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We present dielectric and magnetic properties of potassium tantalate KTaOj; co-doped
with Li (4 mol.%) and Co(4 mol. %) for different powder particle sizes: 200 nm (submi-
cron crystals) and 80 nm (nanosized crystals). As-synthesized submicron crystals have a
cubic shape with rounded corners, while nanosized crystals have an elongated parallelepi-
ped shape with clear even edges. The dielectric relaxation parameters of Li atoms are
determined using the Vogel-Fulcher law: activation energy E, = 0.0167 eV and charac-
teristic frequency v, = 107 Hz. A significant decrease in these parameters was found in
comparison with KTaO, doped only with lithium, which indicates the role of cobalt in the
dynamics of off-center lithium atoms. The kinetic parameters describing the relaxation
behavior of Co atoms are also determined. The parameters are found to be very close: E,
= 0.887+0.05 eV, v, = (2.5+0.8)-10'3 Hz and E, =0.891+0.05 eV, v, = (3+1)-10'3 Hz for a
submicron and nanosized sample,respectively. The formation of cluster magnetism with
the presence of clusters of different sizes is established. As the temperature changes from
110 to 290 K,the average size of clusters increases from 2115 to 3360 and from 3071 to
5577 Co atoms per cluster for a submicron and nanosized sample, respectively.

Keywords: potassium tantalate, size effect, relaxor ferroelectric, dielectric relaxation,
cluster magnetism.

Hiexexrpuuni Ta marnitai Baacrusocri KTaO;, aerosanoro Li i Co: posmipni ederTn.
C.B.Jlemiwro, O.O.Andpiiiko, M.M.IIpoxonie, M.O.Tpunauro, I.C.I'ono6ina

IIpencraBieHo gieneKTpwdHi Ta MarmiTHI BiractuBocti TaTasnary Kamtito KTaO,, merosa-
Horo oguouacuo Li (4 mo0x.%) Ta Co (4 Mm0u.%), aasA pisHMX POSMIpPiB UACTMHOK BUXIZHMX
nmopomkis, 200 um (cyomikpouui kKpmcranm) ta 80 HmM (Hamoposamipui kpucranm). CurTeE30-
BaHi cyOMIKpPOHHI KpucTajiu MamOTh KyOiuHy (POopMy 3 OKPYrJIMMHU KyTaMH, B TOH dac SK
HAHOPO3MIipHI KpuCTaaum MaiOTh IIPOAOBryBaTy (opMy IapaJejerimena 3 YiTKMMH PiBHUMUN
pebpamvu. I3 Bukopucranuam 3akony Porensa-@Pyauepa BCTAHOBJIEHO IIapaMeTPH gieJeKTPUU-
HOi perakcanii aromis Li: emepris axrtumsamii E, = 0.0167 eB i xapakrTepucTHYHA JacTOTa
Vo = 107 TI'ny. BusiBieHO BHAUHe BMEHLIEHHs SHAYEHb JAHUX LNApaMerpiB mopiBHaHO i8
KTaO,, neropammm Tinpkm Li, mo BKasye Ha poiab KOOAIBTY y AMHAMIIL HeIeHTPATBHUX
aromiB Juirtito. TakosX BcTaHOBJIEHO KiHeTHUHI mapamerpu, SKi ONHCYIOTH pejaKcaliiiny
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noeeninky aromie Co. Ilapamerpm mnpakTuuHo opHakosi: E, = 0.387+0.05 eB, v, =
(2.5£0.8)10'3 T'm i E, = 0.891+0.05 B, v, = (3t1)-10'® T'y axa cybmixporHoTO M HaHO-
poamipHoOro 3paska BimmoBigHo. BecranoBieHo (popMyBaHHSA KJIACTEPHOrO0 MAarHeTu3My 3 Ha-
sABHiCTIO KiacrepiB pisHoro poamipy. Ilpm smimi Temmeparypu Bixm 110 zo 290 K cepexniit
posmip kKaacrtepiB spocrae Bim 2115 go 3360 Ta Bim 3071 gmo 5577 aromis Co Ha oguu
KJjacTep s CyOMiKPOHHOIO Ta HAHOPO3MipHOI'O 3pasKa BiamoBimHo.

