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1 | INTRODUCTION

The high frequency extension of TE mode microwave di-
electrics materials have attracted more and more research
attention due to an increasing demand for filters, dielectric
resonator antennas, etc.' The properties of a low dielectric
constant (g,), a high quality factor (Q x f), and a near-zero
temperature coefficient of resonant (zy) are required for micro-
wave dielectric ceramics.*® In recent years, numerous novel
microwave dielectric ceramics have been reported, such as
Mg, sVMo0Oyg, Eu,Zr;(MoQ,),, Li;Ti;O¢F, Cala,Si;0,3, and
Li4W05.7'13 However, to meet the needs of rapidly develop-
ing 5G (fifth-generation wireless systems) and IoT (Internet
of Things), the novel dielectric ceramic material with low
loss still needs to be investigated.
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The microwave dielectric properties of Eu,TiO5 ceramic prepared by a conventional
solid-state method were investigated for the first time. An orthorhombic structure
with Pnam space group was obtained from x-ray diffraction. On the basis of P-V-L
chemical bond theory and refined lattice parameters, the bond parameters of bond io-
nicity, lattice energy, bond energy, and coefficient of thermal expansion of Eu,TiO5
were computed. The relationship between chemical bond characteristics and mi-
crowave dielectric properties was discussed. Besides, far-infrared reflective spectra
indicated the absorption of structural phonon oscillation might be the main contri-
bution to polarization for Eu,TiOs ceramic. Eu,TiOs5 ceramic sintered at 1300°C
for 6 hours possessed excellent microwave dielectric properties of €, ~ 14.4 + 0.2,
0 X f~21000 + 500 GHz, and 7; ~ —10 + 2 ppm/°C.

Eu,TiOs, far-infrared spectrum, microwave dielectric ceramics, P-V-L chemical bond theory

The AO-Ln,05-TiO, system (Ln = rare earth element)
microwave dielectric ceramics have been reported to possess
high permittivity and excellent properties.'*!> For instance,
Okawa et al reported that BalLa,Ti,O,5 microwave dielectric
ceramic exhibited properties of €, = 46, O x f=46 000 GHz,
7 = —11 ppm/"C.14 Subsequently, Tohdo et al prepared
ALa,TisO5 (A = Ba, Sr, and Ca) dielectric properties ce-
ramics and the properties were reported.’®> But there is few
research on the Ln,05-TiO, dielectric ceramics system. Li
et al reported the La,Ti;0,, and Eu,Ti;0,, fabricated by the
sol-gel method possessed usable properties of e, = 19.68,
0 x f=9950 GHz, 7; = —9.95 ppm/°C and ¢, = 27.51,
Q x f = 9450 GHz, 7, = 211 ppm/°C, respectively.l(”17
Particularly, two phases of Eu,TiO5 and Eu,Ti,0O, were found
in sintered Eu,Ti;O, samples. However, the microwave
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dielectric properties of pure phase Eu,TiO5 have not been in-
vestigated. Furthermore, the P-V-L chemical bond theory has
been used to study the intrinsic factors of dielectric properties.
For example, Yang et al calculated the bond characteristics
of NdNbO, with (Zro_5W0_5)5+ ion substitution and reported
the Nb-site covalency, lattice energy, and bond energy were
closely related to microwave dielectric properties.'® Zhang
et al reported that the dielectric constant, quality factor, and
temperature coefficient of resonant of La,(Zr,_,Ti,)3(M0O,)y
were in good agreement with bond iconicity, lattice energy,
and thermal expansion coefficient as a variation of Ti** sub-
stitution, respectively.19 Besides, the P-V-L theory was also
used for Y,MgTiOs, Mgy(Ti; ,Sn,)0,, GdyZr;(MoQOy)g,
ete.?* It was meaningful to calculate the chemical bond pa-
rameters of Eu,TiO5 ceramic using P-V-L theory.

In this work, the pure-phase Eu,TiO5 ceramic was pre-
pared by the conventional solid-state method. The phase
composition, sintering characteristics, microstructure, and
microwave dielectric properties were studied. Moreover the
intrinsic factors of dielectric properties were investigated via
the P-V-L chemical bond theory and far-infrared reflective
spectroscopy.

