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ARTICLE INFO ABSTRACT

Keywords: Synthetic commercial type-Ila diamond crystal containing low concentration of P1 (Ng°) centers ([Ns’] <1ppm)
P1 centers in diamond was examined as a possible calibration standard for evaluating microwave magnetic field intensity (B;) in the
EDII)\IITD spectrometer cavity. The reliability of this standard was experimentally and theoretically tested by employing

two different types of microwave cavities with different distributions of B; values. The procedure relies on the
ordinary continuous wave electron paramagnetic resonance (CW-EPR) with magnetic field modulation (@, /27 =
100 kHz) applied under the regime of the microwave power (Pyw) saturation of the out-of-phase first harmonic

Electron spin relaxation
Modulation sidebands

signal. The power saturation procedure for Py ~ Bi/ 2 was analyzed with respect to the change of spectral
lineshape when Rabi frequency (w1 = yBi, y is the electron gyromagnetic ratio) approaches to w,. The phe-
nomenon of the inversion of sideband lines while passing the Rabi resonance condition (w; = @) was analyzed.
In specific, from the simulation of the experimental lineshapes in the close vicinity of Rabi resonance (w1 ~ @)
the corresponding B; can be assigned. For the chosen diamond crystal low value of B; ~ 3.6 uT at Rabi reso-
nance was determined what makes it a convenient standard for DNP enhanced NMR spectroscopy which requires

relatively small B;.

1. Introduction

In a continuous wave electron paramagnetic resonance (CW-EPR)
spectroscopy the intensity of microwave (MW) magnetic field (B;)
traditionally can be determined by applying several methods [1-8]. One
approach is based on employing perturbing metal sphere [1, 2] in the
microwave cavity while other methods are related to the MW pow-
er (Pyw) saturation of the signal from the sample with known spin-spin
(T») and spin-lattice (T;) relaxation times. For the later techniques it is
important to note that one should choose as a standard the sample with
long relaxation times. These long relaxations are required to assure that

the power saturation curve (signal intensity versus Pyy ~ Bi/ 2) shows a
maximum in the available power range. It is expected that B; involved in
the non-resonant structures, typically used for DNP-enhanced NMR, is
smaller than B; employed in X-band CW-EPR and consequently the
calibration sample for DNP should be characterized with longer relax-
ation times. Recently [9], commercial high pressure high temperature

; DNP, dynamic nuclear polarization; EPR, electron paramagnetic resonance.
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(HPHT) diamond containing concentration of P1 centers [NSO] ~30-200
ppm was proposed as a secondary standard for calibration of electron B;
field in DNP-enhanced NMR as well as in CW-EPR. The saturation curve
in CW-EPR was employed to determine T; T, product of P1 centers. In
addition, these relaxation times were separately evaluated by pulse
measurements at X-band MW frequency. For the central peak of the P1
center the expected maximum of saturation curve was obtained at B; ~
5 uT. The distribution of relaxation times was detected due to in-
homogeneity of the saturation peak. Thus, the quantitative calibration of
B; required taking into account the combination of saturation curves
[9]. The origin of different relaxation times was related to
electron-electron spin diffusion mechanism and electron-electron
dipolar coupling which contribute to the line broadening.

However, power saturation methods can be also discriminated
regarding the intensity of modulation radio frequency (RF) magnetic
field (B, = w2 /y, y denoting the electron gyromagnetic ratio) with
respect to linewidth of the monitored signal (Lorentzian type with full
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width at half height (FWHH), § = 1/2T,). Typically, for standard
modulation frequency of w,/27 = 100 kHz a comparable values of w; /
2 ~ § have been employed [3-6] to obtain optimal signal to noise ratio
of detected signal. However, in the case when w, /27 > 6 the CW-EPR
signal exhibits modulation sideband spectrum (MS) with w,s /27 split-
ting between the detected signals. The obtained MS spectrum can be also
used for determination of By [7, 8] and this approach was undertaken in
here presented investigation using commercial HPHT diamond crystal
with significantly lower concentration ([NSO] <1ppm) of P1 centers, This
sample was chosen in order to reduce line broadening contributions, as
well as to minimize possible distribution of relaxation times, and hence
achieve increased T, relaxation time. For B; estimation a simple meth-
odology of CW-EPR signal detection including MS with the corre-
sponding theoretical background was considered due to easier
implementation in DNP instrumentation than some pulsed EPR methods
which can be otherwise more straightforward. Due to significantly
longer relaxation times (T; ~ 2 ms, T2 ~ 146 ps) [10, 11] this crystal
shows saturation peak at very low microwave field and, thus, it is not
convenient for the estimation of T;T, product in power saturation
measurement. However, the homogeneous line of this sample is very
narrow (6 ~ 2 kHz) and moreover, even inhomogeneous line detected in
the CW-EPR shows narrow lineshape (511,1, ~ 0.16 MHz (6 uT)). For such
narrow lines, which are comparable with the applied o, /27 = 100 kHz,
it has been reported that the homogeneous lineshape of calculated
out-of-phase first harmonic signal for T; = T, = 2 ms shows the inver-
sion of MS lines while passing Rabi resonance condition w; = ;s [12].
This was achieved by increasing B, in the standard saturation process.
Here, B, is presented in the circular frequency form as the Rabi fre-
quency w; = yB; of the MW field.

