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Optical detection of an ensemble of C centres in diamond
and their coherent control by an ensemble of NV centres
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Abstract. The nature of decoherence in a diamond plate that is most
optimal for magnetometry (i.e., a plate with compromise values of
concentration and coherence time of NV centres) is investigated in
detail. The concentration of C centres, which serve as donors for the
formation of NV centres and at the same time limit their coherence
time, is measured in this plate. The ensemble of NV centres in dia-
mond is used as a sensing element, which makes it possible to record
the coherence dynamics and concentration of C centres. The record-
ing is performed using the double electron—electron resonance tech-
nique. Its significant advantage over IR spectroscopy, which yields
some averaged concentration of defects in diamond, is the possibility
of measuring locally the concentration of C centres. The method pro-
posed by us yields a value of 50.1 = 1.4 ppm for the C-centre concen-
tration, which refines the IR spectroscopy data (57.5 = 4.8 ppm).
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1. Introduction

The NV centre in diamond [1] is one of the most important lat-
tice defects, which is applied in various fields of science. The
structure of this centre in the diamond lattice is shown in Fig. 1a.
NV centres in diamond are often used to detect magnetic and
electric fields. Impressive results have been obtained in differ-
ent versions of magnetometry, such as magnetometry of high
spatial resolution [2], detection of weak magnetic fields [3],
magnetic scanning in biological objects [4], magnetic resonance
tomography (MRT) [5], and detection of external spins [6].

Concerning the use in high-precision magnetometry, one
of the best (known to date) samples are diamond plates grown
at high temperature and pressure, having a concentration of
nitrogen-containing defects of ~80 ppm, including the con-
centration of NV centres of ~14 ppm [7]. To gain a deeper
insight into the limitations of the magnetic sensitivity of these
plates, it is necessary to develop methods for measuring para-
magnetic impurities that limit the coherence time of NV cen-
tres. Previously paramagnetic defects were studied by IR
spectroscopy [7—9], which makes it possible to detect a wide
class of defects but has significant limitations on the accuracy
and absolute calibration of measurements.

An ensemble of NV centres can also be used to detect
external spins. One of the methods implementing this
approach is the technique of double electron—electron reso-
nance (DEER) [10], in which the influence of external spin
field on an ensemble of NV centres is used. The DEER tech-
nique is generally based on the classical electron spin reso-
nance (ESR). In this study we applied the optical version of
DEER, based on the properties of optically recorded state of
NV centres, interacting with C centres, whose state is not
detected optically. The C centre (which is also often referred
to as pl centre) is a donor nitrogen atom replacing a carbon
atom in diamond. Figure 1b shows the structure of C centre
in the diamond lattice.

The possibility of applying NV centres as sensors of spin
defect field in diamond is closely related to the intrinsic prop-
erties of NV centres. The latter are luminescent defects in dia-
mond, which make it possible to detect optically the state of
their electron spin. Moreover, the NV-centre state can be con-
trolled using a combination of electromagnetic fields in the
optical and microwave ranges [11]. The implementation of
DEER on NV centres in diamond is based on the use of the
so-called spin echo sequence [12]. A spin echo signal is sensi-
tive to ac magnetic fields when their half period coincides with
the echo sequence period. Since the spins of C centres in dia-
mond, which precess in an external dc magnetic field, form a
field alternating in time, these centres can be detected by their
influence on the spin echo signal from NV centre [13].
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Figure 1. (Colour online) (a) Position of an NV centre in the diamond lattice: one carbon atom is replaced with a nitrogen (N) atom, and one of its
neighbors is absent (V); (b) position of a C centre in the diamond lattice: one carbon atom is replaced with a nitrogen atom; (c) energy-level diagram
for the NV centre in an external dc magnetic field: semicircular arrows show the transitions controlled by microwave field, the solid arrow (2.87 GHz)
is the splitting of NV-centre sublevels in the zero magnetic field, the green arrow is the laser pumping of upper energy levels, the red arrows are ra-
diative transitions from the excited to the ground state, and dashed arrows are nonradiative transitions to the ground state with zero electron spin
projection; (d) energy-level diagram for the C centre in an external dc magnetic field: the dashed arrow is the Zeeman splitting, mg and m; are the
projections of the electron and nuclear spins of C centre, and the solid arrows indicate allowed transitions with frequencies of w, w5, and ws.

