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a b s t r a c t

Conventional modulation spectrum, MS, in continuous wave electron paramagnetic resonance, CW-EPR,
is produced by applying longitudinal radiofrequency (RF) fields with the frequencies, xrf, which exceeds
the linewidth, 2pd, of a single spectral line given in frequency units. The second longitudinal RF field with
frequency, xrf2, is employed to produce double modulation spectrum, DMS. In this work DMS are pre-
sented as a specific type of MS which can be produced from an ordinary homogenous line. The numerical
simulations of DMS in the limit of low power saturation relied on the recently introduced multi-photon
transitions formalism which includes one microwave photon in combination with an arbitrary number of
radiofrequency photons. It is shown that DMS of an inhomogeneous line exhibits similar basic structure
as MS and exhibits sideband peaks at multiples of basic radiofrequencies. Linewidths of these peaks are
significantly narrower (cca. two – three orders of magnitude) than the inhomogeneous linewidth and can
be correlated with the underlying homogeneous linewidth components on the basis of characteristic
spin-lattice, T1, and spin-spin, T2, relaxation times. The capability to extract T1 and T2 from DMS was
tested on the well-known E’ defect in irradiated vitreous SiO2. The obtained results revealed the impact
of ‘‘rapid passage” effect on DMS in improving the detection sensitivity of DMS in the study of paramag-
netic centers with long relaxation times. Therefore, double modulation method can be considered as a
complementary method for studying inhomegeneous broadening in the EPR spectra.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

In recent years’ studies of spin systems containing very long
relaxation times (transverse, T2 and longitudinal, T1) started to be
of interest due to their potential application in quantum informa-
tion technologies. The capability to extract narrow homogeneous
line (spin packet) from the Pulsed-EPR data, has been used to
deduce T1 and T2 of the monitored spin system. Interestingly, sev-
eral decades ago it was suggested that the CW-EPR method based
on modulation sidebands, MS, known as Double Modulation EPR,
DM-EPR, can be also used as a method complementary to the
Pulsed-EPR in detection of a very narrow ‘‘spin packet-like” line
from an inhomogeneous line [1–7]. Early theoretical studies of
MS and DM-EPR spectra, DMS, were mostly based on semi-
classical approach [1,8] by applying modified Bloch equations [9]
or nonlinear radio-frequency absorption formalism [10]. All these
theoretical models only partially described the properties of
DMS. Overall, they predicted well only the appearance of the peaks
in the frequency scale but they failed to describe different line-
shapes as well as saturation effects at a higher microwave, MW,
field in DMS.

However, modulation effects in CW-EPR spectroscopy were
recently revisited and explained by introducing multi-photon tran-
sitions [11–13]. By using quantized radiation fields, it was shown
that MS, when the modulation frequency, xrf, exceeds the line
width, 2pd, can be described by the multi-photon transitions. In
this formalism one MW, r+ photon is absorbed from the MW radi-
ation field and an arbitrary number k of radiofrequency, RF, p pho-
tons are absorbed from or emitted to the modulation RF field
(r+ + k � p). In such general approach one of the most often cited
model, convenient for the EPR case, addresses the resonant interac-
tion between these bichromatic fields [14] i.e. transverse MW field,
Bmw, and longitudinal RF field, Brf, while the two level spin system
(spin qubit) is experiencing the Zeeman magnetic field, B0. There-
fore, the effective magnetic field acting on the observed spin sys-
tem is:

B ¼ B0 þ Brf þ Bmw ð1Þ
with the components in the laboratory frame of reference
Bz = B0+(2x2/c) cos(xrft) and Bx = (2x1/c) cos(xmwt) while c is
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Fig. 1. First-harmonic in-phase sideband spectra for the single homogeneous line
calculated by employing Eq. (2): single modulation (a) and Eq. (3): double
modulation (b, c, d). Parameters of the homogenous line are: T1 = T2 = 2.0 � 10�5

s, d = 15.915 kHz); the first modulation frequency, amplitude, and index are: xrf/
2p = 100 kHz, x2/2p = 400 kHz, z = 8 and: x1/2p = 0.55 kHz are same for the all
spectra. The second modulation parameters are: xrf2/2p = 200 kHz, x22/
2p = 300 kHz, z0 = 3 (b); xrf2/2p = 200 kHz, x22/2p = 500 kHz, z0 = 5 (c); and xrf2/
2p = 300 kHz, x22/2p = 300 kHz, z0 = 2 (d). Resolution for all calculated sidebands
spectra is 0.1 mT at magnetic field scale. The arrow points to the most intensive peak
in the spectrum (a).
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the electron gyromagnetic ratio. Linearly polarized MW field with
amplitude (2x1 = cB1) is oriented along the x axis of the laboratory
frame of reference while the linearly polarized RF field with ampli-
tude (2x2 = cB2) and static magnetic field giving rise to the Larmor
frequency (x0 = cB0 = gemBB0/⁄) of electron spins are both directed
along the z axis.

The calculated spin dynamics can be expressed in terms of fre-
quency parameters x2 and x1 denoting the amplitudes of RF and
MF fields in frequency units, respectively [12]. It is convenient to
introduce two different regimes of the spin dynamics in terms
of: ‘‘weak modulation near the Rabi resonance”, WMRR, and
‘‘strong and fast modulation”, SFM with the corresponding values
of the applied RF modulation, x2 � x1 � xrf and x2 > x1 � xrf,
respectively. For each of these spin dynamics regimes description
of MS spectrum was derived in analytical form and can be used
as a starting point for the description of double MS and further
numerical simulation of DMS expected in the same regimes.

