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Polarization Mechanisms in Thermal Stable Microwave BLT Ceramics
Part 2: Paramagnetism suppress soft mode

The objects of study are vacant perovskite-like
structures of BalLn,Ti,O4, (BLTs). These polycrys-
talline dielectrics allocated among many other mi-
crowave dielectrics that their permittivity & is sev-
eral times higher than in other types of microwave
ceramics. Electronic relaxation process with ex-
tremely low activation energy has no influence on
microwave losses but defines BLTs dielectric ther-
mal stability. Very low relaxation time is due to the
nanoscale clusters, electronic by their nature and
build-in the BLT structure. Dielectric losses of this
type ceramics are associated with structural disor-
dering, especially if the second polar phase is pre-
sent. References 3, figures 4, tables 2.
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l. Introduction

In the first part of the paper considered the
possibility of creating ceramic materials with high
dielectric constant and relative thermal stability pa-
rameters. It was shown that the "hard" paraelec-
trics (such as rutile and perovskite) have suffi-
ciently low losses at microwave frequencies
(tand ~ 107™°), however, they are very nonthermo-
stable (TCe~ 1000 ppm/K). Substantially reduce
the critical dependence of ¢(T) in rutile can be
achieved by the allocation between the oxygen oc-
tahedron TiOg various additives.

Monophasic polycrystalline mixed oxides BLT
have a great € at microwave frequencies (usually
characteristic of para- and ferroelectrics) and rela-
tively low microwave loss (indicating a low inertia of
the basic mechanisms of polarization) and make it
possible to control the magnitude and the sign of

TKe. This last feature of BLT makes it possible to
get based on them the ceramic solid solutions with
TKe — 0: as a sign TKe varies between neodym-
ium and samarium in the regular solid solution can
be combined BLT with TKe < 0 and TKe > 0.

Il. Paraelectrics doped by rare-earth ions

Among all of TiO,-based microwave dielectrics,
the nTiO,-BaO system is the best studied [3]. Fig.
1, a demonstrates the change in the TCe¢ and ¢ in
the ceramic composition BaO-TiO,. Barium is
characterized by the empty 4f electronic level (Ta-
ble 1), consequently ion Ba’ has a big radius (0,14
nm) that exceeds ion O radius (0,13 nm) and, all
the more, ion Ti** radius (0,70 nm). Located be-
tween TiOs octahedrons, ion Ba*? strongly affects
on the rutile electrical properties. lon Ba*? elec-
tronic shell 5s5p° is very remote from the Ba-core
due to 4f level is empty, that is why ion Ba*? has
strong influence on the electronic shells of sur-
rounding O ions. This impact may neutralize the
interaction of TiO,-shells that causes high ¢ and its
thermal instability.

