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Introduction

On the peculiar EPR spectra of P1 centers at high
(12—-20 T) magnetic fields¥

Orit Nir-Arad, © Eyal Laster, Mais Daksi, Nurit Manukovsky and Ilia Kaminker (2 *
The most common lattice defect in high-pressure high-temperature (HPHT) diamonds is the nitrogen
substitution (P1) center. This is a paramagnetic defect with a single unpaired electron spin coupled to a
YN nuclear spin forming an S = 1/2, | = 1 spin system. While P1 centers have been studied by electron
paramagnetic resonance (EPR) spectroscopy for decades, only recently did their behavior at ultra-high
(>12 T) magnetic fields become of interest. This is because P1 centers were recently found to be very
efficient polarizing agents in dynamic nuclear polarization (DNP) experiments, which are typically carried
out at high magnetic fields. The P1 ultra-high field EPR spectra show multiple peaks which the lower
fields spectra do not. In this paper, we present an account of the EPR spectra of P1 centers at ultra-high
fields and show that the more complex spectra at 12—-20 T are the result of significant state mixing in
the ms = +1/2 electron spin manifold. The state mixing is a result of fulfilling the cancellation condition,
meaning the e=**N hyperfine interaction equals twice the Larmor frequency of the ¥*N nuclear spin. We
illustrate the influence of the cancellation condition on the EPR spectra by comparing EPR spectra
acquired at 6.9 and 13.8 T. While the former are similar to the consensus spectra observed at lower
fields, the latter are very different. We present numerical simulations that quantitatively account for the
experimental spectra at both 6.9 and 13.8 T. Finally, we use electron electron double resonance (ELDOR)
measurements to show that the cancellation condition results in increased spectral diffusion in the
13.8 T spectrum. This work sheds light on the spin properties of P1 centers under DNP-characteristic
conditions, which will be conducive to their efficient utilization in DNP.

coupling between its electron spin and optical properties is
the negatively charged nitrogen-vacancy (NV) center.” NV cen-

Defects in the diamond lattice have attracted research interest for
years." The most common impurities in synthetic diamonds are
nitrogen-based, which are introduced during the synthesis due to
the presence of nitrogen in the typical conditions used for the
growth of high-pressure high-temperature (HPHT) lab
diamonds.>” The nitrogen concentration can vary from hundreds
of ppm in HPHT diamonds to a few ppb in chemical vapor
deposition (CVD) grown diamonds.” While recent advances allow
for strict control over the presence of nitrogen impurities,* such
control is unnecessary for most applications, and the nitrogen
substitutions are typically present in the hundreds of ppm con-
centrations in most industrial diamonds.”

The simplest nitrogen defect is nitrogen substitution, which
is referred to as N, defect, C-center, and P1 center in electron
paramagnetic resonance (EPR) literature.® Another nitrogen-
based defect that is widely researched due to the unique
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ters are a prime candidate for various quantum applications,
e.g. quantum computing,®'® subpicotesla magnetometry,"*™*?
quantum memories,"* microwave amplification,'® and teraherz
radiation generation.'® They are fabricated from P1 centers
with 25% efficiency at best'” and therefore P1 centers are
present in large concentrations in NV-enriched samples. P1
centers are a source of relaxation for NV centers and their
presence affects NV centers’ spin properties which can hamper
their use in the aforementioned applications.*®'® Characteriza-
tion of both NV and P1 center populations is thus essential for
the development of these fields. Since, unlike NV centers, the
electron spin and optical properties of P1 centers are not
coupled, P1 centers can only be investigated using magnetic
resonance spectroscopy.

Both P1 and NV centers are also extensively investigated
as polarizing agents for dynamic nuclear polarization (DNP)
experiments, which have been actively developed over
the past two decades due to their ability to enhance the
nuclear magnetic resonance (NMR) signal by several orders of
magnitude.?*>* In a DNP experiment, nuclear polarization is
enhanced by polarization transfer from unpaired electron
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spins, which have orders of magnitude higher thermal polarization
due to their larger gyromagnetic ratio (e.g. ye/y1c & 2600). Since
pure diamonds are diamagnetic, the introduction of paramagnetic
defects into the diamond lattice is required for DNP applications.

Diamonds are promising candidates for DNP as they provide
several advantages over the organic radicals that currently
dominate the DNP experiments.>*>° Diamonds are chemically
and thermally stable under a broad range of conditions. Large
crystals (>few micrometers) have long electron spin relaxation
times, which allow for room temperature DNP.***? In addition,
the '*C polarization inside the diamond lattice is very long-lived
due to the low natural abundance of >C and the scarcity of
other magnetic nuclei. Recently, nanodiamonds were used to
enhance protein signals in magic angle spinning (MAS)-DNP
experiments,”® and were shown to be compatible with in vivo
applications due to their ability to enter the blood flow.**

Since it is possible to optically polarize the electron spins in
NV centers, which makes their electron spin polarization indepen-
dent of the magnetic field strength, most of the NV center DNP
research focused on low-field DNP experiments,” ™ with some
notable exceptions of 7 and 9.4 T experiments.*®*® Similarly, P1
centers were subject to multiple DNP investigations at low mag-
netic fields.*** Recently, efficient *C hyperpolarization using P1
centers was reported at 3.3, 7, and 14 T for single crystals of HPHT
diamonds and microdiamond powders.*****> The high hyperpo-
larization efficiency was a surprising observation since the solid
effect (SE) DNP mechanism, which was expected to be the only
active *C DNP mechanism in these samples, scales as B, > and
would have resulted in low DNP efficiency. These results prompted
the investigation of the electron spin properties of P1 centers at
ultra-high magnetic fields, thereby discovering exchange-coupled
P1 center clusters in HPHT diamonds, which allow for the cross-
effect (CE) DNP mechanism, which is much more efficient at high-
field.*"** These results emphasized that a detailed understanding
of the DNP mechanisms requires a detailed understanding of the
electron spin properties of the polarizing agent under the same set
of conditions.