In the present study numerical simulation of DMS will be pre-
sented for the first time by employing newly suggested multi-
photon transitions to describe MS and CW-EPR spectra acquired
at the low microwave power, Pmw, intensity. Under this condition
and small x2 applied, MS shows specific properties (shift between
sidebands lines, and larger dispersion intensity than absorption
intensity of MS) which also affects DMS. In the region of high
Pmw intensity the effect of ‘‘rapid passage” in CW-EPR [15,16] on
DMS will be detected and discussed. It will be shown that line-
shapes and saturation effects in DMS experimentally detected for
well-defined standard system with long relaxation times, E’ defect
in irradiated vitreous SiO2, can be more accurately interpreted by
applying later description.

2. Amplitude modulation in CW-EPR

2.1. Modulation spectrum of homogeneous EPR line

In order to calculate the absorption EPR signal, one can follow
the recent description of CW-EPR spectra [12] and use the simple
Hamiltonian of a spin qubit (spin S = 1/2) with the ground |1 ›

and excited |2 › states exposed to three magnetic fields described
by the Eq. (1). The CW-EPR signal is proportional to the transverse
component of the steady-state magnetization out-of-phase with
the MW field. The most often detected signal in the form of the
first-harmonic is given for SFM regime reads [12]
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with XS =(x0-xmw) denoting the resonance offset and z = 2x2/xrf

representing the modulation index of Bessel function of the first
kind and order k, Jk, while DBS(k) represents the term known as
Bloch-Siegert-like shift. Eq. (2), with respect to the RF field, consists
of in-phase components exhibiting absorption shapes and out-of-
phase components displaying dispersion profiles. Both contribu-
tions are anti-symmetric with respect to the center of MS spectrum.
It is important to mentioned that classical Bloch equations give the
same description for the first-harmonic spectrum [9] as given in (2)
but without the saturation term in denominator and the term
describing Bloch-Siegert-like shift. The sidebands due to the
multi-photon transitions appear with slightly corrected mutual dis-
placement of DB = (xrf–DBS)/c in the spectrum and their intensity
(saturation) depends on Jk
2(z). The Bloch-Siegert-like shift shows

k�1 dependence and its contribution is important only for the side-
bands exhibiting very low k i. e. for the first and the second side-
bands near the center of a spectrum. This effect was recently
employed to improve the accuracy in evaluation of MW field
strength from measurements of the frequency splitting between
the first sidebands in MS spectrum [17]. For the multi-photon tran-
sitions, with higher |k| value and approximately equal z value the
obtained DBS is expected to be negligible small. On the other side,
for higher values of |k| multi-photon transition gives maximum
contribution to the first-harmonic signal [11]. Thus, for example,
the standard CW-EPR signal detected at 100 kHz with amplitude
modulation of 0.1mT exhibits z � 30 while the most intense side-
band consists of absorption of one r- and 28 p-photons being posi-
tioned at 28th sideband in the spectrum. Assuming homogeneous
line is broader than the modulation frequency (1/T2 � xrf), the
Eq. (2) gives for the first derivative lineshape a typical CW-EPR line
detected at the first harmonic [11].

2.2. Simulation of DM-EPR spectra

In order to describe DMS it is convenient to use only the part of
MS with the largest sideband intensities. At this spectral position
only small contribution of DBS is expected, thus, it can be dropped
out in the further calculation. The second modulation field in terms
of 2x22cos(xrf2t) is introduced as an additional modulation source
for each sideband (multi-photon absorption lineshape). Here, the
second RF field, RF2, produces additional (the zero-harmonic type)
sidebands in the first-harmonic in-phase spectrum. Following pre-
vious discussions on the second modulation employed [1,8,10],
description of DMS is suggested in the form of double summation:
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where z0 = 2x22/xrf2 is the modulation index of Bessel function of
the first kind and order k0 related to RF2 field. It is important to note
that in the Eq. (3) the saturation term, x1

2T1T2, depends on both
modulation frequencies through the corresponding Bessel func-
tions. Fig. 1 shows typical MS obtained from (2) for chosen param-
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eters given in the figure caption. In Fig. 1a the arrow denotes the
most intense peak (k � 7) as is expected for applied z = 8 value. It
is also important to note that the various intensity of sidebands
can be seen in the magnetic field spanning the interval from the
center of spectrum to the sideband with the largest intensity. The
sidebands outside of this range exhibit an exponential decay at
higher magnetic field. By applying the RF2 field according to the
Eq. (3) the same spectrum is additionally modulated as shown in
Fig. 1b–d. It is clear that the additional modulation, besides exhibit-
ing more complex spectral properties in terms of more lines with
various sideband intensities and peaks with opposite orientation
within the one of antisymmetric spectral parts (Fig. 1c), does not
show any other qualitatively important information about MS.
Therefore, in the next step the methodology of DM-EPR will be
applied in order to simulate DMS i.e. ‘‘sideband peaks” as a function
of the second modulation frequency. The peak of D <Sy>1in is
expected on the xrf2 scale when the term (Dkk’ = XS-kxrf-k0xrf2)
in Eq. (3) as function of xrf2 reaches the value of zero,
xrf2 ¼ XS