In this paper the out-of-phase first harmonic CW-EPR spectra of P1
center in HPTH diamond crystal, which show MS effects related to
inversion of sideband lines, have been experimentally detected as a
function of Py and used to determine the intensity of microwave
magnetic field B;. The procedure relies on previously developed theo-
retical formalism for MS description at Rabi resonance [12] which was
adapted to simulate the acquired data for various T; and T, relaxation
times leading ultimately to the spectrum corresponding to the condition
of w1 ~ oy, thus, providing B; determination. The assigned resonance
spectrum in the saturation process was correlated with the experimental
spectra in order to define value of Py at which w, /27 = 100 kHz and
B; ~ 3.6 uT is to be expected. Since experimental spectra exhibit inho-
mogeneous character, two qualitative parameters (D11, Ap) were
introduced in the spectral analysis with the aim to facilitate the
assignment of the experimental spectra in the close vicinity of Rabi
resonance.

2. Materials and methods

The CW-EPR experiments were performed using Bruker ELEXSYS
580 spectrometer working at X-band frequency. The spectra were
recorded by employing two different microwave cavities, Bruker ER
4118X-MD5 and Rectangular cavity TE1¢2 equipped with the same 200
mW source (including variable attenuation which is presented in dB
below 200 mW) of microwave radiation. All CW-EPR spectra were
recorded with 1024 points resolution by keeping other spectral param-
eters at the same values (as much as possible) in order to easier correlate
detected Rabi resonance effects between various spectra.

The diamond sample used in the present study was synthetic dia-
mond type-Ila crystal (2.46 x 2.46 x 0.95 mm?®, with polished face
normal to the [100] axis) produced by Element 6. This type of crystal is
transparent and characterized by low concentration of impurities ([NSO]
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<1 ppm and boron concentration < 0.05 ppm. The long relaxation times
for such type of crystal and presence of corresponding narrow lines were
estimated previously [10, 11]. The [1,0,0] crystal axis is aligned along
the Zeeman magnetic field with accuracy of experimental error (+1°) in
the CW-EPR cavity. Thus, the expected 1:1:1 intensity of spectral lines at
this orientation usually appears as triplet spectrum with non-equivalent
intensities of lines (with higher intensity of central line in comparison to
outer lines, (m;=+1)) due to small misalignment of the crystal and
anisotropy of 14N hyperfine splitting. Although, the effect of Rabi
resonance affects all three lines it is convenient to monitored this effect
on the central line due to the smallest effect of uncertainty of the crystal
orientation.

3. Theoretical background: out-of-phase first harmonic at Rabi
resonance

Conventional CW-EPR spectrometer uses magnetic field modulation
(2wasinwyys) in order to increase signal to noise ratio of detected signal. In
the case when w,f,2w; > 276, detected spectrum appears in the form of
MS showing spectral peaks (sidebands) at each multiple of kayy, (k =1,
2, ....) symmetrically with respect to the center of the spectrum [13, 14].
It is important to note that the obtained sideband lines show nearly the
same linewidth as the linewidth of the original line in the absence of
modulation. It should be emphasized, that the properties of MS spectra
detected by conventional CW-EPR at the Rabi resonance have not been
studied in detail in spite of their potential to be employed for determi-
nation of B; value. Considering such an approach to deduce B; value,
one substantial problem appears due to the fact that theoretical pre-
diction of the spectrum lineshape is based on homogeneous line while
usually experimentally detected lineshape exhibits inhomogeneous
character.

