩) 

1
2

1
2! =

!
1 0 0
0 1 0
0 0 1

!
 

𝑀𝑀!!!(𝑡𝑡) = 𝑀𝑀!!!(0)𝑒𝑒
!!
!!  

𝑆𝑆𝑆𝑆(𝑡𝑡) =
4
𝜋𝜋
sin(2𝜋𝜋𝜈𝜈!𝑡𝑡)+

4
3𝜋𝜋

sin(6𝜋𝜋𝜈𝜈!𝑡𝑡) +
4
5𝜋𝜋

sin(10𝜋𝜋𝜈𝜈!𝑡𝑡) +⋯ 
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(a) 

(b) 

Fig. 1.3.  27Al pulse NMR of a synthetic ruby at 78.2425 
MHz.  (a) Interpretable time domain FID signal.  (b) 
Corresponding FT spectrum.  The pulse experiment 
excited and detected all five 27Al transitions 
simultaneously.  Capturing the ~1.3 MHz broad spectrum 
requires a 0.75 µs pulsewidth.    
 

Fig. 1.4.   (a) Sine wave 𝜈𝜈! = 78.24 MHz.  (b) Sine wave (light blue), 3rd harmonic (red), and the sum 
(magenta).  (c) Addition of the 5th harmonic (dark blue).  (d) Addition of the 7th harmonic (green).  (e) 
Addition of the 9th harmonic (dark purple).  (f) Addition of the 11th harmonic (light purple).    
 

(a) (b) (c) 

(d) (e) (f) 
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Accordingly, the instrumentation responds as though it were being exposed to a range of 
frequencies about 𝜈𝜈! with a bandwidth that is inversely proportional to the pulsewidth.  In most 
cases the small FID signal is separated from the much larger excitation pulse by means of a quarter 
wave - parallel cross diode to ground protection circuit.  With a threshold of ~ 0.7 V the silicon 
diodes constitute an infinite impedance to ground for the FID and zero impedance to ground for 
the RF pulse.  In order to prevent the RF pulse from bypassing the probe a quarter wave cable is 
used to transform the impedance to ground from zero to infinity.  The end result is that most of the 
RF pulse is directed towards the probe to generate 𝐵𝐵! and the FID is able to pass through to the 
preamplifier and receiver. 
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1.3 Continuous Wave Electron Paramagnetic Resonance (EPR) 

In the limit of an infinitely long pulsewidth the bandwidth about 𝜈𝜈! drops to zero.  Using 
only monochromatic excitation, spectra must be recorded point-by-point either by sweeping 𝐵𝐵! or 
by stepping the frequency.  Of the two methods fixed-frequency swept-field experiments are much 
easier from a technical standpoint and are the most common.  Continuous wave (CW) experiments 
have long since fallen out of favor with the NMR community, but they are still the standard method 
by which EPR spectra are recorded due to the much broader spectral widths compared to NMR.  
The magnetic moment of an electron spin is much stronger (𝛽𝛽! is ~1800 times that of 𝛽𝛽!) placing 
Larmor frequencies in the microwave (MW) range.  Typical EPR linewidths are tens of MHz with 
hyperfine and zero-field splittings that can range from tens or hundreds of MHz up to several GHz 
(Figs. 1.6-1.8).  Compared to the ~microsecond long RF pulses necessary for NMR, it is far more
difficult to generate sufficiently powerful ~nanosecond long MW pulses required for EPR.   

A simplified fixed-frequency CW EPR experimental setup is outlined in Fig. 1.5.  The 
sample is placed in a resonator cavity that is coupled to the spectrometer via an adjustable iris.  By 
controlling how much MW power enters the cavity and how much is reflected, the iris acts as an 
impedance transformer and is adjusted so as to match the impedance of the spectrometer to that of 
the cavity.  Microwaves from the source are attenuated to the desired power before entering the 
circulator, a device that uses magnetic fields to direct microwaves from the source to the iris and 
from the iris to the detector.  As a result of the dimensions of the cavity, entering microwaves form 
the standing wave responsible for generating B1.  With the sample under continuous MW irradiation, 
an iron core electromagnet sweeps through B0.  When the magnet passes through a resonance field 

Fig. 1.5.  The basic components of a simplified continuous wave 
EPR experimental setup. 
 

Resonator 
cavity Iron-core 

electromagnet and 
modulation coils 

Magnet power supply 

Microwave source 

Attenuator 

Tuning iris 

Circulator 

Modulated signal 
amplifier 

Modulated signal 
detector 

Hall probe or NMR magnetometer 
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absorption of MW power changes the impedance of the cavity.  The MW power reflected from the 
cavity due to the impedance mismatch constitutes the EPR signal.  Unlike a pulse experiment, 𝐵𝐵!
rotates the magnetization only slightly [8].  The signal strength is proportional to the flip angle, but if 
the magnetization is rotated too far from equilibrium relative to 𝑇𝑇! the equilibrium magnetization is 
not re-established within the time of the signal measurement resulting in saturation of the 
transitions.   

Table 1.1.  Typical EPR frequencies and 
corresponding resonance fields for a free electron.   

Fig. 1.6.  Comparison of the narrowest EPR and broadest NMR (of a non-ferromagnetic sample) 
lines recorded in the Reimer lab.  (a) Central P1 transition recorded at X-band from sample #1.  (b) 
Point-by-point stepped frequency 195Pt NMR spectrum of ~nanometer sized platinum particles.  (c) 
Linewidth comparison in MHz.        
 

(c) 

(b) 

(a) 
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5.76 GHz 
 

10

Fig. 1.8.  X-band EPR spectrum of sample #3.  At this particular orientation with respect to 𝐵𝐵! the 
zero-field splitting interaction results in an NV- spectrum covering well over 5 GHz.  Capturing the 
entire spectrum in a pulse experiment would require a 0.174 nanosecond pulsewidth.       
 

46 MHz 
 

Fig. 1.7.  X-band EPR spectrum of (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) 
dissolved in toluene.  The hyperfine interaction between the unpaired electron and 14N splits the 
resonance field into 2I+1 = 3 lines in an analogous fashion to J-coupling in NMR spectra.  J-
couplings however are typically only tens to hundreds of Hz.  An equivalent pulse experiment on 
TEMPO would require a 5.4 nanosecond pulsewidth.    
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For improved sensitivity a pair of coils located on either side of the resonator induce a 20 -
100 kHz or so modulation in B0 with an amplitude Bmod [7-8].  The modulation becomes imprinted 
on the EPR signal allowing it to be isolated and amplified.  As illustrated in Fig. 1.9, the amplitude of 
the modulated signal is proportional to Bmod and to the slope of the EPR absorption line.  The 
detector response is in turn proportional to the amplitude of the modulated signal and if the portion 
of the absorption line scanned (highlighted in blue) is linear in B0, an undistorted first derivative 
lineshape is recorded.  Remaining in the linear range requires that Bmod be a small fraction of the 
peak-to-peak linewidth ΔBpp of the EPR transition of interest.  When the magnitude of Bmod relative 
to ΔBpp increases such that the portion of the absorption line scanned is no longer linear in B0 the 
resulting lineshape will be broadened (Fig. 1.10).  Selecting the correct Bmod setting is a compromise 
between signal-to-noise and recording an accurate lineshape.  When the double integral is the only 
parameter of interest, overmodulation induced broadening is of little to no concern.  When an 
accurate reproduction of the lineshape is required Bmod should not exceed 0.2· ΔBpp [7]. 

Bmod  
 

Modulated signal 

Detector current amplitude 

Recorded EPR signal 

EPR absorption line 

Fig. 1.9.  CW EPR (or NMR) detection scheme.  To prevent lineshape distortions the 
portion of the absorption line scanned (highlighted in blue) must be linear in B0.         

B0  
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Fig. 1.10.  (a) An illustration demonstrating how Bmod alters the portion of the absorption line scanned.  (b) 
EasySpin [12] simulation showing how Bmod affects the lineshape.  The simulation is of the biphenyl radical anion 
and the line splittings are due to the hyperfine interaction with three groups of equivalent protons.      

(a) (b) 
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1.4 Comparing Fixed-Frequency and Fixed-Field Spectra 

 

Care must be taken when comparing CW and pulse EPR or NMR spectra.  The direction of 
increasing energy on the field axis of a spectrum recorded at a fixed-frequency is opposite that of the 
frequency axis of a spectrum recorded at a fixed field.  This isn’t obvious looking at Fig. 1.6 because 
the P1 EPR spectrum is so symmetric.  The simulated nitroxide radical EPR spectrum shown in Fig 
1.11 serves as a better example.  With ν0 fixed, B0 is used to adjust the ΔE of each transition to 
match.  As shown in Fig. 1.11b, the transitions with a larger initial ΔE require a lower field to match 
h𝜈𝜈! while transitions with a smaller initial ΔE require a larger field.      

(a) (c) 

𝐵𝐵!  

Δ𝐸𝐸 h𝜈𝜈! h𝜈𝜈! h𝜈𝜈! h𝜈𝜈! h𝜈𝜈! h𝜈𝜈! 

(b) (d) 

Fig. 1.11.  Comparing fixed-frequency and fixed-field spectra.  (a) EasySpin simulation of a fixed-frequency nitroxide 
radical EPR spectrum.  (b) Simulation of the corresponding fixed-field spectrum.  (c) Zeeman energy level diagram 
of a fixed-frequency experiment.  (d) Zeeman energy level diagram of a fixed-field experiment.   
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1.5 Nuclear Spin Polarization – The Problem with NMR 

The signal to noise in an NMR experiment is directly proportional to the net z-axis 
magnetization 𝑀𝑀! [11], which in turn depends on the number of polarized nuclear spins.  For 
𝐼𝐼 = 1 2 nuclei, the % polarization is a useful quantity for characterizing 𝑀𝑀!.

(1.26) 

The thermal equilibrium polarization that develops after placing a sample in an external field and 
waiting 5 times 𝑇𝑇! can be expressed as [13]:  

(1.27) 

Plugging some numbers into (1.27) demonstrates the problem with NMR.  Thermal 
equilibrium nuclear polarizations are too small.  In the case of 13C in a 7.05 T field at 293 K the
polarization is 0.0006%.  Given a sufficient amount of sample such nearly negligible polarizations 
present no problem.  However, in many cases there is either not enough sample available or not 
enough will fit in the probe.  The commonly cited minimum detection limit for solid samples is
1×10!" spins however, such experiments may require days or even weeks of signal averaging.  More 
practical sample sizes for recording an NMR spectrum with reasonable signal to noise contain 
~1×10!"  to 1×10!"  spins or more.  Higher field strengths yield only slight enhancements in 
polarization.  Fig. 1.12 shows (1.25) plotted as a function of B0 for 13C.  Going from 7.05 T up to the 
strongest commercially available magnet with a field of 23.5 T increases the polarization by only a 
factor of 3.33.  On the other hand, lowering the temperature can lead to a more substantial
polarization enhancement.  Going from 293 K to 4.3 K increases the polarization by a factor of 70.  
A further 2 K decrease yields an overall enhancement factor of 130.  However, not all samples and 
experiments are compatible with the temperature range required for these significant enhancements.     

%  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑃𝑃!!!!

!
!
− 𝑃𝑃!!!!

!
!

𝑃𝑃!!!!
!
!
+ 𝑃𝑃!!!!

!
!

×100 

%  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = tanh !
𝛾𝛾!ℏ𝐵𝐵!
2𝑘𝑘!𝑇𝑇

!×100 

Fig. 1.12.  Plots of 13C nuclear polarization as a function of B0 at 293 K and as a function of temperature in a 
7.05 T field.  Inset:  significant enhancements in polarization require temperatures below ~ 15 K.   
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1.6 Dynamic Nuclear Polarization 

Dynamic nuclear polarization [13] (DNP) – the transfer of spin polarization from electrons
to nuclei can in principle enhance nuclear polarization by a factor ∝ 𝛾𝛾! 𝛾𝛾!, which in the case of 13C 
is ~2600.  Unlike nuclei, large electron spin polarizations are easily achieved.  The strong magnetic 
moment allows for thermal polarizations several orders of magnitude beyond what is possible for 
nuclei (Fig. 1.13).  The idea of transferring thermal equilibrium electron polarization to nuclei was 
first suggested by Albert Overhauser [14].  Overhauser proposed that continuous irradiation of the 
conduction electron EPR transition in a metal with resonant microwaves would lead to relaxation 
processes involving electron-nuclear spin flips.  Shortly thereafter, Overhauser’s idea was verified in 
room temperature DNP experiments on lithium metal [15] and found to be valid for liquids as well 
[16].  The technique was subsequently extended to insulating solids containing paramagnetic centers
[17].  Instead of relying on relaxation, electron-nuclear spin flips are driven via microwave irradiation 
at frequencies 𝜈𝜈! = 𝜈𝜈! ± 𝜈𝜈!.  For improved sensitivity, cryogenic temperatures are used typically in 
order to maximize electron thermal polarization.  Microwave driven DNP experiments at magnetic 
fields higher than a few Tesla are problematic owing to difficulties of working in the 160+ GHz
region of the electromagnetic spectrum and because the efficiency of some DNP mechanisms is 
∝ 1 𝐵𝐵! or 1 𝐵𝐵!!.  Although much progress has been made in generating 160+ GHz microwaves of 
sufficient power and stability [18-21], only a handful of laboratories have the means to purchase or 
technical expertise necessary to build these high-frequency microwave sources.   

Fig. 1.13.  Plots of electron polarization as a function of B0 at 293 K and as a function of temperature in a 7.05 
T field.  At temperatures below 2 K the polarization approaches 100%.  The electron polarizations are several 
orders of magnitude larger than the nuclear polarizations in Fig. 1.12. 
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1.7 Optically Pumped NMR 

As opposed to microwave driven processes, if the electron spin reservoir is athermally
polarized, DNP may occur spontaneously.  Large athermal electron polarizations can be generated 
optically.  Optical spin polarization was first demonstrated experimentally in the early 1950’s [22, 23] 
on sodium atoms.  An energy level diagram depicting the process is shown in Fig. 1.14a.  Circularly 
polarized light with an angular momentum of +ℏ is used to excite electrons from the 𝑚𝑚! = − 1 2
ground state to the to the 𝑚𝑚! = + 1 2 excited state.  The electrons can decay back to either ground 
state sublevel, but due to conservation of angular momentum electrons will become trapped in the 
𝑚𝑚! = + 1 2 state as they cannot absorb 𝜎𝜎! photons [24].  Another process that takes advantage of 
the angular momentum of circularly polarized light occurs in semiconductors.  Fig. 1.14b shows an 
energy level diagram of a diamond-cubic or the equivalent zinc blende semiconductor such as Si,
GaAs, or CdTe [25].  Light with 𝜎𝜎! polarization excites 𝑚𝑚! = − 3 2, and 𝑚𝑚! = − 1 2 valence states 
with a relative probability ratio of 3:1 resulting in an excess of 𝑚𝑚! = − 1 2 conduction electrons.  
Likewise, illumination with 𝜎𝜎! light generates an excess of 𝑚𝑚! = + 1 2 electrons.  

Spontaneous DNP through optically polarized electrons, often referred to as optically
pumped (OP) NMR, was first observed in collisional exchange experiments between polarized Rb 

Fig. 1.14.  Electronic energy level diagrams depicting the optical polarization process in (a) gas phase 
alkali metals (b) zinc blende semiconductors such as GaAs, CdTe, and InP. 
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atoms (Fig. 1.14a) and 3He gas [26].  The technique was later extended to other inert gases including 
21Ne, 83Kr, 129Xe, and 131Xe [27].  Briefly [28], a polarized Rb atom and a 129Xe atom collide forming a 
van der Waals complex.  While bound to one another, a hyperfine mediated spin flip occurs between 
the Rb electron spin and the 129Xe nuclear spin with the energy difference mediated by an N2 buffer 
gas.   
 OPNMR in solids was first demonstrated in phosphorous-doped 29Si in 1968 [29] and has 
since been studied in GaAs, InP, CdS, and CdTe [30].  After generating an excess of 𝑚𝑚! = ∓ 1 2 
electrons with 𝜎𝜎± light, one pathway by which the electrons can return to equilibrium involves 
hyperfine-driven electron-nuclear spin flips that transfer electron polarization into nuclear 
polarization.  If the sample is kept at or below ~80 K to freeze out other relaxation pathways and to 
extend the nuclear 𝑇𝑇!, large nuclear spin polarizations up to ~10% can be generated [25, 30].  
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1.8 The Negatively Charged Nitrogen Vacancy Defect 

Fig. 1.16.  (a) Ground state spin configuration consisting of a closed core and 𝑠𝑠 = 1 pair.  (b) NV- 
energy levels at zero field showing radiative (solid) and non-radiative (dashed) transitions.  (c) Expanded 
view (not to scale) of the NV- 𝑠𝑠 = 1  ground state energy levels showing the D and E zero-field splitting. 
 

(a) 

𝐸𝐸!" ≈ 1 − 5  𝑀𝑀𝑀𝑀𝑀𝑀  

(c) 

𝐷𝐷!" ≈ 2.88  𝐺𝐺𝐺𝐺𝐺𝐺  

±1 

±1 

0 

0 

𝑚𝑚! (b) 

Fig. 1.15.  Diamond unit cell with a nitrogen 
vacancy defect, which consists of a carbon vacancy 
adjacent to a substitutional nitrogen (green).  The 
defect axis is collinear with any of the <111> crystal 
axes. 
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The negatively charged nitrogen vacancy (NV-) defect in diamond (Fig. 1.15) consists of a 
carbon vacancy adjacent to a substitutional nitrogen [31-32].  The defect axis is collinear with any of 
the <111> crystal axes.  There are a total of six electrons – three from dangling carbon bonds, two 
from the nitrogen, plus a sixth donated from the lattice.  Four electrons occupy a closed core with 
the other two forming a ground state 𝑠𝑠 = 1 pair.  A diagram of the currently accepted NV- ground 
state spin configuration [30] and electronic energy levels [32] is shown in Fig. 1.16. In spin systems 
with 𝑠𝑠 > 1 2 the degeneracy of the magnetic sublevels is lifted at zero field because of the magnetic 
dipole interaction between the unpaired electrons [7].  In the lab frame this zero-field splitting spin 
Hamiltonian is: 

(1.28)  

The axial parameter D represents the splitting between 𝑚𝑚! = 0 and 𝑚𝑚! = ±1 and in the case 
of the NV- ground state is equal to 2.88 GHz.  The rhombic parameter E represents the splitting 
between 𝑚𝑚! = −1 and 𝑚𝑚! = +1 and varies depending on the sample, but is usually 1 to 5 MHz (Fig. 
1.16c).  In the presence of an external field, D and E depend on the angle 𝜃𝜃 of the defect axis relative 
to B0.  The NV- defect has a broad absorption spectrum [33] ranging from ~ 450 to ~ 650 nm with 
the zero phonon line at 637 nm and exhibits a unique form of optical spin polarization [35, 36] that 
does not rely on transfer of angular momentum from circularly polarized light.  It is instead the 
result of a fortuitous combination of selection rules and intersystem crossing rates.  The intersystem 
crossing rate from the excited state 𝑚𝑚! = ±1 sublevels is roughly 8 times that from the excited state 
𝑚𝑚! = 0 sublevel [35] and since radiative transitions are spin conserving optical cycling will trap NV-
defects in the 𝑚𝑚! = 0 ground state (Fig. 1.17).  The highest reported polarization into 𝑚𝑚! = 0 is 
~80% and was measured with Q-band EPR at 1.9 K [37].  Room temperature polarizations are 
considerably less, but still significant (see chapter 3).  
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Fig. 1.17.  NV- energy level diagram depicting optical spin 
polarization.  For simplicity the 𝑠𝑠 = 0 states have been drawn as one 
level.  Solid and dashed lines denote radiative and non-radiative 
transitions respectively. 
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1.9 Low-Field OPNMR with the NV- Defect 

Fig. 1.18.  EasySpin simulations of the ground state and excited state energy levels of the NV- defect as 
a function of 𝐵𝐵! (not shown to scale).  The |1,0⟩ and |1,−1⟩ Zeeman levels become mixed at the anti-
crossing after which the coefficient a rapidly decreases with increasing B0.  The mixing of |1,0⟩ and 
|1,−1⟩ that occurs at the excited state level anti-crossing (ESLAC) is responsible in part for the low-field 
OPNMR of 13C, 14N, and 15N nuclear spins.  The coefficient a rapidly decreases with increasing B0.   
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The mixing of electron Zeeman states at the 50 mT excited state level anti-crossing (ESLAC) 
(Fig. 1.18) as well as the magnitude of the electron-nuclear hyperfine interaction relative to the 
Zeeman and zero-field splitting interactions can result in large athermal 13C, 14N, and 15N nuclear 
polarizations [38-41].  The excited state spin Hamiltonian for an NV- defect and an 𝐼𝐼 = 1 2 nucleus 
such as 15N in an external field (neglecting the E term) is: 

(1.29) 

The level anti-crossing causes a mixing of 𝑚𝑚! = 0 and 𝑚𝑚! = −1 sublevels.  In addition, at 50 mT the 
Zeeman and the zero-field splitting terms balance out and the hyperfine interaction becomes 
significant.  Using the joint 𝑚𝑚!,𝑚𝑚!  basis, optical transitions from 0,+!

! !"
 to 0,+!