k0
� kxrf

k0
ð4Þ

In the first step the static magnetic field B0 is shifted to the posi-
tion Boos of the peak with the most intense sideband (k � z) as
denoted on Fig. 2a. At this fixed field position the change of D
<Sy>1in as a function of xrf2 is calculated (Fig. 2b). The obtained
spectrum indeed shows peaks at positions of multiple of the first
modulation frequency kxrf (k = 1, 2, 3, . . .) as is expected in the
Fig. 2. Sideband (a) and double modulation (b) spectra of a single homogeneous
line. The sideband spectrum was calculated by employing Eq. (2) and parameters
given in Fig. 1. For double modulation spectrum the magnetic field was fixed at
position of 7th sideband peak (Boos = 339.0158 mT) as denoted by arrow in (a) and
intensity of this peak is evaluated as a function of the second modulation frequency
x22/2p = 500 kHz (in steps of 1 kHz) using Eq. (3). The obtained peaks appeared at
multiple of the first modulation frequency. Inserts show the fitted Lorentzian
lineshape (red line) of the third peak at 300 kHz with d = 15.96 kHz and enlarged
part of the spectrum at higher frequencies. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
standard DMS. (It can be noted that by shifting of the magnetic
field to the position corresponding to the top of the 7th sideband
peak actual XS reaches the value which is multiple of xrf and Eq.
(4) became multiple of xrf.) One of these peaks, the peak at xrf2/2-
p = 300 kHz, is fitted with Lorentzian lineshape (insert to Fig. 2b)
providing the corresponding fitted value of d = 15.96 kHz, which
is very close to the linewidth of the un-modulated homogeneous
line (d = 15.91 kHz). This result is qualitatively expected since the
intensity of this as well as other peaks consists of sum of neighbor-
ing sideband peaks produced by the second modulation field (addi-
tional schematic descriptions can be seen in Refs. [8,10]).
Moreover, there is an indication of low intensity peaks present at
half values of modulation frequencies (visible at 50 kHz and
150 kHz in the spectrum shown in Fig. 2b) as is expected for
DMS spectra (k0 > 1, Eq. (4)). To examine in detail properties of
these simulated spectra the gradual change of all parameters
within SFM regime is presented in Fig. 3. In specific, an example
is shown where all parameters are the same as in Fig. 2 except
for T2 and T1, which are an order of magnitude larger. Conse-
quently, the linewidths of sidebands are ten times narrower
(d = 1.591 kHz) while their spectral intensity distributions are sim-
ilar to distributions of sideband exhibiting broader linewidths
shown in Fig. 2a. This change is also reflected in the double mod-
ulation spectrum in which almost an order of magnitude narrower
peaks appears (Fig. 3b). The fitted peak at 300 kHz shows signifi-
cant change of the linewidth (d = 1.76 kHz). In the next step only
the microwave field strength, x1/2p = 0.55 kHz, is replaced with
the order of magnitude larger value x1/2p = 5.5 kHz still being
within SFM regime, while all the other parameters are kept the
same as parameters used in Fig. 3. Here, significant change of
Fig. 3. Sideband (a) and double modulation (b) spectra of a single homogeneous
line. Calculation performed with the same spectral parameters as in Fig. 2a and b
expect for relaxation times which are replaced for one order of magnitude longer
times, narrower linewidth, (T1 = T2 = 2.0 � 10�4 s, d = 1.59 kHz). In (b) the left insert
shows fitted Lorentzian lineshape (red line) of the third peak at 300 kHz with
d = 1.76 kHz and the right insert enlarged part of the upper spectrum. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 5. Sideband (a) and double modulation (b) spectra of a single homogeneous
line Calculation performed with the same parameters as in Fig. 4a and b except for
the relaxation time which is replaced with an order of magnitude faster value
T2 = 2 � 10�5 s (d = 15.915 kHz). The insert in (b) shows peak (at 300 kHz) fitted by
Lorentzian lineshape with d = 25.12 kHz.
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sideband spectra related to saturation broadening of peaks can be
seen (Fig. 4a). This saturation broadening affects broadening of
peaks with non-uniform distribution along the spectrum. Peaks
in the spectral region from the center of spectrum to the peak with
maximum intensity show a linewidth distribution of sidebands.
The narrowest sideband lines appear for k higher than k corre-
sponding to the sideband with the maximum intensity. This effect
can be easily explained in terms of the saturation factor in Eq. (2),
which depends on Bessel function. Thus, the sideband spectrum of
homogeneous line under the saturation condition will not exhibit
the sideband spectrum with equal linewidths of the sideband
peaks. It is also expected that linewidths in the double modulation
spectrum will be influenced by the similar effect. Indeed, Fig. 4b
indicates that linewidths of the peaks in the low region of the
sweeping frequency are generally broader than the less saturated
peaks at higher frequencies (peaks with larger multiples, kxrf). In
order to reach more reliable linewidth estimation of the originally
homogeneous line from the DMS one can apply large z-value and
detect peaks with largest possible kxrf. The same effect can be used
to describe the line positioned at multiple of the half of modulation
frequency (for example line at (3/2)100 kHz in Fig. 4b). These types
of lines at (k/k0xrf) generally appear narrower than the neighboring
lines at kxrf since they consist of lines with higher k = 3 than the
k = 1 and k = 2 of neighboring lines. Fig. 4c represents DMS spec-
trum obtained with the same parameters as shown in Fig. 4b but
with different position of Boos. In the present case the Boos is shifted
Fig. 4. Sideband (a) and double modulation (b, c) spectra of a single homogeneous
line. Calculation performed with the same parameters as in Fig. 3a and b except for
the microwave power which was larger by an order of magnitude (x1/2p = 5.5 kHz)
(b) and positioning magnetic field (Boos = 338.9908 mT) at different sideband peak
(c). The sidebands peaks involved in (b, c) are denoted by arrows in (a). Peaks (at
300 kHz) fitted by Lorentzian lineshapes with d = 6.07 kHz and d = 3.28 kHz are
shown as inserts in (b) and (c).
to lower magnetic field (338.9908 mT) which matches the position
of the top of the forth sideband, as denoted by arrow in Fig. 4a.
Again, the similar DM-EPR spectra appear with peaks at the same
frequencies as those shown in Fig. 4b but exhibiting different
intensities. Moreover, peaks at 700 kHz and 800 kHz start to
change orientations due to closer positioning of Boos with respect
to the center of the spectrum containing contributions of side-
bands with positive orientations (Fig. 4a). It can be also noted that
the 4th peak appears narrower than the 7th peak with correspond-
ing peaks d = 6.07 kHz and d = 3.28 kHz, respectively. The above
example shows an additional origin of variations of the linewidths
of spectral peaks in the DMS of the homogeneous line. Finally, we
address the model which assume significantly different T2 in com-
parison to T1 (Fig. 5). All parameters are kept the same as in Fig. 4b
except for smaller value (order of magnitude) used for T2. Here, a
significantly lower resolution in sideband spectrum can be noted
(Fig. 5a) with the expected broader linewidth at lower peak posi-
tion (d = 25.12 kHz for peak at 300 kHz and d = 18.04 kHz for peak
at 600 kHz) as shown in insert to Fig. 5. It is obvious that upon fur-
ther decreasing of T2 value, the structure of DMS peaks will be lost.
2.3. DM-EPR spectrum of inhomogeneous EPR line

