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DEVELOPMENT AND CHARACTERIZATION
OF CERAMIC INSERTS USED IN METALLIC
RESONATORS OF EPR SPECTROMETERS

TO INCREASE THEIR SENSITIVITY

Cylindrical dielectric inserts for a standard EPR spectrometer with a metallic resonator have
been developed on the basis of doped barium tetratitanate ceramics (BaTis Oy + 8.5% ZnO) with
the dielectric constant ¢ = 86 and low dielectric losses (tand = 1.887 X 1074) in a frequency
interval of 9-10 GHz. It was found that the application of such dielectric inserts allows the
EPR signal to be amplified owing to the redistribution of the microwave field in a standard
rectangular TE1o2 resonator. The amplification is observed for both unsaturated samples and
samples characterized by the saturation of the EPR signals. A gain factor of 9 was obtained
for unsaturated test MnCly samples, and 1.5 for saturated test MgO : Mn ones.
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1. Introduction

The further development of society inevitably de-
pends on the functionality improvement of electronic
devices in all spheres of human life. This fact dictates
the necessity of studies of fundamental properties in-
herent to objects of various types the size of which
becomes smaller and smaller. It is important to un-
derstand the physicochemical processes taking place
in the structures for which not only the effects arising
owing to a substantial reduction of geometric dimen-
sions, but also the quantum-dimensional ones are sig-
nificant. Such an understanding is important for both
the creation of a general theory for such objects and
the application of this theory in practice.

Today, much attention of scientists is focused on
the research of nanoobjects the size of which varies
from a few to several tens of nanometers. In a lot
of cases, such objects cannot be principally obtained
in quantities that would be enough to study them us-
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ing conventional spectroscopic methods. This circum-
stance especially concerns biological materials applied
in medicine and ecology. All those factors make the
task of increasing the sensitivity of traditional meth-
ods used for diagnostics of micro- and nanoobjects
extremely challenging.

The electron paramagnetic resonance (EPR)
turned out to be a powerful method not only in solid-
state physics and chemistry, but also in biology and
medicine [1-3]. Today, the efforts of many scientists
are aimed at increasing the sensitivity in order to reg-
ister signals from extremely small amounts of mate-
rials. One of the approaches that allow this purpose
to be achieved is the application of higher EPR fre-
quencies for signal registration [4]. Really, the inten-
sity of the EPR signal is proportional to w®/2, where
w is microwave frequency [5, 6]. Therefore, the dou-
bling of the latter almost triplicates (2v/2 =~ 2.83)
the EPR sensitivity. At the same time, higher fre-
quencies require the higher intensities of applied mag-
netic fields. The capabilities of classical magnets are
limited to fields of about 1.5 T. Therefore, in or-
der to create strong enough magnetic fields in high-
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frequency EPR spectrometers, cryostats with super-
conducting solenoids are used. As a result, both the
cost of the spectrometers themselves and the cost of
a research grow considerably. Other ways to increase
the sensitivity of the EPR method include the appli-
cation of rapid-passage conditions [7] and the over-
modulation of EPR signals [8]. However, those meth-
ods also have some limitations.

Another effective approach to increase the sensi-
tivity of EPR spectrometers is the application of di-
electric resonators (DRs) or dielectric inserts (DIs)
in standard metallic resonators. Really, since DIs are
made of materials with a high value of dielectric con-
stant e, the microwave field becomes concentrated
in the sample region, which increases the resonator
fill factor [9-13]. The advantages of DRs were con-
sidered in work [14] in detail. However, their ap-
plication has some technical difficulties associated
with the excitation of standing electromagnetic waves
in them.

The DIs have no such shortcoming because they
are arranged immediately in standard metallic res-
onators, for which this problem has already been
solved. The first DIs made of crystalline sapphire
were proposed by Bruker Co., which is now the
world leader in the manufacture of EPR spectrom-
eters [15]. Despite that those DIs have been success-
fully commercialized, the increase of the EPR signal
intensity in them was insignificant because of the low
dielectric constant of sapphire (¢ =~ 10).