! !"
 are spin 

conserving.  However, when the field is set to 50 mT, the 0,+!
! !"

 state is a linear superposition of
0,+!

! !"
 and −1,−!

! !"
 the latter of which can undergo non-radiative decay, pumping the coupled 

nucleus into 𝑚𝑚! = − 1 2 (Fig. 1.19).  This method of optical pumping can be used to polarize nuclei 
proximal to single NV- defects [38, 39] as well as in the bulk, achieving nuclear polarizations of 70% 
to 90% at room temperature [40].  Bulk 13C polarizations up to 0.5% were measured at 4.7 T from 
samples that were polarized at 50 mT and then shuttled to the superconducting magnet for 
detection [41].     
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Fig. 1.19.  Illustration of low-field OPNMR in diamond.  The mixing of the 𝑚𝑚! = 0 and 
𝑚𝑚! = −1  Zeeman states provides a pathway to bypass the spin conserving optical 
transitions.   
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1.10 High-Field OPNMR with the NV- Defect 

In 2010 the Reimer lab reported an entirely new NV- OPNMR process.  In that work, 
optically illuminating a diamond with an ~ 8 ppm NV- concentration in a 9.4 T external field at 
cryogenic temperatures generated negative 13C polarizations of up to 5% (Figs. 1.20, 1.21).  This 
high-field process of polarizing the 13C spin reservoir was described phenomenologically and 
modeled [42].  In that work the kinetics of the pumping process were monitored and fit to a 
theoretical model that included an exchange of energy between the dipolar energy reservoirs created 
by the NV- spin bath and the nuclear Zeeman reservoir.  Spin diffusion then transports the
polarization from nuclei near defect sites to the bulk crystal.  This model accounted for the kinetics 
and the negative sign of the observed polarization.  This dissertation is a continuation of that initial 
work. 

 

(b) 

Thermal Equilibrium  

Pumped 

Scale x20 

Fig. 1.20.  (a) Original high-field NV- OPNMR experimental setup.  (b) Comparison of optically 
pumped and equilibrium 13C NMR spectra.  The thermal spectrum consists of four scans taken at 
50 K.  Pumped spectrum is a single shot taken at ~15 – 20 K  

(a) 
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Chapter 2 

Equipment and Instrumentation 

2.1 Non-Resonant Transmission Line NMR Probe 

Inductively detected NMR experiments employ tuned resonant LC circuits (RF probe in Fig. 
1.2) to excite and detect nuclear spins [4].  The circuit stores energy oscillating between the electric 
field generated by the capacitors and the magnetic field generated by the inductor.  The oscillations 
have a natural frequency 𝜈𝜈!, which depends on the inductance L, and the capacitance C of the circuit: 

(2.1) 

When driven at this frequency the circuit is said to be in resonance and the current will be at its 
maximum.  The quality factor Q is a measure of how efficiently the circuit stores energy [4]: 

(2.2) 

and is inversely proportional to the bandwidth (Fig. 2.1) : 

(2.3) 
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Fig. 2.1.  Normalized plot of the current in a resonant LC circuit as a function of frequency 
for a hypothetical 75 MHz NMR probe with a Q of ~75. 
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The benefits of a resonant probe include higher sensitivity with the signal-to-noise ∝ 𝑄𝑄
[11] and efficient use of RF power.  There are circumstances wherein a non-resonant method of 
excitation and detection is preferable.  Before discussing this alternative, however, I will provide a 
brief overview of transmission line theory.   

Coaxial cable, which consists of a center conductor, a dielectric, and an outer ground 
conductor, is an example of an RF transmission line [43].  A lossless transmission line of length ℓ𝓁𝓁
can be thought of as a large number of infinitesimally long sections Δ𝓎𝓎 (Fig. 2.2).  Associated with 
each section is an inductance per unit length 𝐿𝐿′ due to the series inductance of the center conductor, 
and a capacitance per unit length 𝐶𝐶′ from the center conductor’s capacitance to the outer conductor 
[43].  RF losses are the result of the resistance per unit length 𝑅𝑅′ and the conductance per unit length 
𝐺𝐺′ between the center and ground conductors.  The characteristic impedance 𝑍𝑍! of a transmission 
line is the ratio of the voltage and current amplitudes of a single wave travelling down the line in the 
absence of any reflections [43].  Thus it is an inherent property of the line determined by the 
geometry and materials of construction.  The impedance of coaxial cable depends on the relative 
permittivity 𝑘𝑘! of the dielectric and the ratio of the inside diameter of the outer conductor 𝑑𝑑1 and 
the outer diameter of the center conductor 𝑑𝑑2: 

(2.4) 

The characteristic impedance of a lossless line can also be expressed as a function of 𝐿𝐿! and 𝐶𝐶′: 

(2.5) 

An impedance mismatch will cause power reflections resulting in standing waves and the 
measured impedance will deviate from 𝑍𝑍!.  If the line is left open at one end, all of the power is 
reflected and the line becomes a resonator with 𝜈𝜈! determined by its length.  If a transmission line is 
terminated in a resistance equal to 𝑍𝑍!, all of the incident power is absorbed, thereby eliminating any 
standing waves and resonances.  This property is exploited for tuneless NMR.  

Fig. 2.2.  Lumped element circuit representation of a transmission line of length ℓ𝓁𝓁 made up from a large 
number of sections of infinitesimal length Δ𝓎𝓎.  
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Although not prevalent, a non-resonant (also referred to as ‘tuneless’ or ‘untuned’)
transmission line probe can be used in place of a tuned LC circuit.  A transmission line probe is one 
that is constructed so as to approximate the structure of a terminated transmission line [44-51].  The 
probe described here is of a split solenoid design to allow for optical access.  Construction starts 
with machining a ~ 7.2 mm long brass extension and soldering it to an SMA (Sub Miniature version 
A) four-hole panel jack connector (Delta RF 1313-000-G051-500).  The SMA series was selected 
because they are the only commercially available RF connectors that do not contain nickel.  A screw 
is used to hold the extension in place for soldering.  A 50  Ω RF resistor (Component General Inc. 
CCT-375-1) is then soldered to the end of the extension.  A machined brass form is used to wind a 
length of 22 AWG enameled copper wire (Belden 8077) into a six-turn solenoid with an inner 
diameter of 6.67 mm.  The inner diameter was chosen out of convenience, allowing enough room 
for a rotating sample holder as well as being compatible with commercially available NMR tubes for 
liquid and powder samples.  The solenoid is open-spaced with the spaces between turns 
approximately equal to the diameter of the wire.  The solenoid is then pulled apart by hand to form 
a ~4.3 mm split.  The spaces between the turns and a portion of the gap are filled in with epoxy 
(equal parts by weight of Epon 828 Resin and Versamid 140 curing agent or alternatively, Araldite 
AY-103 and HY-991).  3M Tape 54 is used to hold the epoxy in place and is easily removed after 
curing. The ends of the solenoid are soldered to the SMA connector assembly after curing.  One 
end of a 0.002˝ thick copper foil grounding strip is soldered to the SMA connector assembly and the 
other is attached to the surface of the solenoid with silver conducting paint (Electrodag 16040).
Capacitance is added by extending the paint round the outer surface of the solenoid until 𝑍𝑍! of the 
device reaches approximately 50Ω  at which point it should have a relatively flat response to 
frequency as monitored with an impedance analyzer.  The end result is a tuning free broadband 
plug-and-play NMR probe.  

In comparison with a tuned circuit, the lack of an appreciable Q has important consequences 
for sensitivity and the RF power required for a given NMR pulse excitation.  Considering the range 
of Q values typical of resonant probes and the 𝑄𝑄 dependence, the sensitivity of a non-resonant 
probe is ~ 7 times lower than that of a tuned probe.  At the same time, the RF power requirements 
are about an order of magnitude higher.  The probe shown in Fig. 2.3a requires ~550 Watts to 
achieve a 13C 90° of 17 µs.  Power reflections at higher frequencies also contribute to the increased 
power requirements.  The impedance response to frequency of a typical non-resonant transmission 
line probe is shown in Fig. 2.4 and remains relatively flat below ~200 MHz, but deviates more at 
higher frequencies as a result of increasing RF losses that cause 𝑍𝑍! to become frequency dependent.  
Taking loss into account 2.5 becomes [43]: 

(2.6) 𝑍𝑍! = !
𝑅𝑅! + 𝒾𝒾2𝜋𝜋𝜈𝜈!𝐿𝐿!

𝐺𝐺! + 𝒾𝒾2𝜋𝜋𝜈𝜈!𝐶𝐶!
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Fig. 2.4.  Impedance response to frequency for a non-resonant transmission line probe remains 
relatively flat at lower frequencies.  The impedance will deviate more at higher frequencies due to 
RF loss. 

Fig. 2.3.  Transmission line probes for OPNMR experiments and the main components.  (a) Brass form used to 
wind the solenoid.  (b) SMA connector. (c) Epoxied solenoid.  The epoxy remaining in the lower portion of the split 
provides a surface for attaching the grounding strip. (d) Completed assemblies. (e) Brass extension. (f) RF resistor.   

(a) 

(b) (c) (d) 

(e) (f) 

3/8˝ 
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Depending on the frequency range of interest and the capabilities of the corresponding RF 
amplifier it may be necessary to add or remove some of the silver paint in order to better match 𝑍𝑍!.  
The upside however, is that for a given nucleus and probe diameter the net power required will 
remain constant regardless of temperature or properties of the sample, so only one pulsewidth 
calibration experiment is required.          

2.1.1 Utility & Performance 

One of the broadest line shapes observed in conventional NMR is that of small platinum 
and platinum alloy particles, which exhibit lineshapes spanning nearly 3 MHz.  The sources of 
paramagnetism responsible for the -3.4 % Knight shift 𝒦𝒦 observed in 195Pt (referenced to H2PtI6) 
are [52-54]:

(2.7)     

𝒦𝒦! is due to the Fermi contact interaction with unpaired 6s electrons and has a contribution of 1.0 
%.  𝒦𝒦!"  contributes 0.4% and is from orbital motion of conduction electrons.  The largest 
component 𝒦𝒦! with a contribution of -4.8 %, is referred to as core polarization [52].  An interaction 
with the unpaired 5d electrons distorts the core s electron spatial states allowing for closed shell spin 
polarization [53].  Moving from the bulk to the surface there is a reduction in the 5d density of states 
caused by vacancies and hybridization with 6s states.  The corresponding drop in core polarization 
results in the broad Knight shift distribution observed in small particles [54].   

The 195Pt line shape exceeds achievable excitation bandwidths and must be recorded via a 
point-by-point stepped frequency experiment in which many individual spectra are recorded through 
a range of 𝜈𝜈! settings with a step size limited by the length of the pulse.  Each spectrum is integrated 
and the intensities are subsequently plotted with their corresponding frequency in order to get the 
overall line shape.  Using a tuned probe with a sufficient tuning range is a tedious process as the 
probe requires re-tuning at each frequency step and quantitative results require tuning to the same Q.  
Furthermore each point requires extensive signal averaging.  Besides being spread out over several 
MHz 195Pt is only 33.8% abundant and to avoid skin effects the Pt particles must be electrically 
insulated from each other which requires that the sample be diluted to 33% Pt by volume with an 
insulating powder (e.g. SiO2 or TiO2).   

To complicate matters further the 𝑇𝑇! is so short (𝑇𝑇!𝑇𝑇 = 0.029  𝑠𝑠 ⋅ 𝐾𝐾) [52] that cryogenic 
temperatures are required in order for the electronics to capture an echo.  Lowering the temperature 
of a tuned probe will change the Q, thus requiring recalibration of 𝑡𝑡!; this is difficult to impossible 
with low signal-to-noise samples.  Changes in frequency due to thermal contraction of the probe’s
tuning elements must also be accounted for.  Furthermore, liquid nitrogen or helium temperatures 
may damage the tuning elements.  Collecting a 40 – 50 point 195Pt spectrum with a tuned probe can 
take up to a week or more.  

With a non-resonant probe however, data collection can be automated, thereby drastically
reducing experiment time.  Automated point-by-point 195Pt spectra of 1.5 µm platinum particles
(Alfa Aesar), platinum black (Sigma, fuel cell grade), and platinum-ruthenium black (Alfa Aesar, Pt: 
Ru; 50:50 atomic %) recorded with a non-resonant probe are shown in Fig. 2.5. Experiments were 
conducted at 4 K in a 7.05 T magnet with a Tecmag LapNMR spectrometer.  Individual spectra 
were taken using a 𝑡𝑡!!"° – τ –𝑡𝑡!!"#°– τ echo sequence with 𝑡𝑡!!"° = 14 µs, 𝑡𝑡!!"#° = 28 µs, and τ = 50 
µs.  The temperature was maintained with a dynamic exchange gas helium cryostat.   

𝒦𝒦 = 𝒦𝒦! +𝒦𝒦! +𝒦𝒦!" 
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(a) 

(b) 

(c) 

Fig. 2.5. 195Pt spectra of (a)  ~1.5 µm diameter particles, (b) platinum black, and (c) platinum-ruthenium 
black, the location and chemical shift [52] of commonly used reference standards are indicated in (a).  As 
a result of the drop in core polarization 𝒦𝒦 becomes more positive towards the surface of a platinum 
particle. 
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Each lineshape was collected in ~8 hours or less.  The lower surface area of the larger 
particles (Fig. 2.5a) significantly reduces the line width.  Oscillations of conduction electron density 
at the particle surface also contribute to the line width [52, 55].  The Knight shift at any given 
position on the line is known to correspond to a distance 𝑥𝑥 from the particle surface [55]: 

(2.8)

The large difference in line position between Pt (Fig. 2.5b) and the Pt:Ru (Fig. 2.5c) alloy is 
the result of an inhomogeneous distribution of atoms within the particle [56].  The disappearance of 
𝒦𝒦!"#$ shifted atoms and the significant increase in 𝒦𝒦!"#$%&' shifted atoms is the result of segregation 
of Pt to the surface and Ru to the core. 

The drawbacks of using a non-resonant probe are the power requirements and lower 
sensitivity.  These are completely negated however in zero-field experiments on ferromagnetic 
materials, a phenomenon first observed in cobalt in 1959 [57].  The main contribution to the 𝐵𝐵!""
experienced by the nuclei in a magnetically ordered material is from the internal hyperfine field, 
which can be tens to hundreds of Tesla.  Probing this hyperfine field distribution can provide 
information about local structural features, such as the presence of foreign atoms in alloys or at 
interfaces, as well as crystallographic information about the phase, stacking faults, grain boundaries, 
and strain. [58,59].  In some respects it is analogous to the standard liquid state NMR conducted 
routinely on organic compounds.  However, instead of 𝐵𝐵!"" distributions corresponding to tens to 
hundreds of Hz, the hyperfine distributions correspond to tens to hundreds of MHz.  Given the 
notoriously lackluster sensitivity of NMR, one might expect that a spectrum spread out over 350 
MHz would be impossible to detect.  However, there are enhancement mechanisms in 
ferromagnetic materials that increase the sensitivity by a factor of 1000 to 10000.  Instead of acting 
directly on the nuclei, the applied RF pulses (𝐵𝐵!) cause an angular displacement of 𝐵𝐵!"".  The nuclei 
are then acted upon by the transverse component of the considerably larger 𝐵𝐵!"" , resulting in 
increased nuclear transition probabilities [60].  The induced signal is also magnified as a result of the 
coherent precession of the electronic magnetization induced by the precessing nuclear magnetization 
[59, 60].  Another result of an amplified 𝐵𝐵! is a much lower RF power requirement, usually no more 
than ~10 Watts [44].  Low RF power also allows for replacement of the quarter-wave cross-diodes 
protection circuit with a broadband alternative such as a directional coupler [4].  

Tuneless point-by-point zero-field 59Co spectra of cobalt powder (Sigma, <150 µm, 99.9%) 
and of cobalt nanopowder (Alfa Aesar, APS 5 – 15 nm, 99.9%) are shown in Fig 2.6.  Spectra were 
taken at room temperature with a Tecmag Redstone spectrometer using a 𝑡𝑡!! – τ –𝑡𝑡!!– τ echo 
sequence with 𝑡𝑡!! = 1 µs, 𝑡𝑡!! = 2 µs, and τ = 20 µs. The crystal structure of cobalt particles depends 
on size, tending toward hexagonal close packed (hcp) for larger particles and face centered cubic 
(fcc) for smaller ones [61].  These different crystal phases and relative amounts can be distinguished 
in the zero-field spectra, with the fcc phase resonating around ~213 MHz and hcp at ~218 MHz.  
As one would expect, the hcp portion of the lineshape is noticeably smaller in the nanopowder 
spectrum.     

𝑥𝑥 ∝ ln
𝒦𝒦!"#$%&' −𝒦𝒦!"#$

𝒦𝒦(𝑥𝑥)−𝒦𝒦!"#$
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Fig. 2.6.  Zero-field 59Co NMR spectra of (a) <150 µm particles and (b) 5 – 15 nm particles.  The example 
FT spectrum at 𝜈𝜈! = 215.2 MHz in the upper right corner of (b) illustrates the inverse relationship between 
excitation bandwidth and the pulsewidth. 
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Fig. 2.8.  Tuneless 7.05 T 13C{1H} cross polarization setup.   
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Fig. 2.7.  FID of the echo corresponding to 𝜈𝜈! = 213.2 MHz in Fig. 2.6b.  The signal 
decays so quickly that any ringing would prevent acquisition of the echo. 
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Another benefit of an untuned probe is a short recovery time, which is vital for zero-field 
experiments as the FID decays in about 5 µs (Fig 2.7). 

Tuneless cross polarization (CP) experiments are also possible.  The experimental setup 
shown in Fig. 2.8 was used to perform tuneless 13C{1H} CP with proton decoupling on a sample of 
adamantane at 7.05 T using a Tecmag Apollo spectrometer.  The results are shown in Fig. 2.9.
Tuneless CP is not very practical due to limited RF power.  Commercially available NMR RF filters 
are reflective, that is any frequency not within the bandwidth is reflected back.  With no tuning 
elements, there is no way to adjust the resistance of the probe to match the change in impedance 
caused by the standing waves formed by the reflected signals rejected by the filters.  The resulting 
impedance mismatch results in the probe reflecting large amounts of power.  Very few high 
frequency RF amplifiers generate enough power to make up for increased reflections or are able to 
tolerate a high VSWR.  If high power absorptive RF filters were available, tuneless CP could become 
a routine technique. 

The probes detailed in this work have proven very robust at cryogenic temperatures.  The 
silver paint can withstand ten or more rapid temperature cycles (from ≤ 20 K straight to room 
temperature and vice versa) daily for several months before any degradation becomes apparent.  If 
the silver paint is coated with a thin layer of epoxy, temperature cycling can be carried out 
indefinitely.  Non-resonant probes have proven useful in cryogenic experiments studying CO2 and 
CH4 gas inside metal organic frameworks (MOFs).  Fig. 2.10 shows 7.05 T NMR spectra of 13C-
labeled CO2 in the Mg2 2,5-dihydroxyterephthalic acid MOF with a loading of 0.5 CO2/Mg2+.
Spectra were recorded with a Tecmag LapNMR spectrometer using a 𝑡𝑡!!"° – τ –𝑡𝑡!!"#°– τ echo 
sequence with 𝑡𝑡!!"° = 11.5 µs, 𝑡𝑡!!"#° = 23 µs, and τ = 30 µs.  Sample temperature was maintained 
with a dynamic exchange gas helium cryostat.  The anisotropy in the lineshapes is the result of 
rotation of the CO2 molecule.  Lowering the temperature causes the rate of rotation to decrease. 

(a) 

Fig. 2.9.  13C{1H} CP performed with a non-resonant probe.  (a) 1H decoupled 13C NMR 
spectrum of adamantane.  (b) Hartmann-Hahn plot.  (c) 13C NMR spectrum with the 1H 
gate shut. 

(b) 

(c) 
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Fig. 2.10.  13C NMR spectra from 12 to 300 K of 13C labeled CO2 in the Mg2 2,5-
dihydroxyterephthalic acid MOF with a loading of 0.5 CO2/Mg2+.  Lineshapes are 
indicative of uniaxial rotation of the CO2 molecules. 
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Fig.  2.11.  Higher temperature range 1H NMR spectra of methane in MOF 74.  (a) 0.4 bar loading, δ1 = 
1.33 ppm.  (b) 1.0 bar loading, δ2 = 2.31 ppm.  The dashed line corresponds to free methane gas (δ = 0.14 
ppm [63]).  Chemical shifts are referenced to TMS.  

(a) (b) 

δ1 δ2 
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Below 150 K the lineshape begins to resemble that of a rigid CO2 molecule.  Broadening as 
the temperature approaches 12 K is the result of 13C – 1H dipolar coupling [62].  Figs. 2.11 and 2.12
show 9.4 T 1H NMR spectra of methane inside MOF-74 with loadings of 0.4 and 1 Bar.  Spectra 
were recorded with a Tecmag Redstone spectrometer using a 𝑡𝑡!!"° – acquire sequence with 𝑡𝑡!!"° = 
16 µs.  Sample temperature was maintained with a dynamic exchange gas helium cryostat.  Below 60 
K there are significant changes in the lineshape.  The observed splitting is most likely due to the 1H 
dipolar coupling between protons on the methane molecule, which cease to average out as the 
molecule slows down.  