IIpencraBieHbl JuaIeKTPUYECKNe I MaTHUTHBIE CBolicTBa TaHTasara Kanusa KTaO;, merm-
poBauHoro ogHoBpemenHo Li (4 mon%) u Co (4 mon%) AJs PasSIUUYHBIX PAa3MeEpPOB UYACTWUI]
UCXOOHBIX TopomrkoB, 200 HM (cyOMuUKpoHHBIe KpucTaabl) u 80 HM (HaHOpasMepHLIE KPUC-
Tajabl). CUHTe3MPOBAHHBIE CYOMUKPOHHBIE KPUCTAJLJIBI UMEIOT KyOuuecKyoo (GopmMy ¢ 3aKpyT-
JIEHHBIMY YTJIAMU, B TO BpeMs KaK HaHOpPasMepHble KPUCTAJLIBI UMET YIJUHEHHYI0 (Popmy
napajijieJienuiea ¢ YeTKUMU POBHBIMU Kpasmu. IlapamMeTpsl AUSJIEKTPUUECKON peslaKkcanuu
aromoB Li ompenessitorcs ¢ mcmnosab3oBaumeMm 3akoHa @orens-Pysuepa: sHEPrus aKTUBALUHA
E,=0.0167 5B u xapakTepHCTHYECKAsd YaCTOTA Vy = 107 Tu. OGHApPYKEHO BHAUUTENHLHOE
VMeHbIIIeHNe 3HAUeHNH JAaHHBIX IapaMeTpos 1o cpaBHeruio ¢ KTaO;, JernpoBaHHBEIM TOJIBKO
Li, uTo yxaspiBaeT Ha POJb KOOAJIBTA B JUHAMUKE HEIEHTPAJbHBIX aToMoB autus. Ompeze-
JIeHBl KWHETUUYeCKUe IapaMeTphl, ONUCHIBAIOI(NE pejaKcaluoHHoe moBegenme aromoB CO.
ITapameTps! mpakTuuecKu upeHTuuHbl: E, = 0.38710.05 2B, v, = (2.5+0.8)-1018 'y u E,=
0.391+0.05 3B, v, = (83+1)-1013 I', gas cyGMUKPOHHOrO U HAHOPABMEPHOIO 06pasIa COOTBET-
CTBEHHO. ¥YCTAHOBJIEHO O0pasoBaHMe KJACTEPHOI'0 MArHeTH3Ma C HAJIWYMEM KJACTEePOB Das-
HBIX pasmeposB. Ilpu usmenenuu temueparypsl or 110 go 290 K cpexmuuii pasmep KJacTepoB
yBeanumsaerca ot 2115 mo 83360 u or 3071 mo 5577 aromos CO Ha KuaacTep Aas8 CyOMUKPOH-
HOTO ¥ HAHOPA3MEePHOro o6pasia COOTBETCTBEHHO.