Turning back to Fig. 1, a, it is obvious that the
case of 100% TiO, corresponds to the rutile with its
emic = 100, tand=10" and TCe =-900 ppm-K™
while the occasion of n=1 corresponds to the
tetragonal BaTiO; = TiO,-BaO which is ferroelectric
with emie = 500, tand = 0,3, TCe = +200 ppm-K™". It
seems that "ideal" thermal stability (when TCe
curve in the Fig. 1, a crosses a zero line) is ob-
served at the TiO, concentration of about 65%, but
at this combination of the TiO, and BaO compo-
nents a multi-phase dielectric is formed. It holds
ferroelectric (polar) phase; therefore this multi-
phase dielectric is characterized by a big dielectric
losses and unserviceable at microwaves.
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Table 1. Location of the electron spins in the orbitals and parameters of REE
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Turning back to Fig. 1, a, it is obvious that the
case of 100% TiO, corresponds to the rutile with its
eémic = 100, tand=10" and TCe=-900 ppm-K™
while the occasion of n=1 corresponds to the
tetragonal BaTiO; = TiO,-BaO which is ferroelectric
with gmic = 500, tand = 0,3, TCe =+200 ppm-K‘1. It
seems that "ideal" thermal stability (when TCeg
curve in the Fig. 1, a crosses a zero line) is ob-
served at the TiO, concentration of about 65%, but
at this combination of the TiO, and BaO compo-
nents a multi-phase dielectric is formed. It holds
ferroelectric (polar) phase; therefore this multi-
phase dielectric is characterized by a big dielectric
losses and unserviceable at microwaves.
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On the other hand, the TCe-curve of nTiO,-BaO
system shows a maximum that goes up very close
to the zero-TCe line. In the vicinity of this maximum
two very important microwave dielectrics exist:
4TiO,BaO and 4,5TiO,Ba0O. They have very low
losses (tand = 10'4) and very small negative TCeg
but their dielectric permittivity is not very big:
emic < 40. Nevertheless, this value of gn is suffi-
cient for applications in the centimetre wave range
but in the decimetre and metre wave ranges the
value of gn,ic > 100 is desirable.
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Fig. 1. Thermostable microwave dielectrics TCe and ¢ dependences: a) — binary system of barium-titanium ox-
ides, shown is TiO2-BaO concentration; b) — binary system of lanthanum-titanium oxides, shown is TiO2-Ln,0;

concentration

Fig. 1, b shows another way of microwave high

permittivity dielectrics elaboration (with g ~ 80),
using the rare-earth ions doping of TiO,: Ln,TiOs,

Ln,TioO7; or Ln,Ti3O44 ceramics where Ln means
cerium row: Ce, Pr, Nd, Pm, Sm, Eu, Gd [2]. Lan-
thanum ion has electronic configuration 5s*5f (the
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similar to Ba*®) but La*® is much smaller than bar-
ium ion (~ 0,1 nm), Table 1. It is important also that
ion La* has empty 4f shell and, therefore it is a
diamagnetic (as the barium ion is). However, while
barium more then 2 times reduces rutile g (for
n =4 or for n =4,5), in TiO,-La,03 ceramics micro-
wave properties remain practically similar to the
TiO, ones, including gnic ® 110 and TCe =~ — 700,
Table 2. Small increase in g, is explained later as
relaxation process.

Noticeable effect on the microwave properties,
especially on the thermal stability, shows system
TiO2-Ln,O; with paramagnetic lanthanides [1].
Their electronic configuration is 4)‘1“‘7)5325p6, so all
of them are paramagnetics with gradually increas-
ing in the magnetic moment from one to seven of
Bohr magnetons. Keeping a big dielectric permittiv-

ity (emic ® 80, that two times exceeds the g in
nTiO,-BaO system), the TiO,-Ln,O; compositions
can change the TCe coefficient from the negative
value to the positive one, Table 2.

Described in the Table 2 compositions look like
paraelectrics and paramagnetics simultaneously; at
that, in the ¢(T) characteristic the impact of para-
magnetism predominates over paraelectricity. In
the TiO,-Ln,O3 compositions paraelectric Curie-
Weiss law becomes gradually suppressed: from Ce
to Gd (as paramagnetism becomes stronger) the
TCe changes greatly. Fig. 1, b characterizes the
TCe change in dependence on the % ratio of the
TiO,. It is obvious that using solid solution, for ex-
ample, (Nd-Sm)La,TiOs, it is possible to reach a
zero thermal coefficient TCe.

Table 2. BLTs permittivity and TCe at 300 K according microwave measurements at frequency of 9.4 GHz

Parameter Ln
OLa 1Ce 2Pr 3Nd 5Sm 6Eu 7Gd TiO2 CaTiO3
emic 110 a0 85 83 80 75 65 100 150
TCeg,
10-6 K—1 —700 | —400 | —250 - 80 + 60 +100 | +160 | —900 | —1600

Note. Upper index before RE shows the filling of 4f-shell, for comparison the parameters of rutile and

perovskite are given as well.