While the diamond EPR spectra reported at 3.3 and 7 T are
similar to the well-known P1 center spectra reported at lower
fields, the spectra at 14 T are significantly more difficult to
interpret with multiple additional resolved peaks which appear
due to the N spin state mixing present in one of the electron
spin manifolds. This paper elaborates on the EPR spectra of
P1 centers at ultra-high (>12 T) magnetic fields. The paper
is structured as follows. First, we briefly review the theory of
the P1 center electronic structure and its EPR spectra. In the
next section, we follow by presenting simulated EPR spectra,
starting from the simplest case of an isolated P1 center and
building up to simulating the spectra of single-crystal diamond
and microcrystalline diamond powder samples, which account
for powders of grain size larger than ~ 1 um.****** Throughout
this section, we highlight the differences between the EPR
spectra at <12 T fields and those at 12-20 T fields. In the
experimental section, we present continuous wave (CW) and
pulsed EPR spectra measured at 6.9 and 13.8 T, of a single
crystal HPHT diamond at several orientations, and of a
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microcrystalline diamond powder. The simulations from the
preceding section quantitatively account for the observed
effects. In the last section, we demonstrate that the state mixing
not only affects the appearance of the EPR spectra, but also
results in enhanced electron-electron spectral diffusion (eSD)
at 13.8 T, as proven by electron electron double resonance
(ELDOR) measurements.

Theory

The nitrogen atom has five valence electrons, compared to four
of the carbon. Upon substitution for carbon in the diamond
lattice, the nitrogen atom forms three bonding sp® orbitals with
three neighboring carbon atoms, and a fourth antibonding sp*
orbital, that is occupied by a lone pair of electrons, with a fourth
carbon atom (colored light blue in Fig. 1a). The fourth neighbor-
ing carbon is thus left with an unpaired electron. While 75% of
electron spin density is on the carbon atom, the main feature
visible in the EPR spectra of P1 centers is the hyperfine inter-
action with the "N nuclear spin, due to the natural abundance
ratios of carbon and nitrogen isotopes.’>>* This means the most
commonly encountered P1 center is the one formed by a ">C, "N
pair (spin 0 and 1 respectively). Such a P1 center forms a two-
spin (S = 1/2; I = 1) system with a spin Hamiltonian given by:>

H = u3Bog.S + SAI — gnpnBol + 101 (1)

Where § and 1 are the electron and nuclear spin operators; gy is
the "N g-factor, up and py are Bohr and nuclear magnetons; B, is
the magnetic field vector; g. is the electron axial g-tensor with
g1 = 2.00220; g, = 2.00218;"* A is the axial e-'*N hyperfine
interaction tensor with A, = 81.3; A} = 114 MHz, Q is the
axial nuclear quadrupole tensor with a coupling constant of
—3.97 MHz.”® All three tensors are collinear and are oriented
along the unique >*C-"*N antibonding orbital. We will refer to
the angle between the vector oriented along this orbital and the
direction of the static magnetic field B, as 6 (Fig. 1a). Following a
standard treatment, the Hamiltonian can be expanded in the
high-field approximation as follows:>*>’

A A

H=0.S. + (A cos® 0+A4,sin’0)S. +(AH—AL)Sin9COSG§ZIAX

—mmé+g[3w§01 Sf—p)

+;s1n900s9{ <I++I )+ ++A_>fz]+%sin20<i+2+i_2>}

Where v, and vy are the electron and **N nuclear Larmor
frequencies. For a given value of 6 there are six energy levels
corresponding to each of the |mg, m;) states. Note that due to the
symmetry of the spin system and the axial symmetry of the
magnetic field, P1 centers oriented with angles  or 180° — 0 are
magnetically equivalent and have the same energies. The order
of the |mg, m;) states depends on the strength of the hyperfine
interaction relative to 1. The energy diagram depicted in
Fig. 1b left corresponds to the strong coupling case, encountered
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Fig. 1 (a) Schematic diagram of a P1 center at an angle 0 relative to the direction of the static magnetic field Bg. (b) Schematic energy level and transitions

diagram for a single P1 center in the strong coupling (left) and weak coupling (right) regimes. (c) and (d) Energy levels diagrams, (e) and (f) transition
probabilities, and (g) and (h) EPR spectra vs. field for (c), (e) and (g) 0 = 70° and (d), (f) and (h) @ = 20°. The spectra in (g) and (h) were aligned by subtracting

the central resonance frequency vo(6) for each field.
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in EPR experiments on P1 centers at fields <12 T, where vy <
Acg/2. Here, A is the coefficient of the S,f, term in eqn (2),
representing the effective hyperfine coupling for a specific value
of 0. In the weak coupling case, vy > A./2 the order of the
energy levels in the mg = +1/2 manifold changes. This is depicted
in the energy level diagram in Fig. 1b right. The intermediate
case, where vy ® Aeg/2, is known as the cancellation condition.
The name refers to the vanishing effective field in one of the
electron spin manifolds, where the nuclear Zeeman and hyper-
fine fields cancel each other.>® In this case, the presence of the
pseudo-secular 8,1, term in the Hamiltonian, which connects the