The use of NV centre as a magnetic field sensor is directly
related to its spin properties: the coherence time and the width
of the so-called optically detected magnetic resonance
(ODMR) [14]. The coherent properties of NV centre are
determined to a great extent by its environment: electron and
nuclear spins existing present in diamond. Many of spin pos-
sessing defects do not luminesce under normal conditions;
they are considered as ‘dark’ or ‘nonradiative’. One of the
main impurities in diamond is C centre; it belongs to the most
widespread defects in this material, whose presence is neces-
sary for the formation of NV centres.

C centres, which have an electron spin S = 1/2, form the
so-called electron spin bath [15]; this bath, containing NV
centres, affects their coherence. To date, direct influence of
the C-centre concentration on the coherence time of NV cen-
tres has been demonstrated [14]; this influence manifests itself
in a significant decrease in the attainable sensitivity of the
magnetic field sensor based on NV centres. A possible way to
solve this problem is to reduce the total nitrogen concentra-
tion in diamond; however, the concentration of useful NV
centres will drop as well [16]. Thus, it is necessary to reduce
the concentration of C centres with respect to NV centres. In
this case, a problem of simultaneous measurement of the
C-centre concentration arises.

It is generally accepted to measure the concentration of C
centres in diamond using one of two methods: ESR spectros-
copy [17] or IR spectroscopy [9]. However, they both are
applicable only when the total number of defects in a sample

is large, whereas a possibility of carrying out measurements in
relatively small diamond samples with a low concentration of
defects and, correspondingly, their small total number is
important for many applications. Of interest is also the pos-
sibility of on-line concentration measurements, without
application of many various devices. In this study we demon-
strate experimentally the possibility of measuring the concen-
tration of C centres using an ensemble of NV centres.

2. Results

2.1. Fundamentals of the optical reading of the NV-centre state

As was mentioned above, the spin echo signal on an NV-centre
ensemble is sensitive to the ac magnetic fields induced on it.
The ground state of the NV centre (Fig. 1c) has a total elec-
tron spin S = 1; it is split in a dc magnetic field to form a
triplet. The natural quantisation axis for NV-centre states is
the axis connecting the nitrogen atom with the vacancy. The
electron spin projections on this axis are good quantum num-
bers. Being exposed to 532-nm laser radiation, an NV centre
is partially polarised to a state with a spin projection mg =0
[1] due to the presence of metastable singlet levels, through
which nonradiative decay of an excited state of the NV centre
to the ground state with an electron spin projection ng = 0
occurs. A weak external magnetic field (~10 G) causes a suf-
ficiently large (2.8 MHz G™!) splitting of states with electron
spin projections mg = +1 and —1 on the axis of the NV centre,
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which makes it possible to manipulate pairs with projections
of 0, -1, and +1 as two-level systems. The |mg=0) & |mg =
—1) transition was used in this study. The echo sequence [12]
for NV centres is a sequence of microwave pulses with a
period /2 — 7 — w — t — /2 at the resonance frequency of the
|mg=0) e |mg=-1) transition of the ground state of the NV
centre, which are applied after polarizing the electronic state
|mg = 0). The first (1/2) pulse in the echo sequence transfers
the NV centre to the superposition state (1/v/2)|mg = 0) +
(1/¥2)|mg = —1), whose phase is sensitive to magnetic field
and is accumulated for a time 7. After applying the  pulse,
the direction of electron spin precession in NV centres in the
superposition state changes to opposite, due to which the
influence of dc fields on the phase of this state can be elimi-
nated. However, the phase of an ac magnetic field, whose
half-period coincides with the echo sequence period, will shift
by half period, and its influence will not be excluded. Thus,
the echo sequence can be considered as a peculiar lock-in
detector for an ac magnetic field. Free precession of C-centre
spins, being asynchronous, forms a random field on an NV
centre. At the same time, if the spins of C centres are con-
trolled [by applying a resonance RF field (Fig. 1d) at the fre-
quency of the |mg=—1/2) & |mg= +1/2) transition], the field
of these spins on the NV centre will be coherent, and its influ-
ence can be measured.