1. Introduction

Potassium tantalate (KTaO;, KTO) is an
incipient ferroelectric, which is often used
as a model structure in fundamental studies
of the physics of ferroelectrics [1, 2]. From
application standpoint, this material is of
interest due to its low dielectric loss (tand =
107%) and high dielectric constant, which
grows monotonically from 261 at 300 K to
4000 at 4.2 K without frequency depend-
ence, and therefore, it is used as a dielectric
microwave resonator to increase the sensi-
tivity of radiospectroscopic research meth-
ods [3—7]. Factors that can affect material
properties are used to expand the scope of
applications. The most popular of them are
crystal size reduction and doping. The fer-
roelectric phase transition and magnetic
properties were detected in nanoscale crys-
tals of KTaOj3, which are caused by defects
[8-10] such as uncontrolled iron impurity,
and oxygen vacancies, that hybridize in the
surface layer of nanoparticles and become
magnetic [11]. The use of lithium as dopant
changes the properties of potassium tan-
talate so that it passes into a qualitatively
different phase state and changes its struec-
ture depending on the Li concentration.
Lithium replaces potassium and, due to of
the large difference in ionic radii (rg =
1.38 A, r;=0.69 A), shifts from the cen-
trosymmetric position to a distance 1.26 A
along the [100] direction and forms an elec-
tric dipole [12-14]. At low concentrations
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of Li (0.02 < x < 0.05), mixed compounds of
K;_Li,TaO3 have relaxor properties (dipole
glass) [15-18]. At concentrations x > 0.05,
the material becomes a classic ferroelectric
[19]. Non-magnetic in the bulk, KTO can
also have magnetic properties either upon
reduction of crystallites [20], or upon dop-
ing, for example, with cobalt [21].

In this work, we apply both approaches:
doping of potassium tantalate with lithium
and cobalt simultaneously and synthesizing
the material using various technologies that
make it possible to obtain crystals of differ-
ent sizes. After developing a technological
procedure for the manufacture of ceramic
samples, establishing the phase composition,
characteristics of microstructure and mor-
phology, we study the dielectric and mag-
netic properties of the material.

2. Experimental

Ceramic samples were made in two
stages: 1) synthesis of powders of corre-
sponding composition and structure; 2)
pressing and sintering of the synthesized
powders. The powders were synthesized by
two methods for obtaining crystals of dif-
ferent sizes. Solid-phase synthesis was used
to obtain crystals of a submicron range,
while a technology based on oxidation of
metallic Ta in the molten KNO5; [22] was
used to obtain nanosized crystals.

2,1. Solid-phase synthesis method

Powders K2CO3, Tazo5, C03O4 and
Li,CO5; were used as starting materials for
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the synthesis. The weight fractions of the
components were determined according to
the reaction equation:

K,CO5 + TayOg + Li,CO3 + Cos04 — (1)
Ky_x_2yLixCoyTaO; + CO,T,

where x = 0.04 and y = 0.04. Extra amount
of K,CO5 (35 wt. %) was added to compen-
sate for the loss of evaporation of potas-
sium during the synthesis process. After
mechanical mixing of the starting compo-
nents, the mixture was calcinated at a tem-
perature of 800°C for 8 h.

Powders of KTaO4 (KTO) and
K088L|004C0004TaO3 (KLCTO I) were Ssyn-
thesized using this method.

2.2. Ocxidation of metallic
method

Application of the method of oxidation
of metallic Ta in molten KNOj3 for the syn-
thesis of nanocrystalline KTO is described
in detail elsewhere [22]. The basic structure
of potassium metatantalate is formed in the
molten mixture of potassium nitrate and
potassium hydroxide at 650°C according to
the reaction equation:

tantalum

2KOH + 2Ta+5KNO; —
2KTaO; + 5KNO, + H,0.

To avoid the formation of impurity
phases of polytantalates, an excess of potas-
sium hydroxide is required. After cooling
the melt, the formed potassium nitrite was
washed with water and the product was
dried at a temperature of about 100°C.
Thereby, pure potassium tantalate was ob-
tained.

To obtain doped potassium tantalate, the
ratio of potassium nitrate to tantalum must
remain unchanged, and part of the potas-
sium hydroxide must be replaced by the re-
quired amount of compounds of the doped
element. Potassium tantalate with 4 mol.%
lithium and 4 mol.% cobalt was obtained by
oxidizing tantalum powder in molten potas-
sium nitrate and introducing doping compo-
nents in quantities corresponding to the re-
action equation with the addition of 20 %
excess KOH:

1.76KOH + 0.08LiOH+
+ 0.08Co(NO,), + 2Ta + 5KNO; —
2Ky gglin.04C0g 04Ta03 + 5KNO, + 0.92H,0 +
+0.16NO, + 0.040,.
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The powder K088L|004C0004TaO3 (KLCTO
IT) was synthesized using this method.