+%,O> sublevel with the

+%,:t1> sublevels, results in the

anticrossing depicted in Fig. 1c and d. While there is no general
analytical solution for a S = 1/2; I =1 spin system with anisotropic
hyperfine and quadrupolar coupling,®*™** a special case where
the g-, hyperfine, and quadrupolar tensors are axial and colinear
was treated analytically rather early in the EPR history.*>%
Nowadays numerical simulations provide a much easier alter-
native to spectral fitting which does not rely on the approxima-
tions of the 2™ order perturbation theory used to obtain the
analytical expressions. We therefore utilize numerical simula-
tions in this work.

Simulations
EPR spectra of a single P1 center

In this six-level system of a single P1 center, nine Amg = 1
transitions are observable in the EPR spectrum (Fig. 1b).

View Article Online
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The individual transitions will be referred to as v;; and the
corresponding transition probabilities as P;; with 7 = 1,2,3 and
J = 4,5,6. In the strong coupling case, there are three allowed
transitions: vy 6, 5,5 and v; 4, one for each of the nuclear spin
states m; = +1, 0, —1, respectively, where Am; = 0. There are
four forbidden EPR transitions: vy 5, V56, V24, and v 5, where
Am; = +1, and two doubly forbidden EPR transitions: »4 4 and
V3 6, Where Am; = £2 (Fig. 1b left). The Am; = £1 and Am; = £2
transitions become partially allowed due to the presence of the
pseudo-secular term 8.1, in the hyperfine interaction in eqn (2).>°

Ultimately, a typical EPR spectrum of an individual P1 center
at the strong coupling regime consists of three lines of equal
intensity, corresponding to the three Amg = 1, Am; = 0 EPR
transitions. The four smaller peaks, corresponding to the Am; =
+1 EPR transitions, are also observed for the 6 # 0, 90°
orientations of a P1 center. The transition probabilities of the
Am; = 2 transitions are typically too low for those transitions
to be observed. Characteristic examples of simulated frequency
swept EPR spectra at 7 T with 6§ = 70° and 20° are shown in
Fig. 1g and h respectively. The frequency swept spectra are
simulated at a constant magnetic field B, for a varying irradia-
tion frequency v. The spectra are aligned by subtracting the
resonance frequency of the central n;= 0 line v(0) = ppBoges(0)-
The spectra at lower fields are very similar and are dominated
by the triplet of the Am;, = 0 transitions. With the increase in the
magnetic field, the familiar shape of the spectrum begins
to change. This is because starting with By ~ 13.5 T (vin(Bo =
13.5 T) = 41.55 MHz), the cancellation condition viyn & Aeg/2 will
be fulfilled for some 0 values up to the field of B, ~ 18.5 T
(v1an(Bo = 18.5 T) = 56.9 MHz). Near the cancellation condition,
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Fig. 2 Simulated changes in the EPR spectra vs. 0 at (a) 6.9 T and (b) 13.8 T. The spectra were aligned by subtracting the central resonance frequency

vo(0) for each angle.
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significant state mixing occurs, and the energy levels of the
upper ms = +1/2 manifold converge with an anticrossing at the
exact cancellation condition (Fig. 1c and d). The transition
probabilities, shown in Fig. 1e and f, change drastically, result-
ing in the differently looking P1 center spectra, as illustrated in
Fig. 1g and h.

The hyperfine interaction is the smallest along the perpendi-
cular direction, thus with an increase in the magnetic field the
cancellation condition is first fulfilled for the P1 centers with
0 = 90°. With a further increase of the magnetic field, the
cancellation condition will be fulfilled for other 0 values up to
~18.5 T, at which the cancellation condition will occur for P1
centers oriented parallel to the magnetic field (§ = 0°). This
effect is clearly visible in the spectra in Fig. 1g and h, where
additional strong peaks appear in the spectra calculated at the
fields of 12 and 14.5 T for 0 = 70° (Fig. 1g), while in the spectra
calculated for 6 = 20°, additional peaks appear at the higher
fields of 17 and 19.5 T (Fig. 1h). Note, that even though the
cancellation condition is not strictly fulfilled below ~13.5 T
and above ~18.5 T, the effects of the state mixing manifest
themselves in the spectra down to ~12 T and up until ~20 T.
This is because despite the exact cancellation condition not
being fulfilled, the transition probabilities are still sufficiently
high (>0.2), as can be seen in Fig. 1e and f.

Another way to observe the impact of the cancellation
condition on the EPR spectra is by comparing the spectra
simulated at 6.9 T in Fig. 2a, for selected values of 0, with the
spectra simulated at 13.8 T in Fig. 2b. In the 6.9 T spectra, the
expected three Amg =1, Am; = 0 EPR transitions dominate and
the outer lines relative position changes with the change of A.s.
On the other hand, in 13.8 T the spectra shift from strong
coupling at 6 = 0° to weak coupling at § = 90° with more
complex spectra with multiple additional peaks for 0 = 40, 60,
and 80°.