As was mentioned above the DM-EPR method was used to
detect a narrow i.e. ‘‘spin packet-like’’ spectral lines in an inhomo-
geneous EPR line. This property of DM-EPR method was discussed
in the frame of suggestions proposed in several theoretical models
of the method [8,10]. It can be noted that those models lead to dif-
ferent descriptions of phenomena in DM-EPR. This is due to the
assignation of different contributions appearing as dominant terms
in the calculations. In specific, Giordano et al. considered the case
of T1 � T2 and suggested that the linewidths in DMS originated
from T1 relaxation time, while Dulčić and Perić [8] claimed that
observed lineshape originated from T2 and eventually T1 in the cen-
ter of the line. Both theoretical models considered DMS only in the
limit of small MW power.

Here presented analysis has no intention to go into detailed the-
oretical simulation and discussion of above phenomena but rather,
to provide qualitative description and make the comparison easier
with the case of homogeneous line as well as to discuss experimen-
tally detected DMS of an inhomogeneous EPR line. It should be
noted that when considering an inhomogeneously broadened



Fig. 7. Sideband (a) and double modulation (b, c) spectra of the inhomogeneous line
described in Fig. 6. (a) The cumulative modulation sideband spectrum under the
condition given in Fig. 3 of each spin packet in the inhomogeneous line presented in
Fig. 6. Only the part of the antisymmetric spectrum with negative intensities is
shown. (b) Some of the representative double modulation spectra obtained at Boos
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EPR line, besides dc field B0, an additional local field, BL, is required
to be introduced. BL is variable and corresponds to various spin
packets within an inhomogeneous line. The contribution of various
spin packets is given by its weight in the inhomogeneous distribu-
tion function g(BL). Thus, in the frequency domain BL is trans-
formed into the local frequency xL and can be easy introduced in
above calculations as a newly defined resonance offset, XSL =XS +
xL. Various MS centered at XSL within an inhomogeneous spectral
line can be produced by employing modulation frequency with lar-
ger frequency than the linewidth of a spin packet. However, here
appears the problem of how to choose the magnetic field at exact
position exactly at the top of a sideband peak of the produced MS
spectra, similarly as in the case of a homogenous line discussed
above. It can be expected that at an arbitrary magnetic field posi-
tion (usually it is the position exhibiting the large number of multi
photon transitions, k � z) there are certain number of sideband
peaks for which XSL is multiple of xrf. Nevertheless, such sideband
peaks can be treated as in the case of the homogeneous line. In the
process of sweeping the second modulation frequency there are
also peaks between various sideband peaks within an inhomoge-
neous line (k’, multiple photon transitions) for which the Eq. (4)
is valid. At this resonance condition one expects that the envelope
of inhomogeneous line will be affected and DM-EPR peak will be
detected [8,10]. Finally, for an arbitrary magnetic field position
there are also additional spin packets within the interval of
±1/2xrf, which are somewhat shifted from the spin packets posi-
tioned as mentioned above and it is interesting to consider their
contribution in DMS. Therefore, in order to better describe the
impact of inhomogeneous line on DMS let us consider a simplified
model of an inhomogeneous line containing fifteen spin packet
lines at the corresponding local magnetic fields and exhibiting
the same linewidth (d = 1.591 kHz). Ten spin packets are symmet-
rically distributed around the central spin packet with mutual
shifts of 10 kHz while four spin packets are symmetrically dis-
tributed about the central spin packet with mutual shifts of
2.5 kHz. The intensities of these packets are described using Gaus-
sian profile with linewidth of 83.25 kHz as schematically presented
in Fig. 6. The MS is shown for one half of the entire spectrum
exhibiting negative intensity contributions (Fig. 7a) and assuming
the same modulation condition as in the Fig. 3. The largest inten-
sity of the MS originates from the central spin packet chosen at
Fig. 6. Fifteen spin packets representing a simplified model for an inhomogeneous
line. All spin packets are assumed to have the same linewidth of d = 1.59 kHz. They
are symmetrically positioned from the center of the spin packet: ten spin packets
are mutually shifted by 10 kHz while four spin packets near the center by 2.5 kHz.
Intensities of these spin packets are normalized using Gaussian line profile with
DmG = 83.25 kHz (dashed line).

for the largest modulation sideband intensity: at the center of the largest
modulation sideband (a) (red line), at the spin packets shifted from the center
spin packet by ±2.5 kHz (blue and pink lines) and at the sideband of spin packets
shifted by ±50 kHz (cyan and green lines). Cumulative double modulation spectrum
obtained from the sum of all double modulation spectra of the individual spin
packets (c). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
the position Boos for detection of DMS. During the second modula-
tion frequency sweep the response of each spin packet and corre-
sponding DMS are monitored. DMS of the central sideband (Fig. 7b)
shows the same type of DMS as was obtained in Fig. 3. The two spin
packets positioned at ±2.5 kHz from the central spin peak lead to
two DMS with not equal and shifted peaks shown in Fig. 7b. In
addition, DMS of the spin packets with the largest shift of
±50 kHz exhibits the most intensive peaks at the half multiple of
(kxrf) or at position corresponding to k = 1, k0 = 2 as defined in
Eq. (4). Finally, contribution of all fifteen spin packets is summed
up and cumulative DMS for the model of inhomogeneous line is
shown in Fig. 7c. Here, one can clearly see the distribution of the
most intensive peaks in the vicinity of multiple (kxrf) and hence
describes possible the origin of broadening in DMS. The obtained
analyzes indicate that the additional broadening of DMS, besides
saturation and modulation effects, can be produced by XSL due to
the influence of various distributions of BL fields.