2.3. Producing of ceramic samples

The synthesized powders were pressed
into tablets by cold static pressing at a pres-
sure of 300 MPa for 5 min. The sintering
temperature was determined by analyzing
the temperature dependence of the shrink-
age of the test samples. The test samples
were pressed and subjected to a slow heat-
ing. At some point in the heating process,
the samples size starts to decrease, that in-
dicates the beginning of the sintering proc-
ess. As the temperature increases further,
the sample size reaches its minimum size
and no longer shrinks, which indicates the
completion of the sintering process. The
shrinkage termination temperature is opti-
mal for sintering ceramic specimens. There-
fore, compressed pellets of pure KTO were
sintered at a temperature of 1550 K, and
KTO pellets doped with Li and Co were sin-
tered at 1520 K. For all samples, the rate
of heating and cooling was 5°/min and the
sintering time was 2 h. The obtained ce-
ramic specimens were buffed and polished.
To determine the grain size, the samples
were subjected to thermal annealing at a
temperature 50 K below the sintering tem-
perature for 10 min to clear grain bounda-
ries; then gold was sputtered onto the sur-
face.

The phase composition and structure
were investigated by X-ray diffraction
(XRD) technique using a diffractometer
AXS D8 (Bruker, Germany) with radiation
Mok, (wavelength A = 0.0709 nm) at room
temperature. The crystallite size and mor-
phology were characterized by the scanning
electron microscopy (SEM) method using a
microscope XL 30 FEG (Philips, Nether-
lands). The density of ceramic samples was
determined by the Archimedes method. For
dielectric measurements, the Pt electrodes
were sputtered on the plane-parallel sur-
faces of the samples. The dielectric charac-
teristics (dielectric constant and dielectric
loss) were measured using an instrument
LCR E7-20 (Belarus) within the temperature
range 4.2 K< T < 250 K at frequencies
1 kHz, 10 kHz, 100 kHz and 1 MHz and
High Performance Frequency Analyzer
Alpha A (Novocontrol, Montabaur, Ger-
many) within the temperature range
150 K < T <300 K at frequencies 1 Hz,
10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz
and 1 MHz. The dielectric properties were
studied in the interval from 4.2 K to 250 K
for KTO and KLCTO I samples and in the
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Fig. 1.(a) XRD spectra of undoped and doped potassium tantalate powders. The SEM images of
powders: (b) — KTO, (¢) — KLCTO I, (d) — KLCTO II (magnification 20000x). The SEM images of
ceramic samples: (e) — KTO, (f) — KLCTO I, (g) — KLCTO II (magnification 5000x).

interval from 150 K to 300 K for KLCTO
II. The magnetic hysteresis loops were re-
corded using an instrument LDJ 9500 in
applied magnetic fields from —-50000 A/m
to 50000 A/m at temperatures 110 K
150 K, 200 K, 250 K, and 290 K.

3. Results and discussion

According to the XRD data, as-synthe-
sized powders as well as ceramic samples
contain a pure KTO phase. No impurity
phases were observed in undoped KTO,
doped KLCTO I and KLCTO II samples
(Fig. 1a). The peaks in the XRD spectra do
not shift upon doping, so the lattice pa-
rameters remain unchanged. Consequently,
the doped KLTCO I and KLTCO II powders,
like the undoped KTO, have cubic symmetry
with a parameter a = 3.988 A at room tem-
perature. A similar result was obtained for
ceramic samples.
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The SEM images for each of the synthe-
sized powders are shown in Figs. 1b, c, d.
According to the SEM data, the average
particle size is 120 nm, 200 nm and 80 nm
for KTO, KLTCO I and KLTCO II, respec-
tively. A significant difference in the mor-
phology of powder particles obtained by dif-
ferent technologies is revealed. While the
KTO and KLTCO I powders have cubic par-
ticles with rounded corners, the KLTCO II
powder has elongated formations, the longi-
tudinal dimension of which is much larger
than the transverse one, and the edges are
clear and even.