Next, we turn to a detailed discussion of the different EPR
transitions and the dependence of their transition probabilities
on 0 at 13.8 T, where the experiments were performed. For
simplicity, we begin with the model case of quadrupole inter-
action of Q = 0 MHz. At the field of 13.8 T, the cancellation
condition is fulfilled for 0 = 70.5°. This results in a peculiar
situation where the P1 centers can shift between strong and
weak coupling regimes based on 0. The transition probabilities
P;; of the nine EPR transitions and the corresponding changes
in the energy levels as a function of 0 are presented in Fig. 3a
and Fig. S1a in the ESI,{ respectively. Interestingly, the shift
from strong to weak coupling regimes is not apparent in
the energy level diagram depicted in Fig. S1a (ESIt), with the
change in the energy levels with 6 being dominated by the
change in the A For the Q =0 case, P; ¢ and P; 4, coincide as do
the P;; for all four Am; = £1 transitions and the P, 4 and P; ¢ of
the Am; = £2 transitions; thus, only four different curves are
visible in Fig. 3a. For 6 = 0°, at 13.8 T the spin system is in the
strong coupling regime (Aeg/2 = 57 MHz > v1an(By = 13.8 T) =
42.5 MHz), and the P;; for the three allowed transitions equal
one and the rest equal zero. With the increase in 0, the P;; of the
allowed transitions decrease, with the P,; decreasing faster

This journal is © the Owner Societies 2024
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(a) 13.8 T, Q 0 MHz

~

P; ;

Fig. 3 Transition probabilities of the P1 center spin system at (a) Bo =
13.8Tand Q =0 MHzand (b) Q = —3.97 MHz, and at(c) Bo =69 Tand Q =
—3.97 MHz. The color coding of the P;; curves is consistent with the energy
level diagram in Fig. 1b.

than the P; s and the P;,. Concurrently, the P;; for all the
forbidden transitions increases. The P; 4 and P; ¢ of the Am, =
+2 transitions remain close to zero up to ¢ ~ 30°. This trend
continues up to the cancellation condition at 6 = 70.5°, at which
P, 5 =0 and P;; for the Am, = £1 transitions reach a maximum.
Notably, at values of 0 close to the cancellation condition, all
nine EPR transitions have non-zero transition probabilities and
will be visible in the spectra. With a further increase in 0, the
spin system shifts to the weak coupling regime (for 6 = 90° at
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13.8 T, Acgg/2 = 40.7 MHZ < 11un(B, = 13.8 T) = 42.5 MHz). In this
regime, the 1,4 and v;¢ transitions become allowed, and
correspondingly the P; 4, and P; ¢ increase, reaching 1 for 0 =
90°. The v, and v, transitions become doubly forbidden
(Am,; = £2) transitions, and correspondingly P; c and P; 4 decrease
to zero. Past the cancellation condition, the P;; of the Am; = +1
transitions also decrease to zero at 0 = 90° (Fig. 3a).

Next, we turn to analyze the complete P1 center spin system,
with the real value of the quadrupolar coupling constant Q =
—3.97 MHz. The main influence of the quadrupolar interaction
is lifting the degeneracy between different transitions with the
same Amy, resulting in more complex P;; dependence on 0.
While the overall dependence of P;; on 0 remains similar, the
P;; of all nine EPR transitions are now distinct (Fig. 3b). This
further complicates the appearance of the EPR spectra and
their dependence on 0 (the energy level diagram is shown in
Fig. S1b, ESIY).

For comparison, in the case where the cancellation condition
is not fulfilled for any 0, the P;; for the Q = —3.97 MHz at 6.9 T
are presented in Fig. 3c, and the corresponding, much simpler,
energy level diagram is presented in Fig. Sic (ESIt). In this case,
the dependence of P;; on 0 is very mild, P;; ~ 1 for all the Am;=0
transitions, and P;; ~ 0 for all the other transitions. Note the
inset in Fig. 3¢ showing a zoom-in of the transition probabilities.

EPR spectra of P1 centers in a single-crystal diamond

The diamond crystal belongs to the Fd3m space group, which
has four symmetry-related sites that are resolved in the EPR
spectra of P1 centers in a diamond crystal. The four sites can be
visualized using the P1 center schematic in Fig. 1a, at which the
carbon atom with an unpaired electron was colored light blue.
In a lattice, any of the depicted four carbon atoms can be the
one with an unpaired electron, giving rise to the four sites.