Fig. 8. (a) CW-EPR spectra of E0 center recorded in the strong and fast modulation
regime of spin dynamics for two modulation phase angles, black spectrum at phase
angle u and red spectrum at phase angle u + p/2. Spectra are recorded by employing
parameters xrf/2p = 100 kHz, x2/2p = 20 kHz, and Pmw0 (Pmw0 = 0.063 mW corre-
sponds to (x10/2p = 8.7 kHz)). Arrows denote positions where double modulation
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3. Detection of DM-EPR

3.1. Experimental

The CW-EPR, Pulsed-EPR and DM-EPR experiments were per-
formed using a Bruker ELEXSYS 580 spectrometer working at
X-band frequency accompanied with additional homemade RF
modulation coil. The coil was inserted in the microwave cavity
(rectangular TE102) and oriented perpendicular to B0 field in order
to produce the second modulation in the cavity. The coil inserted in
the cavity additionally decreases Q-value of the cavity and con-
tributes to the lower intensity of MW field at the site of the sample
than expected for the standard TE102 cavity. In order to avoid this
inconvenience x1 was additionally controlled and estimated with
MS method as discussed recently [17]. The RF source and the con-
trol of the modulation parameters were realized by employing
continuous electron nuclear double resonance, ENDOR, module
included in the spectrometer. Thus, DMS have been recorded in
the same way and in the same format as ENDOR spectra at
ELEXSYS spectrometer.

A well-known standard in CW-EPR spectroscopy E0-centers
obtained by c-irradiation (at dose of 1Mrad) of quartz tube
(2 mm outer diameter) was used. Dependence of characteristic
relaxation times T1, T2 and concentration of spins, CS, on irradiated
dose have been recently examined for this sample [18]. It is
expected that for the applied radiation dose this sample exhibits
T1 � T2 = 200 ms and CS within interval of 1016–1017 spins/cm3.

The quartz sample employed in the present investigation was
additionally characterized by applying Pulsed-EPR methods using
the same spectrometer. Relaxation time T1 = 200 ms was obtained
by employing inversion recovery with spin echo-detection method
while the phase memory time, Tm = 43 ms, (Tm 	 T2) and CS �
2 � 1017 spins/cm3 were obtained in the process of extrapolation
of the spin–echo intensity for small pulse turning angle (sin ɵ)2.
spectra are obtained. (b) Double modulation spectra in the strong and fast
modulation regime of spin dynamics obtained for modulation phase angle u (black
spectra) and for u + p/2 (red spectra). Spectra are recorded by employing parameter
x22/2p � 0.5 MHz for two different microwave field intensities while other
parameters are the same as given in Fig. 8a. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
3.2. DM-EPR spectra of E0 centers

DMS of E0 centers have been recorded and analyzed earlier in
several studies [1,10,19–21]. The spectra were obtained by
employing the first and the second harmonic detection. The
obtained narrow lines at multiple of the first modulation frequency
were significantly narrower (between two and three orders of
magnitude) than the corresponding EPR linewidth. Besides that,
underlying relaxation mechanism responsible for such sharp lines
were not completely explained [1,8,10]. It is also noted, as men-
tioned above, that variations in the line shapes and corresponding
linewidths of these lines arise due to small change of the employed
spectroscopic parameters. Of course, these properties increase an
uncertainty in assignation of underlying relaxation times. How-
ever, recently improved spectroscopic characterization of E0 cen-
ters [18,22] based on advanced spectroscopic methods resulted
in higher accuracy of determined relaxation times T1, T2, and CS
than available in the previous studies. These parameters are essen-
tial in the calculation of MS spectrum of homogenous line as well
as of the corresponding DMS in SFM regime in terms of multi-
photon transitions. It is expected that DMS recorded for an inho-
mogeneous CW-EPR line of E0 centers by employing spectrometer
parameters fined tuned to match SFM and WMRR modulation
regimes will show spectra which could be scaled to spectra of
homogeneous line.

In order to satisfy SFM and WMRR conditions by using standard
arrangement of the first modulation frequency (xrf/2p = 100 kHz)
one needs to employ small amplitude of modulation (x2 <xrf).
This condition gives low z value and results in a MS spectrum with
low number of detectable sidebands. In Fig. 8 the small amplitude
of modulation (x2/2p = 20 kHz) was employed to detect DMS at
two modulation phases (u and u + p/2). Detectable CW-EPR signal
(Fig. 8a) for present experimental set-up at low intensity of micro-
wave power (Pmw0 = 0.063 mW) was employed to reach small
amplitude of MW field (B10 = 0.00062 mT). The obtained DMS
under the same conditions show only one peak (dispersion type
of peak at 100 kHz) for both detection phases (Fig. 8b). By increas-
ing x1 to higher values but still lower than an xrf, an additional
sideband peak at 200 kHz can be noted in DMS. Fig. 8b shows
example of DMS detected at 10Pmw0 corresponding to
x1/2p = 27 kHz value. Again, the peak lineshapes of the first peaks
(at 100 kHz) of these DMS at 10Pmw0 indicate dominant dispersion
over the absorption lineshape sideband contribution. Indeed, the
multi-photon transitions calculation [12] predicts within order of
magnitude larger dispersion contribution for the first sideband in
MS detected at the first harmonic in the monitored modulation
regime. Additionally, detected peaks at 200 kHz show dispersion-
like lineshapes for the spectra detected at u + p/2 phase and an
absorption type of lineshapes for spectra detected at u phase,
respectively (Fig. 8b). The absorption peak exhibits composite
character and can be better approximated with two Lorentzians
than with only one average peak (Insert to Fig. 9a). Fitting param-
eters of the two Lorentzian shapes (amplitude intensities, I1, I2,
linewidths, d1/2, d2/2 and peaks positions xrf21, xrf22) are plotted



Fig. 9. Typical composite lineshape of double modulation peak detected at 200 kHz
in the strong and fast modulation regime of spin dynamics were assumed two
Lorentzian lineshapes (the cumulative fit is presented with continuous smooth line
in the insert). Parameters of fitting: amplitude intensity I1 (circles), I2, (squares),
linewidths d1/2 (circles), d2/2 (squares), and corresponding peak positions xrf21/2p,
(circles), xrf22/2p (squares) are shown from (a)–(c). The frequency shifts Dshf from
200 kHz to the low frequencies are plotted as a function of B12 in the insert to (c). The
dotted line describes linear behavior. Spectra are recorded by employing the same
parameters as given in Fig. 8.