2.2. Experimental setup

A schematic of the experimental setup is presented in Fig. 2a.
The radiation source is a laser generating at a wavelength of
532 nm (Compass, Coherent Inc.). An acousto-optic modula-

tor (AOM) is used to control the laser beam by switching it
off during manipulations with the electron spin state. The
laser beam is focused by a collecting lens with a focal length of
3.5 cm on a diamond sample surface into a focal spot with a
radius of ~7.5 um. The laser power in front of the sample is
43 mW. The fluorescence signal of NV centres, collected by a
system composed of two parabolic concentrators, is transmit-
ted to a photodetector through a filter transparent for wave-
lengths above 650 nm.

The system for controlling the electron spin states of the
defects under consideration consists of two parts: a micro-
wave part (MW in Fig. 2a) for controlling the state of NV
centres and an RF part (RF in Fig. 2a) for controlling the
states of C centres. Each part contains a generator; a con-
trolled key, connected to a pulse-generating board; and a
pulse amplifier, operating in the corresponding frequency
range. The outputs of both amplifiers are connected to a fre-
quency mixer, which transfers the signal to an antenna, inside
which a sample is located. The antenna consists of one turn
with a diameter of ~5 mm. The diamond sample is oriented in
the antenna so that the crystallographic axis [111] of diamond
is perpendicular to the turn axis.

We used diamond with a high initial concentration of
donor nitrogen (~80 ppm), grown by the HPHT method [9]
and irradiated by an electron beam having a density of 15 x
10'7 cm2, with subsequent annealing at 800°C to form NV
centres [9]. Splitting of magnetic sublevels |mg = —1) and
|mg = +1)is provided by a permanent magnet, oriented so as
to make the magnetic field direction (which is quantisation
axis for colour centres) coincide with the direction of crystal-
lographic axis [111] in diamond plate.
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Figure 2. (Colour online) (a) Schematic of the setup: the crystallographic axis [111] is oriented parallel to the dc magnetic field direction, (b) spec-
trum of ODMR signal from an NV centre in diamond, (¢) Rabi oscillations of NV centre, and (d) spin echo signal from an NV centre. In panels
b—d the ratio of signal 1 (measured by photodetector) to signal 2 (contrast) is plotted on the ordinate axis; pulses used to control the states of the
NV-centre ensemble and detect them are also schematically presented (circles are experimental data and solid lines are the approximation result).
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2.3. Method for detecting impurities

To determine the resonance frequency of the |mg = 0) -
| mg = —1)transition, which is necessary to implement an echo
sequence on an NV centre, we measured the ODMR signal
spectrum (Fig. 2b) [18]. The axes of NV centres can be ori-
ented in the diamond lattice along four possible directions,
one of which coincides with the [111] axis and, therefore, with
the magnetic field direction. The projection of the magnetic
field on the lattice axis coaxial with it is maximum, and the
projections on the three remaining directions are identical in
view of the crystal symmetry. Maximum splittings of degener-
ate magnetic sublevels [mg = —1) and |mg = +1) (specifically,
frequencies of 2.63 and 3.11 GHz) correspond to the ensem-
ble of NV centres oriented coaxially with the magnetic field
direction. The ensemble of NV centres oriented along the
three misaligned directions is characterised by smaller sub-
level splittings (specifically, frequencies of 2.82 and 2.97 GHz)
because of the smaller magnetic field projection. In this study,
the carrier frequency of © pulses was taken to be the central
resonance frequency: 2.63 GHz. In addition, the magnetic
field B applied to the diamond sample was determined based
on the measured frequency:

fmx=+1 _fmx=—1 _

B_T_SSJ;SG, (D)
where y = 2.8 MHz G! is the gyromagnetic ratio and [, -+
are the frequencies corresponding to two projections of the
electron spin of NV centres oriented coaxially with the mag-
netic field.

The duration of the m pulse for the |mg = 0) -
|mg = —1) transition was calculated proceeding from the fre-
quency of Rabi oscillations (Fig. 2¢), which were measured at
the frequency determined previously. To this end, an ensem-
ble of NV centres was initialised to the |mg = 0) state using a
laser pulse, after which a microwave pulse arrived and then
another laser pulse, during which the N'V-centre luminescence

signal was read (signal 1 in Fig. 2). The resulting signal is
shown in Fig. 2c. Here, the intensity of the centre lumines-
cence signal in the absence of microwave pulse (signal 2 in
Fig. 2) was taken to be 100 %. The duration of the ©t pulse was
determined from the measured oscillation period to be 300 ns
at a microwave field power of 15.8 W at the mixer output.

The similarly obtained luminescence signal of the NV cen-
tre after applying the echo sequence /2 -7 -t —7 — w2 is
shown in Fig. 2d as a function of the time 7 of electron spin
free precession. It can be seen that the spin echo signal is a
decaying curve. According to [12], the shape of this signal is
described by the expression

x
>

Foeno = ae—(Zr/B) (2)
where a, %, and T, (the coherence time of the NV-centre
ensemble) are the parameters of the modelling function.

The spectrum of C centres was measured using the pulse
sequence presented in Fig. 3c. An RF field in the frequency
range of 100—500 MHz was applied at the midpoint of the
NV-centre echo sequence. This range covers all expected fre-
quencies of C-centre splitting. Thus, we obtained optical
DEER spectra for the C centre (see Figs 3a and 3b).

The energy levels of the ground state of C centre are split
in the applied magnetic field B. Their hyperfine structure
must be taken into account. The spin Hamiltonian of the C
centre can be written as

Hc = upBgS + 1, BI + hSAI + KIQI , 3)

where ug is the Bohr magneton;u; is the magnetic moment of
nitrogen nucleus; g, 4, and Q are the tensors of the g factor,
hyperfine interaction, and quadrupole interactions, respec-
tively; and 7 is the nitrogen nuclear spin.

The nitrogen nuclear spin 7/ = 1 has three possible projec-
tions, u;=-1, 0, and +1, whereas the electron spin S = 1/2 has
two projections: mg = —1/2 and +1/2. Thus, the C centre has
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Figure 3. Optical DEER spectra of an ensemble of C centres in diamond at RF powers of (a) 100 and (b) 1000 mW, obtained by applying sequenc-
es of pulses (c). The time 7 = 2 us in the echo sequence for the NV centre is fixed, the frequency of the RF pulse acting on the C centre is varied, and

the m pulse duration is 300 ns; 1 to 6 are the resonance numbers.
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two electron levels, which are split into three hyperfine com-
ponents (Fig. 1d). Three transitions, retaining the nitrogen
nuclear spin, are allowed between these levels in the dipole
approximation:

|mg=-1/2,m;=0) & |mg=+1/2, m;=0),

|m5=—1/2,m1=_1>"’|m5= +1/2,m[=_1>5 “4)
Ims=-1/2, m;=+1) & |mg = +1/12, m; = +1).