2 | EXPERIMENTAL
PROCEDURES

Eu,TiOs5 ceramics were prepared by the solid-state reac-
tion method using Eu,0; (99.99%, Aladdin, China), and
TiO, (99.99%, Aladdin, China) powders as the raw material.
According to the stoichiometric ratio of Eu,TiOs, the start
materials were weighted and ball-milled for 24 hours. Then
the mixed powder was calcined at 1000°C for 4 hours and
reground. After dried, the Eu,TiO5 powder was mixed with
8 wt.% paraffin as binder. After that, the powder was pressed
into cylinders (about 10 mm in diameter and 6 mm in height).
The paraffin was burned out at 500°C for 4 hours. The cyl-
inders were finally sintered at 1200-1400°C for 6 hours with
heating and cooling rate of 5°C/min.

The crystal structure and phase composition of the sin-
tered samples were examined by x-ray diffraction with Cu
K, radiation (XRD, D/MAX-B; Rigaku Co.) and the results
were identified using ICDD PDF card. The lattice parame-
ter of Eu,TiOy ceramic was performed via Rietveld refine-
ment using FullProf software. Microstructures were analyzed
via scanning electron microscopy (SEM, Model JEOL
JEM-2010; FEI Co.). Apparent densities were measured
by Archimedes method using an analytical balance (XS64;
Mettler Toledo). The diametric shrinkage ratio was calcu-
lated by Equation (1)

—-D,
Diametric shrinkage ratio = % % 100% (1)

where D and D, are the diameter of sintered sample and green
body. The far-infrared reflective spectra were obtained by a
Bruker IFS 66v FTIR spectrometer on Infrared beamline sta-
tion (U4). The ¢, and Q x f values were measured according to
Hakki-Coleman method” and cavity method”® using network
analyzer (N5234A; Agilent Co.). 7, values were calculated by
Equation (2).

 hh
T (85-25) @

where f; and f, are the resonant frequency at 25 and 85°C,
respectively.

3 | RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of Eu,TiO5 powders cal-
cined at 1000°C and ceramics sintered at 1200°C-1400°C.
For powders calcined at 1000°C, it was clear that all the dif-
fraction peaks were index to Eu,TiO5 (PDF#01-82-1009), in-
dicating a pure Eu,TiOs phase could be synthesis at 1000°C.
The similar results were gained for patterns of sintered sam-
ples. With no second phase detected, an orthorhombic struc-
ture with space group of Pnam (62) could be obtained at the
sintering temperature of 1200°C-1400°C.

To further explore the crystal structure of Eu,TiO5 ceramic,
Rietveld refinement was conducted and the results are pre-
sented in Figure 2A. The lattice constant of Eu,TiO5 was re-
fined as @ = 10.5342(5) A, b = 11.2957(5) A, ¢ = 3.7785(6) A,
a=p=1v=90.0000° and V =449.61(4) A® with orthorhom-
bic structure (space group Pnam). The reliability factors Ry,
pr, as well as Rexp of 2.25%, 2.87%, and 2.52% were gained,
which indicated calculated patterns showed a great agreement

FIGURE 1 XRD patterns of Eu,TiOjs calcined at 1000°C and
ceramics sintered at 1200-1400°C [Color figure can be viewed at
wileyonlinelibrary.com]


www.wileyonlinelibrary.com

JINJIE ET AL.

FIGURE 2 (A)Rietveld refinement
patterns of Eu,TiO5 ceramic sintered at
1300°C, (B) schematic diagram of the
crystal structure for Eu,TiO5 ceramic [Color
figure can be viewed at wileyonlinelibrary.
com]

on the observed patterns. According to the refined lattice pa-
rameters, the Wyckoff position, coordinates and occupancy
were listed in the Table 1. The schematic diagram of the crystal
structure for Eu,TiO5 was revealed in Figure 2B. There were
two possible Eu-sits (Eu(1), Eu(2)), only one set of Ti-sites and
five sets of O-sits (O(1)-O(5)). All ions occupy the 4c Wyckoff
positions, the Eu*" are coordinated with seven oxygen anions
while Ti** are coordinated with five oxygen anions.