It is necessary to mark that relatively simple
compositions of the nTiO,-Ln,O3 type (as Ln,TiOs
or Ln,Ti,O7 ceramics) which are available to reach
TCe =~ 0 are non-stable in the processing, while the
more stable in technology composition Ln,Ti;O41 is
characterized by the TCe < 0 (as the TiO,-rutile ce-
ramics).

Efficient described decision is the perovskite-
like structure of the barium-lanthanum tetratitan-
ates (BaLn,Ti;O4, that is usually titled as BLT).
Monophase perovskite-like structures BLTs exist
only for cerium group of lanthanide row: Ln = La,
Ce, Pr, Nd, Sm, Eu. The valence of Ln*? is different
from Ba™ so BLTs are vacant (non-usual)
perovskites. For technical application, those dielec-
trics are usually realized in the complex mono-
phase systems in which thermal stability could be
controlled by the change of their composition, Fig.
2. It is seen that the case of TCe = 0 is located be-
tween neodymium and samarium. Some more re-
cent elaborations using BLTs doping permits to
achieve g > 140.

All paraelectrics are characterized by a large
negative TCg, so it is important to clear up a physi-
cal reason why in the lanthanides a very important

parameter TCe becomes positive. In this connec-
tion it should be noted that besides of ionic radius
(in 1,5 times smaller than in barium) lanthanides
are paramagnetic materials; moreover, they have
so-called "lanthanide contraction" that is a smooth
decrease of ionic size (from 0,115 nm in cerium
down to 0,109 nm for europium, Table 1). It would
be interesting to establish what of these two physi-
cal mechanisms looks as a dominant.
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Fig 2. BLTs permittivity ¢ and temperature coefficient
TCe for rare-earth cerium row
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With that end in view, in this work the fre-
quency properties of lanthanides were studied in a
wide frequency and temperature ranges.

The comparison of the inverse permittivity for
some paraelectrics and some BLTs is shown in
Fig. 3. Electrical properties of the "basic" composi-
tion La-BLT above 100 K is very close to the TiO,
properties, and, at first glance, they are similar to
the CaTiOj; paraelectric by the equality in the sign
of the TCg, Table 2. Diamagnetic lanthanum ion
has radius ~0,10 nm that is smaller than ionic radii
of paramagnetic praseodymium, neodymium and
samarium. It is important to note that the additive of
diamagnetic La"™ practically no changes paraelec-
tric properties of TiO; (at least, above the tempera-
ture of ~50K). At the same time, paramagnetic
ions (Pr, Nd, Sm in Fig. 3) suppresses paraelectric-
type temperature instability: as far as paramagnet-
ism gains strength the temperature dependence of
¢ disappears, moreover, the TCe from negative in
the La-BLT becomes positive in the Sm-BLT.
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Fig. 3. Temperature dependence of 1/e (solid curves)
and tand (dashed curves) for BLTs (La, Pr, Nd, Sm)
and paraelectrics; below 300 K frequency is 1 MHz,
above 300 K- 10 GHz

It is seen from Fig. 3, at low temperatures the
g(T)-dependence even in La-BLT is different from
g(T) for paraelectrics: the 1/¢(T) characteristic
shows a minimum which points to the presence of
relaxation polarization. While ¢(T)-dependence in
the paraelectrics follows Curie-Weiss law
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e=¢g +C/(T—-0), in some of BLTs the ¢g(T7)-
dependence is satisfied to the relaxation law
g(T) =g + K/T.

Temperature anomalies in the BLTs permittivity
are accompanied by the dielectric losses maxi-
mums (Fig. 3), which are typical for relaxation po-
larization. At temperature decreases, the maximums
of € and tans, firstly, decrease along the line La-Pr-
Nd (and disappear for Sm), and, secondly, they
shift to lower temperatures.

With increasing frequency, Fig. 4, as it should
be for the relaxation processes, the losses maxims
shift to the higher frequencies. Very low activation
energy results in the fact that above the tempera-
ture 100 K maximums of losses can be observed
only in the milimetre wavelength range (at
100...200 GHz), Fig. 4.