The C centre in diamond has the same symmetry as the
NV centre, and, due to the Jahn—Teller effect [19], there are
four isolated orientations of C-centre axes in diamond. Thus,
in the general case, the spectrum of the C centre should exhibit
12 transitions, that is, four sets of transitions, presented in (4).
In a magnetic field coaxial with one of the diamond crystal-
lographic axes (the [111] axis in our case), there are two iso-
lated orientations for C centres: with axes oriented along the
magnetic field and with axes oriented along other three pos-
sible directions, symmetric relative to the [111] axis. Since
each of these two orientations is characterised by their own
transition frequency (4), the resonance spectrum of the C cen-
tre exhibits six allowed transitions: three for the coaxial orien-
tation and three for other symmetric misaligned orientations.
At a magnetic field on the order of 80 G the transitions cor-
responding to the level with n1; = 0 have closely spaced reso-
nances in the DEER spectrum of the C centre for both groups
(Fig. 3a). It should be noted that, along with the transitions
presented in (4), the spectrum contains also transitions cor-
responding to a change in the nitrogen nuclear spin by unity,
specifically:

|mS=_l/2’ m1=0>4—>|ms=+1/2, m1=—1>7
|mS=_1/2’ ml=_]>4—> |mS= +1/2, m[=0>5 (%)

|mg=—1/2,my=+1) o |mg=+1/2, m;=0),

|mg=-1/2,m;=0) o |mg=+1/2, m;=+1).

The intensities of the corresponding spectral lines of forbid-
den transitions (5) significantly increase with an increase in
the RF field power (Fig. 3b). A change in the relative line
amplitudes for the allowed transitions (4) is also observed,
which is indicative of different saturation intensities for dif-
ferent transitions.

To determine the line positions, the DEER spectrum pre-
sented in Fig. 3a was approximated by the function

where I is the proflle half-width; N is the number of reso-
nances; C;is the ith-resonance amplitude; and w; is the central
frequency of the ith transition, obtained by solving the time-
independent Schrodinger equation with the Hamiltonian (3)
for the transitions (4) and (5). The peak amplitudes were
assumed to be free parameters in view of the aforementioned
effect of line amplitude saturation at different RF field pow-
ers. Note that line amplitudes can also be reduced by choos-
ing the RF pulse amplitude and duration for each of the
observed transitions such as to make them correspond to the
1 pulses of the corresponding transition within the ground
state of the C centre. Under these conditions, the signal con-
trast is maximum; it is determined by only the C-centre orien-
tation (see Appendix 1).

By analogy with the obtained Rabi oscillations for NV
centres, we found population oscillations for the states
responsible for each of the demonstrated allowed transitions,
corresponding to the DEER frequencies. To this end, the RF
frequency was tuned to the frequency of the corresponding
transition (1-6 in Fig. 3a), the RF power was fixed, and the
pulse duration was varied (Fig. 4a). The detected signal was
the fluorescence signal of NV centres after applying the afore-
mentioned sequence of microwave pulses with a fixed time 7 =
2 us in the echo sequence for the NV centre (Fig. 4b). The
amplitude of this signal depends on the magnetic field induced
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Figure 4. (Colour online) (a) Sequence of pulses at resonance frequencies of transitions 1 -6 in Fig. 3a for controlling the C-centre states (the time
7 =2 us in the echo sequence for NV centre is fixed, the RF pulse duration 7 is varied in the range of 110—1000 ns, and the & pulse duration is 300 ns);
(b) oscillations of level populations (spin echo contrast) for resonance transition 1 in Fig. 3a, obtained with a sequence of pulses presented in panel
a; (c) dependence of the oscillations of level populations for transition 1 (Fig. 3a) in a C centre on the RF pulse power.
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by the C centre and, correspondingly, on the populations of _ poy i 1 (3¢0820p5— 1)+ J )
C-centre levels. Thus, optical detection of Rabi oscillations « v 3 ’

between the levels of C centres is performed.