The SEM images of ceramic samples
(Figs. le, f, g) show that KTO is charac-
terized by a compacted structure with iso-
lated pores, outside of which the material
looks solid. KLCTO I has a granular micro-
structure with a grain size from 1 to
10 ym. KLCTO II has a high porosity, that
is consistent with the low density of the
ceramic sample mentioned below. As well,

Functional materials, 28, 3, 2021
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Fig.2. Temperature dependence of dielectric constant (a) and dielectric losses (b) at frequencies 1
kHz, 10 kHz, 100 kHz and 1 MHz for KLCTO I sample.
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Fig. 3. Temperature dependences of dielectric constant and dielectric losses for KTO (a, d), KLCTO
I (b, e) and KLCTO II (c, f) samples at frequencies 1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz

and 1 MHz.

the agglomerations of small grains less than
1 um in size are observed on the back-
ground of larger grains up to 10 microns in
size. In addition to a significant increase in
the particle size compared to the as-synthe-
sized powder, a change in the morphology
of the particles is observed in ceramic
KLCTO II sample. The oblong shape of the

Functional materials, 28, 3, 2021

powder particles (Fig. 1d) transforms into a
symmetrical cubic shape in ceramics (Fig.
1g).

g)The density of the ceramic samples com-
pared to the theoretical density of potas-
sium tantalate is: 81£3.5 % (KTO), 866 %
(KLCTO I) and 70+1 % (KLCTO II). This
density makes it possible to reliably meas-

431



S.V.Lemishko et al. / Dielectric and magnetic ...

0.10 o —=— 10 Hz o KLCTOI
—o0—100 Hz - + KLCTOI
0.08 H —e—1 kHz
—o— 10 kHz i
0.06 |-
o - [
E 0.04 F E
0.02 i
a Cc
0.00 L y ) . : 0 ,
150 200 250 150 200 250  0.004 0.006
Temperature (K) Temperature (K) 1T (K"

Fig. 4. Temperature dependences of dielectric losses in the range from 150 K to 250 K at different
frequencies for the KLTCO I (a) and KLTCO II (b) samples. Arrhenius linearized dependence for

KLCTO I and KLCTO II (c).

ure the dielectric properties at temperatures
below 250 K. At temperatures above 250 K,
dielectric losses can increase due to electrical
conductivity caused by the high porosity.

The temperature dependences of dielectric
constant (¢” and dielectric losses (tand) for all
ceramic samples are presented in Figs. 2 and
3.

A feature observed in many relaxor fer-
roelectrics and particularly in potassium tan-
talate doped with lithium, K,_,Li,TaO5 at 0.02
<x <0.05 [15-18], is the dependence on
T,,4x> Which is the temperature corresponding
to the maximum € at the measuring fre-
quency. This dependence has a form of the
Vogel-Fulcher law [23]:

E
- a 1
V= VOe hB(TmaX B TVF), ( )

where v is the measuring frequency; v is the
characteristic frequency; E, is the activation en-
ergy, kg is the Boltzmann constant; 7', . is the
temperature value corresponding to the maxi-
mum dielectric constant; Ty is the Vogel-Ful-
cher temperature. At the Vogel-Fulcher tempera-
ture, the dynamics of Li dipoles is frozen.