The most successful variant was the application
of DIs made of monocrystalline potassium tanta-
late. Due to its high dielectric constant (¢ = 261
at room temperature), its usage as a DI allowed the
EPR signal from the studied samples to be increased
by a factor from 50 to 100 depending on the DI
geometry [9-14, 16]. Another advantage of DIs fab-
ricated from potassium tantalate is the absence of
the EPR signals of the latter, which became possi-
ble due to the development of a special technology
for growing crystals [17]. However, the application of
potassium-tantalate-based DIs is restricted to tem-
peratures of 300 &+ 50 K, because this material has a
steep temperature dependence of ¢ below 250 K. Mo-
reover, those DIs are very expensive, because they
include expensive tantalum, and the process of grow-
ing the single crystals is also expensive. So, a task was
formulated to find an optimal material for manufac-
turing DlIs.
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One of the known microwave dielectric materials
is barium tetratitanate BaTisOg [18, 19]. It has the
dielectric constant ¢ = 36 and low dielectric losses
(tand ~ 2 x 107%) in a frequency interval of 9-
10 GHz. The temperature coefficient of the dielectric
constant is positive, 7p = +15 ppm/°C. At the same
time, by doping BaTisOg with zinc oxide to 5-10%, it
is possible to achieve the zero value for the tempera-
ture coefficient of dielectric constant, 74 = 0 ppm/°C
[20]. Such properties give us grounds to consider a
BaTi Og-based material as a promising candidate for
fabricating DIs.

Hence, the aim of this work was to determine
whether the ceramics based on doped barium tetrati-
tanate (BaTiyOg + 8.5% ZnO) can be used to amplify
the EPR signal intensity in a standard metallic rect-
angular resonator of an X-band EPR spectrometer
(9.5 GHz). For this purpose, a computer simulation of
the optimal sizes of DIs was carried out, and both sat-
urated and unsaturated test samples with and with-
out DIs were experimentally tested.

2. Materials and Methods

Ceramics prepared on the basis of barium tetrati-
tanate (BaTisOg + 8.5% ZnO) and synthesized using
the solid-phase reaction method was used as a mate-
rial for producing DIs. As initial reagents for synthe-
sizing ceramics, BaCQOg3, and TiO5 of the A.C.S. che-
mical grade and ZnO of the reagent chemical grade
were used. The research of both the initial compo-
nents and the synthesized ceramics showed the ab-
sence of intrinsic paramagnetic centers, which allows
these ceramics to be used as DIs to increase the in-
tensity of EPR signals obtained from the examined
samples.

The calculation of the DI sizes, the simulation of
the distribution of electromagnetic standing waves in
a metallic TFp2 resonator, and the study of the DI
influence on this distribution was carried out with the
help of the Ansys HFSS simulation software.

Experimental verification of the enhancement of
the EPR spectrometer’s sensitivity owing to the ap-
plication of DIs was performed on an X-band spec-
trometer Radiopan SE/X2544 using the test MnCly
and MgO : Mn samples.

3. Simulation of DI’s Geometric Sizes

A rectangular metallic TF192 resonator 23 x 10 x
x 44 mm?® in dimensions with a DI arranged inside
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was used as the main resonator. A resonance is at-
tained in such a resonator provided that the elec-
tromagnetic wave frequency equals v = c\/k/ (27e)
[21], which corresponds to the wave vector magnitude
k= (ki+kl+ k2)1/2 where k, = mn/a, k, = nr/b,
and k, = In/d; a, b, and d are the linear dimen-
sions of the resonator; and m, n, and [ are integers
indicating the number of standing half-waves along
the resonator axes and determining the resonance
mode TFE,,,;. In particular, at the excitation of the
TFEg12 mode, the resonance frequency was equal to
9.428 GHz [microwave interval|. In this case, the sam-
ple was arranged at the resonator’s geometric center,
where the magnetic component the microwave field
was large, and the electric component was small. For
other modes (e.g., TFo21 and TEp14), there also ex-
ists a region at the resonator’s center, where the elec-
tric and magnetic field components have small and
large, respectively, values. But those modes are ex-
cited at much higher frequencies. In order to amplify
the magnetic component in the region, where the test
sample is located (the geometric center of the TFE1g2
resonator), inserts made of a dielectric material can
be used, which change the distributions of the elec-
tric and magnetic components of the microwave field
in the resonator.

Since a DI is used to amplify the signal in a stan-
dard EPR spectrometer, it has to satisfy some re-
quirements. First, the insert geometry should allow
both its free arrangement in the metallic resonator
and the free arrangement of the test sample in the
region with the enhanced magnetic component of
the microwave field. Second, the resonance frequency
shift must stay within the operating interval of an
microwave generator.

At the simulation, a cylinder with a cylindrical
through-hole was used as an insert (see Fig. 1). It
was arranged inside the resonator as is also shown in
Fig. 1.

By varying the geometric parameters of the DlIs,
their optimal values were determined: the outer ra-
dius R = 2.85 mm, the inner radius » = 0.75 mm,
and the height h = 1.85 mm. It should be noted that
the set of the parameters that can affect the field dis-
tribution in the DI includes the outer radius of the
middle part of the cylinder: its reduction changes the
homogeneity degree of the magnetic microwave field
in the inner hole, which is intended for the sample
arrangement [22]. However, such a modification gives
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Fig. 1. Arrangement of a dielectric insert in the resonator

rise to a large cylinder height and, accordingly, to a
substantial shift of the resonance frequency. Further-
more, at small height values, this modification has no
significant effect.