It turned out, that in the BLTs about 80% of
their dielectric constant is determined by the lattice
polarization which is strongly coupled with elec-
tronic relaxation process. The last has very low ac-
tivation energy (U ~ 0,01 eV) that seems to escape
notice at microwave losses at the application tem-
peratures (250...350 K) but have a pronounced ef-
fect on BLTs e-thermal stability. Namely, electronic
bonds for lanthanide 4f/5d-hybrid viscously sup-
presses the correlation between octahedrons, and
conventional temperature dependence of paraelec-
tric-like lattice vibration mode.

Permittivity and loss factor frequency character-
istics for three typical barium-lanthanides are
shown in Fig. 5. In the La-BLT the minimum of
losses is located near the frequency of 0,1 GHz.
More important for applications Sm- and Nd-BLTs
(that are the components for solid solution with
TCe = 0) have the minimum of losses just between
meter and decimeter waves where these dielectrics
with their ¢ > 100 are the most perspective.

Mechanisms of the BLTs dielectric losses are
associated with structural disordering, especially
with a presence of unwanted polar phase. Any
boundaries (interfaces) between grains have disor-
dered structure and their relaxation frequency may
reach microwave range. It is polar ionic nanoscale
regions that are the main reason of microwave ab-
sorption. That is why BLTs ceramic processing
should avoid appearance of polar phase.
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Fig. 4. Low-energy relaxation process in the La-BLT: at frequencies 1...600 kHz anomalies in ¢ and tand are
seen in temperature interval of 4...60 K and at frequencies of 90...180 GHz
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When used in practice (in the temperature in-
terval of 200...400 K) the internal relaxation fre-
quency of these processes exceeds the microwave
range, so that the "relaxation supplement" alto-
gether with the lattice contribution provides the
thermal stability of total dielectric permittivity.

Conclusions

Acceptable monophase perovskite-like struc-
ture for BLT can be realized only for cerium group
of the lanthanide row. The main special feature of
this structure is linked in the corners TiOg-
octahedrons. In this work it is supposed that in the
well-known microwave dielectrics of the BLT-types
the electronic bonds of 4f/5d-hybrid, caused by the
rare-earth ions, viscously suppress the interplay of
TiOg octahedrons and this neutralization is highly
favourable to the ¢ thermal stability. Dielectric spec-
troscopy method, initiated from very low frequen-
cies and extended up to far infrared range, was
applied in the temperature interval of 10...600 K
was used to check this assumption.

Mechanism of the anomalously high & and
low TCe in BLT is that "soft" lattice vibration mode
(that usually give rise to high ¢ but thermal non-
stability) is "suppressed" by the rare-earth ions, vio-
lating a long-range correlation peaks connected by
oxygen octahedra TiOg. The main reason of this
effect is the paramagnetism that is peculiar to the
cerium row of lanthanides. Barium plays a support-
ing role for thermal stability and, moreover, sup-
ports to BLTs manufacturability.
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The reason for a significant increase in dielec-
tric losses in the BLTs in the range of microwaves
and millimetric waves is a low-frequency lattice vi-
brations associated with the low-energy relaxation
process. However, this feature of the BLTs is not a
big disadvantage when they are used in the metric
and decimetric waves.

Doping “hard paraelectric” by the paramagnetic
REE ions leads to the fact that in the ¢(T) charac-
teristic the paramagnetism suppresses paraelec-
tricity. Therefore, it can be assumed that the para-
magnetism prevents the appearance the polar
phase and thus lowers the microwave loss due to
the polar phase.
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Kadegpa mikpoenektpoHiku, HTYY "KniBcbkuin NONITEXHIYHUIA IHCTUTYT",

Byn. MNonitexHiyHa, 16, m. Kuis, 03056, YkpaiHa.