Fig. 10. Double modulation spectra of E0-centers detected in the wide range of spin
dynamics (x2 > xrf, x2 > x1, from x1 � xrf to x1 � xrf). Spectra are recorded by
employing parameters xrf/2p = 100 k Hz, x2/2p = 0.6 MHz, z = 24, x22/2p
� 0.5 MHz for different Pmw0. The insert (filled circles) shows the enlarged peak
at 300 kHz of the 0.32 Pmw0 spectrum with fitted corresponding Lorentzian
lineshapes, d1 = 3.2 ± 0.8 kHz (dashed, green) d2 = 15 ± 3 kHz (long dashed, blue)
and cumulative line (continuous line, red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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as a function of B1 and collected in the three plots in Fig. 9a–c,
respectively. It could be noticed that the sharper line d1 reached
a value around 3 kHz when B1 approached the zero value. This
finding indicates an effective T2 � 110 ms, which can be reached
with DMS in the limit of small modulation amplitude and power
saturation. It is interesting to note that by increasing Pmw the peak
of the narrow line shifts to frequencies below the expected posi-
tion at 200 kHz (Fig. 9c). On contrary, the peak of the second
broader line (d � 13 kHz) shows opposite shift to frequencies
above 200 kHz (Fig. 9c). The shift of sidebands due to MW satura-
tion of MS was also theoretically predicted [12] in the form of
DBS(k) shift for both regimes of dynamics. The calculation shows
that this effect significantly contributes only to the first and to
the second sideband and, thus, it can be expected that only the
low multiple frequency peaks of DMS will be affected with this
shift. The possibility that contribution to DM-EPR peak originates
from the sideband peaks from both sides of MS regarding the cen-
ter of MS, one also expects contribution of such shift at the both
sides of the peak. In the present case it can be noted in the Insert
to the Fig. 9c that the peak shift of the narrow line Dshf shows lin-
ear behavior in the plot of Dshf versus B1

2 and, hence, indicates
expected shift [12,17] of the peak proportional to B1

2 in the limit
of small Pmw. This indicates possibility of the DM-EPR method to
detect the effect of Bloch-Siegert-like shift within an inhomoge-
neous line. It can be also noted that the first sideband at 100 kHz
shows broadening as well as significant shift of the peaks of disper-
sion lineshape on both sides regarding the center of dispersion
lineshape. It is expected that this effect can be also qualitatively
explained by considering the impact of the sideband dispersion
line shift in MS [12] and the same argument as for DM-EPR absorp-
tion peak at 200 kHz under the Pmw saturation process. The above
consideration was limited due to the small number of sidebands in
MS and also due to the low signal to noise ratio since unusual small
value of x2 for the standard detection of DMS of E’ centers was
applied. In order to improve the signal to noise ratio and to
increase number of peaks for the given experimental parameters
from the paragraph above, one can gradually increase only x2

parameter. Fig. 10 shows typical DMS obtained in the wide region
of Pmw values by employing x2/2p = 0.6 MHz. As in the case of
small x2 detected peaks, here also the composite character of
the lineshapes can be better approximated with two Lorentzian
peaks than with one averaged Lorentzian (Insert to Fig. 10). In
addition, Fig. 10 also shows an unexpected shape of DMS obtained
in the high-power region. Surprisingly, composite peaks show sat-
uration of broad components and significant increase in the ampli-
tude of sharp components detected at high microwave power. The
obtained sharp lines were examined in more detail in the high sat-
uration region of Pmw by employing Brf = 0.1 mT (Fig. 11). This
modulation amplitude was chosen in order to easily correlate
DMS with CW-EPR in-phase and out-of-phase saturation spectra
of E’ center which was studied earlier [18] at the same modulation
amplitude. The composite peaks at kxrf/2p (k = 2, 3,.; 200 kHz,
300 kHz, 400 kHz and 500 kHz) in Fig. 11 can be fitted by employ-
ing two Lorentzian lineshapes. Typical Lorentzian parameters (d/2,