The distribution of electromagnetic fields in an
empty rectangular TFEi192 resonator is well known
(see, e.g., work [5]). If an insert is present, a redistri-
bution of standing microwave electromagnetic waves
takes place with the concentration of the magnetic
component at the resonator center, whereas the elec-
tric component remains rather small in this region
(Fig. 2). The distributions of the electric, F, and
magnetic, H, components point to the relative dis-
tribution of the fields in the TE1py resonator. At the
same time, the magnitudes of £ and H depend on
the incident microwave power and the () factor of the
system.

4. Experimental Results
and Their Discussion

In order to experimentally confirm the effect of the DI
application, EPR studies of test samples were carried
out. The role of the latter was played by a capillary
1.4 mm in diameter and 2 mm in height filled with the
MnCly; or MgO : Mn powder. Figure 3 demonstrates
the EPR spectra of the MnCl; test sample registered
at identical operating parameters of the EPR spec-
trometer in the cases of a rectangular resonator with
and without an insert. One can see that the applica-
tion of DI led to the growth in the intensity of the
EPR signal by about a factor of 9.

The EPR signal from the sample is a result of the
presence of Mn?* ions. Due to a high concentration of
those ions in MnCls, they are located close to one an-
other, so that their wave functions overlap and there
emerges the exchange interaction between them. It is
well known [5] that the EPR signal from such ions
is characterized by rapid relaxation times and is not
saturated with the increase of the incident microwave
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Fig. 2. Distributions of the electric and magnetic components of the standing electromag-
netic waves in a 23 x 10 x 44 mm3 rectangular metallic resonator with a dielectric insert
with optimum parameters (R = 2.85 mm, » = 0.75 mm, h = 1.85 mm, and € = 36) in three
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Fig. 3. EPR signal from the MnCly sample in the rectangu-
lar resonator without and with the dielectric insert (DI). The
operating parameters of the EPR spectrometer are the same

power, namely, it linearly grows with the increasing
power. In other words, the application of DI in this
case is equivalent to the application of a more power-
ful microwave field. To analyze this effect, let us use
the expression that characterizes the intensity of the
EPR signal I in the absence of saturation [5],

I~QnP'?, (1)
where @ is the resonator quality factor, i the res-
onator fill factor, and P the power of the incident
microwave radiation.

The EPR spectra shown in Fig. 4 were registered,
when the values of all operating parameters of the
EPR spectrometer were the same, so the power of
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microwave radiation was also the same. If a DI is ar-
ranged in the resonator, the quality factor of the lat-
ter can only decrease because of additional dielectric
losses at this DI:

QcQr
Qc + Qr

where Q¢ and Qcy; are the quality factors of the
empty resonator and the resonator with the DI, re-
spectively, and the quantity Ql_l is proportional to
dielectric losses at the DI. Therefore, the intensity
growth of the EPR signal, when the DI is applied,
can be associated only with the increase of the fill
factor value [5]
x [ H*dV
sample
[ H2dV

cavity

Qo+ = < Qc,

n= (2)

where x is the magnetic susceptibility of the sample,
and H is the strength of the magnetic component of
the microwave electromagnetic field.

The DI concentrates the magnetic field at the cen-
ter of a standard metallic resonator (see Fig. 2). The-
refore, the magnitude of H in the sample arranged at
the resonator center increases substantially, and the
fill factor also increases [mainly owing to the growth
of the numerator in expression (2)]. As a result, in
accordance with expression (1), the intensity of the

EPR signal increases.
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The EPR signals obtained from the paramagnetic
centers that arise owing to exchange interaction are
separate lines, which are uninformative. More inter-
esting in the EPR spectroscopy are signals from
isolated paramagnetic centers. As a rule, they are
characterized by longer relaxation times. Therefore,
at certain microwave powers, they become satu-
rated. Expression (1) is not suitable to describe the
dependence of the intensity of such EPR signals on
the power of the incident microwave radiation. The
proper formula must take the signal saturation into
account [5],

I = yQH183/2, (3)

where yo is the maximum signal intensity in the ab-
sence of saturation, and H; the strength of the mi-
crowave magnetic field at the sample (as a rule, it is
put equal to P/ 2). The saturation factor s is deter-
mined by the expression

1

=, 4
"I IHIATT, W

where ~ is the gyromagnetic ratio, and 77 and T,
are the spin-lattice and spin-spin relaxation times,
respectively.