3.1. Simulation of spectra assuming various T; and T,

In the present study the lineshapes of spectra in the near vicinity of
Rabi resonance were studied as a function of various relaxation times.
The theoretical formalism describes a qubit with dephasing rate 5 and
relaxation rates yy =1/T1 and y, =1/T> where y| =y, +75 and
v, = (y12 +y21 +1)/2 are energetic and phase relaxation rates in the
laboratory frame, respectively. The interaction with transverse MW and
longitudinal RF fields is assumed [12] under the condition of “weak
modulation near the Rabi resonance” (wo<@; = wrf). In this regime of
weak modulation near the Rabi resonance the first harmonic CW-EPR
signal, V*, given by Eq. (1)

V= A sinw,st + Adcoswt. @

The signal detected along with the modulation phase (A{, in-phase
signal) appears with lower intensity than the signal detected at 7/2-
out-of-phase (A™?, out-of-phase signal). The analytical expression for
the amplitude of the first harmonic out-of-phase signal was estimated

earlier [12]
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with wy = yBy denoting Larmor frequency, @m, is MW frequency, A =
@0 — Wy is frequency shift while Q = /w? + A%, sinf = w1/Q, cosd =
A/Q, Ty = y+ (rp— y)sin®d, T = y, — 3y, — r)sin’,
60 = (721 —712)c0s0/T’ and the modulation index of the Bessel function
of the first kind and order k, Ji(a) is given by a = 2wzcosf/w,s. The
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following abbreviations are used:

Dk =Q— ka),f + Ags(k) (23.)
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Relations (2a-2c), can be also used for description of k-sideband,
resonance positions, Bloch-Sigert-like shift and saturation, respectively.
Calculated and experimental spectra were correlated in order to assign
the best approximation for the lineshape at Rabi resonance. The ex-
pected narrow spectral linewidths for the chosen diamond crystal could
be deduced from previously reported pulsed-EPR [10] and DM-EPR [11]
experimental studies at room temperature. The narrowest linewidth was
described by T; = 2 ms, and T, = 146 ps determined from pulsed-EPR
measurements at 115 GHz [10]. The presence of such narrow lines
exhibiting § ~ 2 kHz was also confirmed by DM-EPR at X-band fre-
quencies [11]. However, both methods also indicated the presence of
broader linewidth. For such low density crystal pulsed-EPR with double
electron-electron resonance (DEER) method was employed to detect the
linewidth exhibiting § ~ 54 kHz due to the spin-spin interactions and
assigned to an effective To* spanning the range from 3.7- 5.9 ps [10].
The presence of the broad linewidth component with the corresponding
effective correlation time T} ~ 20 us was also observed in the DM-EPR
study [11]. Therefore, considering the above experimental evidences
for the monitored crystal it became obvious that dependence of the
lineshape at Rabi resonance should be investigated within the broad
interval (3.7 ps-146 ps) of relaxation times. Figure 1. shows simulated
out-of-phase signal near and at Rabi resonance w; = 0.9w,s, w1 = o,y and
o1 = 1.1wy for the longest, T, = 146 ps and the shortest, T, ~ 3.7 ps,
relaxation times. It is easy to note that the expected broad structure of
lineshape for both fast and slow relaxation times qualitatively describes
well the resonance position. The spectral features of the second sideband
became too broad to be clearly assigned in spectrum. It can be noticed
that the amplitude of the broad spectral lineshape is significantly smaller
than the amplitude of the narrow one. However, the shape of the spectra
in the close vicinity of the center exhibits similar behavior for all three
values of w; and hence one can still well assign the resonance position of
broad spectrum. The consequence of this finding is very important for
the feasibility of assigning Rabi resonance in the broad distribution of
homogeneous linewidths. Here, significant variation in the intensity
distribution is observed while the shape distribution of the spectral
components shows similar behavior in the near vicinity of the center. In
addition, spectral simulation can be performed to examine how the
changing of the effective T; values while keeping T> constant affects the
spectral lineshape. The spectra in the vicinity of Rabi resonance (w; =
0.9w,, w1 = wy and w; = 1.1wy) for T; values changed in the range of
two orders of magnitude are shown in Fig. 2. All the spectra simulated
with shorter T; show minor decrease in the intensity and additional
narrowing in comparison to the spectra simulated with longer T;. Thus,
it can be concluded that distribution of T;and T, produces different
impacts on lineshape features at Rabi resonance.
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4. Detection of first harmonic out-of-phase absorption signal of
P1 center in diamond

P1, (N,°) center is known as the most common paramagnetic impu-
rity in natural and as-grown CVD diamonds and it was studied by

(‘,;2,(“) Jr],,(a)JHZ(a)) (2b)
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Figure 1. The first-harmonic out-of-phase absorption EPR signal calculated
from Eq.2 for T; = 2 ms and two different values of T, (146 ps, black spectrum
and 3.7 ps, red spectrum) as a function of ;. a) w; = 0.9@, b) w1 = w,y and
¢) w1 = 1.1wy. All the spectra for shorter relaxation time exhibit significantly
smaller intensity than the spectra for longer relaxation time.
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Figure 2. The first-harmonic out-of-phase absorption EPR signal calculated
from Eq.2 for T, = 3.7 ps and two different values of T; (2 ms which corre-
sponds to black spectrum and 20 ps which corresponds to red spectrum) as
function of w;. a) w1 = 0.9w,, b) @1 = wy and ¢) w1 = 1.1wy. Other param-
eters are the same as in Fig. 1.