To determine the values of Typ, E, and v
parameters, the positions of the maximum €(T)
at three measuring frequencies are required.
Then, the Vogel-Fulcher temperature is deter-
mined as:

Inv, —1Inv,T; - T3 (2)
B 2ln\z1 —lnvgT; - T,y

Ty

Typ=

b

B Inv; — InvgT; - Ty
activation energy is determined as:
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(Invy - Invg)(T3 - Typ(Ty - Typ),  (3)
Ea= T,-T i
1 3

and characteristic frequency is determined
as:
E
Vo = V1€ T T o (4)

Using experimental values Ty = 43 K, T,
=50 K and T3 =64 K taken from Fig. 2a
at frequencies v{ =1 kHz, vo =10 kHz and
vg = 100 kHz, respectively, and formulas
(2)—(4), the parameters Ty, E, and vy have
been calculated. The computed parameters
are shown in Table 1. For comparison, the
parameters for KTO doped with Li, obtained
in [23], are also included in Table 1.

Comparison of the parameters of the
Vogel-Fulcher dependence, determined for
KLCTO I, with the values obtained by [23]
for KLT (4.4 %) indicates a significant ef-
fect of cobalt, which results in a decrease in
the characteristic frequency of relaxation v,
by almost two orders of magnitude and to a
decrease in the activation energy E, by
more than 5 times. The above parameters
describe the relaxation dynamics of polar
nanoclusters formed by Li atoms, which re-
place K atoms in KTO and occupy the off-
central position creating dipole centers.
This result can confirm that Co atoms also
replace K and therefore significantly affect
the relaxation behavior of Li atoms.

Figure 4 shows the dielectric losses
(tand) within the temperature interval from
150 K to 250 K for KLCTO I and KLCTO II
samples. In both samples there is a maxi-
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Table 1. Parameters for the Vogel-Fulcher

dependence

Parameter KLCTO I KLT [23]
Tyr, K 22 26.5
E,, eV 0.0167 0.0856
vy, Hz 107 2.81-10°

mum in tand(T) that has a pronounced fre-
quency dependence. The maximum is posi-
tioned at T =157 K and 10 Hz. As fre-
quency increases, the maximum shifts to
higher temperatures. At this, the intensity
of the maximum decreases and the width
increases. Such a behavior of the tand(T)
peak as a function of frequency indicates
the presence of a dipole relaxation center
and represents its kinetics. In [24] suggest
that the maximum of tand at T = 185 K and
1 kHz corresponds to the relaxation of Co2*
ions in KTO doped with cobalt.

It is known that the kinetics of the di-
pole center with temperature obeys the Ar-
rhenius law [24, 25]:

_ Ea (5)
V =Vpexp |— kBT

The notations of parameters in (5) are
identical to those in equation (1).

Thus, from the frequency dependence of
the position of the maximum, the following
kinetic parameters can be determined: acti-
vation energy E, and characteristic fre-
quency Vg. If the experimental data is ob-
tained at two frequencies, the parameters
are calculated as follows. Activation energy
is calculated using the formula [26]:

T T,k [0 6
E, = 1128, (02 (6)
Ty-Ty |0

Here m;, ®, are the cyclic frequencies for
two maxima (o= 2nv; T;, Ty are corre-
sponding temperatures; kp is the Boltzmann
constant. The relaxation time is determined
by the formula:

E /k,T
Tl = 2mvye S, (7)

using the condition wt;=1 for the maximum
[25].

For accurate determination of the relaxa-
tion parameters, we use the data collected
not at two but at four frequencies, as shown
in Fig. 4. The temperatures corresponding
to the position of the tand(T) maximum
taken from Fig. 4 are shown in Table 2. We

Functional materials, 28, 3, 2021

Table 2. Position of the tand(7) maximum
at different frequencies in KLCTO I and
KLCTO 11

Sample 10 Hz | 100 Hz | 1 kHz | 10 kHz
KLCTO I |157.5 K| 171 K | 187 K | 208 K
KLCTO II | 158 K 171 K |187.5 K| 208 K

use the method of linearization of the Ar-
rhenius dependence and calculate wvalues
from the approximated linear dependence
using the least-square deviation method
(using all available points at once).