Fig. 2.12.  Lower temperature range 1H NMR spectra of methane in MOF 74.  (a) 0.4 bar loading.  
(b) 1 bar loading. 

(a) 

(b) 
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Significant advantages for OPNMR can be realized should the sensitivity of the probe be 
independent of temperature.  In this situation the NMR signal intensity is a direct measure of 
nuclear polarization, thereby affording the experimentalist with a straightforward method for 
determining the extent of nuclear hyperpolarization.  Temperature-independent sensitivity is in fact 
realized with the non-resonant probe described previously.  The 27Al NMR signal from pure 
aluminum powder was recorded over a large temperature range.  27Al was chosen because the 
characteristic 𝑇𝑇!𝑇𝑇 (1.80 𝑠𝑠 ⋅ 𝐾𝐾 for 27Al [53]) allows the estimation of 𝑇𝑇! at each temperature without 
having to perform an inversion recovery experiment for each data point.  As it is a five level system, 
the integrated 27Al NMR signal intensity was scaled to the expectation value of 𝐼𝐼! in lieu of % 
polarization and fit to: 

(2.9) 

As shown in Fig. 2.13, the data follow the Boltzmann distribution with no adjustable parameters to 
correct for varying probe sensitivity.   

2.2 Coaxial Cable Assembly 

Without the need to house tuning elements, a non-resonant probe does not have a probe 
body.  It is instead positioned in the cryostat with a simple and lightweight coaxial cable assembly 
(Fig. 2.15).  An appropriate length of 0.25˝ OD semi-rigid coaxial cable (Micro-Coax UT-250A-TP-
M17) and two 0.25˝ OD 0.180˝ ID aluminum tubes are held together with three 2.41˝ OD radiation 
baffles and two support brackets cut from 0.021˝ thick copper sheets.  The aluminum tubes provide 
structural support and also serve as guide-pipes for wiring.  The baffles and brackets are soldered

Fig. 2.13.  Plot of 27Al 〈𝐼𝐼!!〉!" as a function of temperature.   The temperature dependence of 
the signal intensity closely follows the Boltzmann distribution. 
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directly to the coaxial cable and are attached to the aluminum tubes with Henkel Ablestik 286 
(formerly Emerson & Cuming Eccobond 286) epoxy.  The coaxial cable is fed through a 0.25˝
quick-disconnect vacuum coupling (MDC 410003) which is welded off-center to a type 316 stainless 
steel flange designed to seal the sample tube of the cryostat.  The cable is connectorized on both 
ends with gold plated brass SMA right-angle plugs (Amphenol Connex 132344).  Thermal 
contraction makes the choice of RF connector critical.  The center conductor must be soldered 
directly to the connector housing, otherwise it will simply pull away during cool down.  Also welded 
to the sealing flange are an electrical feedthrough and a rotatable 1.33˝ conflat flange.  

2.3 Goniometer 

Sample orientation is adjusted ex-situ with the home built goniometer shown in Figs. 2.14
and 2.15.  The goniometer is constructed of aluminum including a pair of commercially available 
miter gears (W.M. Berg M96P-1A), fiberglass, and PTFE.  Aluminum socket head screws are used to 
secure the probe to the goniometer base.  The end of a sapphire sample holder is secured to an 
aluminum platform that is attached to the gear assembly via brass set screws.  The opposite end of 
the sample holder screwed onto a freely rotating fiberglass platform resting in a cavity on the 
opposite side.  The goniometer is controlled by means of a fiberglass rod screwed to the gear 
assembly.  The opposite end of the rod is square shaped and slides into a fitted aluminum sleeve 
which is coupled via two set screws to the shaft of a vacuum rotary feedthrough equipped with a 
fine-adjust worm drive (Thermionics FPRM-133-25).  The sleeve allows the rod to contract and 
expand without interfering with goniometer control.  Sample holders were machined from a ~1.2˝ 
square block of sapphire purchased from Precision Sapphire. 

 

Fig. 2.14.  Goniometer components.  (a) Gear 
assembly retaining ring (b) retaining ring 
washer (c) gear sleeve (d) sample holder 
platform (e) miter gear (f) sapphire sample 
holder (g) freely rotating fiberglass sample 
holder platform (h) goniometer base (i) control 
rod sleeve (j) control rod washer.

(a) (b) 

(c) 
(d) 

(e)

(f) 

(g) 

(h) 

(i) 

(e) 

(j) 

1/2˝ 
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(a) 

(b) 

(c) 

(e) 

(f) 

(b) 

(g) 

(e) 

Fig. 2.15.  From left to right:  Goniometer and coaxial cable assembly, probe and assembled goniometer, and sealing 
flange.  (a) Zirconium oxynitride temperature sensor (b) SMA right-angle plug connector (c) aluminum support tubes 
(d) copper radiation baffle (e) fiberglass control rod (f) rotary feedthrough (g) aluminum control rod sleeve (h) 
electrical feedthrough. 

(d) 

(h) 
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2.4 High-Field OPNMR Setup 

The experimental setup (Fig. 2.16) consists of an Oxford 7.05 T superconducting magnet, a 
Tecmag single channel 10 – 125 MHz LapNMR spectrometer, an ENI LPI-10 RF amplifier, a 
Viasho 3.7 W frequency doubled Nd:YAG laser, an Oxford helium cryostat and a Lakeshore 
temperature controller.  The laser and optics are on the floor beneath the magnet.  Mirrors direct the 
beam up into the bore of the magnet and through the windows at the bottom of the cryostat (Figs. 
1.19a and 2.17).    

Fig. 2.16.  High-field OPNMR setup.  The setup shown here is nearly identical to the 9.4 T setup from Fig. 1.17a.  (a) 
Cryostat (b) 7.05 T magnet (c) cryostat helium transfer line (d) exhaust gas return capillary connected either to (e) an oil-
free rocking piston pump for operation between 3.5 and 315 K or (f) a rotary vane pump for operation below 3.5 K (g) 
liquid helium storage dewar (h) turbo pump for evacuating the cryostat’s insulating vacuum space (i) laser and optics 
enclosure.  Upper left:  zoomed in view of the laser and optics underneath the magnet. 

(a) 

(b) 

(c) 
(d) 

(e) 

(g) 

(h) (f) 

(i) 
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2.5 Cryostat 

Fig. 2.17.  Oxford SpectrostatNMR cryostat.  Left:  Assembled cryostat.  Lower left corner:  Bottom of the cryostat 
showing the fused silica windows.  Right:  Disassembled cryostat, (a) Cryogen entry arm (b) exchange gas valve (c) 
vacuum space valve (d) electrical connection for temperature sensor and heaters (e) crown (f) cryogen delivery 
capillary  (g) exhaust gas return capillary (h) sample tube (i) heat exchanger (j) radiation shield (k) outer vacuum 
chamber (OVC). 

(a) 

(b) (c) 

(d) 

(e) 

(f) (g) 
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(k) 

(j) 

(i) 



41 

Sample temperature is maintained with an Oxford Instruments SpectrostatNMR dynamic 
exchange gas cryostat (Fig. 2.17).  The main components include the sample tube, radiation shield, 
and outer vacuum chamber (OVC).  The sample is located near the bottom of the sample tube 
within the all copper isothermal zone.  The OVC fits over the sample tube and seals to the bottom 
of the crown with a buna-N o-ring.  The volume between the outside of the sample tube and the 
OVC constitutes an insulating vacuum space that is evacuated through a vacuum valve welded to the 
top of the crown.  Ideally the vacuum space should be pumped down to 1×10!! Torr, but 1×10!!
Torr is sufficient when using liquid helium.   

Radiative heat transfer between two surfaces with area A and temperatures 𝑇𝑇! and 𝑇𝑇! is given 
by: 

(2.10) 

The constant 𝐸𝐸  is related to the surface reflectivity and 𝜎𝜎  is the Stefan-Boltzmann constant, 
5.67×10!!  W ⋅m!! ⋅ K! [64].  The radiation shield fits over the bottom half of the sample tube 
providing a surface of intermediate temperature between the OVC and sample tube reducing the 
radiative heat load.  Three fused silica windows mounted to the bottom of each component provide 
optical access.  An inner window epoxied to the bottom of the heat exchanger seals the inside of the 
sample tube from the vacuum space.  A middle window at the bottom of the radiation shield is held 
in place with a metal retaining clip.  An outer window is mounted to the bottom of the OVC with 
two buna-N o-rings.   

During operation, liquid cryogen (4He or N2) is drawn from an external storage dewar via a 
vacuum insulated two-way transfer line.  The delivery leg of the transfer line fits into the cryostat’s 
entry arm, coupling to the cryogen delivery and exhaust gas return capillaries.  The cryogen enters a 
heat exchanger (Fig. 2.18) via the delivery capillary where it is vaporized and heated to the desired 
temperature.  The resulting exhaust gas flows over the sample and exits the sample tube via the 
return capillary and travels back through the transfer line into a recovery system (4He recovery only).  
Cryogen flow is driven by evacuating the inside of the sample tube with a vacuum pump connected
via the transfer line’s return capillary.  An oil-free rocking piston or diaphragm pump with an 
ultimate vacuum of ~ 150 mbar is used for experiments ranging from 315 down to 3.5 K.  
Operation below 3.5 K requires a two-stage rotary vane pump with an ultimate pressure of ~ 
1×10!! Torr.  

The temperature is controlled automatically with a Lakeshore 332S temperature controller 
via a pair of 25-Watt 25-Volt non-inductive Kapton film heaters (Rica) connected in series that are 
attached to the outer surface of the heat exchanger.  The temperature is measured with zirconium 
oxynitride temperature sensors (Lakeshore CX-1050-CU-HT). The cryostat sensor is screwed into 
the sample tube just above the heat exchanger (Fig. 2.18).  While under optical illumination the
sample temperature will be above that of the isothermal zone hence a more accurate reading derives 
from another sensor screwed to the sapphire sample holder (Fig. 2.15a).  A voltage controlled needle 
valve in the dewar leg of the transfer line is used to control the cryogen flow rate. Under 
illumination with 1 Watt of 532 nm laser light a sample temperature of 20 K can be maintained with 
the valve opened 9 – 10% and a 4He flow rate of 0.5 liters per hour.  Increased boil-off from the 
storage dewar due to the presence of the transfer line increases the total consumption rate to ~0.75 
liters per hour. A plastic tube connected to the house compressed air is attached to the inside of the 
bore of the magnet and is used to prevent condensation from forming on the outer window during 
experiments.     

𝑞𝑞!"#$"%$&' = 𝜎𝜎𝜎𝜎𝜎𝜎!𝑇𝑇!! − 𝑇𝑇!!! 
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2.5.1 Cryostat Maintenance and Repair:  Wiring Replacement 

A total of six wires, four for the temperature sensor and two for the heaters are required for 
proper cryostat operation.  Using very thin and or resistive wires helps minimize any additional heat 
load.  A four-wire temperature sensor configuration is not adversely affected by highly resistive 
wiring, thus 40-42 SWG polyester-imide enameled manganin wire is used.  Manganin is an alloy 
consisting of 83 wt.% Cu, 13 wt.% Mn, and 4 wt.% Ni and has a room temperature resistivity that is 
a factor of ~ 30 higher compared with copper.  The amount of current drawn by the heaters 
necessitates the use of polyester-imide enameled copper wire no smaller than 36 SWG.  The resistive 
heat generated using a smaller diameter wire is enough to burn through the enameling, resulting an 
electrical short.  In order to protect the extremely thin wires from mechanical damage they are 
coated with GE varnish forming a flat ribbon.  The varnish solvent is a 50:50 by volume mixture of 
ethanol and toluene.  The solvent will not damage a polyester-imide wire insulation.  In order to 
properly heat-sink the wiring, each wire must be about four yards long.  Use a syringe to deposit 
small amounts of thinned varnish on the wires, then use the thumb and forefinger to spread the 
varnish over the desired length.  Tape the ends of the wire to the edge of a table and apply varnish 
to a ~ 2˝ long section.  After it dries remove the tape and advance the wires forward, then tape the  

Fig. 2.18.  Heat exchanger.  (a) Zirconium oxynitride temperature sensor (b) 25-Watt 
25-Volt film heater (c) strain free titanium window mount (d) inner window (e) 
cryogen delivery capillary. 

(a) (b) 

(c) 

(d) 

(e) 

(b) 
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varnished section down leaving a small section exposed to prevent any gaps in coverage.  Varnish 
can now be applied to ~ 12˝ long sections at a time.   

Run the first section of the ribbon through a length of plastic tubing and secure it to the 
return capillary using nylon line (Fig. 2.19).  The reflectivity of polished versus oxidized copper 
differs by a factor of 30.  Oxide layers also provide more surface area to adsorb gas molecules and 
the extra outgassing increases the time it takes to evacuate the vacuum space.  So before proceeding
sand away any oxide and polish the copper surfaces with SiC sanding sheets starting with 220 grit 
and advancing to 400, 600, 1200, and finally 2000.   

Feed the ribbon through the slot in the copper joint halfway down the sample tube and wrap 
it twice around the lower part of the copper joint (always feed it under the delivery capillary) 
attaching it with several coats of thinned varnish (Fig. 2.20).  To prevent outgassing heat cure the 
varnish by placing it under a heat lamp for ~5 minutes.  Baking hardens the varnish, which protects 
the wires from mechanical damage.  Wrap the ribbon twice tightly around the stainless steel section 
between the copper joint and the isothermal zone and secure it with nylon line (Fig. 2.21).  There are 
four points along this section where, in addition to holding down the ribbon, the nylon line is used 
to pull the delivery capillary towards the sample tube to prevent it from contacting the inner surface 
of the radiation shield.   

Lastly, wrap the ribbon around the isothermal zone seven times and varnish it in place (Fig. 
2.22).  *Use caution when curing the varnish, under no circumstances should the heat exchanger exceed 100°C.  
Excess heat will damage the inner window epoxy seal*.  Cover all solder joints with plastic tubing to prevent 
electrical shorts.  Three equidistant nylon spacers are screwed into the bottom of the sample tube to 
prevent contact with the radiation shield.  Keep all wiring within the perimeter formed by the outer 
edges of the spacers.  It helps to bundle wires with nylon line. 

(a) (b) 

Fig. 2.19.  The exhaust gas running through the return capillary will cool the wires.  (a) Tubing covered wire ribbon 
(b) exhaust gas return capillary. 
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* 

(a) (b) 

(c) 

Fig. 2.20.  Copper joint in the middle of the sample tube where the radiation shield screws on.  
(a) Slot for feeding the ribbon beneath the radiation shield (b) ribbon is wrapped around twice 
and varnished into place (c) delivery capillary.  

(a) 
(b) b) (c) (d) 

Fig. 2.22.  Heat-sinking the wires to the isothermal zone of the sample tube.  (a) After sanding and 
polishing, the ribbon is wrapped seven times around the isothermal zone and attached with several 
coats of thinned varnish.  (b) Two 36 SWG heater wires (c) four 40 SWG temperature sensor wires  
(d) covered solder joints. 

Fig. 2.21.  Nylon line is used to secure the ribbon to the stainless steel section of the sample tube 
that is covered by the radiation shield.  The * marks indicate where the nylon line is also used to tie 
down the delivery capillary to prevent contact with the radiation shield.   
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2.5.2 Cryostat Maintenance and Repair:  Heater Replacement: 

Roughen the surface of the heat exchanger where the heater will be placed with a 220 grit or lower 
SiC sanding sheet.  Roughen the surface of the heater taking care not to penetrate the Kapton film.
Clean all surfaces thoroughly with acetone.  Attach a length of 3M Tape 54 to the non-sanded 
surface of each heater leaving an excess length on each side roughly equal to three fourths of the 
length of the heater.  Completely coat the sanded side of the heater with epoxy and wrap it tightly 
round the heat exchanger using the excess tape on each side to keep it in place.  Use acetone to 
clean off excess epoxy.  Use a razor blade to cut back the excess tape so that it doesn’t interfere with 
placement of the second heater.   

It is critical that the heaters are wrapped tightly and in complete thermal contact with the 
heat exchanger.  If there are any gaps or air pockets the heaters will burn through the Kapton film 
(Fig. 2.23).  It is convenient to place the heaters such that one of the gaps between them is at the 
area obstructed by the delivery capillary (Fig. 2.24). After curing remove the tape and any excess 
cured epoxy to minimize outgassing and polish the remaining copper surfaces if needed. 

Fig. 2.24.  Opposite sides of the heat exchanger showing heater placement.  Placing the gap in the area obstructed by 
the delivery capillary is the most convenient configuration. 

Fig. 2.23.  Left:  An undamaged heater.  Right:  Heater that burned after being 
mounted improperly.  
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2.5.3 Cryostat Maintenance and Repair:  Inner Window Replacement: 

Remove the heaters, temperature sensor, and nylon spacers from the heat exchanger.  Using 
ethanol, peel the wire ribbon off of the isothermal zone and remove any nylon line.  Use a mixture 
of ethanol and toluene to clean any remaining varnish off of the isothermal zone.  Start heating the 
inner window assembly with a general purpose 750 – 1000 °F heat gun and carefully pry the titanium 
ring from the heat exchanger using a small screwdriver.  Once removed, heat the titanium-ring 
assembly and use a toothpick to push the window out of the ring.  Sand or scrape off any old epoxy 
from the titanium ring and the copper groove at the bottom of the heat exchanger and clean all 
surfaces with acetone.  Epoxy the window to the titanium ring by applying a thin layer of Ablestik 
286 to both surfaces and press the window into place and thoroughly clean off excess epoxy with 
acetone.  After a 24 hour room temperature cure, epoxy the window-ring assembly to the heat 
exchanger. To our knowledge Ablestik 286 is the only adhesive capable of forming a metal-to-glass 
bond capable of withstanding cryogenic temperature cycling.      

2.5.4 Cryostat Maintenance and Repair:  Temperature Sensor Replacement: 

The zirconium oxynitride resistance thermometer has become the go-to temperature sensor 
for high field 1 – 325 K experiments [64].  They are manufactured and sold by Lakeshore 
Cryotronics.  The SpectrostatNMR normally comes equipped with Lakeshore’s SD sensor package in 
which the zirconium oxynitride film is hermetically sealed inside of a 0.125˝ x 0.075˝ x 0.042˝
alumina shell with un-insulated electrical leads soldered directly to the surface. The leads are very 
prone to breaking off at the solder joint and attempting to re-attach them usually results in shorting 
out the device.  The SD cannot be mechanically mounted; it must be varnished or greased onto the 
heat exchanger.   

The CU package (Fig. 2.25) in which the sensor is hermetically sealed inside of a gold plated 
copper 0.171˝ tall Ø0.313˝ cylindrical canister is a better option.  The robust electrical leads are 
insulated and a there is a Ø0.122˝ hole through the canister to accommodate an M3 screw.  Since it 
can be mechanically mounted indium foil, which is far more thermally conductive than varnish or 
grease can be used as a gasket material.   

The temperature controller requires a set of log(resistance) vs. temperature breakpoints for 
each sensor.  There is a 1.4 – 325 K calibrated sensor attached to the end of a rod that fits inside the 
cryostat.  Attach the new sensor to the rod and set the controller to display the temperature of the 
calibrated sensor on channel A and the resistance of the new sensor on channel B and record the 
numbers as the cryostat cools down.  With the new breakpoints in hand consult the temperature 
controller manual for further instructions.  Install the sensor by first cleaning both surfaces with 
acetone and place a square piece of indium foil between the sensor and the mounting surface and 
secure the sensor with an M3 screw.      

Fig. 2.25.  Lakeshore’s CU package 
zirconium oxynitride temperature 
sensor 
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2.7 X-Band EPR Setup  

Fig. 2.26.  Modified X-band EPR system.  (a) Spectrometer (b) fiberglass sample holder (c) electromagnet (d) 532 
nm Nd:YAG laser for optical polarization experiments. 

(a) 

(b) 

(c) (d) 

(e) 

(f) 

Fig. 2.26.  Spectrometer in detail.  (a) Microwave source (b) 
tuning iris (c) attenuators – total of 28 dB (d) circulator (e) 
connection to resonator cavity (f) detector. 

Mirror mount 

Fig. 2.27.  Optical access to resonator 
cavity 

(a) 

(b) 
(c) 

(d) 
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 EPR experiments were performed with a modified bench top EPR system from Active 
Spectrum (Fig. 2.26).  The operating frequency is ~ 9.7 GHz with a sweep range of 10 – 473.45 mT.  
The Q of the resonator cavity is ~ 1000 – 1500 depending on the sample.  The modulation 
frequency range is 40 – 45 kHz with an amplitude range of 0.002 – 0.2 mT.  The power range of the 
microwave source is 0.5 – 70 mW, but in order to prevent power saturation of NV- and P1 
transitions it had to be reduced to 0.00079 – 0.11 mW by installing a combination of 1.0 Watt DC – 
12 GHz SMA attenuators (Mini-circuits) between the source and the circulator totaling 28 dB (Fig. 
2.25c).   
 Optical access is provided by a hole in the bottom of the cavity and a hole in the back of the 
plastic case holding the cavity.  The laser beam enters through the hole in the plastic case and is 
directed up into the cavity by a 16 mm cage cube-mounted turning prism mirror (Thorlabs).  
Samples are varnished to fiberglass rods and are held at the correct height within the cavity by an o-
ring.     
 The system is not equipped with a Hall probe or any other manner of magnetic field 
measurement.  The software uses two calibration endpoints along with the current running through 
the magnet to estimate B0.  Thus the system cannot be relied upon to give accurate geff values or 
hyperfine and zero-field splittings.  Its use is limited to spin counting and optical polarization 
measurements.    
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Chapter 3  

Sample Characterization with X-Band EPR 

3.1 Samples 

High-pressure high-temperature (HPHT) type Ib diamond plates with a substitutional 
nitrogen content of 5 – 200 ppm were purchased from Element 6 and Sumitomo.  The samples 
were sent to Prism Gem LLC for 1 MeV of electron irradiation and were subsequently annealed at 
800 °C for up to two hours.  Electron irradiation generates a large number of carbon vacancies, 
which become mobile during the annealing step.  The mobile vacancies become trapped by 
substitutional nitrogen to form the NV defect.  Sample characteristics are summarized in Table 1 
and pictures of the samples post annealing are shown in Fig. 3.1.      