various EPR methods [15-18]. It exhibits S = 1/2, I = 1 (from 14N nu-
cleus) and Cg, symmetry. This system can be described by four inde-
pendent sites in a diamond lattice. When B is aligned parallel to [100]
crystallographic direction (perpendicular to the face of the type-Ila
crystal), nitrogen-carbon anti-bonding orbitals (localization of un-
paired electron) of all four sites make the same angle with By and all four
sites give identical spectrum. This spectrum is characterized with a
dominant triplet line splitting due to the hyperfine interaction with the
spin of the nitrogen nucleus (Fig. 3). The intensities of the triplet lines
indicate small deviation from the expected 1:1:1 ratio showing larger
intensity for the central line in comparison to the outer lines. It was
estimated that this deviation is caused by uncertainty in the crystal
orientation (within experimental error of +1° between [1,0,0] crystal
axis and direction of magnetic field) since additional spectral lines from
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Figure 3. CW-EPR spectrum of P1 center when By is aligned parallel to [100]
crystal direction detected at the first harmonic of modulation frequency. The
following parameters were applied: /27 =100 kHz, w,/27 = 81 kHz and

Pyw = 30 dB.
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Figure 4. CW-EPR spectra of P1 spectrum in the near vicinity of the central line
as a function of MW power. The recording parameters were the same as in Fig. 3
except for the applied w, /27 = 27 kHz.

the other centers remained undetectable at employed low MW power.
Each line exhibits an additional inhomogeneous broadening due to the
13C hyperfine splitting, dipole-dipole interaction with other para-
magnetic centers in the vicinity of P1 and the presence of certain level of
saturation broadening due to the long relaxation times. In order to
detect undistorted spectra of this sample a low value of @, w2 and w;
recording parameters in CW-EPR are required. However, this choice of
parameters cause signal to noise ratio (S/N) in the CW spectra to be very
low and insufficient for detecting the line intensity. For example, the
special type-Ila synthetic diamond crystal with reduced concentration of
13¢ isotope presents one of the narrowest peak-to-peak linewidths of P1
center detected at the first harmonic (611,1, =4 puT) of CW-EPR at low
values of recording parameters (modulation frequency 25 kHz, modu-
lation amplitude 1 pT and microwave power 60 pW) [18]. It was also
noted that by applying the rapid passage (RP) RP-EPR technique [19,
20] one can improve S/N in detecting the low concentration of P1
centers. The amount of improvement of P1 center detection was eval-
uated and discussed in the study comparing CW-EPR, pulsed-EPR and
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RP-EPR methods [21]. It is important to mention that although RP-EPR
improves S/N in detecting P1 center exhibiting 5£p = 4.5 pT, its Lor-
entzian line shape is much broader than the expected spin-packet line-
width of cca. 0.04 uT calculated for To=146 ps. In order to investigate
the effect of modulation sidebands on the P1 spectra the central line in
the spectrum was closely monitored as a function of MW power as shown
in Fig. 4. It can be easily noted that the obtained splitting of the central
line (as well as for outer my==1 lines which was also detected) lines in
the spectrum depends on the intensity of applied MW power in the

EPR Intensity(arb. units)

343.45 343.50

B(mT)

Figure 5. EPR spectra of P1 center detected as function of microwave power
expressed as attenuation of MW in dB (solid black line) and corresponding
simulated spectra (red line). Parameters for calculated spectra are: T; = 2 ms,
Ty = 3.7 ps, a) o1 = 1.1wy, b) @1 = @y, €) @1 = 0.90,5. Besides the change of
w7 for each spectrum all other parameters involved in the simulation
were unchanged.

343.35 343.40
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spectrometer cavity. The same type of behavior of the central line of
diamond crystal containing low concentration of P1 centers has been
observed previously by employing similar detection parameters [22].
However, the observed phenomenon was not completely explained until
the MS model was applied [12].