From the Arrhenius equation for the re-
laxation frequency (5), we obtain the de-
pendence of lnv on the reciprocal tempera-
ture as follows:

E, 1 8
1nv=—k—;-7+1nv0. ®)

This is a linear dependence, y = Kx + B,
with parameters K = -E,/kp and B = lnv,,.

The result of linearization of the Ar-
rhenius dependence is presented in Fig. 4c.
It can be seen that the experimental data
are well described by the Inv(1/T) depend-
ence. The parameters for the approximation
line are calculated as follows:

) nz (Inv . %}— 2 %2 lnv 9)

g

S oy L (10)

n

K

B

Using the K and B values, we find the
parameters of the Arrhenius equation as
follows:

vg=eB E,=-Kkp. (11)

Applying the described approach and the
method of linearization of the Arrhenius de-
pendence, the values of relaxation parame-
ters were determined: activation energies E,
= 0.887+0.05 eV and E, = 0.8391+0.05 eV
and  characteristic = frequencies vy =
(2.510.8)-1013 Hz and vy = (811)-10'3 Hz
for KLCTO I and KLCTO II, respectively.
As we can see, the relaxation parameters
are almost identical for both samples. These
values are very close to the values obtained
in [24] for Co2* dipole centers in KTO
doped with cobalt: E,=0.36 eV, vy=
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Fig.5. Magnetic hysteresis loops in the temperature range of 110-290K for KLCTO I (a) and KLCTO
IT (b) powder samples. Temperature dependence of saturation magnetization MS: dots are experi-
mental data, solid lines are drawn for clarity (c); temperature dependence of HO (d).

4-1013 Hz. Therefore, the co-doping with Li
and Co does not affect the relaxation dy-
namics of Co atoms.

From experimental magnetic hysteresis
loops shown in Fig. 5a, b, the saturation
magnetization Mg for KLCTO I and KLCTO
II samples at the investigated temperatures
was obtained. Data for Mg are presented in
Fig. bec.

The non-linear shape of the magnetic
hysteresis loops with an extremely small co-
ercive field indicates the realization of a
superparamagnetic state. This state is
caused by magnetic nanoclusters. Inside an
individual cluster, the exchange interaction
between spins of Co atoms leads to their
correlation, and a superspin appears, which
carries a certain magnetization. In this
case, long-range magnetic order is not
formed due to the low concentration of the
magnetic dopant. The criteria for the for-
mation of short-range order or the condi-
tions of magnetic percolation, such as the
critical concentration of magnetic atoms
and the distance between them, are dis-
cussed in [20]. This state is also called clus-
ter ferromagnetism. Since cluster magnet-
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ism presupposes the presence of clusters of
different sizes, individual clusters are cor-
respondingly destroyed (i.e., disordered,
passing from the ferromagnetic to the
paramagnetic state) at different tempera-
tures.

The analysis of magnetic hysteresis loops
was performed according to the Langevin
dependence [27]:

[ M H+H T ]
M= N M, |cotanh ol ) B [=
ec kT My H-H,)|
oy [ N H+H, H, 19
= S|Lcotan , _H—Hc’ (12)

where M is the saturation magnetization
of an individual cluster, H, is the coercive
field, Ny is the number of clusters, kg is
the Boltzmann constant, Mg is the satura-
tion magnetization of the sample, Hy is the
field at which the saturation of an individ-
ual cluster occurs. The value of H is deter-
mined as follows [27]:

kyT

=My (13)

Hy,
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Table 3. Parameters obtained from experimental magnetic hysteresis loops

T, K KLCTO I KLCTO II

Hy, A/m n nl/3 Hj,, A/m n nl/3
110 450 2115 13 310 3071 14.5
150 524 2477 13.5 340 3818 15.6
200 622 2783 14 380 4555 16.5
250 700 3091 14.5 420 5151 17
290 747 3360 15 450 5577 17.7

n1/3 is the number of cobalt atoms by the linear size of the cluster.

Accounting that M, = nluc, and g, =

1.72ug, the average number of cobalt atoms
in one cluster was calculated as:

kgT
HO“’CO.