Figure 3 showed the SEM images of the surface of
Eu,TiO5 ceramics sintered at 1200°C-1400°C. As shown in
Figure 3A,B, porous microstructure was observed for ceram-
ics sintered at 1200°C and 1250°C, which may result in lower
apparent density and damaging dielectric properties. As we
all know, grain growth is an important factor for densifica-
tion during the sintering process.”’ The grain sizes gradually
increased with the increasing of temperature, which showed
positive correlation with sintering temperatures. It was evi-
dent that Eu,TiOj sintered at 1300°C exhibited a relatively
dense microstructure with fewer pores, indicating that nearly
compact was obtained. However, micro-crack was observed
above 1300°C shown in Figure 3E, which might degenerate
the density and quality factor.”®

The diametric shrinkage rate and apparent density of
Eu,TiOs ceramics at different sintering temperature were
presented in Figure 4. The diametric shrinkage rate increased
with sintering temperature until 1300°C due to the grain

TABLE 1 Atomic coordinates of the Eu,TiOs

Atomic Site x/a y/b zle Occupancy
Eu(1) 4c  0.1372(3) 0.0593(3)  0.25000 0.50000
Eu®?) 4c 03911 (3) 02209(3)  0.75000 0.50000
Ti(1)  4c  0.1803(8) 0.3790 (11) 0.25000 0.50000
O(l)  4c  0008(3) 0108(3) 0.75000 0.50000
0(2) 4c  0281(3) 0039@3) 075000 0.50000
0@3) 4c 0.233(3)  0.386(3)  0.75000 0.50000
O4) 4c 0.260 (3)  0.239(2)  0.25000 0.50000
0o(5) 4c 0.010(3)  0.350(3)  0.25000 0.50000
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growth, while the apparent density increased to a maximum
of 6.09 g/cm3. With the further increase of sintering tem-
peratures, density exhibited a slight downward trend, which
can be attributed to the presence of micro-crack as shown
in Figure 3E. The decrease in shrinkage rate was related to
ceramics deformation at 1400°C. The Eu,TiOs sintered at
1300°C possessed 95.5% of theoretical density, which was
consistent with the results of SEM.

Figure 5 presents ¢,, Q x f, and 7y of Eu,TiOs ceramics
as a function of sintering temperatures. The variation in e,
was similar to that of apparent density with sintering tem-
peratures. The dielectric constant increased firstly, reach-
ing a maximum value at 1300°C, and then showed a slight
decrease with further increasing sintering temperature. To
analyze the influence of porosity on the ¢,, relative permittiv-
ity corrected for porosity was calculated using Bosman and
Havinga method (Equation 3).%

6001‘1”. = 'Sm (1 + l'Sp) (3)

where the e, €,, and p are corrected permittivity, mea-
sured permittivity, and fractional porosity, respectively. For

FIGURE 3 Apparent density and diametric shrinkage ratio of
Eu,TiO5 ceramics sintered from 1200 to 1400°C [Color figure can be
viewed at wileyonlinelibrary.com]
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Eu,TiO5 ceramic sintered at 1300°C, the maximum ¢,, of
14.4 accompanied by relative density of 95.5% were ob-
tained. Accordingly, the e, of Eu,TiOs sintered at 1300°C
was calculated to be 15.35. Except for extrinsic factors such
as compactness, second phase, and porosity, the ¢, is also
affected by intrinsic factors like polarizability. The total po-
larizability(a) of Eu,TiO5 could be calculated as follows:

a(Eu,TiOs) =2a(Eu**) + a(Ti**) + 5a(0*) “4)

where the a(Eu3+), a(Ti4+), and a(Oz_) are the ionic polariz-
ability values of Eu’*, Ti*", and O*~, respectively.* In addi-
tion, the theoretical dielectric constant (e, ) Was calculated
according to Clausius-Mossotti equation, as expressed in
Equation (5).

3V, +8ra
3V, —4ra (5)

€thero. =

FIGURE 4 SEM images of Eu,TiOs
ceramics sintered at (A) 1200°C, (B)
1250°C, (C) 1300°C, (D) 1350°C, (E)
1400°C

In the equation, V,, and o are the mole volume of the prim-
itive cell and polarizability of Eu,TiOs, respectively. The the-
oretical permittivity (14.79) of the Eu,TiO5 ceramic is close
to the corrected permittivity (15.35).