The oscillations presented in Fig. 4b were approximated
by the function

f(t) =a + Ccos(2Qt + p)e-T2), (7)
where a, C, Q, T,, and ¢ are the function parameters. The
oscillation period (22)~! of the function f(¢) is equal to dou-
bled n-pulse duration.

The Rabi oscillation frequency for C centres and, there-
fore, the m-pulse duration for C centres depend on the RF
field power, as is shown in Fig. 4b. Further measurements
were performed with an RF field power chosen so as to make
the m-pulse duration the same for C and NV centres. This
operation was repeated for each allowed transition, and thus
we obtained the power values listed in Table 1.

Table 1. RF field powers at the mixer output, Pgp, at which a 300-ns
RF pulse serves a m pulse for each transition.

Transition Prp/W Transition Prp/W
1 1.6 4 0.8
2 2.5 5 2.5
3 0.8 6 0.6

To determine the C-centre concentration, we applied a
pulsed DEER sequence with varying time ¢ before applying
an RF m pulse (Fig. 5a). The pump pulse at an instant ¢ inverts
the spins of C centres, thus changing the local field on NV
centres, which is caused by the electron—electron interaction,
with an energy corresponding to the frequency [20]

I'AB

where rp is the distance between two interacting centres; G5
is the angle between the directions of dc magnetic field and
the radius vector connecting a pair of NV and C centres; uy =
4 x 107 H m! is the magnetic constant; and J is the fre-
quency corresponding to the exchange interaction energy.

As a result of the electron—electron interaction between
NV and C centres at the instant of spin echo formation, an
ensemble of NV centres acquires an additional phase Ap =
et [20]. Thus, the frequency w.. w.. can be determined by
observing the spin echo amplitude as a function of time ¢.
Since the sequence duration is fixed, the change in the echo-
signal amplitude is not affected by the transverse relaxation.
The spin echo amplitude for each isolated pair of centres
changes according to the law ¥V o cos(we?) [20]. For an
ensemble of C and NV centres, it is necessary to perform
averaging over this ensemble. This procedure was carried
out in [20] for the case of uniform distribution of C centres
in diamond, with exchange interaction disregarded; it
yielded

V(l) o efknFBt — e*’/TD,

s ©)
K = 2THoMs 88Ny

9v3n

where n is the concentration of C centres in the sample; Fy is
the fraction of C centres excited by RF & pulse; 7 is the appli-
cation time of RF = pulse for a C centre in the sequence in
Fig. 5a; g is the g factor of C centre; gny is the g factor of NV
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Figure 5. (Colour online) (a) Sequence of pulses for controlling spin flip in C centres by applying a & pulse at a specified instant 7 on the interval
from 0 to z: the time 7 = 2 ps in the echo-sequence for NV centres is fixed, and the sequence is applied for each resonance transition separately; (b)
signal attenuation as a result of application of a sequence presented in panel (a) in dependence of the application instant; (c) probability density of
magnetic transition frequency for a C centre: (blue colour) homogeneously broadened (Lorentzian) line of the transitions under consideration,
(dashed line) probability of implementing a transition at a specified frequency in a C centre after applying an RF 1 pulse, and (green colour) distri-
bution of the C centres that underwent a transition at the specified frequency after applying an RF = pulse; this example corresponds to the first
resonance transition, for which the fraction of excited C centres amounted to about 23 %.
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centre; and Tp = 1/(knFjp) is the parameter obtained from the
experimental data presented in Fig. 5b.

To determine the concentration n, one must know also the
coefficient Fg. The fraction of C centres excited by RF &t pulse
is found as follows [20]:

= 2

Fy= J;OO msmz( V 92 + (X — wRF)Z%’)L(x)dx,
(10)

1 Aw

Lx) = T A0’ + (0 — orp)?’

where € is the oscillation frequency for the population of

C-centre levels; wr is the resonance frequency for each of the

six transitions related to the C centre (affected by = pulse);

is the m-pulse duration; L(x) is the transition line profile; and

Aw is the half-width of the line profile at DEER half maxi-

mum (Fig. 3a).