View Article Online
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Thus the unique antibonding orbitals can be oriented along
any of the ">C-"*N bond axes.’>>*®*"%” In addition, the crystal
orientation relative to the magnetic field, defined by three Euler
angles (in the ZYZ convention for the following simulations),
can be changed. Therefore, in the strong coupling regime, for
an arbitrary orientation of the diamond crystal in the magnetic
field, the EPR spectrum is composed of up to four resolved
triplets. Such spectra are observed in all conventional EPR
experiments; examples of the simulated EPR spectra at the
magnetic field of 6.9 T for different crystal orientations are
shown in Fig. 4a. For some orientations of the crystal, fewer
peaks are present in the spectrum as several sites are magne-
tically equivalent. For example, if the diamond crystal is
oriented with the B, field normal to the crystallographic (100)
plane, two P1 defects have 0 = atan(v/2) ~ 54.73° (also known
as the “magic angle” in magnetic resonance literature) and two
0 = 180° — atan(\/j) ~ 125.27°, making all four sites magneti-
cally equivalent and the EPR spectrum reduces to a single
triplet (Fig. 4a top). Alternatively, if the crystal is oriented at
(0°, 58.2°%, 0°), the four possible sites are magnetically equiva-
lent to a pair of sites, site I with 6 = 37.35° and site II with 0 =
79.27°. This particular crystal orientation was used in the
experiments presented in the Results section and will be
referred to as orientation A. The 6.9 T EPR spectrum of the
diamond crystal in orientation A consists of two triplets of
equal intensity (Fig. 4a middle). The central (m; = 0) line
practically coincides for all orientations, and the small
g-anisotropy only manifests itself as a small line broadening.
A case where all four triplets are resolved for a crystal orienta-
tion (—85.8°, —12.6°, 24.8°), is depicted in Fig. 4a bottom. This
will be referred to as orientation B. The separation of each of
the spectra presented in Fig. 4 into the contributions from the
four individual sites is shown in Fig. S2 (ESIT).

1.64 (a) (b) Crystal orientation
69T 13.8T B, 1(100)
1.4+ Orientation A
= Orientation B
S, 1.2
2
¢
g 1
£
© 0.8
(=
.bo
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I
g€ 0.41 /U
S
oy
0.2_ j\m\{\_/\ J L W
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v [GHZz] v [GHZ]

Fig. 4 Changes in the simulated EPR spectra of P1 centers in a single crystal diamond vs. crystal orientation for (a) 6.9 T and (b) 13.8 T, using Q = —3.97 MHz.
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EPR spectra acquired at higher magnetic fields become
more complex as one or several sites can be oriented such that
they are near the cancellation condition for that particular field.
In those cases, the EPR spectrum can consist of up to 36 lines,
as up to nine transitions could be resolved per each of the four
crystallographic sites. In practice, the spectra may feature fewer
peaks, as not all the sites are near the cancellation conditions at
the same time, two or more sites are magnetically equivalent, or
not all lines are fully resolved. Examples of the EPR spectra
simulated for B, = 13.8 T are shown in Fig. 4b. Even for the
crystal orientation that resulted in the EPR spectra with the
fewest peaks (normal to the 100 plane) at 6.9 T, the spectrum at
13.8 T is significantly more complex. While all four sites are
magnetically equivalent to 6 = 54.74°, and contribute an iden-
tical EPR spectrum, this spectrum consists of 9 resolved lines
(Fig. 4b top). The spectrum in Fig. 4b middle is for the crystal at
orientation A. It has two resolved sites oriented at 0; = 37.35°
and 0y = 79.27°. Since the exact cancellation condition for
13.8 T is fulfilled for 0 = 70.5°, site I is in the strong coupling
regime, while site II is in the weak coupling regime. None-
theless, both sites are close to the cancellation condition, and
the EPR spectra consist of seven and nine lines for sites I and II,
respectively. This is discussed in more detail in the Results
section. Note the complexity of the spectra in Fig. 4b bottom,
simulated for the crystal at orientation B which consists of 35
partially overlapping lines. The contributions from each of the
four sites are detailed in Fig. S2f (ESIt).

View Article Online
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EPR spectra of P1 centers in diamond powder

Another diamond sample commonly encountered in DNP and
EPR experiments is the micro- or nanodiamond powder. In
such samples, the P1 center EPR spectra consist of the con-
tributions from P1 centers with a statistical distribution of all 0
angles. In the strong coupling regime (low-field experiments),
the EPR spectrum is almost symmetric with two broad lines for
the m; = £1 manifolds, where there is an anisotropic hyperfine
interaction, and a narrow central line for the m; = 0 manifold,
for which there is no hyperfine interaction (Fig. 5a). The lines of
the m; = —1 and +1 manifolds are formed by the powder
patterns of the v;, and v, transitions, respectively. The
powder patterns have a familiar shape that is determined by
the statistical probability of finding a P1 center at a specific
orientation 0. The contribution of the Am; = 1 transitions is
small, though sometimes visible, and that of the Am; = £2 is
negligible (Fig. 5a). Unsurprisingly, the complex angular depen-
dence of P;; on 0 results in more complex spectra at 13.8 T
(Fig. 5b). While the spectrum is still composed of three lines for
the m; = —1, 0 and +1 manifolds, each of those lines is now
composed of three overlapping powder patterns. The powder
patterns have a non-conventional shape that depends both on
the P, (0) for that transition and on the statistical probability
for that 0. For small 0 values, the transitions that are allowed
for the strong coupling case (14 6,V2,5,/3,4) contribute the most
to the EPR spectrum. At 6 values closer to the cancellation
condition, the Am; = +1 transitions contribute the most, and at

(a)6.9T (b) 13.8T
2 {—simulation strong weak
coupling coupling
1.8 Am; =0 === +42
Aml =41 o= =41
— 1.6 Am; = £2 =0
>
5,
= 1.44
B
c
2 1.2
£
2
5 1 | am, = +2 36
(%]
©
9 0.8
‘©
g 0.6
e Vis
0.4+
0.2+
V3,4 V2,5 Vie6
0 B e T T T T T
193.5 193.6 193.7 388 388.1 388.2
v [GHZ] v [GHZ]

Fig. 5 Simulated EPR spectra of diamond powders at (a) 6.9 T and (b) 13.8 T. The color coding of the individual EPR transitions is consistent with the

transitions in the energy level diagram in Fig. 1b.
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Fig. 6 Overlay of the experimental and simulated spectra of a single crystal HPHT diamond at orientation A. CW EPR at (a) 6.9 T and (b) 13.8 T; echo-
detected pulsed EPR at (c) 6.9 T and (d) 13.8 T. Simulated contributions from the individual sites for (c) and (d) shown below. The color coding of the
individual EPR transitions is consistent with the transitions in the energy level diagram in Fig. 1b.