The Q x f values showed a similar tendency to den-
sity and ¢,, suggesting that the density was the domination
factor in Eu,TiO5 ceramics. Eu,TiO5 ceramic sintered at
1300°C possessed the optimum Q x fvalue of 21 000 GHz.
When the sintering temperatures increased to 1350°C, a
significant downward trend was observed, which might
be ascribed to micro-crack at high temperature shown in
SEM images.*® The 7yexhibited a slight decrease from —7.8
to —17.4 ppm/°C with increasing sintering temperature.
As a result, the optimal microwave dielectric properties
with €, of 14.4 + 0.2, Q x fof 21 000 + 500 GHz, and 7,
of —10 + 2 ppm/°C were gained for Eu,TiOs ceramic at
1300°C. In order to compare this work with other materials,
273 microwave dielectric materials with dielectric constant
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FIGURE 5 Microwave dielectric properties of Eu,TiOs
ceramics at different sintering temperature [Color figure can be viewed
at wileyonlinelibrary.com]

of 12 to 16 were chosen, in which the date is come from
Low-loss dielectric ceramic materials and their proper-
ties reported by MT Sebastian.>' As shown in Figure 6, the
quality factor of Eu,TiOs ceramic is higher than approxi-
mately 36% of material with similar dielectric constant, but
far below the optimal materials like (Mgo‘952n0_05)4T21209.32
The quality factor seems lower now and if for the practical
application, the ceramics should be modified to improve the
Qf values in further work. The 7, value is better than about
70% of materials with similar dielectric constant.

Phillips, Van Vechten, and Levine first reported the re-
lationship between chemical bond parameters and dielec-
tric properties.”>*> Then the chemical bond theory was
applied to complex crystal through splitting the multiple
compounds into binary crystals by Zhang.36 It was proved
that chemical bond parameters computed according P-V-L
chemical bond theory were the critical intrinsic factors
for microwave dielectric pmperties.37'39 According to the
atoms information and coordinated condition show in
Table 1 and Figure 2B, the binary expressions of Eu,TiOs
could be written as follows:

Eu,TiO5 = Bu(1)3,;0 (1)3/5 + Eu(l);;0(2);, + Bu(1);,;0(3),4
+ Eu(1);;0(4), 4 + Eu(2);,,0(1) /5 + Eu(2),,0Q2),4
+Eu(2);,03)5 +Eu(),,0),,, + Eu(2),,;0(5)y53
+ Ti;s0 @)y + Tig/s0(3)n + Tiys0 @)y + Tiys0(5)y

(6)

On the basis of the refined lattice constant, chemical
bond theory and our previous works,*!? the chemical bond
parameters of bond ionicity (fi), lattice energy (U), bond en-
ergy (E), and the coefficient of thermal expansion (a) were
calculated. The results were exhibited in Table 2, while
the average values were illustrated in Figure 7. As shown
in Figure 7, the fi(Eu(1)-O), fi (Eu(2)-0), and fi (Ti-O) of
0.8817,0.8599, and 0.7704 were obtained, respectively. The
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FIGURE 6 Relationship between quality factor (A), temperature
coefficient of resonant (B) and dielectric constant [Color figure can be
viewed at wileyonlinelibrary.com]

dielectric constant was positively correlated with the bond
iconicity, which the relationship is shown as Equation (7).

_nr-1

&
1-f;

+1 7)

where the 7 is refractive index. Therefore, the fi(Eu(1)-O) make
biggest contribution to the €, of Eu,TiO5 ceramics. It was re-
ported that the lattice energy and bond energy were associated
with the O x fand z;values, respectively.37’40 The same sequence
of U(Ti-O)>U(Eu(2)-0)>U(Eu(1)-O) and E(Ti-O)>E(Eu(2)-
0)>E(Eu(1)-O) were obtained, indicating the Ti-O bond is the
most important factors of Q X fand 7, values. In addition, the 7,
can be calculated as follows:

where the 7, is the temperature coefficient of the relative
permittivity and the « is the thermal expansion coefficient.
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TABLE 2 Bond ionicity (fi), lattice