MexaHi3amu nonsapusaudii y TepmocTtabinbHin BJIT kepamiudi Ha
HaABUCOKUX YacToTax YacTtuHa 2: NMpuayeHHs «M’sIKOi» Moau
napamMarHeTU3Mom

Ob6'ekmamu OocnidxeHHs € 8aKaHCIliHi neposckimonodibHi cmpykmypu Baln,Ti,O4, (BJIT). Ui nonik-
pucmaniyHi dienekmpuku eudinsomescsi ceped bacampbox iHwux CBY dienekmpukie mum, wo ix rnpoHUK-
Hicmb ¢ 8 KinbKka pasie sulla, Hix 6 iHwux murnax CBY kepamiku. Npouec ennekmpoHHOI penakcauii i3
8Kpall HU3BbKOK eHepeieto akmusauyii He ernnueae Ha HBY empamu, ane susHa4ae mepmocmabinbHicmb
BJIT. Yac penakcauii dyxe manul 3a paxyHOK HAHOPO3MIPHUX Klacmepig, eIeKmpPOHHUX 3a C80€Et0 Mnpu-
podoro i 8bydosaHux & cmpykmypy BIIT. [HienekmpuyHi empamu 8 Kepamili ybo20 mury rnog'ssaHi 3i
CMPYKMypPHUM pOo3yriopsiOKysaHHsIM, 0cobnueo sSKWOo npucymHsi Opyaa nonspHa ¢pasa. bion. 3, pwuc. 4,
Tabn. 2.
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KnrouoBi cnoBa: diefiekmpuyHa MpPOHUKHICMb & memnepamypHUl KoegiyieHm dienekmpuyHoi rpo-
HukHocmi TKe; mepmocmabinbHicme, napaenekmpik; pymun,; 6apitinaHmaHoiOHUl mempamimaHam; pio-
Ko3eMesnbHUl ernemMeHm.
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MexaHu3mbl nonsapusauumn B TepmoctabunbHon BJIT kepamuke Ha
CBepXBbICOKMX 4YacToTax YacTb 2: [logaBneHne « MArkom» moabil
napamMarHeTMu3aMom

Obbekmamu  uccriedosaHusi  ABMASIOMCS  8aKaHCUOHHbIE  1epO8CKUMONodobHbIe — cmpyKmypsbl
Baln,Ti,O4, (BJIT). Omu nonukpucmarnnu4deckue OuaiekKmpuku 8bidenisstomcs cpedu MHoaux dpyaux CBY
OU3IEKMPUKO8 meM, 4Ymo UX MPOHUUAEeMOCMb & 8 HECKOJIbKO pa3 ebiue, Yyem 8 Opyaux murnax CBY ke-
pamuku. lpoyecc anekmpoHHOU periakcayuu ¢ KpaliHe HU3KoU sHepauel akmusayuu He enusem Ha CBY
nomepu, Ho onpedensem mepmocmabunibHocme BJ1T. Bpemsi peniakcayuu o4eHb MaJsio 3a cYem HaHo-
pPa3MepHbIX KIiacmepos, 31EKMPOHHbIX 10 ceoell rpupode u 8CcmMpoeHHbIx 8 cmpykmypy BJIT. [uanek-
mpuyeckue nomepu 8 KepamMuke 3moao mura cesizaHbl CO CMPYKMYypPHbIM pa3yrnopsdoyeHuem, 0CobeHHO
ecnu npucymemeayem emopasi nosisipHasi hasa. buon. 3, puc. 4, Tabn. 2.

KnroueBble crnoBa: OQuasiekmpuyeckasi MpoHUUaeMocms € memnepamypHbil kKoaghghuyueHm Ou-
anekmpuyeckol rpoHuyaemocmu TKe; mepMocmaburibHOCMb, napasniekmpuk; pymus; 6apulinaHmaHo-
UOHbIT mempamumaHam; peOKo3eMesIbHbIU 31eMeHM.
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