Fig. 3.1.  Pictures of the samples listed in Table 1 indicating the in plane crystallographic orientations. 

(1) (2) (3) (4) 

(5) (6) (7) (8) 

Table 1.  Sample characteristics.  Sample dimensions were measured using an electronic micrometer. 
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3.2 Interpreting NV- and P1 EPR Spectra 

Excluding the 14N quadrupole interaction the NV- spin Hamiltonian is:   

(3.1) 

The main features of an NV- X-band EPR spectrum are influenced primarily by the electron
Zeeman and zero-field splitting interactions.  Under most circumstances the effective NV- linewidth 
obscures the comparatively small 14N hyperfine interaction (𝐴𝐴! = -2.7, 𝐴𝐴∥ = -2.14 MHz) [65].  Some 
of the 13C hyperfine interactions are large enough to be resolvable [65, 66], but in most cases they are
undetectable due to low natural abundance.  Thus, the effective lab frame Hamiltonian is: 

(3.2)

Due to its magnitude relative to D, the E term is often neglected, but is included here because it can
influence the lineshape.  An NV- defect gives rise to two lines centered about gnv corresponding to 
the 1,−1 → 1,0  and 1,0 → 1,+1  transitions split by: 

(3.3) ΔB!"# =
ℎ ⋅ 2.88×10!(3 cos! 𝜃𝜃 − 1)

𝑔𝑔!"𝛽𝛽!
 

ℋ = −
𝑔𝑔!"𝛽𝛽!
ℏ

𝑩𝑩 ⋅ 𝑺𝑺! + 𝑺𝑺! ⋅ 𝑫𝑫 ⋅ 𝑺𝑺! + 𝐴𝐴!𝑺𝑺! ⋅ 𝑰𝑰! +!𝐴𝐴!𝑺𝑺! ⋅ 𝑰𝑰! 

ℋ = −
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Fig. 3.2.  Labeled EPR spectrum of sample #3 with one of the <111> axes at an angle of ~ 2.5° with 
respect to B0.  Colors indicate the defect orientation responsible for the corresponding EPR transition.  
Spin states are represented in the |𝑠𝑠,𝑚𝑚!⟩ basis.  The spectrum was signal averaged for 70 scans which were 
recorded with an incident MW power of 0.00158 mW, a sweep rate of 0.1 mT/s with 100 points per mT, 
and 43 kHz field modulation with an amplitude of 0.2 mT.     

|1,−1⟩ → |1,0⟩ 
|1,0⟩ → |1,+1⟩ 

|1,−1⟩ → |1,0⟩ ⟩ ⟩
|1,−1⟩ → |1,0⟩ 
|1,−1⟩ → |1,0⟩ 

|1,0⟩ → |1,+1⟩ 
|1,0⟩ → |1,+1⟩ 

2.5° 
107.3° 
109.45° 
111.63° 

 

|1,0⟩ → |1,+1⟩ 

P1 
B0  
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Fig. 3.2 shows the spectrum of sample #3 oriented with one of the <111> axes tilted ~2.5° 
away from B0.  The defect axes are equally distributed among the four <111> directions resulting in 
a total of eight peaks and with a 3 cos! 𝜃𝜃 − 1 orientation dependence with respect to B0, the defect 
with 𝜃𝜃 near 0° presents with the largest splitting (green) and the one with 𝜃𝜃 closest to 125.2644° 
(180° – the magic angle) presents with the smallest (blue).  The simulated crystal roadmap shown in 
Fig. 3.3 shows the result of continuing to rotate the [111] axis of the crystal away from B0. 

Fig. 3.3.  An NV- single crystal roadmap simulated using EasySpin.  Starting with one of the <111> axes 
aligned with B0 (bottom trace) the crystal is rotated 180° about one of the <112> axes in 5° increments.   
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Fig. 3.4.  (a) The 14N hyperfine split P1 EPR transitions of sample #1 with one of the <111> axes at ~5° with 
respect to B0.  The defect at ~5° corresponds to the two outer lines, while the other three orientations remain 
merged within the inner two lines.  The highlighted features are due to 13C hyperfine interactions.  (b) Sample #1 
oriented such that all eight satellite transitions are resolved.  Each pair corresponds to one of the possible defect 
orientations with respect to B0.  Spin state transitions are represented in the joint |𝑚𝑚!,𝑚𝑚!⟩ basis.  Both spectra were 
signal averaged for 15 scans which were recorded with a MW power incident on the cavity of 0.00951 mW, a 
sweep rate of 0.1 mT/s with 100 points per mT, and 43 kHz field modulation with an amplitude of 0.04 mT.  (c) 
EasySpin simulation with one of the <100> axes of the crystal aligned with B0.   

(a) 

B0  
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A single substitutional nitrogen in diamond [67] covalently bonds to three of the 
surrounding carbon atoms, leaving a dangling bond on the fourth.  This unpaired electron and the 
adjacent nitrogen atom constitute the P1 defect with the spin Hamiltonian: 

(3.4)   

The electron Zeeman and the 𝐴𝐴! = 81, 𝐴𝐴∥ = 114 MHz 14N hyperfine interaction [68] has the most 
influence over the spectrum, giving rise to 2𝐼𝐼 + 1 = 3 14N hyperfine lines with the central transition 
located at 𝑔𝑔!! = 2.0024.  For any given angle θ between the defect axis and B0 the splitting is given 
by [7]: 

(3.5) 

As with NV-, the defect axis lies along one of the four <111> directions with equal 
distribution.  Fig. 3.4a shows the P1 spectrum from sample #1 recorded with one of the <111> 
axes tilted ~5° away from B0.   The lines at 342 and 350.65 mT correspond to the defect at 5° with 
respect to B0.  The lines at 343.1 and 349.57 correspond to the defects at 105.12°, 109.39°, and 
113.78°.  The hyperfine coupling isn’t large enough to resolve orientations so close together so they 
remain merged into one line.  The spectrum shown in Fig. 3.4b was recorded with the sample 
oriented such that the 14N satellite lines of all four defects are resolved.  If one of the <100> axes of 
the crystal is aligned with B0, then all four <111> axes are at the same angle with respect to B0 and 
the spectrum collapses to three lines (Fig. 3.4c).  Three of the seven different 13C hyperfine 
interactions [69] are readily observable in the room temperature X-band spectrum, 𝐴𝐴! = 32.1, 𝐴𝐴∥ =
41.3, 𝐴𝐴! = 26.8, 𝐴𝐴∥ = 23.3, and 𝐴𝐴! = 11.2, 𝐴𝐴∥ = 14.5 MHz.  Where visible these transitions are 
highlighted in Fig. 3.4a.     

3.3 Spin Counting 

The NV- spin counting spectra were recorded with a fixed sweep range of 270.5 – 422.5 mT, 
100 data points per mT, a sweep rate of 0.1 mT/s, and a modulation frequency of 43 kHz with an 
amplitude of 0.2 mT.  The samples were oriented such that all eight peaks fit inside the sweep range 
and were well separated.  Low signal-to-noise made it necessary to signal average for 40 scans.  P1 
spectra were recorded with a fixed sweep range of 302.5 – 392 mT, a sweep rate of 0.1 mT/s, and a 
modulation frequency of 43 kHz with an amplitude of 0.1 mT.  P1 spectra were signal averaged for 
5 scans.  For both NV- and P1 spectra, the power incident on the resonator cavity was set to 
0.00079 mW and was selected after power testing each sample.  To avoid baseline problems and for 
more accurate results [70] double integration was carried out on line fits of the derivative spectra.  
The best fits were achieved using the first derivative [7] of the Tsallian [71] lineshape with an 
amplitude Y and half-width at half-height  Γ centered about B0: 

(3.6) 

The parameter q	  takes on a value between 1 and 2 with q	  = 1 giving a Gaussian line and q = 2 giving 
a Lorentzian.  The intensity standard chosen initially was the 𝑠𝑠 = 5 2 Mn2+ in plasticine [72] formed  
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Fig. 3.6.  A 0.000079 – 0.5 
mW power test of Cu2+ in 
cupric sulfate pentahydrate.  It 
was not possible to continue 
to saturation.  The signal 
amplitude above 0.5 mW was 
too high for the detector to 
record resulting in truncated 
spectra.  

Fig. 3.5.  NV- power tests for each sample.  Power tests of the P1 transitions yielded 
similar results.   The test range was 0.000079 – 0.0095 mW with 0.00079 mW falling 
between data points 3 and 4, still within the linear range.   
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into the same shape as the sample.  However, the Mn2+ content was too low resulting in baseline 
difficulties so the 𝑠𝑠 = 1 2 Cu2+ in solid cupric sulfate pentahydrate [73] was used instead. 

The number of spins in a sample ns is determined by comparing the double integral of the 
sample spectrum DIs with that of the intensity standard DIstd using [8]: 

(3.7) 

Expression 3.7 is only valid when the sample and standard experience the same distribution of B1,
and if their spectra are recorded at the same temperature using the same MW power, receiver gain, 
sweep rate, and modulation amplitude.  The power tests used to select an appropriate MW power 
are shown in Fig. 3.5.  The results for each sample were nearly identical in terms of where the linear 
range ends, allowing the same power to be used for each sample.  A power test of the cupric sulfate 
standard is shown in Fig. 3.6.  No saturation effects were observed within the tested range.  The 
results from all eight samples are presented in Figs. 3.7 – 3.22, each showing the experimental 
spectrum, the line fit, and the single and double integrals of the fit.  The asymmetry seen in some of 
the NV- peaks is a result of unresolved splitting caused by the rhombic zero-field splitting parameter
E.  Fitting the affected peaks requires a sum of two Tsallian lineshapes.   

The 3d5 Mn2+ in plasticine [72] appeared initially to be the ideal intensity standard.  Its EPR 
spectrum is independent of orientation, its resonance fields fit within the sweep span used for the 
NV- and P1 spectra, and most importantly it can be shaped to match the geometry of the diamonds.  
However, fitting the X-band EPR spectrum of this 𝑠𝑠 = 5 2, 𝐼𝐼 = 5 2 spin system is a very tedious 
process as there are contributions from approximately 50 different transitions.  Due to the close 
proximity of numerous level anti-crossings (Fig. 3.23) caused by the 𝐷𝐷 = −231.9 zero-field splitting, 
these include Δ𝑚𝑚! = 1,∆𝑚𝑚! = 1  and Δ𝑚𝑚! = 1,∆𝑚𝑚! = 2  forbidden transitions.  Fitting the spectrum 
shown in Fig. 3.24 required a sum of 77 Tsallian lineshapes, with a total of 308 fitting parameters.  
The defect concentrations calculated using the plasticine were too high, in some cases exceeding the 
nitrogen content specification provided by the manufacturer.  The error is due primarily to a 
baseline artifact, specifically a bend in the lineshape between 343 and 349 mT (Fig. 3.24 inset).  The 
cause is unknown, but it is related to low signal amplitude.  Using larger amounts of sample 
eliminates the problem, but matching the geometry of the diamond limits the amount that can be 
used.  The baseline can be arbitrarily adjusted using a baseline spline fitting macro.  However, 
making an appropriate baseline correction is difficult, as the spectrum has no actual baseline.  Fig. 
3.25 shows an EasySpin simulation with the different transitions plotted separately instead of as a 
sum.  Zooming in on where the baseline should be one can see that the baseline is not zero.  It is 
instead a sum of numerous overlapping transitions.   

In stark contrast to Mn2+ the EPR spectrum of the 3d9 Cu2+ in solid cupric sulfate 
pentahydrate consists of a single symmetric lineshape (Fig. 3.26) free of any baseline or other 
artifacts.  A new container of cupric sulfate pentahydrate was purchased from Fisher Scientific and 
was subsequently emptied out onto a table and sorted through to find crystals of similar shape and 
size to the diamonds.  Three crystals were selected, two of which were similar to the diamonds in 
terms of length and width, and the third in thickness.  Defect concentrations were calculated using 
each separately and then averaged yielding the results listed in Table 1. 

𝑛𝑛! =
𝐷𝐷𝐷𝐷! ⋅ 𝑄𝑄!"# ⋅ 𝑛𝑛!"# ⋅ (𝑠𝑠(𝑠𝑠 + 1))!"#
𝐷𝐷𝐷𝐷!"# ⋅ 𝑄𝑄! ⋅ (𝑠𝑠(𝑠𝑠 + 1))!"#$%&
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Fig. 3.8.  NV- spin counting data from sample #2. 

Fig. 3.7.  NV- spin counting data from sample #1. 
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Fig. 3.9.  NV- spin counting data from sample #3. 

Fig. 3.10.  NV- spin counting data from sample #4. 
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Fig. 3.11.  NV- spin counting data from sample #5. 

Fig. 3.12.  NV- spin counting data from sample #6. 
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Fig. 3.13.  NV- spin counting data from sample #7. 

Fig. 3.14.  NV- spin counting data from sample #8. 
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Fig. 3.15.  P1 spin counting data from sample #1. 

Fig. 3.16.  P1 spin counting data from sample #2. 
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Fig. 3.17.  P1 spin counting data from sample #3. 

Fig. 3.18.  P1 spin counting data from sample #4. 
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Fig. 3.19.  P1 spin counting data from sample #5. 

Fig. 3.20.  P1 spin counting data from sample #6. 
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Fig. 3.21.  P1 spin counting data from sample #7.

Fig. 3.22.  P1 spin counting data from sample #8. 
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Fig. 3.23.  Energy level diagram of plasticine calculated with EasySpin showing the many level 
anti-crossings   

Fig. 3.24.  Plasticine spin counting data.  Before fitting, the raw spectrum 
required a baseline correction using a spline fitting macro.  Inset:  Raw 
spectrum showing the baseline artifact. 
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Fig. 3.26.  In stark contrast to plasticine, cupric sulfate gives a stunning, 
nearly perfect first derivative 50/50 Lorentzian/Gaussian lineshape.  

Fig. 3.25.  EasySpin plasticine simulations illustrating the difficulty with baseline correction.  (a) 
Simulation with all transitions summed into a single spectrum.  (b) Simulations with the different 
transitions plotted separately.  The location of the baseline is marked with the dashed line.  

(a) (b) 
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3.4 Optical Polarization 

The effects of optical polarization on the EPR spectrum are shown in Fig. 3.27.  Using the 
P1 lines for scale, the NV- transitions show a marked increase in amplitude.  The defect with 𝜃𝜃 ≈
2.5° presents with the greatest enhancement to the point that the normally undetectable satellite
transitions due to the nearest neighbor 𝐴𝐴! = 120, 𝐴𝐴∥ = 200 MHz 13C hyperfine interaction can be 
observed (Fig. 3.27b, d).  In addition, the negative NV- signal to the right of the P1 transitions 
indicates a population inversion.   

Illumination with 600 mW 
of 532 nm laser light 

Fig. 3.27.  Spectrum of sample #3 with and without optical illumination.  (a) Comparison of the P1 transitions with 
and without optical illumination.  (b) Polarization of the 𝜃𝜃 ≈ 2.5° defect is large enough such that the nearest 
neighbor 𝐴𝐴! =  120, 𝐴𝐴∥ =  200 MHz 13C hyperfine transitions become observable.  (b), (c) The lower energy 
transitions are negative indicating a population inversion.     

(b) 

(c) 

(a) 
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The difference in polarization among the four defect orientations is related to the rotation of 
the defect axis from the crystal frame ([111] parallel to   B0) into the lab frame ([111] axis at some 
angle 𝜃𝜃 with respect to   B0).  Upon rotation into the lab frame, a Zeeman state in the crystal frame
𝑠𝑠,𝑚𝑚!

! transforms to a linear combination of lab frame states 𝑠𝑠,𝑚𝑚! .  The crystal frame spin state 
of an NV- defect can be expressed as: 

(3.8) 

with the squares of the coefficients being equal to the probability of obtaining the corresponding 
eigenvalue when a measurement is performed.  For example, multiplying 𝜓𝜓 ! from the left by ′ 1,0 : 

(3.9) 

and since the basis is orthonormal, 𝜙𝜙! 𝜙𝜙! = 𝛿𝛿!":  

(3.10) 

Hence the population or polarization into the defect frame 𝑚𝑚!′ = 0 is:  

(3.11) 

The crystal frame spin state is transformed into the lab frame by applying the rotation operator 
ℛ(𝛼𝛼,𝛽𝛽, 𝛾𝛾):  

(3.12) 

where ℛ 𝛼𝛼,𝛽𝛽, 𝛾𝛾 = 𝑒𝑒!!"!! ℏ𝑒𝑒!!"!! ℏ𝑒𝑒!!"!! ℏ and 𝛼𝛼, 𝛽𝛽, and 𝛾𝛾 are the Euler rotation angles.  3.12 can 
be written in the lab frame basis by multiplying both sides by the lab frame Zeeman state closure 
relation 𝑠𝑠,𝑚𝑚!

!!!!!
!!!!! 𝑠𝑠,𝑚𝑚! = 𝕀𝕀:   

(3.13) 

Only the middle rotation operator mixes states with different values of ms    [3] and since the closure 
relation equals unity 3.13 simplifies to:  

(3.14) 

Hence the new basis in the lab frame is  

(3.15) 

|𝜓𝜓⟩! =! ! !𝑎𝑎!

!!

!!
!!!!!

!

!!!

|𝑠𝑠,𝑚𝑚!⟩! =!𝑎𝑎!|1,+1⟩
! + !𝑎𝑎!|1,0⟩

! + !𝑎𝑎!|1,−1⟩
! 

′⟨1,0|𝜓𝜓⟩! = !𝑎𝑎!′⟨1,0|1,+1⟩
! + !𝑎𝑎!′⟨1,0|1,0⟩

! + !𝑎𝑎!′⟨1,0|1,−1⟩
! 

′⟨1,0|𝜓𝜓⟩! = !𝑎𝑎! ⋅ 0 + !𝑎𝑎! ⋅ 1 + !𝑎𝑎! ⋅ 0 

𝑃𝑃! = !′⟨1,0|𝜓𝜓⟩!!
!
= 𝑎𝑎! 

ℛ(𝛼𝛼,𝛽𝛽, 𝛾𝛾)|𝜓𝜓⟩′ = |𝜓𝜓⟩ 

! |𝑠𝑠,𝑚𝑚!⟩
!!!!!

!!!!!

⟨𝑠𝑠,𝑚𝑚!|ℛ(𝛼𝛼, 𝛽𝛽, 𝛾𝛾)|𝜓𝜓⟩′ =!!𝑎𝑎!

!

!!!

! ! |𝑠𝑠,𝑚𝑚!⟩⟨𝑠𝑠,𝑚𝑚!|
!!

!!!!!!!

ℛ(𝛼𝛼,𝛽𝛽, 𝛾𝛾)
!

!!!!!

|𝑠𝑠,𝑚𝑚!⟩′ 

ℛ(𝛼𝛼,𝛽𝛽, 𝛾𝛾)|𝜓𝜓⟩′ =!!𝑎𝑎!

!

!!!

! ! |𝑠𝑠,𝑚𝑚!⟩⟨𝑠𝑠,𝑚𝑚!|
!!

!!!!!!!

𝑒𝑒!!"!!! ℏ⁄
!

!!!!!

|𝑠𝑠,𝑚𝑚!⟩′ 

! ⟨𝑠𝑠,𝑚𝑚!|𝑒𝑒!!"!
!! ℏ⁄ |𝑠𝑠,𝑚𝑚!⟩′|𝑠𝑠,𝑚𝑚!⟩

!

!!!!!
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and the expansion coefficients 𝑠𝑠,𝑚𝑚! 𝑒𝑒!!"!! ℏ 𝑠𝑠,𝑚𝑚! ′ are the Wigner d-matrix elements 𝑑𝑑!!,!
! (𝛽𝛽).  

3.12 can then be expressed as: 

(3.16) 

with 𝑑𝑑!!,!
! = !!!"#!

!
,  𝑑𝑑!!,!!

! ,   𝑑𝑑!!!,!
! = !!!"#!

!
,  𝑑𝑑!!,!

! ,   𝑑𝑑!!,!!
! = ! !"#!

!
, 𝑑𝑑!!,!

! ,𝑑𝑑!!!,!
! = !"#!

!
, and 𝑑𝑑!!,!

! = cos 𝜃𝜃 

Under the assumption that 𝑚𝑚! = ±1 levels are equally depopulated upon optical polarization, 𝑎𝑎! and 
𝑎𝑎! can be replaced with !!!!