(14)

n

The calculated values are shown in Table
3. The obtained temperature dependences of
H, are shown in Fig. 5d. As seen from Fig.
5c, the saturation magnetization Mg for
KLCTO I is lower than for KLCTO II in the
investigated temperature range. At this, the
Mg value for KLCTO I changes very slowly,
from 0.011 Am?2/kg at 110 K to
0.0023 Am?2/kg at 290 K. The Mg value for
KLCTO 1II changes twice faster, from
0.0036 Am?2/kg at 110 K to 0.0044 Am?2/kg
at 290 K.

Interestingly, as the temperature rises
from 110 K to 290 K, the average size of
an individual cluster increases from 2115 to
3360 and from 3071 to 5577 Co atoms per
cluster for KLCTO I and KLCTO II samples,
respectively. An increase in the average
cluster size with increasing temperature is
due to the fact that smaller clusters are
more sensitive to heating; therefore, they
are easily disordered (destroyed). As the
temperature increases, small clusters disap-
pear, while large ones, which require more
energy to destroy, remain. This leads to an
increase in the average cluster size and a
decrease in the saturation magnetization of
the entire sample.

4. Conclusions

The effect of particle size on dielectric
and magnetic properties of potassium tan-
talate co-doped with 4 mol.% of lithium
and 4 mol.% of cobalt was investigated on
powders synthesized using two different
technologies: the solid-phase synthesis
(KLCTO I) and the oxidation of metallic
tantalum (KLCTO II). Also, undoped potas-
sium tanthalate (KTO) was obtained by the

Functional materials, 28, 3, 2021

solid-phase synthesis. From SEM data, the
average particle size is 120 nm, 200 nm and
80 nm for KTO, KLTCO I and KLTCO II,
respectively.

Particles of KTO and KLTCO I have a
cubic shape with rounded corners, while
KLTCO II has the shape of elongated forma-
tions with a longitudinal size much larger
than the transverse one and clear and even
edges. The elongated shape of the powder
particles changes to a symmetrical cubic
shape in ceramics.

The low-temperature dependence of the
dielectric constant for KLCTO I is described
by the Vogel-Fulcher formula with parame-
ters Ea =0.0167 eV, TVF =22 K and VO =
107 Hz, which characterizes the relaxation
behavior of polar nanoclusters formed by
off-central lithium atoms. The parameters v,
and E, are found to be significantly less for
KTO co-doped with lithium and cobalt in
comparison with KTO doped only with lith-
ium. The kinetic parameters describing the
relaxation dynamics of Co atoms were de-
termined from the tand(T) dependences: ac-
tivation energy Ea|= 0.387+0.05 eV and E,
= 0.891+£0.05 eV, characteristic frequency
Vo = (2.5+0.8)-1013 Hz and Vo = (8+1)-1013 Hz
for KLCTO I and KLCTO II, respectively.
Therefore, a decrease in the particle size of
the powder from 200 nm to 80 nm has little
effect on the dynamics of cobalt.

The shape of the magnetic hysteresis
loops indicates the formation of cluster
magnetism with the presence of nanoclus-
ters of different sizes in doped samples. It
was found that the saturation magnetiza-
tion and, accordingly, the average cluster
size in the sample KLCTO I is twice smaller
than in the sample KLCTO II. Therefore, in
80 nm powders (sample KLCTO I), it is eas-
ier for cobalt atoms to form larger ferro-
magnetic clusters than in 200 nm powders
(sample KLCTO II). Analysis of the tem-
perature dependence of the magnetic prop-

435



S.V.Lemishko et al. / Dielectric and magnetic ...

erties showed that, irrespective of the parti-

cle

size, smaller clusters are easily disor-

dered upon heating, while large ones, which
require more energy to destroy, remain. As
a result, the average cluster size increases,
while the saturation magnetization of the
entire sample decreases.
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