0 values approaching 90°, the contributions from the transi-
tions allowed in the weak coupling case (14 4,V 5,3 6) dominate
(Fig. 5b). Note that the color codes of the different transitions in
Fig. 5 correspond to the colors used in the energy level diagram
in Fig. 1b. The color transitions in Fig. 5b correspond to
transitions between strong and weak coupling regimes.

Experimental results

Fig. 6 presents a comparison between the EPR spectra recorded
for a single crystal diamond at 6.9 and 13.8 T at orientation A.
The continuous wave (CW) EPR spectra are presented in Fig. 6a
and b for 6.9 and 13.8 T, respectively, and the echo-detected
EPR spectra in Fig. 6¢ and d for the same fields. It is important
to note that due to the way CW EPR spectra are acquired, the

27640 | Phys. Chem. Chem. Phys., 2024, 26, 27633-27647

spectra are recorded as the derivative of the EPR line, while the
echo-detected spectra are recorded as absorption. The simu-
lated data is plotted as derivative or absorption to match the
experimental data. The simulations performed, in accordance
with the theory outlined in the previous section, show an
excellent agreement with the experimental spectra. Note, that
simulations presented in Fig. 6 and onward include the con-
tribution from the P1 center pairs/clusters with strong dipolar
and exchange couplings. These strongly coupled species do not
contribute to the resolved signals in the EPR spectra of
P1 centers but rather to the signal intensity at the bottom
of and between the resolved signals.*'*> The separation of
each simulation of the experimental spectra into the relative
contribution from each population is shown in Fig. S3-S5
(ESIY). These species with broad EPR signals will not be further
discussed here.
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is consistent with the transitions in the energy level diagram in Fig. 1b.

As mentioned in the previous section, the crystal at orienta-
tion A has two pairs of magnetically distinct P1 centers. While
the spectra acquired at 6.9 T (Fig. 6a and c), as expected, consist
of two triplets, one for each pair of sites, the spectra at 13.8 T

1,

(a)
— experiment
0.54 — simulation

normalized signal intensity [a.u.]

View Article Online
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are more complex. The individual contributions from sites I
and II are shown in Fig. 6¢ and d at the bottom. While only the
allowed transitions contribute to the EPR spectra of both sites
at 6.9 T, the spectra at 13.8 T consist of all possible transitions.
As discussed in the theory section, at 13.8 T for this crystal
orientation, site I is in the strong coupling regime while site II is
in the weak coupling one. In addition, both sites are close to the
cancellation condition; thus, more than three transitions contri-
bute to each site. For site I, the relative intensities of each
transition are as expected, with the Amy; = 0 transitions having
the highest intensities and the Am; = +2 transitions having a very
small intensity. For site II, which is ~9° away from strictly
fulfilling the cancellation condition, this is not the case and the
Am; = =1 transitions dominate over both the Am; =0 and Am; = +2
transitions, for both n; = 0 and m; = +1 manifolds, and have the
smallest contribution for the 7; = —1 manifold, which is consistent
with the angular dependence of P;; presented in Fig. 3b.

A more complicated example of a 13.8 T EPR spectrum
observed for a crystal at orientation B is shown in Fig. 7. In
this crystal orientation, all four crystallographic sites are mag-
netically distinct. This results in a very crowded EPR spectrum,
that does not resemble the single-crystal EPR spectra of dia-
monds at lower fields. The simulation includes the contribu-
tion from four different sites (6, v = 43.1°,51.3°,59.9°,66.6°)
and reproduces the experimental spectrum. The contributions
from the individual sites are detailed at the bottom part of
Fig. 7.

In the next section, we present the P1 center CW EPR spectra
of a microdiamond powder, recorded at 6.9 and 13.8 T, in
Fig. 8a and b, respectively. As explained in the theory section, in
this case, the spectrum at 6.9 T is composed almost entirely of
the contribution from the Am; = 0 transitions with two almost
symmetric powder patterns for the m; = £1 manifolds, and a
sharp line in the center corresponding to m; = 0. The spectrum
at 13.8 T is also composed of three lines, corresponding to the
three m; manifolds. But, as explained in the theory section,
each of those lines is composed of contributions from three
distorted powder patterns, due to the complex dependence of
P;; on 0. The changes are more striking when examining the

(b)

A

6.9 6.902 6.904 6.906 6.908 6.91

Field [T]

13.844 13.848 13.852

Field [T]

13.84

Fig. 8 Overlay of experimental and simulated CW EPR spectra of a microdiamond powder at (a) 6.9 and (b) 13.8 T.
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Fig. 9 Overlay of the ELDOR and EPR spectra acquired at (a) 6.91 T; vprope = 193.515 GHz and (b) 13.85 T; vgrope = 387.995 GHz for a single crystal HPHT

diamond at orientation A.

simulated absorption spectra shown in Fig. 5, where in addi-
tion to the distortion in shape, the signal intensity difference in
the m; = =1 manifolds relative to the m; = 0 manifold changes
drastically between the 6.9 and 13.8 T spectra. While the signal
of the m; = 0 line has three times the intensity of the m; = £1
lines in the EPR spectra acquired at 6.9 T, in the spectra
acquired at 13.8 T all three lines have similar maximum
intensities.