Figure 4 demonstrates the saturation curves ob-
tained for a test sample of MgO : Mn powder in a cap-
illary 1.4 mm in diameter and 2 mm in height, when
the registration was carried out without and with the
application of DI. Unlike the linear dependence (1)
of the EPR signal intensity on the square root of mi-
crowave power, formula (3) for the dependence of the
signal intensity on the incident power in the case of
saturation is more complicated. In particular, it has
the maximum value

A I
T 5B W T Ty
at

1
(Hl)max:

WTTs

It is evident that the value of (Hi)max is deter-
mined only by the intrinsic parameters of the exam-
ined paramagnetic center (the relaxation times). The-
refore, the horizontal shift of the saturation curves in
Fig. 4, a toward smaller v/P-values is associated with
the DI-induced concentration of the magnetic compo-
nent of the microwave field at the sample. In this case,
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Fig. 4. Dependences of the EPR signal intensity on the in-
cident microwave power for the MgO:Mn sample (a). EPR
spectra registered at the microwave powers corresponding to
the EPR signal maximum in the saturation curves in panel a (b)

there is such a redistribution of the microwave field in
the resonator that the value (Hj)max at the sample is
achieved at lower valuesof incident power. Then the
value of the denominator in expression (2) becomes
smaller and the fill factor increases, which gives rise
to the growth of the EPR signal.

In Fig. 4, b, the EPR spectra of the researched
MgO : Mn sample registered without and with the ap-
plication of DI are depicted. The microwave powers
correspond to the maxima of the EPR signal in the
saturation curves shown in Fig. 4, a. It is evident that
the use of DI resulted in an increase of the EPR sig-
nal intensity (approximately by a factor of 1.5) and
the improvement of the signal-to-noise ratio, which
allowed us to reliably register the EPR lines from for-
bidden transitions (doublets between the lines of basic
allowed transitions).

5. Conclusions

It was found that the application of a DI made
of ceramics on the basis of barium tetratitanate
(BaTiyO9 + 8.5% ZnO) enhances the EPR sig-
nal. The enhancement occurs owing to the redistri-
bution of the microwave field in a standard rectan-
gular T'Eyg2 resonator in the case of both unsatu-
rated samples and samples characterized by the satu-
ration of EPR signals. A cylindrical ceramic DI with
a through-hole along the cylinder axis (the outer ra-
dius R = 2.85 mm, the inner radius r = 0.75 mm,
and the height 2 = 1.85 mm) made it possible to en-
hance the EPR signal for the MnCly and MgO : Mn
samples. The gain factor is about 9 for the unsatu-
rated sample (MnCly) and about 1.5 for the saturated
one(MgO : Mn).
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PO3POBKA TA XAPAKTEPU3AIIIA

KEPAMIYHNX BCTABOK B METAJIEBI
PE3OHATOPU EITP CIIEKTPOMETPIB
JIJId TIJIBUIIIEHHS X YYTJINBOCTI

Ha ocHosi

KepaMiK{ JIErOBAaHOI'O TeTpaThuTaHaTy Oapiio

(BaTigOg + 8,5% ZnO) 3 mienekrpuunoo crajoio £ = 36 i
HU3bKUMHU JieJeKTpudHuMu Brparamu (tgd ~ 1,887 - 10_4) y
miamazoni gacror 9—10 I'T'n po3pobiieHo mienekTpuvHi BCTaB-

KU MUWIHHAPUIHOT (POPMU Ta MEBHUX PO3MIpIB B CTaHIAPTHUN
merasieBuit EITP cnekTpomerp. Bceranosseno, 1o ix BHKOpH-
craHHs Ho3Bosse€ micunuTu curxaia EITP 3a paxymox mepe-

posnoainy HBY mosist Bcepeiuui cTaHapTHOTO IPAMOKY THOT'O
TE102 pe3oHaropa fK y BUIAJIKY 3Pa3KiB, [0 HE HACUIYIOTHCH,
Tak i 3pa3KiB, JjId AKUX XapaKTepHe HacudeHHs curHasis EITP.

3okpeMa, st TecroBux 3paskis MnCly, 1110 He HACUYYIOTHCS,

OTpUMAHO HifcuieHHA B 9 pasiB, a /jsd TeCTOBUX 3pa3KiB, IO
nacuayiorbes (MgO : Mn), npubsausso B 1,5 pasu.

Karwvwoei caosa: EIIP ciekTpockorisi, J1ieJleKTpUudHi pe3o-
naropu, gyytiusicrs EIIP, rerpaTuranar 6apiro.
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