!
 and the lab frame polarizations 𝑃𝑃!! can be calculated from the initial 

defect frame polarization 𝑃𝑃!!´: 

(3.17a) 
  
 

  (3.17b) 

As illustrated in Fig. 3.28, using the defect orientations from the example spectrum first 
shown in Fig. 3.2 with an initial P0´ of 0.38 the numbers calculated using (3.17a) and (3.17b) reflect 
the trends in the experimental spectrum.  Specifically, the peak intensities tend to decrease as 𝜃𝜃 nears 
125.2644° (or the 180° - θ equivalent of 54.7356°) and that the 1,−1 → 1,0 transition for 
𝜃𝜃 = 2.5°  and the 1,0 → 1,+1  transitions of the other three orientations have inverted 
populations.  Fig. 3.29 shows the simulated single-crystal roadmap from Fig. 3.3, but with an 
athermal initial P0´of 0.38.  

The maximum polarization into 𝑚𝑚! = 0 for each sample was determined by aligning one of 
the <111> axes as close as possible with B0 and recording both transitions of the defect with 𝜃𝜃
closest to 0° with and without optical illumination using ~ 600 mW of 532 nm laser light.  The 
incident MW power on the cavity was set to 0.00158 mW and the spectra were recorded with 100 
points per mT, a sweep rate of 0.1 mT/s, and a modulation frequency of 43 kHz with an amplitude 
of 0.2 mT.  The optically polarized spectra were taken in a single shot and the thermal spectra were 
signal averaged for 30 scans.  The ratios of the integrated intensities of the optically polarized 𝒜𝒜!"

and thermal 𝒜𝒜!"  transitions along with the difference in the expected thermal equilibrium 
polarizations 𝐸𝐸𝐸𝐸𝐸𝐸 calculated with the Boltzmann distribution were used to estimate 𝑃𝑃! using:  

(3.18) 

The spectra are shown in Figs. 3.30 – 3.41.  The results are listed in Table 1 and are in reasonable 
agreement with room temperature X-band literature values [65]. 

ℛ(𝛼𝛼,𝛽𝛽, 𝛾𝛾)|𝜓𝜓⟩′ = !𝑎𝑎!!𝑑𝑑!!,!
! |1,+1⟩ +𝑑𝑑!!,!

! !1,0⟩+𝑑𝑑!!,!!
! |1,−1⟩! 

 
                                                              +!𝑎𝑎!!𝑑𝑑!!,!

! |1,+1⟩ +𝑑𝑑!!,!
! !1,0⟩+𝑑𝑑!!,!!

! |1,−1⟩! 
 

                                                                          +!𝑎𝑎!!𝑑𝑑!!!,!
! |1,+1⟩ +𝑑𝑑!!!,!

! !1,0⟩+𝑑𝑑!!!,!!
! |1,−1⟩! 

 

𝑃𝑃! =
1 − 𝑎𝑎!
2

!
sin 𝜃𝜃
√2

!
!

+ 𝑎𝑎!𝑐𝑐𝑐𝑐𝑐𝑐!𝜃𝜃 +
1 − 𝑎𝑎!
2

!
sin 𝜃𝜃
√2

!
!

 

𝑃𝑃±! =
1 − 𝑎𝑎!
2

!
1 + cos 𝜃𝜃

2
!
!

+ 𝑎𝑎! !
sin 𝜃𝜃
√2

!
!

+
1 − 𝑎𝑎!
2

!
1 − cos 𝜃𝜃

2
!
!

 

𝑃𝑃! =
1
3
!1 + (𝐸𝐸𝐸𝐸𝑃𝑃! − 𝐸𝐸𝐸𝐸𝑃𝑃!!)

𝒜𝒜!!→!
!"

𝒜𝒜!!→!
!" + (𝐸𝐸𝐸𝐸𝑃𝑃! − 𝐸𝐸𝐸𝐸𝑃𝑃!!)

𝒜𝒜!→!!
!"

𝒜𝒜!→!!
!" ! 
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Fig. 3.28.  Energy level diagrams of the ms sublevels of each of the four possible defect 
orientations when one of the <111> axes is tilted 2.5° from B0.  The populations are calculated 
with (3.17a) and (3.17b) using an initial P0´ = 0.38.  As θ nears the magic angle the lab frame ms = 
0 sublevel is depopulated in favor of ms = ±1 and the population differences decrease. 
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Fig. 3.29.   Simulated single crystal orientation roadmap under optical polarization.  
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Fig. 3.30.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#1. 



72 

Fig. 3.31.  Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#1. 



73 

Fig. 3.32.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#2. 



74 

Fig. 3.33. Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#2. 
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Fig. 3.34.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#3. 
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Fig. 3.35.  Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#3. 
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Fig. 3.36.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#4.
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Fig. 3.37.  Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#4. 
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Fig. 3.38.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#5. 
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Fig. 3.39.  Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#5. 
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Fig. 3.40.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#6. 
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Fig. 3.41. Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#6. 
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Fig. 3.42.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#7.
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Fig. 3.43.  Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#7. 
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Fig. 3.44.  Optically polarized and thermal spectra of the |1,0⟩ → |1,+1⟩ transition from sample 
#8. 
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Fig. 3.45.  Optically polarized and thermal spectra of the |1,−1⟩ → |1,0⟩ transition from sample 
#8. 
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3.4.1 Lineshapes 

Fig. 3.46.  Optically polarized lineshape comparison of the |1,0⟩ → |1,+1⟩ transition of samples #1, 
#4, #6, and a CVD sample.  These lineshapes have features that are not found in thermal 
equilibrium spectra.  These features are best resolved in the CVD spectrum   

(a) 

Fig. 3.47.  Optically polarized |1,0⟩ → |1,+1⟩ spectrum from sample #1.  The partially resolved 
transitions labeled (a) correspond to 13C hyperfine interactions with outer shell carbon atoms.  The 
splittings labeled (b) are due to the 𝐴𝐴!! = -2.7, 𝐴𝐴∥! = -2.14 MHz hyperfine interaction.   

(a) 

(b) 

(b) 
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 As shown in Figs. 4.30 – 4.47, the optically polarized lineshapes have extra features not 
observed in the thermal equilibrium spectra.  The unresolved features pointed out by (a) in Fig. 3.47 
are due to additional 13C hyperfine interactions.  After the 𝐴𝐴!! =  120, 𝐴𝐴∥! =  200 MHz nearest 
neighbor interaction (Fig. 3.27b) the consensus in the literature [65], [74-75] is that the second 
strongest coupling occurs with a group of third nearest neighbor carbon atoms.  There are 
conflicting reports however as to the number of equivalent atoms and the strength of the coupling.  
An isotropic 15 MHz interaction with three third nearest neighbor carbon atoms was reported in 
[75].  Later, a 𝐴𝐴!! = 13.9, 𝐴𝐴∥! = 19.4 MHz interaction with six equivalent third nearest neighbor 
carbon atoms was predicted by DFT calculations in [74] and a 𝐴𝐴!! =  13.26, 𝐴𝐴∥! =  18.5 MHz 
interaction with six equivalent third nearest neighbor carbon atoms was reported in [65].  In addition 
to this third nearest neighbor interaction, a series of additional 13C hyperfine splittings measured 
using optically detected EPR were reported [66].   
 The features pointed out by (b) in Fig. 3.47 were a mystery initially.  The 14N hyperfine 
interaction had been discounted due to its size relative to the apparent NV- linewidth.  Including it 
in spectral simulations did not reproduce the splittings seen in the data, nor did including the smaller 
13C hyperfine splittings reported in [66].   
 As it turns out, the 14N hyperfine interaction is responsible for this feature.  It could not be 
replicated in a simulation because the ~0.2 mT ΔBpp parameter being used was not correct.  The 
NV- line is actually much narrower.  In the case of the samples in this study the average ΔBpp   is 
~0.026 mT (~0.73 MHz) which is sufficiently narrow to resolve the 𝐴𝐴!! = -2.7, 𝐴𝐴∥! = -2.14 MHz 
hyperfine transitions.  The average apparent ΔBpp of ~0.29 mT seen in all of the data up to this point 
as well as the ΔBpp = 0.236 mT reported in the literature [76] is the result of the gross 
overmodulation of B0.  

The relatively small number of defects in a given sample in combination with the low MW 
power levels required to avoid power saturation makes overmodulation necessary in order to detect 
a thermal equilibrium signal.  Modulation broadening does not affect the spin counting and optical 
polarization measurements, as they are only concerned with the total integrated area of the 
spectrum, not the shape.  The signal enhancement offered by optical polarization allows for spectra 
to be recorded using much lower modulation amplitudes.   

The effects of overmodulation are demonstrated in Figs. 3.48 – 3.55 which show the 
optically polarized 1,0 → 1,+1  transition from each sample recorded over a modulation 
amplitude range of 0.012 – 0.2 mT.  The spectra were recorded with a MW power of 0.00158 mW 
incident on the cavity, a sweep rate of 0.02 mT/s with 283 points per mT, 43 kHz field modulation, 
and a laser power of ~600 mW.  All spectra are single shot.  Reducing Bmod helps to better resolve 
the 2𝐼𝐼+1 = 3 14N hyperfine transitions as well as the 13C hyperfine transitions originally pointed out 
in Fig. 3.47.   

A spectral simulation of sample #1 that includes a ~0.022 mT ΔBpp linewidth parameter, 
field modulation effects, the 14N hyperfine interaction, the 𝐴𝐴!! = 13.26, 𝐴𝐴∥! = 18.5 MHz 13C hyperfine 
interaction along with several of the 13C hyperfine splittings reported in [66] resembles the data most 
closely.  As shown in Fig. 3.56 setting the Bmod parameter to 0.2 mT reproduces the features pointed 
out in Fig. 3.47.  The result of reducing the Bmod parameter to 0.012 mT also agrees well with the 
data.      

For comparative purposes spectra from a transparent CVD diamond were recorded.  The 
CVD sample was irradiated under the same conditions as the others and was annealed at 800 °C for 
two hours.  Thermal signal is undetectable so the defect concentration cannot be measured.  The 
spectrum shown in Fig. 3.46 was a single scan recorded using a laser power of ~600 mW, an 
incident MW power of 0.0095 mW using a sweep rate of 0.034 mT/s with 292.6 points per mT, and 
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43 kHz field modulation with an amplitude of 0.2 mT.  The spectrum shown in Fig. 3.57 was 
recorded using ~600 mW of laser power, an incident MW power of 0.0095 mW, a sweep rate of 
0.025 mT/s with 200 points per mT, 43 kHz field modulation with an amplitude of 0.02 mT, and 
was signal averaged for 550 scans.  The much lower signal amplitude is the likely cause for the 
subdued 13C hyperfine features. 

In order to estimate the natural NV- linewidth the 14N hyperfine lines from spectra recorded 
with Bmod set to 0.006 mT (0.02 mT for the CVD sample due to signal-to-noise) were fit to a sum of 
three derivative Tsallian lineshapes.  The reported linewidth is the average of the three values of Γ. 
The CVD spectrum (Fig. 3.57) was easiest to fit and gave the narrowest average linewidth of 0.024 
mT (0.68 MHz).  Despite attempts to isolate the 14N transitions during fitting (Fig 3.58), convolution 
with the many 13C hyperfine transitions results in differing values of Γ, giving a large error. 
 Fitting the aggregate optically polarized NV- spectrum proved difficult, as it is a sum of at 
least 39 lineshapes, so the approximate linewidths were measured directly from the integrated 
spectra (Fig. 3.59).  The amplitudes of the integrated spectra were normalized to 1 and the average 
values of B0 corresponding to the two points closest to 0.5 on either side of the lineshape were 
subtracted to give an estimated 2Γ.  Fitting the optically polarized and thermal equilibrium derivative 
spectra recorded with Bmod = 0.2 mT usually requires a sum of derivative Tsallian lineshapes.  The 
accuracy of Γ extracted from the fit is questionable due to this convolution so the derivative spectra 
were first integrated before being fit to a single Tsallian lineshape. 
 Fig. 3.60 shows the natural NV- linewidths estimated from the Bmod = 0.006 mT spectra 
plotted vs. defect concentration.  Despite the large error due to the convolution with 13C transitions 
the linewidths show a rough trend of broadening with increasing defect concentration.  The 
aggregate NV- linewidths estimated from the Bmod = 0.006 mT spectra also show a rough trend with 
defect concentration (Fig. 3.61).  The trend is a bit cleaner for the optically polarized (Fig. 3.62) and 
thermal equilibrium (Fig. 3.63) linewidths recorded with Bmod = 0.2 mT              
  The P1 lineshapes are also overmodulated, but much less so compared to NV- as the P1 
linewidth is on average ~5.7 times broader.  Fig. 3.64 shows the central 14N P1 transition from 
sample #1 recorded with different Bmod settings.  The spectra were recorded with an incident MW 
power of 0.00475 mW using a sweep rate of 0.045 mT/s with 200 points per mT and 43 kHz field 
modulation.  The Bmod = 0.2, 0.1, 0.05, and 0.024 mT spectra were signal averaged for 5, 10, 15, and 
55 scans respectively.  A Comparison of the integrated NV- and P1 lineshapes from sample #1 
recorded with Bmod = 0.024 mT is shown in Fig. 3.65.  Although the aggregate NV- lineshape is 
broader than the P1 lineshape, the individual NV- 14N transitions are much narrower.  The spectra 
used for linewidth measurements (Fig. 3.66) were recorded with an incident MW power of 0.0095 
mW, a sweep rate of 0.067 mT/s with 150 points per mT, and 43 kHz field modulation with Bmod = 
0.04 mT.  Each spectrum was signal averaged for 10 scans.  The field is still slightly overmodulated, 
but Bmod = 0.04 mT is the best compromise between signal-to-noise and accurate lineshape 
reproduction.  The spectra were fit so a sum of three derivative Tsallian lineshapes, one accounting 
for the central 14N transition and the other two for the 13C hyperfine features on either side.  The 
accuracy of Γ for the central transition extracted from the initial fit is questionable due to 
convolution with the 13C lineshapes so the fits were integrated and subsequently fit to a single 
Tsallian lineshape.  As shown in Fig. 3.67 with the exception of sample #7, the linewidth trends well 
with defect concentration.  Pertinent NV- and P1 linewidth data are summarized in Tables 2 – 5.  
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Fig. 3.48.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #1 recorded with different 
modulation amplitude settings.   

Fig. 3.49.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #2 recorded with different 
modulation amplitude settings.   
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Fig. 3.50.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #3 recorded with different 
modulation amplitude settings.   

Fig. 3.51.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #4 recorded with different 
modulation amplitude settings.   
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Fig. 3.52.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #5 recorded with different 
modulation amplitude settings.   

Fig. 3.53.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #6 recorded with different 
modulation amplitude settings.   
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Fig. 3.54.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #7 recorded with different 
modulation amplitude settings.   

Fig. 3.55.  Optically polarized |1,0⟩ → |1,+1⟩ transition from sample #8 recorded with different 
modulation amplitude settings.   
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(a) 

(b) 

Fig. 3.56.  A closer look at how Bmod affects the NV- lineshape.  (a) Overlapped optically polarized 
spectra of the |1,0⟩ → |1,+1⟩ transition from sample #1 with modulation amplitude settings of 0.2 and 
0.012 mT.  (b) EasySpin simulations with a ΔBpp parameter of ~ 0.022 mT with Bmod parameters of 0.2 
and 0.012 mT.  Included in the simulations are the 𝐴𝐴!! = -2.7, 𝐴𝐴∥! = -2.14 and 𝐴𝐴!! = 13.26, 𝐴𝐴∥! = 18.5 
MHz hyperfine interactions reported in [65] along with the 12.75, -8.6, -6.46, 4.15, and 2.6 MHz 13C 
hyperfine splittings reported in [66].  (c) Simulated spectrum with the linewidth and Bmod parameters 
decreased by more than an order of magnitude revealing some of the 13C hyperfine transitions that 
contribute to the NV- lineshape including those that convolute with the 14N lines.       
 

(c) 
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Fig. 3.57.  (a) CVD sample lineshape of the optically polarized |1,0⟩ → |1,+1⟩ transition.  The 
spectrum was signal averaged for 550 scans.  Inset lower right:  transparent CVD sample next to 
sample #1.  (b) Integrated fit.  The average linewidth of the three 14N lines is 0.02439 ± 0.0009 mT, 
or 0.6837 ± 0.0253 MHz.  

(a) 

(b) 

2Γ = 0.0234 mT 



96 

Fig. 3.58.  Lineshapes and fits of the optically polarized |1,0⟩ → |1,+1⟩ transition recorded with Bmod set to 
0.006 mT. 
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Fig. 3.59.  Integrated lineshapes of the optically polarized |1,0⟩ → |1,+1⟩ transition recorded with Bmod set 
to 0.006 mT. 
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Fig. 3.61.  Widths of the aggregate NV- lineshape taken from the integrated optically polarized 
|1,0⟩ → |1,+1⟩ transitions recorded with Bmod set to 0.006 mT plotted vs.  defect concentration.   

7.29 7.57 7.85 6.45 
 

7.01 6.73 6.17 5.89 
2Γ (MHz) 

5.61 

Fig. 3.60.  NV- linewidths taken from the fits of the optically polarized |1,0⟩ → |1,+1⟩ transitions 
recorded with Bmod set to 0.006 mT plotted vs. defect concentration.   

0.981 1.121 1.261 
 

1.402 1.542 1.682 0.841 1 261
2Γ (MHz) 

0.701 



99 

Fig. 3.62.  Plot of optically polarized NV- linewidths recorded with Bmod = 0.2 mT vs. defect 
concentration. 

2Γ (MHz) 
8.41 8.97 9.53 10.09 10.65 

7.85 8.41 8.97 9.53 
 

10.09 10.65 11.21 11.77 

2Γ (MHz) 

Fig. 3.63.  Linewidths of the thermal equilibrium |1,0⟩ → |1,+1⟩ transitions recorded with Bmod 
set to 0.2 mT. 
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Fig. 3.65.  Comparison of the integrated NV- and P1 lineshapes from sample #1 both recorded with 
Bmod = 0.024 mT.  The aggregate NV- lineshape is broader than the P1 lineshape.   The individual 14N 
transitions however, are narrower. 

Fig. 3.64.  Central 14N transitions of the P1 defect from sample #1 recorded with different 
modulation amplitudes. 
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Fig. 3.66.  P1 central transitions recorded with Bmod = 0.04 mT. 
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Fig. 3.67.  P1 linewidths recorded with Bmod = 0.04 mT plotted vs. defect concentration. 

2Γ (MHz) 
5.04 6.17 6.73 7.85 

 
8.41 9.53 5.6 7.29 8.97 10.10 

Table 2.  Optically polarized NV- linewidths recorded with Bmod = 0.006 mT.  
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The reported values of ΔBpp are calculated from the Tsallian lineshape fitting parameters Γ
and q using [7]: 

	  
(3.19) 

Table 3.  Thermal equilibrium NV- linewidths recorded with Bmod = 0.2 mT.  

Table 4.  P1 linewidths recorded with Bmod = 0.04 mT.  

𝛥𝛥𝐵𝐵!! = 2𝛤𝛤 !
𝑞𝑞 − 1
𝑞𝑞 + 1

1
2!!! − 1

!
!/!
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Chapter 4  

High-Field 13C OPNMR 

4.1 Time Dependence 

The time constants characterizing the rate of 13C hyperpolarization under optical illumination 
(Trise) and the decay back to thermal polarization after illumination ceases (Tdecay) are measured using 
the pulse sequences shown in Fig. 4.1.  In the case of Trise (Fig. 4.1a) thermal 13C polarization is first 
eliminated by saturating the nuclear transitions with a series of fifty 90° pulses.  The sample is then 
subjected to a varying period of optical illumination (pump time) followed by a 90° – acquire.  A 90° 
pulsewidth of 17 µs which required an RF power of ~550 W was used in all experiments.  The 
percent 13C polarization %P corresponding to the integrated intensity 𝒜𝒜!" of the resulting NMR 
spectrum is determined by comparison with that of a thermally polarized intensity standard 𝒜𝒜!"#

containing a known number of 13C spins:  

(4.1) 

where the 𝑛𝑛±! !
!"#  are the number of 13C spins in the standard that are in the Zeeman state !

!,±
!
!  and 

𝑛𝑛!"  are the total number of 13C spins in the optically polarized sample.  Since the thermal 
equilibrium signal for all but two of the samples is undetectable, a 6.5 mm NMR tube of 
monocrystalline diamond powder (Microdiamant MSY 0-0.1) was used as the intensity standard.  
The resulting plots of percent 13C polarization as a function of pump time are fit to a single 
exponential to extract Trise: 

(4.2) 

where %Pmax and %P(t)  and are the maximum percent polarization and the percent polarization at 
time t.  

For the Tdecay experiments (Fig. 4.1b) thermal 13C polarization is first eliminated by saturating 
the nuclear transitions with a series of fifty 90° pulses.  The sample is then subjected to a fixed 
period of optical illumination.  This is followed by a variable period of dark time before acquiring 
the NMR spectrum.  The resulting plots of percent 13C polarization as a function of dark time are fit 
to a single exponential to extract Tdecay: 

(4.3) 

Fig. 4.1.  Pulse sequences used in determining (a) Trise and (b) Tdecay. 

(a) (b) 

%𝑃𝑃 =
𝒜𝒜!"!!!! !⁄

!"# !!!! !⁄
!"# !