The state mixing at high magnetic fields has further impli-
cations beyond the changes in the appearance of the EPR
spectra: it results in increased electron—-electron spectral diffu-
sion (eSD). In this case, irradiation on one of the transitions
immediately affects the polarization across other observable
transitions. For example, while at low magnetic fields irradia-
tion on any of the allowed transitions does not affect the
polarization across any of the other allowed transitions of the
same spin packet, at higher fields this is no longer the case.
This can be seen in the ELDOR experiment presented in Fig. 9a.
ELDOR is a pump-probe experiment. The influence of a long
saturation pulse on electrons resonating at a frequency vpump
over electrons resonating at a different frequency vprope 1S
probed; the pulse sequence is shown in the inset in Fig. 9.
The resulting ELDOR spectrum is normalized to the echo
intensity with vpymp away from the EPR signal with a change
in the echo intensity indicating an interaction between the
electrons at vpymp and at Vprope. In the ELDOR spectrum
presented in Fig. 9a, Vprobe iS set to the v; 4 transition belonging
to site I at 193.515 GHz, labeled as 1 in the figure, while vpump is
stepped over the entire EPR line. The largest signal occurs when
Vpump = Vprobe and the other three strong signals in this ELDOR
spectrum are at 193.538, 193.549, and 193.586 GHz (labeled as
2-4 in the figure). The peak at 193.538 GHz (labeled 2) corresponds
to the crosstalk between the allowed Am; = 0 transitions of
different crystallographic sites via dipole-dipole driven eSD pro-
cess. The signals at 193.549 and 193.586 GHz (labeled 3 and 4)

27642 | Phys. Chem. Chem. Phys., 2024, 26, 27633-27647

correspond to altering the electron spin polarization across the
forbidden (v; 5 and 1, 4) transitions belonging to site I. This occurs
because these Am; = £1 transitions have a common energy level
with the 5 4 Am; = 0 transition. The situation drastically changes at
13.8 T. Here, pumping at the same v, transition at 387.995 GHz
(labeled as 1 in the figure) strongly affects multiple transitions
across the EPR spectrum. The signals at 388.011, 388.017, 388.087,
and 388.183 GHz (labeled as 2-4 and 6) belong to the v
transition of site I, v; 4 of site II, v, 4 of site I, and v, of both
sites, respectively. In addition, an electron spin hyperpolarization
(ELDOR signal intensity > 1) appears at the frequencies of
388.109, and 388.205 GHz (labeled as 5 and 7) corresponding to
the v, ¢ transition of both sites and v ¢ transition of site I. While
the exact mechanism underlying the hyperpolarized ELDOR sig-
nals in P1 centers is unclear, such signals can be either a result of
nuclear spin relaxation®® or the formation of electron spin dipolar
order.®® Regardless of the underlying mechanism, the ELDOR
spectra reveal that electron spin saturation is spread much more
efficiently across the EPR spectrum at 13.8 compared to 6.9 T.

Conclusions

The EPR spectra of P1 centers observed at 13.8 T greatly differ
from those reported at lower fields. Additional lines are
resolved in the EPR spectra of single-crystal diamonds, and
the spectra of microdiamond powders become asymmetric.
This is because at 13.8 T, up to nine resolved lines per P1
center orientation can be observed, instead of only three in
spectra acquired at lower magnetic fields.

This is caused by the cancellation condition, via X Ae/2,
being fulfilled at 13.5-18.5 T for some orientations of the
diamond crystal relative to the magnetic field. The cancellation
condition results in the energy levels of the mg = +1/2 electron
spin manifold becoming degenerate, which leads to drastic
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changes in the transition probabilities. The “forbidden transi-
tions”’ become allowed, and the “allowed transitions” become
forbidden. By calculating the transition probabilities, we
showed the profound transformation that occurs in the spin
system that shifts from the strong-coupling regime (111 < Acg/2)
to the weak-coupling regime (viay > Aer/2) with the change of the
crystal orientation under high magnetic fields. The simulations
reveal that the magnetic field range over which forbidden transi-
tions significantly contribute to the EPR spectra lies in the 12-20 T
range, well beyond the 13.5-18.5 T range where the cancellation
condition is strictly fulfilled, with the exact range of fields
depending on the crystal orientation.

The utilization of the cancellation condition is not limited to
the field of magnetic resonance. NV centers in diamonds are
utilized around the cancellation condition of the zero-field
splitting to allow for nuclear qubit manipulation.”®”?
quantum information applications, other defects in their
respective solid-state platforms are studied near or at various
cancellation conditions for the varying benefits provided.”*”*

Finally, the effects of the cancellation condition are not
limited only to changes in the shape of the EPR spectra. The
degeneracy of the energy levels in the mg = +1/2 manifold results
in a connection between multiple transitions observed across the
EPR spectrum, resulting in a strong spread of electron spin
saturation known as eSD. The eSD was shown to have profound
effects in DNP; indeed, in the presence of eSD, the excitation
spreads across the EPR spectrum, thus allowing for more electron
spins to participate in DNP.”*”® This suggests that the DNP
mechanisms behind the P1-DNP can differ at 13.8 T (and higher)
magnetic fields compared to the ones investigated at 3.3 and 7 T.
The influence of the effects described here on DNP at >12 T fields
using P1 centers, and for other polarizing agents at or near the
cancellation condition will require further investigation.