5. Results and discussion

5.1. Correlation between detected and calculated spectra at Rabi
resonance

Following the above considerations, it is clear that spectra simulated
with short To = 3.7 pus better describe detected spectra than those
simulated with long T2 = 146 ps. As demonstrated in Fig. 1 the ond
sideband contribution can be only clearly noted for longer relaxation
time while for shorter relaxation time this feature cannot be clearly
resolved. Thus, T; = 2 ms and T, = 3.7 ps were chosen for simulation of
the experimental spectra in the vicinity of Rabi resonance as shown in
Fig. 4. Correlation between simulated and experimental spectra is shown
in Fig. 5 for w1 (w1 = 0.9w,w1 = wrr,01 = 1.1w,s) values passing Rabi
resonance and MW attenuation below 200 mW. The results suggest that
the spectrum detected at 35 dB (0.0636 mW) can be considered as the
expected spectrum at Rabi resonance. Besides, it can be noted that while
the spectrum at low Py = 38 dB exhibits fairly good agreement with
the simulated spectrum at w; = 0.9w,y, other two simulated spectra at
higher Py = 35 dB and Py = 34 dB show clearly detectable deviation
(broadening of the linewidth and lowering of spectral intensities) from
the experimental spectra. Differences arise due to the inhomogeneous
character of detected spectra since the spectral lineshapes are closer to
Gaussian type as compared with the calculated spectra which involve
only Lorentzian lineshapes. In order to improve description of these
spectra one should consider more than one spectral component which
contributes to the inhomogeneous spectrum exhibiting different effec-
tive T; or T». For example, the same inhomogeneous lineshape detected
at 35 dB (Fig. 5b) can be better approximated by assuming w; = w, and
cumulative contribution of two homogeneous spectral components with
the corresponding intensities 0.31; and 0.7, exhibiting relaxation
times Ty =2 ms, T, =3.7 ps and T; = 20 ps, T, = 3.7 ps (Fig. 6),
respectively. This is in agreement with the previously detected
maximum of the saturation signal [9] as well as DM-EPR signal [11] of
inhomogeneous line of P1 centers in diamond crystal where two

EPR Intensity (arb. units)

343.34 343.36 343.38 34340 34342 34344 34346 34348 34350 343.52
B (mT)

Figure 6. EPR spectra of P1 center detected at 35 dB of microwave power
(solid black line) and corresponding simulated spectra (red line). Simulated line
is composite and consists of two components I = 0.3I;; + 0.7l with corre-
sponding parameters for I.; ( Ty = 2 ms, To = 3.7 ps) and for I.» ( T; = 20 ps,
Ty = 3.7 HS)A
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components with effective relaxation times were introduced to better
describe the inhomogeneous character of spectra.

However, in the present case it is more important to monitor the central
part of the spectrum, which is more essential for the assignment of Rabi
resonance, than the intensity itself and the outer part of the spectrum. For
example, it is expected that w; can be more accurately assigned in the
experimental spectra in the close vicinity of w,y for the saturation region
where w; < wyy than for the region where w; > @ since the later one
exhibits poor spectral information (only one singlet component) while the
three spectral lines (two outer singlets of the same type and one singlet of
the inversion type) are present in the former region. Moreover, in the
saturation region where w; < ;s all spectral lines exhibit narrow character
and features related to MS can be better resolved than in the saturation
region where w; > wyy. Thus, fairly good simulation can be achieved by
employing expected relaxation times of the probe and the parameter value
o1 = 0.9w,; while the spectra in Fig. 5 (c) can provide more reliable
assignment of B; than the spectra in the saturation region where @; ex-
ceeds the frequency of Rabi resonance. Following above discussions, the
spectrum measured at 35 dB (0.0636 mW) can be identified as spectrum at
Rabi resonance and the value of B; = 3.57 uT correlated with the applied
MW power. In the typical saturation measurements one varies B; by
changing Pyw and conversion of Py into By is determined by conversion
efficiency constant C such that B; = C(Pyw)"/?, where Py is given in W
units [6]. Since the C value is also characteristic constant of MW resonator
(cavity), there is possibility to determine it from the known values of B; and
Py For instance, one obtains C = 0.44 mT/(W)'/? value for the Bruker
ER 4118X-MD5 resonator which was employed in the above experiments.
The obtained value is in good agreement with the expected value of 0.42
mT/(W)Y2 for loaded Q-factor of 4000, as indicated in the Bruker product
specification [23] for this type of resonators. Moreover, in order to test the
present method for estimating B;, the resonator conversion factor for
different types of resonators was employed. The same sample was inserted
in the Rectangular cavity TE;o2 (C ~ 0.14 mT/(W)Y/ 2, assuming Q-factor of
3500) [6, 24] which was used instead of Bruker ER 4118X-MD5 while all
detection parameters were kept the same. Despite the lower signal to noise
ratio obtained with the later resonator, the effect of Rabi resonance on P1
spectrum can be clearly assigned at significantly higher Py than the one
required for the same effect of the former resonator. The spectrum detected
in the vicinity of Rabi resonance (w1 < wy) and the simulated spectrum
calculated by employing following parameters: w; = 0.9wy, Ty = 2 ms
and T, = 3.7 ps are shown in Fig. 7. The experimental spectrum was
recorded at Py — 0.633 mW while the smaller conversion factor was

ol il N'I |
i WHWW ‘1 IIML'“' e

A

EPR Intensity (arb. units)

L ! L ! L L L !