𝒜𝒜!"#

!!"
⋅ 100    

%𝑃𝑃(𝑡𝑡) = %𝑃𝑃!"# !1 − 𝑒𝑒
!!
!!"#$! 

%𝑃𝑃(𝑡𝑡) = %𝑃𝑃!"# !1 + 𝑒𝑒
!!

!!"#$%! 
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4.1.1 Laser Power 

The Trise at different laser powers was measured in samples #1 and #2 and the results are 
shown in Fig. 4.2.  The data indicate that the defect concentration may influence the degree to which 
Trise is affected by laser power.  The magnitude of the 13C polarization is extraordinarily sensitive to 
the orientation of the crystal so the ultimate values shown may not necessarily be the maximum 
possible polarization for a given laser power. 

4.1.2 Temperature 

The Trise of sample #1 was measured at different temperatures using a laser power of 1 W.
The results are shown in Fig. 4.3.  The most noteworthy feature of samples #1 and #2 is that 
polarizations up 200 times that of thermal equilibrium can be generated at room temperature.  The 
Trise of samples #1 and #2 was measured at 290 K (Figs. 4.4 and 4.5) using a laser power of 2.5 W.  
Heating from the laser made it necessary to use the cryostat to maintain a 290 K sample 
temperature. 

Fig. 4.3.  Polarization curves of sample #1 at different temperatures.  

Fig. 4.2.  Trise experiments conducted at 20 K on samples #1 and #2 using different laser powers.  
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A room temperature polarization decay experiment was attempted with sample #2 (Fig. 4.6).
Individual spectra were 4 scans, each with a 20 minute pump time using a laser power of 2.5 W.  The 
dark time is controlled by means of a TTL signal from the spectrometer to either a mechanical 
shutter or directly to the laser power supply.  When the laser is turned off the sample temperature 
immediately drops by about 10 K.  At low temperatures (~40 K and under) the heat capacity of the 
materials inside the sample space is low enough that the temperature controller can very quickly 
correct for the sudden drop in temperature (measured from the sensor attached directly to the 
sample holder) when the laser is turned off.  At higher temperatures however, heat capacities begin 
following the T3 law [64] and the controller can no longer correct for the change in temperature 
quickly enough.  The upshot for the room temperature decay experiment is that the temperature 
with the laser on is 290 K, but with the laser off it drops to 270 K.  

Fig. 4.7 shows a single shot room temperature spectrum taken using a dwell time of 10 µs 
with 512 points after 36 minutes of optical illumination with 2.5 W of laser light compared to an 85 
scan thermal spectrum taken at 80 K.  The integrated intensity of the pumped spectrum corresponds 
to a 13C polarization of 0.125%.

Fig. 4.4.  Trise curve of sample #1 at 290 K.  Fig. 4.5.  Trise curve of sample #2 at 290 K.  

Fig. 4.6.  Tdecay curve of sample #2 taken at ~ 270 K. 

Fig. 4.7.  Single shot optically pumped 
spectrum of sample #2 taken at 290 K 
compared to an 85 scan thermal equilibrium 
spectrum taken at 80 K.  
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4.1.3 Defect Concentration 

The Trise and Tdecay for each sample were measured at 20 K using a laser power of 1 W (Figs. 
4.8 – 4.15).  Fig. 4.16 shows the Trise and Tdecay values from each sample plotted as a function of NV-
concentration and NV- + P1 concentration respectively.  The individual spectra of samples #1 and 
#2 were all single shot and recorded using a 10 µs dwell time with 512 points.  The remaining 
samples are smaller in size and have broader lineshapes so signal averaging and a shorter 8 µs dwell 
time were used to improve signal-to-noise.   

Fig 4.8.  Trise and Tdecay curves of sample #1 at 20 K.  The spectra for both experiments were single shot. The 
decay experiment used a 25 minute pump time. 

Fig 4.9.  Trise and Tdecay curves of sample #2 at 20 K.  The spectra for both experiments were single shot.  The 
decay experiment used a 25 minute pump time. 
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Fig 4.12.  Trise and Tdecay curves of sample #5 at 20 K.  The Trise spectra were 5 scans signal averaged.  The Tdecay 
spectra were 5 scans signal averaged using an 8 minute pump time. 
 

Fig 4.10.  Trise and Tdecay curves of sample #3 at 20 K.  The Trise spectra were single shot.  The Tdecay spectra were 4 
scans signal averaged using an 8 minute pump time. 

Fig 4.11.  Trise and Tdecay curves of sample #4 at 20 K.  The Trise spectra were 4 scans signal averaged.  The Tdecay 
spectra were 5 scans signal averaged using a 12 minute pump time. 
 



109 

Fig 4.13.  Trise and Tdecay curves of sample #6 at 20 K.  The Trise spectra were 10 scans signal averaged.  The Tdecay 
spectra were 8 scans signal averaged using a 4 minute pump time. 
 

Fig 4.14.  Trise and Tdecay curves of sample #7 at 20 K.  The Trise spectra were 5 scans signal averaged.  The Tdecay 
spectra were 5 scans signal averaged using an 8 minute pump time. 

Fig 4.15.  Trise and Tdecay curves of sample #8 at 20 K.  The Trise spectra were 3 scans signal averaged.  The Tdecay 
spectra were 5 scans signal averaged using a 10 minute pump time. 
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Although the magnitude of the polarization is affected by orientation, the polarizations 
observed in samples #1 and #2 have been consistently higher than those of samples #3 – #8, none 
of which exceed 1%.  The data indicate that lower defect concentrations result in larger polarizations 
with longer lifetimes at the expense of a slower polarization rate while higher concentrations result 
in a faster polarization rate at the expense of the magnitude and lifetime.  Sample #7 has the same 
Trise and Tdecay as #8 despite having lower NV- and P1 content.  This discrepancy might be the result 
of an inhomogeneous distribution of defects throughout the sample.  Looking at Fig. 3.1 sample #7 
has a very large color gradation compared to #8 and may have similar effective defect 
concentrations. 

Fig. 4.16.  (a) Trise plotted as a function of NV- concentration.  (b) Tdecay plotted as a 
function of the combined NV- and P1 concentration. 

(a) 

(b) 
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The maximum polarization possible for a given orientation does not affect Trise (Fig. 4.17a).  
Likewise, the starting polarization does not affect Tdecay (Fig. 4.17b).

4.2 Lineshape 

Fig. 4.17.  Examples showing that Trise and Tdecay are independent of the final and starting polarizations.  (a) Trise 
curves of sample #3 recorded at different orientations.  (b) Tdecay curves of sample #3 recorded at different 
orientations. 
 

(a) (b) 

Fig. 4.18.  Hyperpolarized 13C lineshapes of samples #1 and #6 recorded with the pulse sequence 
shown on the upper left at 15 K with 1 W of laser power.   
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In contrast to the feature-rich optically polarized NV- EPR lineshape, the optically pumped
13C NMR spectrum consists of a featureless ~665 – 1500 Hz broad (at 20 K) lineshape (Fig. 4.18). 
Lineshapes from a sample similar to sample #2 (purchased from Element 6 along with samples #1 
and #2 and had a Trise identical to sample #2) which has since been lost, were recorded at different 
temperatures using the pulse sequence shown in Fig 4.18.  Each spectrum was taken in a single shot
after 60 minutes of pump time using 0.5 W of laser power and a 50 µs dwell time with 2048 points.  
Like with the EPR spectra presented in chapter 3, a Lorentzian or Gaussian line alone does not 
always adequately describe the lineshapes so they were fit to a Tsallian lineshape [71] of amplitude Y
and half-width at half-height Γ centered about ν0: 

(4.4) 

The parameter q takes on a value between 1 and 2 with q = 1 giving a completely Gaussian 
line and q = 2 a completely Lorentzian line.  In the case of the data shown in Fig. 4.19 the average 
value is 1.67 ± 0.13.  Using the 100 K trace as reference, ν0 decreases until 40 K, and then increases 
eventually surpassing ν0 at 100 K.  The lineshape broadens with decreasing temperature until
reaching a maximum width at 30 K below which the line gets narrower (Fig. 4.20). 

Lineshape parameters also vary with defect concentration.  The lineshapes of samples #1 –
#8 were recorded using a 10 µs dwell time with 1024 points at 20 K using 1 W of laser power.  The 
spectrum of sample #1 is two scans, each recorded after a 30 minute pump time.  Sample #2 is two 
scans, each recorded after a 25 minute pump time.  Sample #3 is 20 scans, each recorded after a 4 
minute pump time.  Sample #4 is 28 scans, each recorded after an 8 minute pump time.  Sample #5 
is 138 scans, each recorded after an 8 minute pump time.  Sample #6 is 74 scans, each recorded after 
a 3 minute pump time.  Sample #7 is 120 scans, each recorded after an 8 minute pump time.  
Sample #8 is 42 scans, each recorded after an 8 minute pump time.  A bad solder connection 
adversely affected the signal-to-noise in this set of experiments.  The spectra were fit to Tsallian 
lineshapes and the results are shown in Fig. 4.21.  The linewidths and positions are plotted vs. defect 
concentration in Figs. 4.22 and 4.23.  With the exception of samples #2 and #7, the 13C NMR 
linewidths follow the same trend with defect concentration as the NV- EPR linewidths.  Sample #2 
has defect concentrations very similar to sample #1, but has a linewidth ~1.6 times broader.  The 
NV- EPR spectrum of sample #2 is also broader than expected.  The extra broadening could be due 
to other paramagnetic defects in the sample that are undetectable at X-band.  Sample #7 is 
particularly puzzling.  Despite having one of the lowest defect concentrations as well as the second 
narrowest NV- EPR line it has a 13C linewidth of ~1185 Hz, second only to sample #6’s ~1565 Hz 
linewidth.  For the most part the samples follow a trend of decreasing ν0 relative to sample #1 with 
increasing defect concentration. 

𝑌𝑌 = 𝑌𝑌!"# !1 + (2!!! − 1) !
𝜈𝜈 − 𝜈𝜈!
Γ

!
!
!
!! !!!⁄
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Fig. 4.20.  (a) Plot of frequency shift (relative to the 100 K spectrum) as a function of temperature.  (b) Plot of 
linewidth as a function of temperature. 

Fig. 4.19.  Lineshapes from a sample similar to sample #2 recorded at different temperatures.  Inset upper 
left:  pulse sequence used for collecting OPNMR spectra. 

(a) (b) 
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Fig. 4.22.  Plot of 13C linewidth vs. P1 and NV- concentration.   

Fig. 4.21.  13C NMR spectra of each sample (markers) and Tsallian line fits (solid lines).  The shift in 
Hz is relative to sample #1.  The δ is referenced to 13C labeled methanol. 
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Fig. 4.23.  Plot of the shift in ν0 relative to sample #1 vs. P1 and NV- concentration.   
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4.3 Orientation 

The sign and magnitude of the 13C polarization are extraordinarily sensitive to the orientation 
of the crystal.  A 0.5° change in orientation can cause the polarization to flip sign, drop nearly to 
zero, or hit a maximum.  The orientation of the sample is set by adjusting two degrees of freedom, 
the rotation angle φ of the sample about its out-of-plane crystal axis with respect to the sample 
holder and a tilt angle θ (Fig. 4.25).  For samples with a {100} out-of-plane orientation, φ = 0° is 
defined such that the tilt angle θ will be about one of the crystal’s in-plane <100> axes.  For φ = 45°, 
θ will be about one of the in-plane <110> axes (Fig. 4.26a).  Similarly, for samples with a {110} out-
of-plane orientation, φ = 0° is defined such that the tilt angle θ will be about one of the crystal’s in-
plane <110> axes and for φ = 90°, θ will be about one of the in-plane <100> axes (Fig. 4.26b).  For 
samples with a {111} out-of-plane orientation, φ = 0° is defined such that the tilt angle θ will be
about one of the crystal’s in-plane <112> axes and for φ = 90°, θ will be about one of the in-plane 
<110> axes (Fig 4.26c). 

Fig. 4.25.  Illustration of rotation angle φ and tilt angle θ.     

Sample 
Sample holder 

Rotate on sample  
holder by angle φ Tilt sample  

holder by angle θ 
B0  

Laser 

Fig. 4.24.  The magnitude and sign of the 13C polarization vary in ways that defy simple analysis.  
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Three samples with different out-of-plane orientations #2, #6, and #8 were used in 
characterizing the dependence of the 13C polarization on orientation.  All orientation experiments 
were conducted at 20 K with 1000 mW of circularly polarized laser light using the pulse sequence 
shown in Fig. 4.18.  Each spectrum from sample #2 is single shot after a 25 minute pump time and 
was acquired using a 10 µs dwell time with 512 points.  Spectra from sample #6 were 10 scans, each 
with a 3 minute pump time and were acquired using an 8 µs dwell time with 512 points.  Spectra 
from sample #8 were 4 scans, each with a 10 minute pump time and were acquired using an 8 µs 
dwell time with 512 points.  In order to be absorbed the electric field vector of the laser light must 
be orthogonal to the NV- defect axis [77].  Using 𝜎𝜎± light which is an equal mixture of x and y 
polarization makes light absorption invariant under rotation.  For a given set of experiments φ is 
held constant while θ is varied using the goniometer in ~0.5° – 5° increments up to ~45°.  Between 
each set of experiments φ is adjusted in ~5° increments.  The sample is mounted to the sample 
holder with GE varnish and a picture of the mounted sample is uploaded into a program such as 
Adobe Illustrator in order to determine φ to within ± ~0.25°.  The tilt angle θ is determined by 
measuring the quadrupole splitting of the 27Al NMR signal from the sapphire sample holder.   

Unlike the cubic crystal structure of the aluminum metal used for Fig. 2.13, sapphire is 
hexagonal resulting in a non-zero electric field gradient (EFG).  The electrostatic interaction 
between the non- spherical charge distribution of the I   = 5/2 27Al nucleus and the electric field 
gradient shifts the Zeeman levels [78] such that the energies of each of the five transitions become  

φ = 0° φ = 45° 

(a) 

φ = 0° φ = 90° 

(b) 

φ = 0° φ = 90° 

(c) 

Fig. 4.26.  Definition of φ.  (a) φ = 0° and 45° for {100} oriented samples.  (b) φ = 0° and 
90° for {110} oriented samples.  (c) φ = 0° and 90° for {111} oriented samples. 
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Metal 
Cubic 

EFG = 0 

Al2O3 

Hexagonal 
EFG ≠ 0 

Fig. 4.27.  Quadrupole splitting of 27Al.  (a) Diagram showing how the Zeeman energy levels of 27Al are affected by a 
non-zero EFG.  (b) 27Al NMR spectrum of aluminum metal powder.  (c) Single crystal 27Al NMR spectrum of a 
sapphire sample holder.  The 0.05060 MHz splitting corresponds to a tilt angle θ of 43.8°.  The Knight shift of the 
metal is +0.158%, while the chemical shift of the Al2O3 is only +0.0038% (both referenced to AlCl3). 

(b) (c) 
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unequal causing the NMR spectrum to split into five lines separated from one another by 𝛥𝛥𝜈𝜈! (Fig. 
4.27). 

The nuclear quadrupole interaction exhibits an orientation dependence with respect to B0 in 
an analogous manner to the zero-field splitting interaction observed in 𝑠𝑠 >  1/2 electron spin 
systems.  The splitting as a function of angle with respect B0 to is: 

(4.5) 

where 𝜒𝜒 is the quadrupolar coupling constant.  In the case of sapphire the coefficient 𝜂𝜂, known as 
the asymmetry parameter is small enough such that the splitting is sufficiently described by:   

(4.6) 

Using a value of 𝜃𝜃 measured at room temperature with 𝜒𝜒 = 2.4 MHz [79], the observed 
splitting at 20 K yields a coupling constant of 2.385 MHz.  The sample holders are machined with 
the c-axis of the crystal perpendicular to the mounting surface and thus aligned with B0 when 𝜃𝜃 = 0° 
at which point the splitting will at its maximum of 0.357 MHz.  Orientation data for each of the 
three samples is shown in Figs. 4.28 – 4.70. 

𝛥𝛥𝜈𝜈!(𝜃𝜃,𝜙𝜙) =
3𝜒𝜒

4𝐼𝐼(2𝐼𝐼 − 1)
[3𝑐𝑐𝑐𝑐𝑐𝑐!𝜃𝜃 − 1 − 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠!𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃2𝜙𝜙] 

𝛥𝛥𝜈𝜈!(𝜃𝜃) =
3𝜒𝜒

4𝐼𝐼(2𝐼𝐼 − 1)
[3𝑐𝑐𝑐𝑐𝑐𝑐!𝜃𝜃 − 1] 

Fig. 4.28.  Orientation data from the {111} oriented sample #8 with rotation angle 𝜙𝜙 = 0°.  Clockwise from upper 
left:  % 13C polarization as a function of tilt angle 𝜃𝜃 adjusted in ~5° increments, the corresponding NMR spectra, 
simulation of a 7.05 Tesla pulse EPR spectrum for each tilt angle 𝜃𝜃, and a plot showing the four possible defect 
angles with respect to B0 as a function of the tilt angle 𝜃𝜃 of the sample.  The coloring represents an estimate of the 
amount of light each defect absorbs based on its orientation with respect to the electric field vector of the laser light 
with purple being the least and red being the most.  
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Fig. 4.29.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~5°. 

Fig. 4.30.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~10°. 



121 

Fig. 4.31.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~15°. 

Fig. 4.32.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~20°. 
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Fig. 4.33.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~25°. 

Fig. 4.34.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~30°. 
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Fig. 4.35.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~35°. 

Fig. 4.36.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~40°. 
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Fig. 4.37.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~45°. 

Fig. 4.38.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~50°. 
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Fig. 4.39.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~55°. 

Fig. 4.40.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~60°. 
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Fig. 4.41.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~65°. 

Fig. 4.42.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~70°. 
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Fig. 4.44.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~80°. 

Fig. 4.43.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~75°. 
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Fig. 4.45.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~85°. 

Fig. 4.46.  Orientation data from sample #8 with rotation angle 𝜙𝜙 = ~90°. 
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Fig. 4.47.  (a) Orientation data from sample #8 at rotation angle 𝜙𝜙 = ~0° with 𝜃𝜃 adjusted in 
~0.5° increments.  (b) Corresponding NMR spectra for 𝜃𝜃 = ~3° to ~26°. 

(a) 

(b) 
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Fig. 4.49.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~10°. 

Fig. 4.48.  Orientation data from the (110) oriented sample #6 with rotation angle 𝜙𝜙 = ~0°. 
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Fig. 4.50.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~15°. 

Fig. 4.51.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~20°. 
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Fig. 4.52.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~25°. 

Fig. 4.53.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~30°. 
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Fig. 4.54.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~35°. 

Fig. 4.55.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~40°. 
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Fig. 4.56.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~45°. 

Fig. 4.57.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~50°. 
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Fig. 4.58.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~55°. 

Fig. 4.59.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~60°. 
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Fig. 4.60.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~65°. 

Fig. 4.61.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~70°. 
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Fig. 4.62.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~75°. 

Fig. 4.63.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~80°. 
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Fig. 4.64. Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~85°.

138
Fig. 4.65.  Orientation data from sample #6 with rotation angle 𝜙𝜙 = ~90°. 
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Fig. 4.66b.  NMR spectra of sample #2 with rotation angle φ = ~25° and tilt angle θ = ~2.5° – 45° in ~0.5° 
increments.   

Fig. 4.66a.  13C polarization as a function of tilt angle θ adjusted in ~0.5° increments for sample #2 with 
rotation angle φ = ~25°.   
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Fig. 4.66c.  Possible defect orientations with respect to B0 for sample 
#2 with rotation angle φ = 25°.   

Fig. 4.66d.  Simulated 7.05 T pulse EPR spectra of sample #2 with rotation angle φ = 25° for θ = 2.5° – 
44.5° in 1° increments.  
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Fig. 4.67b.  NMR spectra of sample #2 with rotation angle φ = ~30° and tilt angle θ = ~2.5° – 46° in ~0.5° 
increments.   

Fig. 4.67a.  13C polarization as a function of tilt angle θ adjusted in ~0.5° increments for sample #2 with 
rotation angle φ = ~30°.   
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Fig. 4.67c.  Possible defect orientations with respect to B0 for sample 
#2 with rotation angle φ = 30°.   

Fig. 4.67d.  Simulated 7.05 T pulse EPR spectra of sample #2 with rotation angle φ =  30° for θ = 2.5° – 
45.5° in 1° increments.  
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Fig. 4.68a.  13C polarization as a function of tilt angle θ adjusted in ~0.5° increments for sample #2 with 
rotation angle φ = ~35°.   

Fig. 4.68b.  NMR spectra of sample #2 with rotation angle φ = ~35° and tilt angle θ = ~2.5° – 45° in ~0.5° 
increments.   
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Fig. 4.68d.  Simulated 7.05 T pulse EPR spectra of sample #2 with rotation angle φ =  35° for θ = 2.5° – 
44.5° in 1° increments.  

Fig. 4.68c.  Possible defect orientations with respect to B0 for sample 
#2 with rotation angle φ = 35°.   
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Fig. 4.69a.  13C polarization as a function of tilt angle θ adjusted in ~0.5° increments for sample #2 with 
rotation angle φ = ~40°.   