We obtained the values of F function by numerical calcu-
lation of the integral in (10) for each individual resonance fre-
quency of transitions 1-6 in the spectrum in Fig. 3a. The Q,
tp, and wgp values were taken to be the above-determined val-
ues of Rabi frequencies, m-pulse duration, and each resonance
frequency. The Aw value was also found individually for each
resonance from the DEER spectrum obtained by applyinga ©
pulse (see Appendix 1).

The concentration of C centres was calculated for each
allowed resonance from the formula

1

= iy L6 (11)

n;

As was discussed above, each allowed resonance corresponds
to a certain orientation of C centres with respect to the [111]
axis and a certain projection of nitrogen nuclear spin on the
centre axis. Therefore, the total concentration n,,; was found
as the sum of the concentrations corresponding to each reso-
nance:

6
Mot = Znia

i=1

(12)

It turned out to be 50.1 = 1.4 ppm, a value close to the
measured concentration of C centres in this diamond plate by
IR spectroscopy, 57.5 + 4.8 ppm (see Appendix 2), within the
experimental error (see Appendix 3).

3. Conclusions

In this study we refined the concentration of C centres in a
diamond plate that is interesting for magnetometry due to its
optimal relationship between the ODMR contrast and line-
width. An ensemble of NV centres was used as a highly sensi-
tive sensor, which makes it possible to record coherent
dynamics and concentration of C centres in this plate.
Detection was performed using optical DEER, which allowed
us to determine the concentration of C centres: 50.1 *+
1.4 ppm, a result refining the IR spectroscopy data: 57.5 *
4.8 ppm. Note that the method in use makes it possible to
measure concentration locally, whereas IR spectroscopy
yields only a value averaged over the entire diamond volume.
Since C centres are one of the main sources of decoherence of
NV centres, the possibility of measuring directly their concen-
tration and controlling the state of C-centre ensemble is an

important step in the investigations aimed at designing sen-
sors based of NV centres in diamond.

Appendix 1. DEER spectrum recorded
with the aid of individual 7t pulses

To determine the ‘true’ amplitude ratios for allowed DEER
lines, we recorded spectra in the vicinity of each resonance,
using the corresponding © pulses for each of them. An exam-
ple of these spectra is presented in Fig. 1A.1. A spectrum con-
structed based on formula (6) is also shown for comparison.
The resonance positions in formula (6) were calculated from
formula (3) using the Python package QuTiP. The magnetic
field in the calculation was assumed to be coaxial with the
[111] crystallographic axis and equal to 85 G. As in [14], the
coefficients C; in formula (6) were taken to be 1/12 for all
transitions. The half-width I" of the resonance in (6) was cho-
sen as the average of resonance half-widths: 3.65 MHz. It can
be seen that the amplitude ratios for the experimental spectra
do not coincide with the theoretical estimate but behave simi-
larly. The discrepancy may be due to the assumption of equal
amplitudes for all resonances, which, however, was not anal-
ysed in detail in this study.
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other orientations
--- simulation in QuTiP
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Figure 1A.1. (Colour online) DEER spectrum of all allowed transitions
in a C centre, obtained by applying ® pulses corresponding to each of
the six resonances: (blue) resonance triplet for the ensemble coaxial with
the [111] orientation, (yellow) triplet of three other ensembles, and
(dashed green line) envelope of all simulated resonances on twelve al-
lowed transitions.

Appendix 2. Check measurement
of the C-centre concentration in the sample

The IR absorption spectrum of the diamond plate under
study is shown in Fig. 1A.2.