330.76 330.78 330.80 330.82 330.84 330.86 330.88 330.90 330.92 330.94
B (mT)

Figure 7. EPR detected spectra of P1 center acquired in the Rectangular cavity
TE102 at Pyw = 0.633 mW (solid black line) and the corresponding simulated
ones (red line). The simulated spectrum was calculated by employing following
parameters w; = 0.9, T1 = 2 ms and T, = 3.7 ps.
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Figure 8. a). The first-harmonic out-of-phase absorption EPR signal calculated
from Eq.2 as a function of @; assuming wa<w1 ~ @, : @1 = 0.9w,(continuous
line), w1 = ;s (short-dashed line) and w; = 1.1w,; (long-dashed line). Param-
eter values are: wy/27 = 27 kHz, w;f/2x = 100 kHz, T = 2 ms, T = 146 ps.
The vertical dashed lines denote positions for expected modulation sidebands at
+ka,s for k = 0,1,2. Two horizontal arrows denote splitting distance defined as
qualitative splitting parameter D, ; while two orthogonal arrows denote qual-
itative parameter for peak-to-peak linewidth A,,. b). Detected qualitative
spectral parameters D.; (circles) and A, (diamond) as function of square root
of microwave power. The full symbols correspond to low power region where
both sidebands are present. Empty symbols correspond to high power region
where only single line is present. Horizontal line denotes marker at
2wy = 7.14 yT splitting between two first sidebands (k= +1) for the typical
unsaturated modulation spectrum. Dotted lines connect experimental points.
Experiments were performed using Bruker ER 4118x-MDS microwave cavity
while two additional data (blue, full circles and diamond) at high region of
microwave power were acquired using Rectangular cavity TE1g,. In both ex-
periments all recording parameters were kept the same, except the microwave
power which was variable parameter.

expected than for the Bruker ER 4118X-MD5 cavity. It can be noted that the
evaluated value of C = 0.13 mT/(W)l/ 2 derived from the experimentally
detected data nearly coincides with the predicted C value for the Rectan-
gular cavity TE;p2. Applied test on the two different resonators with cor-
responding conversions of MW power into B; supports above model for
evaluating B; by employing CW-EPR out of phase spectra in the vicinity of
the Rabi resonance.



B. Rakvin et al.

5.2. Qualitative spectral parameters in the vicinity of Rabi resonance of
the first harmonic out-of-phase experimental spectrum

In order to avoid complete simulation of the experimental spectra in
the saturation regime in the vicinity of the Rabi resonance, it is conve-
nient to introduce some qualitative spectral parameters which would
reflect significant change in the monitored region. Moreover, these pa-
rameters should represent some effective properties related to MS
spectrum. Under the condition of w2 > w1 <w;s typical first harmonic
out-of-phase MS spectrum is characterized with the central lineat A = 0
and sidebands almost at A = kw,s exhibiting components of dispersive
shape and being anti-symmetric with respect to the central line [12].
Under the condition of “weak modulation near the Rabi resonance” this
MS spectrum is changed and is described by relation (2) as presented in
Fig. 8a. The most prominent changes can be summarized as broadening
and shifting of spectral components, the phenomenon which depends on
the sideband index k. In addition, different sideband components begin
to overlap due to strong broadening. Thus, it can be noticed that the
shape of each sideband (k= +1) consisting of two phonons, (k = -1, RF
emission and MW absorption) and (k = +1, RF absorption and MW
absorption) is changed towards absorption lineshape when w; ap-
proaches Rabi resonance. At w; > @, due to the broadening, these two
sidebands form composite line, which is similar to the one broad
dispersive line or to the derivative line usually detected in CW-EPR
(Fig. 8a). The qualitative spectral parameter, which includes effects of
broadening as well as transformation of the lineshape in the saturation
region where w; < w,s can be related to the splitting D+; between two
shifted (k= +1) sidebands. The second qualitative spectral parameter
can be related to the peak-to-peak linewidth A, of these sidebands with
transformed lineshape. The arrows in Fig. 8a denote positions of these
qualitative parameters in the simulated spectrum. It is expected that in
the case of low saturation, under condition wz > w1 <wyy, values of D1,
approach distance between the first sidebands (2w,¢) while the value of
App approaches the value of peak-to-peak linewidth of the sideband