Fig. 4.69b.  NMR spectra of sample #2 with rotation angle φ = ~40° and tilt angle θ = ~2.5° – 37° in ~0.5° 
increments.   
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Fig. 4.69c.  Possible defect orientations with respect to B0 for sample 
#2 with rotation angle φ = 40°.   

Fig. 4.69d.  Simulated 7.05 T pulse EPR spectra of sample #2 with rotation angle φ =  40° for θ = 2.5° – 
36.5° in 1° increments.  
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Fig. 4.70a.  13C polarization as a function of tilt angle θ adjusted in ~0.5° increments for sample #2 with 
rotation angle φ = ~45°.   

Fig. 4.70b.  NMR spectra of sample #2 with rotation angle φ = ~45° and tilt angle θ = ~1.5° – 15° in ~0.5° 
increments.   
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Fig. 4.70c.  Possible defect orientations with respect to B0 for sample 
#2 with rotation angle φ = 45°.   

Fig. 4.70d.  Simulated 7.05 T pulse EPR spectra of sample #2 with rotation angle φ =  45° for θ = 1.5° – 
15° in 0.5° increments.  



149 

The set of spectra for each value of φ from the (111) oriented sample shown in figs. 4.28 –
4.47 share some common characteristics.  The polarization of the first few peaks is always negative, 
the first sign change occurs between θ = 10° – 20° or at an average θ of 16 ± 4.3° and the largest 
polarization on average occurs at θ = 18.5 ± 5°.  The data from the (110) oriented sample shown in 
figs. 4.48 – 4.65 are fairly uniform.  The polarizations are all positive with only three exceptions at φ
= 45° and 50°.  The largest polarizations for φ = 0° – 45° occur at an average θ of 35.6 ± 5.3° and 
shifts ~ 10° lower to an average θ of 25 ± 4.3° for φ = 50° – 90°.  No such similarities were 
observed in the initial experiments on a {100} oriented sample (data not included) so it was selected 
for a more detailed study with θ adjusted in increments of ~0.5° (Figs. 4.66 – 4.70). 

The mechanism behind this pumping process remains unknown.  The original theoretical 
model [42] attributed the 13C polarization to an exchange of energy between the NV- dipolar and 
nuclear Zeeman energy reservoirs.  This was based on the assumption that the apparent ~6.6 MHz 
peak-to-peak NV- EPR linewidth (2Γ = ~10 MHz) reported in [76] was an accurate measure of the 
NV- dipolar coupling and close enough to the 13C NMR frequency to induce a nuclear spin flip.  
However, as shown in chapter 3.4.1 the actual NV- line is much narrower indicating a dipolar 
coupling of less than 1 MHz.  This along with both positive and negative 13C polarizations as well as 
the sensitivity to orientation casts serious doubt on the initial model.      

It is unlikely that the hyperfine interaction is involved [41].  Hyperfine mediated electron-
nuclear spin flips are suppressed by the small magnitude of the hyperfine term compared with those 
of the Zeeman and zero-field splitting.  The hyperfine interaction is involved in the low-field 
polarization mechanism because at the ESLAC the Zeeman and zero-field terms cancel out. 

Fig. 4.71.  Overlapping polarization data from Figs. 4.66 – 4.70. 
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Fig. 4.72.  Comparison of optically polarized 13C NMR spectra of sample #2 at φ = ~5°, θ = 
~3.4° recorded using circularly and linearly polarized light.  Changing the amount of light 
absorbed by each defect causes a sign flip with an increase in amplitude.    

Fig. 4.73.  Comparison of optically polarized 13C NMR spectra of sample #2 at φ = ~10°, θ = 
~3.4° recorded using circularly and linearly polarized light.  Changing the amount of light 
absorbed by each defect causes a sign flip with a small decrease in amplitude.   
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Fig. 4.74.  Comparison of optically polarized 13C NMR spectra of sample #2 at φ = ~15°, θ = 
~3.1° recorded using circularly and linearly polarized light.  Changing the amount of light 
absorbed by each defect causes a decrease in amplitude.    

Fig. 4.75.  Comparison of optically polarized EPR spectra of sample #2 recorded using circularly 
and linearly polarized light.  Depending on the defect’s orientation with respect to the electric field 
vector of the light, changing the polarization of the light will result in some defects absorbing 
more light and others less, which manifests as a change in the relative amplitude of the 
corresponding NV- EPR transitions. 
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The extreme sensitivity of the 13C polarization to orientation is also a mystery.  Without the 
hyperfine or NV- dipolar coupling playing a role, the remaining dependence on orientation lies with 
the zero-field splitting which is affected by the orientation of the defect axis with respect to B0.  
Further, the amount of light that each of the four defect orientations absorb is affected by the 
orientation of the defect axis with respect to the electric field vector of the incident optical 
illumination.   
 As mentioned previously, the electric field vector of the light must be orthogonal to the 
defect axis in order to be absorbed, hence changing the polarization of the light from all x or all y to 
an equal mixture of x and y will change the amount of light each defect absorbs.  Altering the 
amount of light absorbed by each defect alone produces the effects seen in the orientation data in 
Figs. 4.28 – 4.70.  The two spectra shown in Fig 4.71 are of sample # 2 with rotation angle φ = ~5° 
and tilt angle θ = ~3.4°.  The solid line trace was recorded at 20 K in a single shot using the pulse 
sequence shown in Fig. 4.18 (upper left) after 25 minutes of optical illumination with 1 W of 
circularly polarized laser light.  The dashed line trace was recorded at 20 K in a single shot after 25 
minutes of optical illumination with 1 W of linearly polarized laser light.   
 The output of the laser is linearly polarized.  A quarter wave plate set in a rotation mount is 
placed in the beam path.  When the fast or slow axis of the wave plate is parallel or perpendicular 
with the polarization vector of the laser light, the polarization will remain linear.  Rotating the fast or 
slow axis 45° will circularly polarize the light.  Rotating the wave plate does not affect the laser 
power incident on the sample.  In the case of Fig. 4.71, changing the polarization of the light 
without changing the orientation of the sample with respect to B0 causes a sign flip and a change in 
amplitude.  The handedness of the polarization does not affect the results.  Similar experiments 
shown in Figs. 4.72 and 4.73 were conducted with the sample at slightly different orientations.    

The overlapped EPR spectra shown in Fig. 4.75 are of sample #2 oriented with one of the 
<111> axes tilted ~ 8.1° from B0 and were recorded in a single scan using an incident MW power of 
0.00158 mW, a sweep rate of 0.24 mT/s with 100 points per mT, 43 kHz field modulation with an 
amplitude of 0.2 mT, and 600 mW of laser power.  Comparison of the two spectra illustrates the 
change in the defect polarizations brought about by changing the polarization of the laser light.  
These spectra do not correspond to any of the orientations in Figs. 4.71 – 4.73.    
 With the current experimental setup it isn’t possible to determine how the 13C polarization is 
affected by orientation with respect to B0.  Because the direction of propagation of the laser light is 
parallel with B0, the orientation of the sample cannot be changed with respect to the field without 
also changing the orientation with respect to the electric field vector of the light.       
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Chapter 5 
 
Conclusion 
 
 The high-field OPNMR observed in NV- imbibed diamond exhibits unique properties 
setting it apart from the conventional solid state OPNMR observed in semiconductors.  It does not 
rely on photonic angular momentum, the magnitude and sign of the nuclear polarization are 
remarkably sensitive to the orientation of the crystal, and it can be performed at room temperature.  
 The magnitude of the 13C polarization, Trise, and Tdecay are influenced by the NV- and P1 
defect concentrations.  Lower defect concentrations give rise to larger polarizations with longer 
lifetimes at the expense of a slower polarization rate while higher concentrations result in a faster 
polarization rate at the expense of the magnitude and lifetime.  During optical illumination the NV- 
defects act as a polarization source for 13C while the P1 defects act as a 13C polarization sink.  Since 
the samples with higher NV- concentrations also have higher P1 concentrations it isn’t possible to 
determine if the NV- defects also serve as a polarization sink.  Answering that question requires a 
series of samples of a constant P1 concentration with differing NV- concentrations.   
 A mechanism for this high-field pumping process accounting for negative and positive 13C 
polarizations as well as the sensitivity to orientation hasn’t been found.  The results indicate that the 
sign and magnitude of the 13C polarization is a function of the relative polarizations of each of the 
four defect orientations.  Changes in defect polarization brought about by altering the amount of 
light absorbed by each defect are sufficient to change the magnitude and or sign of the 13C 
polarization.  Since the orientation with respect to B0 directly affects the defect polarization, it must 
also have some influence over the 13C polarization.  However, with the current experimental setup it 
isn’t possible to determine how orientation with respect to B0 alone affects the 13C polarization. 
 Despite the experimental challenges, the unique properties of this high-field OPNMR 
system make it worthy of further studies.  While continuing with the 13C polarization mapping 
experiments may provide some additional insight, further progress in finding a mechanism will likely 
continue to be hindered by the presence of four different defect orientations with respect to both 
the electric field vector of the laser light and to B0 for any given crystal orientation.  Growth of 
synthetic diamond with preferentially oriented NV- defects is possible [80-81], but not in sufficient 
numbers for high-field OPNMR experiments.  With the samples currently available, the ideal 
experiment is a high-field EPR/NMR setup with the laser light’s direction of propagation 
perpendicular to B0, which would allow for EPR and NMR spectra to be recorded under the same 
conditions without moving the sample as well as decoupling the orientation with respect to the light 
polarization from that of  B0.       
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Appendix: EasySpin Simulations 
 
Simulating the X-band NV- EPR spectrum: 
 
clear 
  
StartOrientation=[1 1 1];%Sets the starting orientation with respect to B0. 
  
phi=0;%Rotation angle φ about the axis entered for StartOrientation.  
theta1=15;%With StartOrientation=[1 1 1] and phi=0°, this will tilt the crystal about its <112> 
axis.  With StartOrientation=[1 1 0] and phi=0°, this will tilt the crystal about its <100> axis.  
With StartOrientation=[1 0 0] and phi=0° this will rotate the crystal about its <100> axis.  With 
StartOrientation=[1 0 0] and phi=45° this will rotate the crystal about its <110> axis.     
theta2=0;% ;%With StartOrientation=[1 1 1] and phi=0°, this will tilt the crystal about its <110> 
axis. With StartOrientation=[1 1 0] and phi=0°, this will tilt the crystal about its <110> axis.  
There’s no difference between theta1 and theta2 when StartOrientation=[1 0 0]. 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0];% Defines the rotation axis for theta1 
TiltAxis2=[tan(phi*(pi/180)) 1 0];% Defines the rotation axis for theta2 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0;%Converts the vector entered for StartOrientation 
and converts it to polar angles. 
xyzL0=erot([alpha,beta,gamma]);%Builds a rotation matrix from alpha, beta, and gamma.   
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180));%Builds rotation matrix from the TiltAxis1 rotation axis 
and the angle theta1. 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180));% Builds rotation matrix from the TiltAxis2 rotation 
axis and the angle theta2. 
 
xyzL=R2*R1*xyzL0;% 
zL=xyzL(3,:);%Makes a vector from the bottom row of xyzL 
[alpha1,beta1]=vec2ang(zL);%Converts the vector zL into polar coordinates 
Orientation=[alpha1 beta1 0];%Polar angles specifying the orientation of the crystal. 
 
SysNV.S=1;%NV- Spin 
SysNV.g=2.0028;%NV- g-factor 
SysNV.lwpp=[0.025 0.025];%~0.05 mT 50/50 Gaussian/Lorentzian peak-to-peak linewidth.  
SysNV.D=[2880 1.36];%[D E] Axial and rhombic zero-field splitting parameters (in MHz). 
SysNV.DFrame=[-135 -54.7356 -180]*(pi/180);% %Euler angles describing the transformation from the 
molecular frame to the D tensor eigenframe.  In the molecular frame the <100> axis of the diamond 
crystal is parallel to B0.  In the eigenframe of the D-tensor, B0 is parallel to the <111> axis.  
Rotating the molecular frame -135° about z, tilting it 54.7356° about y, and then -180° about the 
resulting z axis results in B0 being parallel to <111>. 
SysNV.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)
C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,1
3)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C';% Hyperfine 
coupled nuclear spins. 
SysNV.Abund={1,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]};%Isotope abundances. 
AN=[-2.7 -2.14];AC1=[120.3 199.7];AC2=[13.26 18.5];AC3=[13.74 13.74];AC4=[12.78 12.78];AC5=[-8.6-
8.6];AC6=[-6.46 -6.46];AC7=[4.15 4.15];AC8=[2.6 2.6]; %Hyperfine coupling constants in MHz. 
SysNV.A=[AN;AC1;AC2;AC2;AC2;AC2;AC2;AC2;AC4;AC4;AC4;AC5;AC5;AC5;AC6;AC6;AC6;AC6;AC6;AC6;AC7;AC7;A
C7;AC7;AC7;AC7;AC8;AC8;AC8;AC8;AC8;AC8]; 
SysNV.AFrame=[-135 -54.7356 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -
180]*pi/180; %Serves the same role for the hyperfine interaction that SysNV.DFrame serves for 
the zero-field splitting. 
 
ExpNV.mwFreq=9.73;%Spectrometer frequency. 
ExpNV.Range=[240 455];%Sweep range for B0. 
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ExpNV.nPoints=21500;%Number of simulated data points. 
ExpNV.CrystalSymmetry=227;%Diamond space group.  Allows EasySpin to calculate the resonance 
fields for each of the four possible defect orientations from a single orientation entry. 
ExpNV.CrystalOrientation=Orientation;%Specifies the orientation of the crystal. 
ExpNV.ModAmp=0.2;%Simulates the effects of the modulation amplitude setting 
ExpNV.Temperature=293;%For thermal equilibrium spectra, enter desired temperature in Kelvin.  To 
simulate an optically polarized spectrum enter the populations of the three zero-field energy 
levels in order of increasing energy [ms = 0 ms = -1 ms = +1].  
 
[Field,NV]=pepper(SysNV,ExpNV); 
Sim=NV; 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
 
Simulating the X-band P1 EPR spectrum: 
 
clear 
  
StartOrientation=[1 1 1]; 
  
phi=0; 
theta1=5; 
theta2=0; 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0]; 
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0; 
xyzL0=erot([alpha,beta,gamma]); 
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180)); 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
xyzL=R2*R1*xyzL0; 
zL=xyzL(3,:); 
[alpha1,beta1]=vec2ang(zL); 
Orientation=[alpha1 beta1 0]; 
  
SysP1.S=1/2; 
SysP1.g=2.0024; 
SysP1.lw=[0.06 0.11]; 
SysP1.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C'; 
SysP1.Abund={1.0,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
SysP1.A=[81 81 115;141.8 141.8 340.8;32.1 32.1 41.3;32.1 32.1 41.3;32.1 32.1 41.3;26.8 26.8 
23.3;26.8 26.8 23.3;26.8 26.8 23.3;11.2 11.2 14.5;11.2 11.2 14.5;11.2 11.2 14.5]; 
SysP1.AFrame=[-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -
54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -
54.7356 -180;-225 -54.7356 -180]*(pi/180); 
  
ExpP1.mwFreq=9.73; 
ExpP1.Range=[341.5 353.5]; 
ExpP1.nPoints=1200; 
ExpP1.CrystalSymmetry=227; 
ExpP1.CrystalOrientation=Orientation; 
ExpP1.ModAmp=0.15; 
ExpP1.Temperature=293; 
  
[Field,P1]=pepper(SysP1,ExpP1); 
Sim=P1; 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
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Simulating the combined X-band NV- and P1 EPR spectrum: 
 
clear 
  
StartOrientation=[1 1 1]; 
  
phi=0; 
theta1=3; 
theta2=0; 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0]; 
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0; 
xyzL0=erot([alpha,beta,gamma]); 
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180)); 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
xyzL=R2*R1*xyzL0; 
zL=xyzL(3,:); 
[alpha1,beta1]=vec2ang(zL); 
Orientation=[alpha1 beta1 0]; 
  
SysNV.S=1; 
SysNV.g=2.0028; 
SysNV.lw=[0.03 0.045]; 
SysNV.D=[2880 0]; 
SysNV.DFrame=[-135 -54.7356 -180]*(pi/180); 
SysNV.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)
C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,1
3)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C'; 
SysNV.Abund={1,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
AN=[-2.7 -2.14];AC1=[120.3 199.7];AC2=[13.26 18.5];AC3=[13.74 13.74];AC4=[12.78 12.78];AC5=[-8.6-
8.6];AC6=[-6.46 -6.46];AC7=[4.15 4.15];AC8=[2.6 2.6];  
SysNV.A=[AN;AC1;AC2;AC2;AC2;AC2;AC2;AC2;AC4;AC4;AC4;AC5;AC5;AC5;AC6;AC6;AC6;AC6;AC6;AC6;AC7;AC7;A
C7;AC7;AC7;AC7;AC8;AC8;AC8;AC8;AC8;AC8]; 
SysNV.AFrame=[-135 -54.7356 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180]*pi/180; 
SysNV.weight=1; 
  
SysP1.S=1/2; 
SysP1.g=2.0024; 
SysP1.lw=[0.06 0.11]; 
SysP1.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C'; 
SysP1.Abund={1.0,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
SysP1.A=[81 81 115;141.8 141.8 340.8;32.1 32.1 41.3;32.1 32.1 41.3;32.1 32.1 41.3;26.8 26.8 
23.3;26.8 26.8 23.3;26.8 26.8 23.3;11.2 11.2 14.5;11.2 11.2 14.5;11.2 11.2 14.5]; 
SysP1.AFrame=[-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -
54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -
54.7356 -180;-225 -54.7356 -180]*(pi/180); 
SysP1.weight=12.4; 
  
ExpNV.mwFreq=9.73607; 
ExpNV.Range=[240 455]; 
ExpNV.nPoints=21500; 
ExpNV.CrystalSymmetry=227; 
ExpNV.CrystalOrientation=Orientation; 
ExpNV.ModAmp=0.2; 
ExpNV.Temperature=293; 
%Population_ms0=0.34; 
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%ExpNV.Temperature=[Population_ms0 (1-Population_ms0)/2 (1-Population_ms0)/2]; 
  
ExpP1.mwFreq=ExpNV.mwFreq; 
ExpP1.Range=ExpNV.Range; 
ExpP1.nPoints=ExpNV.nPoints; 
ExpP1.CrystalSymmetry=ExpNV.CrystalSymmetry; 
ExpP1.CrystalOrientation=ExpNV.CrystalOrientation; 
ExpP1.ModAmp=ExpNV.ModAmp; 
ExpP1.Temperature=293; 
  
[Field,NV]=pepper(SysNV,ExpNV); 
[Field2,P1]=pepper(SysP1,ExpP1); 
Sim=NV+P1; 
%Sim=rescale(Sim,'maxabs'); 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
 
Biphenyl radical anion simulation from Fig. 1.10b: 
 
clear; 
  
Sys.S=1/2;  %Electron spin. 
Sys.g = 2;  %Isotropic electron g-factor. 
Sys.Nucs = '1H,1H,1H';  %Hyperfine coupled nuclear spins. 
Sys.n = [2 4 4];    %Numbers of equivalent nuclei. 
Sys.lwpp = [0 0.02];    %Lorentzian peak-to-peak linewidth of 0.02 mT. 
Sys.A = [-15.10 -7.59 1.10]; %Isotropic hyperfine coupling constants (in MHz) for each group of 
equivalent nuclei. 
  
Exp.mwFreq = 9.73;  %Spectrometer frequency 
Exp.Range=[345.85 349.3];   %Field sweep range in mT [min max]. 
Exp.nPoints=8092;   %Number of simulated data points. 
Exp.ModAmp=0.004;   %Modulation amplitude setting. 
  
[Field,sim]=garlic(Sys,Exp); 
sim=transpose(sim); 
Field=transpose(Field); 
plot(Field,sim); 
  
Nitroxide radical fixed-frequency spectrum from Fig. 1.11a: 
 
clear; 
  
Sys.S=1/2; 
Sys.g=[2.0026 2.0027 2.0084]; 
Sys.lw=[0 0.1105]; 
Sys.Nucs='N'; 
Sys.A=[17.06 10.39 110.9]; 
Sys.logtcorr=-9.9; 
  
Exp.mwFreq=9.664; 
Exp.Range=[340 349]; 
Exp.nPoints=1670; 
Exp.ModAmp=0.02; 
Exp.Temperature=293; 
  
[Field,Sim]=chili(Sys,Exp); 
Sim=rescale(Sim,'maxabs'); 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
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Nitroxide radical fixed-field spectrum from Fig. 1.11c: 
 
clear; 
  
Sys.S=1/2; 
Sys.g=[2.0026 2.0027 2.0084]; 
Sys.lw=[0 3.1]; 
Sys.Nucs='N'; 
Sys.A=[17.06 10.39 110.9]; 
Sys.logtcorr=-9.9; 
  
Exp.Field=344.45; 
Exp.mwRange=[9.5298 9.799]; 
Exp.nPoints=1670; 
Exp.Temperature=293; 
  
[Freq,Sim]=chili(Sys,Exp); 
Sim=rescale(Sim,'maxabs'); 
Sim=transpose(Sim); 
Freq=transpose(Freq)*1000; 
plot(Freq,Sim) 
 
Ground state energy levels of NV- as a function of B0 from Fig. 1.18: 
 
clear 
  
Sys.S=1;   
Sys.g=2.0028;    
Sys.D=[2880 0];  
Sys.DFrame=[-135 -54.7356 -180]*(pi/180);  
  
Ori=[45 54.7356]*(pi/180);  %Polar angles describing the orientation of the crystal with respect 
to B0.   
  