The concentration of C centres is related to the absorption
coefficient w13 at the maximum of the C-centre absorption
band by the expression [9]

n=(25%2) 1130, (A2.1)
where the factor 25 £ 2 ppm cm was obtained experimentally

in [9]. Along with the aforementioned error, the spectrum
noisiness was taken into account; its contribution to the total
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Figure 1A.2. (Colour online) IR absorption spectrum of the diamond
plate under study. The dashed line corresponds to the absorption coef-
ficient of this plate free of impurities.

error was found to be 0.16 ppm. Thus, the calculated concen-
tration of C centres in the sample studied was n = 57.5 *
4.8 ppm.

Appendix 3. Estimation of errors
in calculating the concentration

The C-centre concentration # is calculated from the damping
approximation according to formula (11); it depends on the
damping parameter 7, of the DEER signal and the calcu-
lated fraction of C centres excited by the RF field, Fp. Based
on this, the error in determining the C-centre concentration
i can be estimated as the error of the complex function

6
dno=1/ > 8,
i=1

On,» 2 an,- 2
\/(a—TbSTD,> + (aFB,’SFBi> .

Here, the subscript i enumerates the values related to the ith
allowed resonance. The 8T, value was estimated as the error
in approximating the DEER signal damping by the least-
squares method; it is listed in Table 2 for each of the six reso-

(A3.1)

8}1,':

Table 2. Errors of measured parameters.

nances. The fraction of C centres excited by the RF field, Fj,
is also a complex function of the parameters w,, Aw;, €; [see
formula (10)]. However, it can easily be shown that

aF‘Bi — aFBi —
G0 =0 Go =0 (A3.2)

Therefore, the main contribution to the error in determin-
ing Fy; is made by the error in determining Aw;. Hence, of
importance are the second-order errors, which were calcu-
lated using the general formula of standard deviation:

8Fpoi= V(Fio— (Fa
SFBwiZ 1% <FBZI>(U - <Fl'31>5) 5
8Fpawi= V{Fiao — Foildo »

(A3.3)

where (Fpi)a, (Fgi)e» and {Fy;)s, indicate averaging over £,
w;, and Aw; respectively. Assuming the £, w;, and Aw; values
to be normally distributed according to the law

No(x) = — HEXe),

pvErs [— j( 5 (A3.4)
where x,, and g, respectively, the mean and the standard devi-
ation of the corresponding value, we obtain standard formu-
las for calculating the mean:

(Fpon= fFBiNO (x)dh,

(F3u= [ FaiNo(x)dh, (A3.5)

h= Qi: i, A(U,‘.

The means of the parameters €, w;, Aw; and their standard
deviations were taken to be the values of the corresponding
parameters in the function approximating experimental data
and their approximation errors. The resonance obtained by
applying an RF & pulse was used for Aw;. Thus, the total error
in determining Fy; for each allowed resonance was

8Fni= V8F i+ OF 3+ OF faui » (A3.6)

Resonance number

Error

1 2 3 4 5 6
|0Fg;/6Aw, |IMHZ! 0.005 0.012 0 0 0.003 0.002
dw,/MHz 0.33 0.21 0.27 0.12 0.26 0.20
3Q,/MHz 0.02 0.02 0.04 0.01 0.06 0.03
3Aw;/MHz 0.54 0.27 0.75 0.36 0.79 0.39
SFpo; 0 0.001 0.002 0 0.003 0.001
OF By 10°¢ 8x 107 4x107 2% 107 4x107 3x 1077
SFppui 0.027 0.008 0.011 0.009 0.014 0.007
SFy; 0.027 0.008 0.011 0.009 0.014 0.007
8Tpi/us) 0.21 0.03 0.34 0.05 0.07 0.08
|6n;: /6 ;| /ppm ps~ 393216.1 1932815.9 1558195.7 11522535.9 2683562.3 1532906.2
|6n; /0 Fy,|/ppm 1.72 3.18 8.82 120.16 4.50 13.30
dn/ppm 0.083 0.061 0.53 0.576 0.190 0.124
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and the resulting error in determining concentration turned
out to be 1.4 ppm.
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