Fig. 11. Double modulation spectra of E0-centers detected at high microwave power
region. Spectra are recorded by employing same parameters as given in Fig. 10
except for the x2/2p which was parameter increased to large value (1.4 MHz). The
insert (filled circles) show the enlarged peak at 500 kHz of the third (at 100 Pmw0)
spectrum with fitted cumulative line (full red line) of two corresponding Lorentzian
lineshapes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 13. Normalized amplitude with respect to the largest amplitude for the
corresponding double modulation peak of two Lorentzian lineshapes obtained by
fitting experimentally detected double modulation peaks at 200 kHz (circles),
300 kHz (triangles) and 500 kHz (squares), presented in Fig. 11, as a function of B1.
Full symbols denote amplitude of the narrow d1 line and empty symbols amplitude
of the broad d2 line. The solid and dashed smoothed lines are used only to guide the
eye.
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I and peak position) obtained by fitting procedure for peak at
500 kHz as function of B1 are shown in Figs. 12 and 13. It is easy
to note that narrow and broad spectral components can be
detected in the whole monitored interval of B1 (Fig. 12). The nar-
row component exhibits well defined average linewidth
d1 = 2.1 ± 0.6 kHz at peak position 501.5 ± 0.1 kHz and variable
intensity which reaches maximum at high Pmw (B1 � 0.017 mT).
The broader component (d2 = 25.5 ± 7.7 kHz) shows larger varia-
tion of peak positions (500.1 ± 1.7 kHz) while the saturation
appears at lower microwave power (B1 � 0.0035mT) than for the
Fig. 12. Parameters of two Lorentzian lineshapes obtained by fitting experimentally
detected peak at 500 kHz of double modulation spectra presented in Fig. 11 as a
function B1. The parameters for narrower Lorentzian lineshape, peak amplitude, half
of linewidth, and peak position are denoted with filled circles and parameters for
broader Lorentzian lineshape with open squares. The solid and dashed smoothed
lines are used only to guide the eye.
sharp component. The peak with the smallest intensity at
B1 � 0.0012 mT can be clearly detected for all analyzed DM-EPR
peaks for both components (Fig. 13). In addition, the comparison
of DMS amplitude versus B1 for the two components fitting the
peaks at different multiple frequencies qualitatively show similar
behavior and supports applied analyses.

Finally, it is also interesting to detect DMS at high z value. This
can be easily achieved by increasing the amplitude or/and decreas-
ing frequency of the first modulation frequency applied on the
above detected spectra. Fig. 14 shows DMS of E0-centers detected
at high z-values (z = 14, z = 747, z = 1494) with xrf = 30 kHz. The
spectra are presented for the same xrf2 in the similar sweeping
range as was used above for DMS obtained at xrf = 100 kHz. It
can be noted that significantly large number of peaks with mutual
distances of 30 kHz in the monitored interval appears. The narrow-
est peaks (d � 3 kHz) appear at spectrumwith the largest z value as
illustrated in the Insert to Fig. 14.
Fig. 14. Double modulation spectra of E0-centers detected at the first modulation
frequency xrf = 30 kHz. Spectra are recorded by employing parameters Pmw = 10
Pmw0 and x22/2p � 0.5 MHz for different modulation amplitudes. The insert shows
the enlarged and normalized peaks for all three double modulation spectra at the
same multiple k = 20 of the first modulation frequency (600 kHz).
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4. Discussion

Beside the composite character of the peaks, over-all shapes of
the entire experimentally detected DMS of an inhomogeneous line
in the limit of low Pmw show high similarity to spectra of homoge-
neous line and could be easily scaled with the calculated model in
order to evaluate effective relaxation times (T1, T2). DMS (Fig. 8)
detected in the limit of weak microwave power (x1/2p � 3 kHz)
shows that the narrow component of the linewidth is more pro-
nounced in comparison to the broader one and can be correlated
with the homogeneous line model spectrum calculated for nearly
the same microwave power saturation (x1/2p = 5.5 kHz), as shown
in Fg.4. It is also interesting to note that the model spectrum exhi-
bits broadening of calculated modulation peaks with d = 6.07 kHz
and d = 3.28 kHz due to the saturation effects and resonance posi-
tion of Boos, respectively. This indicates possibility that the lowest
Pmw applied in the above experiment already contributes to the
broadening of the peaks in DMS. Thus, a new setup of the experi-
ment is required with improved signal-to-noise ratio to check d
at Pmw lower than the lowest Pmw in the present experiment.

The above considerations show that description of MS which is
based on the multi-photon transitions for SFM dynamics regime
also describes DMS in the limit of low Pmw. This theoretical model
of DMS supports the finding that linewidths of detected narrow
peaks originate from T2-type of spin relaxation. In the WMRR spin
dynamics regime, which is obtained by further increasing Pmw until
x1 reaches the value of xrf (or 2xrf), MS spectrum can be further
analytically described and also applied to describe DM-EPR spectra
similarly as for SFM regime. It should be noted that an analytical
calculation of MS was here provided only for regime of weak reso-
nance modulation (x2 � x1 � xrf) while in the regime of strong
resonance modulation (x2 �x1 �xrf) such model is missing since
the same calculation methodology could not be applied [12]. How-
ever, for the sample containing centers with long relaxation times
this type of regime usually coincides with the well known ‘‘rapid
passage” regime for EPR signal [15,16]. It appears when the rate
of change of x2 (or B0) is faster than the electron spin relaxation
time. Recently, the ‘‘rapid passage” effect for E0 centers in quartz
was studied in CW-EPR by employing modulation frequency of
100 kHz [18,22]. Theoretical description of the obtained amplitude
of EPR signal, in-phase and out-of-phase with respect to the mod-
ulation frequency, was calculated by employing numerical solution
of Bloch equations. Moreover, in the study [18] amplitude and
phase behavior of the signal was provided from low-power to
high-power range of microwave intensities. It is assumed that, as
B1 increased the effective T2 required to match the experimental
signal intensity increased, as well at high B1 (B1 > 0.01 mT) the
effective T2 became equal to T1. Thus, one expects that spectral
lines in MS as well as lines in DMS would also show similar
enhancement behavior for ‘‘rapid passage” regime under micro-
wave saturation.