B=[0 250];  %Field range (in mT). 
  
mwFreq=9.736;   %Spectrometer frequency (in GHz). 
  
Par.nPoints=800000; %Number of data points. 
  
levelsplot(Sys,Ori,B,mwFreq,Par) 
  
Excited state energy levels of NV- as a function of B0 from Fig. 1.18: 
 
clear 
  
Sys.S=1;     
Sys.g=2.01;    
Sys.D=[1420 0]; 
Sys.DFrame=[-135 -54.7356 -180]*(pi/180);  
  
Ori=[45 54.7356]*(pi/180);  %Polar angles describing the orientation of the crystal with respect 
to B0.   
  
B=[0 250];  %Field range (in mT) 
  
mwFreq=9.736;   %Spectrometer frequency (in GHz) 
  
Par.nPoints=800000; %Number of datapoints 
  
levelsplot(SysNVes,Ori,B,mwFreq,Par) 
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NV- crystal roadmap simulation from Fig. 3.3 and 3.29: 
 
clear 
  
StartOrientation=[1 1 1]; 
  
phi=0; 
theta1=(0:5:180); 
theta2=0; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0;   
xyzL0=erot([alpha,beta,gamma]); 
TiltAxis1=[1 tan(phi*(pi/180)) 0];  
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
for k=1:numel(theta1) 
    R1=rotaxi2mat(TiltAxis1,(theta1(k)*(pi/180))); 
    R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
    xyzL=R2*R1*xyzL0; 
    zL=xyzL(3,:); 
    
    Orientation(:,k)=vec2ang(zL); 
     
end 
  
SysNV.S=1; 
SysNV.g=2.0028; 
SysNV.lwpp=[0.25 0.25]; 
SysNV.D=[2880 3]; 
SysNV.DFrame=[-135 -54.7356 -180]*(pi/180); 
 
ExpNV.mwFreq=197.575; 
ExpNV.Range=[6937 7157]; 
ExpNV.nPoints=17600; 
ExpNV.CrystalSymmetry=227; 
ExpNV.CrystalOrientation=Orientation; 
ExpNV.Temperature=293; 
 
Opt.Output='separate'; 
  
[Field,NV]=pepper(SysNV,ExpNV,Opt); 
Sim=NV; 
Sim=transpose(Sim); 
Field=transpose(Field); 
stackplot(Field,Sim) 
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P1 simulation from Fig. 3.4c: 
 
clear 
  
StartOrientation=[1 0 0]; 
  
phi=0; 
theta1=0; 
theta2=0; 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0]; 
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0; 
xyzL0=erot([alpha,beta,gamma]); 
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180)); 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
xyzL=R2*R1*xyzL0; 
zL=xyzL(3,:); 
[alpha1,beta1]=vec2ang(zL); 
Orientation=[alpha1 beta1 0]; 
  
SysP1.S=1/2; 
SysP1.g=2.0024; 
SysP1.lwpp=[0.03 0.08]; 
SysP1.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C'; 
SysP1.Abund={1.0,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
SysP1.A=[81 81 115;141.8 141.8 340.8;32.1 32.1 41.3;32.1 32.1 41.3;32.1 32.1 41.3;26.8 26.8 
23.3;26.8 26.8 23.3;26.8 26.8 23.3;11.2 11.2 14.5;11.2 11.2 14.5;11.2 11.2 14.5]; 
SysP1.AFrame=[-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -
54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -
54.7356 -180;-225 -54.7356 -180]*(pi/180); 
  
ExpP1.mwFreq=9.705; 
ExpP1.Range=[340.3799 352.3799]; 
ExpP1.nPoints=1200; 
ExpP1.CrystalSymmetry=227; 
ExpP1.CrystalOrientation=Orientation; 
ExpP1.ModAmp=0.04; 
ExpP1.Temperature=293; 
  
[Field,P1]=pepper(SysP1,ExpP1); 
Sim=P1; 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
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Plasticine Mn2+ energy levels as a function of B0 from Fig. 3.23: 
 
clear 
  
Sys.S=5/2;     
Sys.g=2.0017;    
Sys.D=[-231.9 0];  
Sys.Nucs='55Mn'; 
Sys.A=[-253.12 -253.12 -250.8]; 
  
Ori=[0 0]*(pi/180);     
  
B=[0 145];   
  
Par.nPoints=80000000;  
  
levelsplot(Sys,Ori,B,Par) 
 
Plasticine spectrum from Fig. 3.25: 
 
clear; 
  
Sys1.S=5/2; 
Sys1.g=2.00117; 
Sys1.lwpp=[0.15 0.12]; 
Sys1.D=[-231.9 0]; 
Sys1.aF=[-0.0672 0]; 
Sys1.Nucs='55Mn'; 
Sys1.A=[-253.12 -253.12 -250.8]; 
Sys1.weight=1; 
  
Sys2.S=5/2; 
Sys2.g=2.00117; 
Sys2.lwpp=[0.13 0.15]; 
Sys2.D=[-231.9 0]; 
Sys2.aF=[-0.0672 0]; 
Sys2.Nucs='55Mn'; 
Sys2.A=[-253.12 -253.12 -250.8]; 
Sys2.weight=1; 
  
Sys3.S=5/2; 
Sys3.g=2.00117; 
Sys3.lwpp=[0.13 0.15]; 
Sys3.D=[-231.9 0]; 
Sys3.aF=[-0.0672 0]; 
Sys3.Nucs='55Mn'; 
Sys3.A=[-253.12 -253.12 -250.8]; 
Sys3.weight=1; 
  
Sys4.S=5/2; 
Sys4.g=2.00117; 
Sys4.lwpp=[0.5 0.5]; 
Sys4.D=[-231.9 0]; 
Sys4.aF=[-0.0672 0]; 
Sys4.Nucs='55Mn'; 
Sys4.A=[-253.12 -253.12 -250.8]; 
Sys4.weight=0.75; 
  
Sys5.S=5/2; 
Sys5.g=2.00117; 
Sys5.lwpp=[0.5 0.5]; 
Sys5.D=[-231.9 0]; 
Sys5.aF=[-0.0672 0]; 
Sys5.Nucs='55Mn'; 
Sys5.A=[-253.12 -253.12 -250.8]; 
Sys5.weight=0.15; 
  
Sys6.S=5/2; 
Sys6.g=2.00117; 
Sys6.lwpp=[0.5 0.5]; 
Sys6.D=[-231.9 0]; 
Sys6.aF=[-0.0672 0]; 
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Sys6.Nucs='55Mn'; 
Sys6.A=[-253.12 -253.12 -250.8]; 
Sys6.weight=0.75; 
  
Sys7.S=5/2; 
Sys7.g=2.00117; 
Sys7.lwpp=[0.5 0.5]; 
Sys7.D=[-231.9 0]; 
Sys7.aF=[-0.0672 0]; 
Sys7.Nucs='55Mn'; 
Sys7.A=[-253.12 -253.12 -250.8]; 
Sys7.weight=0.75; 
  
Exp.mwFreq=9.73; 
Exp.Range=[305 390.5]; 
Exp.nPoints=15200; 
Exp.Temperature=293; 
  
Opt1.Transitions=[18 19;17 20;16 21;15 22;13 24;14 23;]; 
Opt2.Transitions=[18 20;17 21;16 20;15 21;14 22;13 23;14 24;15 23;16 22;17 19]; 
Opt3.Transitions=[18 21;17 22;15 20;16 19;13 22;14 21;16 23;15 24]; 
Opt4.Transitions=[7 13;8 14;9 15;10 16;11 17;12 18]; 
Opt5.Transitions=[24 30;23 29;22 28;21 27;20 26;19 25]; 
Opt6.Transitions=[6 12;5 11;4 10;3 9;2 8;1 7]; 
Opt7.Transitions=[30 36;29 35;28 34;27 33;26 32;25 31]; 
  
[Field,Spc1]=pepper(Sys1,Exp,Opt1); 
[Field2,Spc2]=pepper(Sys2,Exp,Opt2); 
[Field3,Spc3]=pepper(Sys3,Exp,Opt3); 
[Field4,Spc4]=pepper(Sys4,Exp,Opt4); 
[Field5,Spc5]=pepper(Sys5,Exp,Opt5); 
[Field6,Spc6]=pepper(Sys6,Exp,Opt6); 
[Field7,Spc7]=pepper(Sys7,Exp,Opt7); 
  
Sim=Spc1+Spc2+Spc3+Spc4+Spc5+Spc6+Spc7; 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim)%To simulate 3.25b just plot each Spc separately instead of their sum.  
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Simulation of sample #1 from Fig. 3.57: 
 
clear 
  
StartOrientation=[1 0 0]; 
  
phi=44; 
theta1=123.95; 
theta2=0; 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0]; 
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0; 
xyzL0=erot([alpha,beta,gamma]); 
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180)); 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
xyzL=R2*R1*xyzL0; 
zL=xyzL(3,:); 
[alpha1,beta1]=vec2ang(zL); 
Orientation=[alpha1 beta1 0]; 
  
SysNV.S=1; 
SysNV.g=2.0028; 
SysNV.lw=[0.035 0.03]; 
SysNV.D=[2880 1.8]; 
SysNV.DFrame=[-135 -54.7356 -180]*(pi/180); 
SysNV.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)
C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,1
3)C'; 
SysNV.Abund={1,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01]}; 
AN=[-2.7 -2.14];AC1=[120.3 199.7];AC2=[13.26 18.5];AC3=[13.74 13.74];AC4=[12.78 12.78];AC5=[-8.6 
-8.6];AC6=[-6.46 -6.46];AC7=[4.15 4.15];AC8=[2.6 2.6]; 
SysNV.A=[AN;AC1;AC2;AC2;AC2;AC2;AC2;AC2;AC4;AC4;AC4;AC5;AC5;AC5;AC6;AC6;AC6;AC6;AC6;AC6;AC7;AC7;A
C7;AC7;AC7;AC7;AC8;AC8;AC8;AC8;AC8;AC8]; 
SysNV.AFrame=[-135 -54.7356 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180]*pi/180; 
  
ExpNV.mwFreq=9.777; 
ExpNV.Range=[244.9 247.4]; 
ExpNV.nPoints=850; 
ExpNV.CrystalSymmetry=227; 
ExpNV.CrystalOrientation=Orientation; 
ExpNV.ModAmp=0.012; 
%ExpNV.Temperature=293; 
Population_ms0=0.44; 
ExpNV.Temperature=[Population_ms0 (1-Population_ms0)/2 (1-Population_ms0)/2]; 
  
[Field,NV]=pepper(SysNV,ExpNV); 
Sim=NV; 
Sim=rescale(Sim,'maxabs'); 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
xlabel('mT','FontSize',16) 
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Frequency domain spectra of sample #8 from Figs. 4.28 – 4.46: 
 
clear 
  
StartOrientation=[1 1 1]; 
  
phi=0; 
theta1=0; 
theta2=0; 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0]; 
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0; 
xyzL0=erot([alpha,beta,gamma]); 
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180)); 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
xyzL=R2*R1*xyzL0; 
zL=xyzL(3,:); 
[alpha1,beta1]=vec2ang(zL); 
Orientation=[alpha1 beta1 0]; 
  
SysNV.S=1; 
SysNV.g=2.0028; 
SysNV.lw=[0.98 1.96]; 
SysNV.D=[2880 1.36]; 
SysNV.DFrame=[-135 -54.7356 -180]*(pi/180); 
SysNV.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)
C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,1
3)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C'; 
SysNV.Abund={1,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
AN=[-2.7 -2.14];AC1=[120.3 199.7];AC2=[13.26 18.5];AC3=[13.74 13.74];AC4=[12.78 12.78];AC5=[-8.6 
-8.6];AC6=[-6.46 -6.46];AC7=[4.15 4.15];AC8=[2.6 2.6]; 
SysNV.A=[AN;AC1;AC2;AC2;AC2;AC2;AC2;AC2;AC4;AC4;AC4;AC5;AC5;AC5;AC6;AC6;AC6;AC6;AC6;AC6;AC7;AC7;A
C7;AC7;AC7;AC7;AC8;AC8;AC8;AC8;AC8;AC8]; 
SysNV.AFrame=[-135 -54.7356 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180]*pi/180; 
SysNV.weight=1; 
  
SysP1.S=1/2; 
SysP1.g=2.0024; 
SysP1.lw=[0.56 5.04]; 
SysP1.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C'; 
SysP1.Abund={1.0,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
SysP1.A=[81 81 115;141.8 141.8 340.8;32.1 32.1 41.3;32.1 32.1 41.3;32.1 32.1 41.3;26.8 26.8 
23.3;26.8 26.8 23.3;26.8 26.8 23.3;11.2 11.2 14.5;11.2 11.2 14.5;11.2 11.2 14.5]; 
SysP1.AFrame=[-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -
54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -
54.7356 -180;-225 -54.7356 -180]*(pi/180); 
SysP1.weight=5.5; 
  
ExpNV.Field=7051.1; 
ExpNV.mwRange=[194.67 200.62]; 
ExpNV.nPoints=21500; 
ExpNV.CrystalSymmetry=227; 
ExpNV.CrystalOrientation=Orientation; 
%ExpNV.Temperature=293; 
Population_ms0=0.6; 



 171 

ExpNV.Temperature=[Population_ms0 (1-Population_ms0)/2 (1-Population_ms0)/2]; 
  
ExpP1.Field=ExpNV.Field; 
ExpP1.mwRange=ExpNV.mwRange; 
ExpP1.nPoints=ExpNV.nPoints; 
ExpP1.CrystalSymmetry=ExpNV.CrystalSymmetry; 
ExpP1.CrystalOrientation=ExpNV.CrystalOrientation; 
ExpP1.Temperature=20; 
  
[Field,NV]=pepper(SysNV,ExpNV); 
[Field2,P1]=pepper(SysP1,ExpP1); 
Sim=NV+P1; 
Sim=rescale(Sim,'maxabs'); 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
 
Frequency domain spectra of sample #6 from Figs. 4.48 – 4.65: 
 
clear 
  
StartOrientation=[1 1 0]; 
  
phi=0; 
theta1=0; 
theta2=0; 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0]; 
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0; 
xyzL0=erot([alpha,beta,gamma]); 
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180)); 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
xyzL=R2*R1*xyzL0; 
zL=xyzL(3,:); 
[alpha1,beta1]=vec2ang(zL); 
Orientation=[alpha1 beta1 0]; 
  
SysNV.S=1; 
SysNV.g=2.0028; 
SysNV.lw=[0 2.8]; 
SysNV.D=[2880 1.36]; 
SysNV.DFrame=[-135 -54.7356 -180]*(pi/180); 
SysNV.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)
C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,1
3)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C'; 
SysNV.Abund={1,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
AN=[-2.7 -2.14];AC1=[120.3 199.7];AC2=[13.26 18.5];AC3=[13.74 13.74];AC4=[12.78 12.78];AC5=[-8.6 
-8.6];AC6=[-6.46 -6.46];AC7=[4.15 4.15];AC8=[2.6 2.6]; 
SysNV.A=[AN;AC1;AC2;AC2;AC2;AC2;AC2;AC2;AC4;AC4;AC4;AC5;AC5;AC5;AC6;AC6;AC6;AC6;AC6;AC6;AC7;AC7;A
C7;AC7;AC7;AC7;AC8;AC8;AC8;AC8;AC8;AC8]; 
SysNV.AFrame=[-135 -54.7356 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180]*pi/180; 
SysNV.weight=1; 
  
SysP1.S=1/2; 
SysP1.g=2.0024; 
SysP1.lw=[4.2 8.4]; 
SysP1.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,



 172 

(12,13)C'; 
SysP1.Abund={1.0,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
SysP1.A=[81 81 115;141.8 141.8 340.8;32.1 32.1 41.3;32.1 32.1 41.3;32.1 32.1 41.3;26.8 26.8 
23.3;26.8 26.8 23.3;26.8 26.8 23.3;11.2 11.2 14.5;11.2 11.2 14.5;11.2 11.2 14.5]; 
SysP1.AFrame=[-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -
54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -
54.7356 -180;-225 -54.7356 -180]*(pi/180); 
SysP1.weight=11.6; 
  
ExpNV.Field=7051.1; 
ExpNV.mwRange=[194.67 200.62]; 
ExpNV.nPoints=21500; 
ExpNV.CrystalSymmetry=227; 
ExpNV.CrystalOrientation=Orientation; 
%ExpNV.Temperature=293; 
Population_ms0=0.5; 
ExpNV.Temperature=[Population_ms0 (1-Population_ms0)/2 (1-Population_ms0)/2]; 
  
ExpP1.Field=ExpNV.Field; 
ExpP1.mwRange=ExpNV.mwRange; 
ExpP1.nPoints=ExpNV.nPoints; 
ExpP1.CrystalSymmetry=ExpNV.CrystalSymmetry; 
ExpP1.CrystalOrientation=ExpNV.CrystalOrientation; 
ExpP1.Temperature=20; 
  
[Field,NV]=pepper(SysNV,ExpNV); 
[Field2,P1]=pepper(SysP1,ExpP1); 
Sim=NV+P1; 
Sim=rescale(Sim,'maxabs'); 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
  
Frequency domain spectra of sample #2 from Figs. 4.66 – 4.70: 
 
clear 
  
StartOrientation=[1 0 0]; 
  
phi=0; 
theta1=0; 
theta2=0; 
  
TiltAxis1=[1 tan(phi*(pi/180)) 0]; 
TiltAxis2=[tan(phi*(pi/180)) 1 0]; 
  
[alpha,beta]=vec2ang(StartOrientation);gamma=0; 
xyzL0=erot([alpha,beta,gamma]); 
R1=rotaxi2mat(TiltAxis1,theta1*(pi/180)); 
R2=rotaxi2mat(TiltAxis2,theta2*(pi/180)); 
xyzL=R2*R1*xyzL0; 
zL=xyzL(3,:); 
[alpha1,beta1]=vec2ang(zL); 
Orientation=[alpha1 beta1 0]; 
  
SysNV.S=1; 
SysNV.g=2.0028; 
SysNV.lw=[0.56 2.24]; 
SysNV.D=[2880 1.36]; 
SysNV.DFrame=[-135 -54.7356 -180]*(pi/180); 
SysNV.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)
C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,1
3)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C'; 
SysNV.Abund={1,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
AN=[-2.7 -2.14];AC1=[120.3 199.7];AC2=[13.26 18.5];AC3=[13.74 13.74];AC4=[12.78 12.78];AC5=[-8.6 
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-8.6];AC6=[-6.46 -6.46];AC7=[4.15 4.15];AC8=[2.6 2.6]; 
SysNV.A=[AN;AC1;AC2;AC2;AC2;AC2;AC2;AC2;AC4;AC4;AC4;AC5;AC5;AC5;AC6;AC6;AC6;AC6;AC6;AC6;AC7;AC7;A
C7;AC7;AC7;AC7;AC8;AC8;AC8;AC8;AC8;AC8]; 
SysNV.AFrame=[-135 -54.7356 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 
-180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-
135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -
125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180;-135 -125.66 -180]*pi/180; 
SysNV.weight=1; 
  
SysP1.S=1/2; 
SysP1.g=2.0024; 
SysP1.lw=[1.68 3.08]; 
SysP1.Nucs='14N,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,(12,13)C,
(12,13)C'; 
SysP1.Abund={1.0,[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01],[0.99 
0.01],[0.99 0.01],[0.99 0.01],[0.99 0.01]}; 
SysP1.A=[81 81 115;141.8 141.8 340.8;32.1 32.1 41.3;32.1 32.1 41.3;32.1 32.1 41.3;26.8 26.8 
23.3;26.8 26.8 23.3;26.8 26.8 23.3;11.2 11.2 14.5;11.2 11.2 14.5;11.2 11.2 14.5]; 
SysP1.AFrame=[-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -54.7356 -180;-135 -
54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -54.7356 -180;-225 -
54.7356 -180;-225 -54.7356 -180]*(pi/180); 
SysP1.weight=12; 
  
ExpNV.Field=7051.1; 
ExpNV.mwRange=[194.67 200.62]; 
ExpNV.nPoints=21500; 
ExpNV.CrystalSymmetry=227; 
ExpNV.CrystalOrientation=Orientation; 
%ExpNV.Temperature=293; 
Population_ms0=0.65; 
ExpNV.Temperature=[Population_ms0 (1-Population_ms0)/2 (1-Population_ms0)/2]; 
  
ExpP1.Field=ExpNV.Field; 
ExpP1.mwRange=ExpNV.mwRange; 
ExpP1.nPoints=ExpNV.nPoints; 
ExpP1.CrystalSymmetry=ExpNV.CrystalSymmetry; 
ExpP1.CrystalOrientation=ExpNV.CrystalOrientation; 
ExpP1.Temperature=20; 
  
[Field,NV]=pepper(SysNV,ExpNV); 
[Field2,P1]=pepper(SysP1,ExpP1); 
Sim=NV+P1; 
Sim=rescale(Sim,'maxabs'); 
Sim=transpose(Sim); 
Field=transpose(Field); 
plot(Field,Sim) 
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