For

Materials and methods

All measurements presented were performed at room tempera-
ture using a home-built DNP/EPR spectrometer operating at
6.9 and 13.8 T. The design of the spectrometer and its CW-
EPR”® and pulsed-EPR capabilities** were described in previous
publications.

The parameters used for each CW-EPR spectrum are sum-
marized in Table 1.

The echo-detected frequency stepped EPR spectra in Fig. 6¢
and d were measured using a t,~1-t,-1-echo sequence with the
following 16-step phase cycle, used to account for mixer imper-
fections: ¢py = [0%4,90°4,180%4,270°,], ¢y, = [0°,90°,180°,270°],,
and @getection = Pp1 — 2¢p2. The measurements were performed
using the parameters summarized in Table 2.

The ELDOR spectra in Fig. 9 were measured using the pulse
sequence shown in the inset of Fig. 9. The same 16-step phase
cycle that was used in the echo-detected frequency stepped EPR
spectra was used for the echo sequence at vpope. The phase of
the pulse at v,ymp Was not cycled. The experimental parameters
are summarized in Table 3.
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Table 1 Experimental parameters summary for the CW EPR spectra

Fig. 6a 6b 7 8a 8b
Frequency [GHz] 193.5 388 388 193.5
Field [T] 13.85

Modulation amplitude [mT]  0.27 0.27 0.054 0.16 0.27
Lock-in time constant [ms] 300 300 300 100 300
Acquisition time [min] 8.5 7 40 3 8.5

Table 2 Experimental parameters summary for the echo-detected pulsed
EPR spectra

Fig. 6¢ 6d
Field [T] 6.91 13.85
t [1s] 0.9 1.6

7 [us] 1.2 0.5
Repetition time [ms] 3 2
Averages per point 50 50

The single crystal sample used for measurements presented
in Fig. 6,7,and 9isa 3.2 x 3.2 x 1.1 mm?® HPHT diamond with
a uniform yellow color, purchased from element 6 and polished
to the (100) face. The diamond has a boron concentration below
0.1 ppm and a nitrogen concentration below 200 ppm. The P1
center concentration is 20 ppm as determined by spin counting
on a CW X-band Bruker Elexsys E500 spectrometer.

The diamond powder sample used for measurements pre-
sented in Fig. 8 is a HPHT diamond powder with consistent but
irregular crystal shapes with a particle size of ~15-25 um,
purchased from element 6 (MICRON+ MDA M1525). The P1
center concentration is 90 ppm as determined by spin counting
on a CW X-band Bruker Elexsys E500 spectrometer.

The simulations were performed using the MATLAB Easy-
Spin toolbox®® using the resfreqs_matrix function for the
transition probabilities simulations, the levels function for the energy
levels diagrams, and the pepper function for solid-state EPR spectra
simulations. All simulations used the g-tensor of (2.00220, 2.00220,
2.00218), the hyperfine tensor (81.3, 81.3, 114) MHz, and the
quadrupole coupling constant of —3.973 MHz. Fig. 4, 6, and 7
used a crystal symmetry of Fd3m, and Euler angles of (45°,54.74°,0°)
were used for the molecular frame orientation relative to the crystal
frame. Fig. 6 and 7 used (0°,58.2°,0°) and (—85.8°,—12.6°,24.8°)
respectively for the orientation of the crystal frame relative to the
magnetic field. The experimental spectra simulations used three
components accounting for isolated P1 centers, P1 centers pairs
with dipolar coupling, and P1 centers clusters with an exchange

Table 3 Experimental parameters summary for the ELDOR spectra

Fig. 9a 9b
Field [T] 6.91 13.85
Vpump [GHZ] 193.37 387.995
tpump [MS] 10 10

tp [ps] 0.9 1.6

7 [us] 1.2 0.8
Repetition time [ms] 14 14
Averages per point 25 50
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Table 4 Parameters summary of the simulated EPR spectra

Fig. 6a 6b 6¢ 6d 7 8a 8b
Isolated P1 centers

Line width peak-to-peak [MHz] (Gaussian|Lorentzian) 7.6|0 7.6|0 4.52|0 4.52|0 3.5/0 6.5|2.8 6.5/5.6
Relative weight 0.55 0.55 0.62 0.62 0.54 0.59 0.59
P1 center pairs

Line width [MHz] 29.9 29.9 29.9 29.9 20 28 28
Relative weight 0.4 0.4 0.34 0.34 0.46 0.36 0.36
P1 center clusters

Line width [MHz] 17.5 17.5 17.5 17.5 — 28 28
Relative weight 0.05 0.05 0.04 0.04 — 0.05 0.05

coupling of 138 MHz and no dipolar interaction. Each component
used an electron spin coupled to a single '*N spin, except for the P1
centers clusters which used two electrons, each coupled to a
different "N spin.** The parameters used for each spectrum
simulation are summarized in Table 4.
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