(8pp =1 /7/3 T>). It is important to note that both suggested parameters
exhibit significant changes at Rabi resonance, D.; converge to zero
value while Ay, to “discontinuity” (sharp increasing). Therefore, these
properties can help in assignment of the spectrum at Rabi resonance
within the series of detected CW-EPR spectra produced in saturation
regime. This idea is presented in Fig. 8b showing D.; and A,, parame-
ters as a function of MW saturation. It is useful to introduce the distance
between two regular k = &1 sidebands at 2w, ~ 7.14 uT as a marker
value. It can be expected that CW-EPR lineshape with the corresponding
parameters detected in the region below the marker value of MS
(Fig. 8b) produce noticeable effects while above this value their
contribution become minor in comparison with the contribution of the
other modulation and inhomogeneous line broadening effects. The ob-
tained data clearly show convergence to zero value of D.; and
“discontinuity” for A,, parameter at nearly the same MW power value.
Thus, presented data support clear indication of MW power value at
which the Rabi resonance is expected. Besides, by employing the
optimal detection parameters of CW-EPR as discussed above, one detects
a large variation of D.; and Ap, values on the wide scale of MW power
saturation. For example, D,; exhibits a significant increase above the
marker line in the limit of weak MW power. In order to explain such
behavior and describe in this perspective the whole monitored MW
power range, Di; and A, parameters were calculated and correlated
with experimental data while assuming w; = w,s resonance condition at
35 dB as discussed above. In addition, the variation of D, parameter for
the three representative T, values (T, = 14.6 ps, To = 2.92 s, T, = 1.46
ps) and T; =2 ms as a function of w,;/w; is presented in Fig. 9a.
Calculated parameters for the longest relaxation time shows the ex-
pected behavior approaching the marker value at low MW field and
diverging to zero value at the very close vicinity of w; /w; =1 (Rabi
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Figure 9. Calculated qualitative spectral parameters D.; (a) and A, (b) as
function of w;/w; by employing eq. 2 and parameters T, = 14.6 ps, (short
dashed line, blue) T, = 2.92 ps (dotted line, red) and T» = 1.46 ps (long dashed
line, green). The experimental data described in Fig. 9. were correlated with
calculated data by assuming that the last experimental point (full circles and
diamonds) coincides with 1 at abscissa axis. The arrows denote expected po-
sition of qualitative spectral parameter values detected in ref.22.

resonance). By gradually decreasing T, (increasing homogeneous line-
width), D, ; cross over the marker value and exhibit larger values than
the marker in the limit of weak MW power. It can be noted that diver-
gence toward zero value is shifted from the value of w,s/w; = 1 to larger
values of w/w; ~ 1.05 at normalized MW power scale. The most of
experimental values of D.; values coincide with the calculated D in
the close interval around 1 at normalized MW power scale while sup-
porting appearance of Rabi resonance within this narrow interval. The
deviation of the experimental data from the calculated D.; for presented
homogeneous line at low MW power indicates that the experimental D
values can be explained as an average contribution due to the composite
inhomogeneous line. The same values of the relaxation times were used
in the calculation of A,, parameters (Fig. 9b) and all the data show
“discontinuity” in the vicinity of 1 at normalized MW power axis. It can
be noticed that the values of Ay, for the shortest relaxation time exceed
the marker value. This phenomenon is a consequence of the homoge-
neous linewidth which becomes larger than the splitting between the
sidebands (6 > w,r27) while MS effects on such broad line are smaller
than on the narrow spectral line (6 < w,27). The simulation of A, for
the broadest homogenous line also shows the largest shift of ‘disconti-
nuity’ (larger value than 1) in comparison to narrower homogeneous
lines (longer relaxation times). The average of experimental data in
Fig. 9b can be described with calculated A, for T, = 2.92 ps. The ob-
tained value shows a good agreement with effective T; within the
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interval of 3.7- 5.9 ps. The effective To* originates from dipole-dipole
coupling between P1 centers as was estimated for this ([NSO] <1ppm)
crystal from DEER technique [10]. It is important to realize that the
expected minimum in D, or “discontinuity” of Ap, shows relatively
small shift from 1 (from 1 to ~1.05) apart from the fact that T, was
changed more than one order of magnitude. Thus, correlation between
the lowest D.; value and the last point of A, value before “disconti-
nuity” with 1 at abscisa axis leads to the relatively good approximation
(~5%) of the estimated Rabi resonance. It can be seen (Fig. 8b) that one
can estimate both qualitative parameters from the spectra detected
using Rectangular cavity TE;o2 also below 2w,s marker. Generally, the
above consideration indicates that, if the employed HPHT diamond
standard exhibits Ay, and D.; below 2w, value in the vicinity of Rabi
resonance, one can expect relative high accuracy (within 10%) in the
estimation of B;. In the case when the qualitative parameters have
significantly larger values than the 2w,s value, the above model is not
appropriate and correct assignment of resonance condition for such
spectra is not reliable. A good example for such behavior can be seen in
detected and calculated out of phase CW-EPR spectra for TEMPONE
sample in 90 % glycerol at 20°C acquired at w,;/27 = 100 kHz with
corresponding relaxation times T3 = 2.2 ps and T, = 0.06 ps [25].
Theoretical model which was used to describe these absorption signal
detected at first harmonic out-of-phase with respect to the field modu-
lation was based on Bloch equations that include the microwave and the
Zeeman modulation field [26, 27]. The approximate solution obtained
by iterative solution of Bloch equations was applied for the simulation of
spectra as a function of H; (Fig. 1 in ref. 25) and exhibits the lineshape
profile quite similar to the one seen for diamond sample. However, the
coalescence of two lines (as expected at Rabi resonance) can be seen at
significantly higher H; ~ 0.055 G than it was expected for wy /27 =
100 kHz in the above simulation. Moreover, it is easy to note from the
experimental spectra that approximate values of corresponding A, and
Diy (~ 0.1 mT) parameters are significantly above 2w, (7.14 uT)
threshold value for the employed modulation frequency.