It is interesting to note that detected 100 kHz component in
Fourier transforms of the waveforms for the E0 signal in CW-EPR
experiment [18], obtained at 0.1 mT modulation amplitude as a
function of B1, shows similar behavior as amplitude of DM-EPR
peaks. Amplitude of Fourier transform (Ref. [18], Fig. 5) exhibits
two maxima, the first (with intensity �1/3 of the second maxi-
mum) appears at B1 � 0.002 mT and the second at B1 � 0.025 mT,
respectively. Thus, the shape and extremes of amplitude depen-
dence vs. B1 for EPR Fourier transform components and DM-EPR
peaks can be scaled and qualitatively discussed in terms of the
relaxation phenomena involved in this process. The amplitude of
narrow component of DM-EPR peak (Fig. 12) as a function of B1
indeed exhibits very similar behavior as amplitude of Fourier
transform component in (Ref. [18], Fig. 5) by showing two maxima.
The maximum at higher B1 can be employed to define an enhance-
ment for the rapid passage regime as the ratio between in-phase
EPR signal amplitude at low B1 and out-of-phase EPR signal at high
B1, respectively. For the 1 Mrad-sample this EPR signal ratio is
expected �9 [18] and for DM-EPR for narrow peak amplitudes
�15, respectively. For the EPR experiment the effective T2 was esti-
mated in the process of scaling of the functional dependence,
amplitude vs. B1, by assuming that effective T2 is equal to T2 at
maximum amplitude in the region of high B1. On the other side,
for DM-EPR case, the obtained linewidth of the narrow component
directly represents an effective T2 = 152 ± 43 ms for entire moni-
tored B1 interval with value of T2 � 145 ms at the maximum value
(Fig. 12). It is interesting to note that the obtained T2 values satis-
fied the condition T2 	 T1 within the experimental error for
expected T1 = 200 ms. The maximum of DM-EPR amplitude for sec-
ond peak d2 at 500 kHz appeared at significantly lower
B1 � 0.0035 mT than the maximum of d1. In addition, a larger vari-
ation of d2 in linewidths and peak positions during saturation pro-
cedure indicates more inhomogeneous character of d2 components
in comparison to d1 peak components. The obtained corresponding
effective T2 = 12.5 ± 3.7 ms for this peak component was not
detected for the amplitude of Fourier transform of CW-EPR exper-
iment in (Ref. [18], Fig. 5) and could not be simply assigned as was
assigned d1 peak.

The contribution of a ¨rapid passage¨ on DMS was not recog-
nized in the previous studies of DM-EPR experiments. This finding
can open a new possibility in interpretation of DMS spectra. For
example, DMS obtained in irradiated alanine [7] was detected
under high Pmw and the correlation with the effective T2 could be
more reliably assigned by employing additional arguments related
to ¨rapid passage¨ effect. It is also known that ¨rapid passage¨ effect
can be apply to enhance detection signal in CW-EPR as well as DM-
EPR and it is more convenient in detection of low concentration of
paramagnetic centers in comparison to Pulsed EPR [22]. Indeed,
our preliminary DMS of low concentration NV centers in diamond
under the high power saturation exhibits DMS with sharp peaks in
the range of expected T2 values for this center. On the other side
the same results could not be obtained by applying Pulsed EPR
due to lack of echo signal detection for the same sample (work in
progress).

At this moment, it is also interesting to examine possible effect
of Rabi resonance on DM-EPR spectrum. On the plot of DMS peak
amplitude vs B1 for each d1 and d2 lines at B1 � 0.0012 mT
(Fig. 12) the first peak which can be noted coincides with the first
peak of the amplitude of Fourier transform [18]. The following
minimum near this peak was assigned [12] to an effect of Rabi res-
onance on MS spectrum. Thus, it is expected that the same effect
can be involved in DM-EPR peak intensity. Fig. 13 shows well
defined position of the minima at B1 � 0.0018 mT in the plot of
amplitude vs B1 for both components of peak for several DM-EPR
multiple peaks.

DMS with high z-value for an inhomogeneous line shows qual-
itatively similar behavior as was predicted for calculated DMS of
the homogeneous line. For the E’ center the sharp peaks appear
at high z-values approaching d expected for homogeneous line of
this center. It is important to note that again some of the peaks
in Fig. 14 could be also approximated with two components (d1
and d2) as was discussed for spectra at xrf = 100 kHz. Of course,
here one expects that d1 component will be similar to d1 compo-
nent obtained at xr f = 100 kHz. However, an average d2 compo-
nent estimated at xrf = 30 kHz peaks will be significantly
narrower than the average d2 component obtained at xrf =
100 kHz. These evidences that d2 line component depends more
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on applied experimental parameters than the d1 line component d2
can be generally correlated with Tm-type (d2 = 1/pTm) values usu-
ally obtained in pulsed-EPR experiments. Additionally, due to
slower modulation rate at 30 kHz than at 100 kHz it is expected
that the effect of ‘‘rapid passage” under saturation of DMS is
reduced at lower frequencies.

Finally, the above considerations give new evidences to cor-
rectly decided between two different suggestions about the origin
of DMS peaks. As shown above for the low Pmw discussed multi-
photon transitions model of DMS peaks originated from the T2
relaxation mechanism. The earlier evidence that DMS peaks of E’
centers were due to T1 relaxation mechanism [19] can be also rein-
terpreted by assuming that T2 relaxation mechanism is involved
through the effective T2 relaxation which has the value equal to
T1 in the regime of ”rapid passage” detection at high Pmw.
5. Conclusion

As shown above the DMS can be treated as one specific type of
MS which can be produced from an ordinary homogeneous line.
Theoretical description of this MS in the low saturation limit was
given in terms of multi-photon transitions, which include MW
photon in combination with arbitrary number of RF photons.
Moreover, similar specific type of MS also appears within an inho-
mogeneous line and can be deduced by applying DM-EPR method-
ology. This property enables to detect narrow lines from the
broader inhomogeneous lines and hence provide more information
on the nature of inhomogeneity of the monitored line.

It is important to note that effects of larger intensity of disper-
sion than absorption shape of sidebands in DMS and splitting of
absorption lineshape of sideband detected for the second absorp-
tion sideband in Fig. 9 can be explained only within the recent
model of the multi-photon MW and RF transitions.

The presented study of inhomogeneous CW-EPR line of E’ cen-
ters in quartz demonstrate capability of the method in comparison
with other advanced EPR methods (Pulsed-EPR, ‘‘rapid passage”
detection CW-EPR) to deduce homogeneous lines from this center.
The obtained results support DM-EPR method as an additional
complementary method for studying inhomogeneous broadening
in the EPR spectra.
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