Regarding the out-of-phase spectrum for diamond crystal with low
density of nitrogen impurity reported previously [22] it was suggested
that its detail description can be better achieved in the frame of the
present model [12] than the earlier applied model of modified Bloch
equation [27]. Indeed, Fig. 2 from the reference [22] shows microwave
power dependence of CW-EPR spectra quite similar to the one presented
in Figs. 4 and 5. by employing similar spectroscopic parameters. Since,
the complete data information for the reported lineshapes are not
available, the qualitative parameters of these spectra were used for the
present analyses. The value of parameter Dy; = 11 uT was explicitly
given for spectra recorded at 25 dB (B; = (30 +5) uT at 0 dB) and it is
expected to approach zero value at < 17 dB. The value of qualitative
parameter Ay, ~ 6.5 uT was estimated. Both parameters are included in
Fig. 10 (as arrows) by assuming that resonance is detected at 17 dB and
difference between points at dB scale is correlated with the position at
normalized abscisa scale. The position of this points approximately co-
incides with the presented experimental data which are described with
the corresponding lineshape parameters (T; = 2 ms, Ty = 1.46 ps,). It
can be noticed that these parameter values are close to parameters used
in the applied spectral model calculation (T; = (2.7 £1.2) ms, Ty =
(0.87 £ 0.05) ps) while derived B; ~ 4.2 uT at 17 dB differs 20% from
the value B; ~ 3.6 uT expected at the resonance condition. In order to
check the model for spectral lineshape description (previously suggested
in ref. 22), significantly larger parameter D.; = 21 pT at 25 dB was
calculated as compared with the experimental D.; = 11 pT value [22].
Therefore, according to the present analyses no significant discrepancy
between the calculated and experimentally obtained D.; parameter and
B; value at resonance condition can be concluded (Fig. 9). Since these
parameters were found almost within the experimental error estimated
in the previous study [22], the presented MS model shows capability to
successfully describe appearance of multicomponent spectrum of P1
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center detected at first harmonic as a function of microwave power.

It is also important to note that the same standard for B; estimation
will be operative at lower temperatures where one expects significant
increase of T; for the P1 center in HPHT diamond crystal [9]. This is
demonstrated by spectral simulation (Fig. 2) showing larger spectral
intensity and better resolution of the effect of Rabi resonance.

5. Conclusion

In the present consideration basic methodology with theoretical
background was described how to employ commercial HPHT diamond
crystal as a standard for detecting MW field intensity by applying or-
dinary CW-EPR spectroscopy.

The suggested model keeps all advantages from the saturation model
discussed in detail for HTPH diamond except for the S/N ratio, which is
smaller than in the saturation model due to the low concentration of P1
center. However, there are several possibilities which can improve
sensitivity of the presented method. The sensitivity and S/N ratio can be
additionally improved by applying optimization of recording parame-
ters for the critical spectrum such as the increase of the number of
accumulated spectra in comparison to the present work where most of
the spectra were recorded by applying only one or three number of scans
(Fig. 7). Additionally, the samples with larger concentration of P1 cen-
ters, which exhibit broader 5;I;p’ can be used by applying higher modu-
lation RF (> w,s/27 = 100 kHz) and, thus, larger distance between the
sidebands can be achieved leading to the larger impact of MS on the
spectrum near the Rabi resonance. For such improvement one needs to
employ the Lock-In amplifier with ability to work at higher frequencies.
It is also important to stress, that small dimension of diamond crystal
together with very stable concentration of P1 centers makes this probe
very convenient in manipulation within the cavity and in recording the
EPR signal compared with other samples. For DNP enhanced NMR it is
important that one can assigned lower value of B; in the comparison to
the saturation model.
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