Bond type Bond length (;\) fi E (kJ/mol) U (kJ/mol) 14 (10_6 K'l) eneray (U), bond energy (E), and the
Eul-O1' x 2 2.3926 0.8815 307.4520 1799 7.3112 coefficient of thermal expansion (@) of each
Eul-O1% 24312 0.8821 302.5707 888 7.4469 bond for Eu,TiO5 ceramics

Eul-02 x 2 2.4324 0.8821 302.4214 1775 7.4529

Eul-03 2.3878 0.8814 308.0701 900 7.3054

Eul-O4 2.4070 0.8817 305.6127 895 7.3639

Eu2-01 2.2917 0.8797 320.9887 930 6.9675

Eu2-02 2.3594 0.8809 311.7783 910 7.1903

Eu2-03 2.5003 0.8830 294.2086 868 7.6915

Eu2-04 x 2 2.3491 0.8807 313.1454 1825 7.1619

Eu2-05 x 2 2.4041 0.7753 305.9814 1677 7.0516

Ti-02 1.8527 0.8028 414.9989 2992 2.6056

Ti-O3 x 2 1.9707 0.8066 390.1499 5721 2.8711

Ti-O4 1.7904 0.8003 429.4395 3065 2.4681

Ti-O5 1.8236 0.6720 421.6212 2724 2.4690

Eul-O,, 0.8817 305.2254 12514 7.3760

Eu2-O,, 0.8599 309.2205 1242.0 7.2125

Ti-O, 0.7704 414.0524 3625.5 2.6034

avg.

Consequently, the smaller the a, the smaller the values of T It
can be observed that the value of a(Ti-O) is smaller than that of
Eu(2)-0O and Eu(1)-O bond, which indicated a(Ti-O) play the
major role in Eu,TiO5 ceramics.

The far-infrared reflective spectrum was carried out to
characterize the intrinsic dielectric properties of Eu,TiO5 ce-
ramics, the measured and fitted IR reflectivity spectra were
illustrated in Figure 8A. The IR reflectivity spectra can be
well fitted using 21 resonant modes tabulated in Table 3.
According to Drude-Lorentz model, the complex dielectric

FIGURE 7 Bond iconicity (fi),
lattice energy (U), bond energy (E), and
the coefficient of thermal expansion (a) of
Eu,TiO5 ceramic

function e(@) and complex reflectivity R(w) can be expressed

as follows*"*:

e (w)=¢ +Z )

=1 Pop—w?—jy—jrw

(10)
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FIGURE 8 A, Measured and fitted infrared reflectivity spectra
of Eu,TiO5 ceramic sintered at 1300°C. B, Real and imaginary parts of
complex permittivity for Eu,TiO5 ceramic [Color figure can be viewed
at wileyonlinelibrary.com]

Figure 8B depicted the imaginary and real parts of the
permittivity. A smaller calculated dielectric constant (9.3)
compared to measurements (14.4) was gained as seen from
Figure 8B. Due to the higher eigenfrequencies at FIR range
than the measured microwave frequency, some polarizations
at lower frequency may be neglected in far-infrared spectrum,
which might result in the lower real parts of the permittivity.43
Besides, the calculated dielectric loss exhibited a same order
of magnitude with measured loss, implying that the majority
of microwave dielectric loss is dominant by the absorptions of
structural phonon oscillation at the infrared region.

4 | CONCLUSIONS
In this work, Eu,TiO5 ceramics were prepared through the
solid-state reaction. The XRD and Rietveld refinement
showed a pure orthorhombic phase with space group of

Jjournal 1«
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TABLE 3 Phonon parameters obtained from the fitting of the
far-infrared spectra of Eu,TiO5 ceramics

Modes @, @y 7 A,

1 112.08 32.79 4.00 0.0855
2 143.67 139.96 89.04 0.9489
3 165.36 66.99 11.38 0.1641
4 187.03 160.13 14.23 0.7330
5 225.16 192.08 23.21 0.7277
6 237.27 134.24 15.16 0.3201
7 636.01 100.24 42.61 0.0248
8 553.87 136.51 20.62 0.0607
9 263.94 97.65 16.40 0.1369
10 289.38 229.88 29.78 0.6311
11 310.96 247.02 21.56 0.6311
12 344.92 23.01 5.52 0.0044
13 378.87 401.15 105.38 1.1211
14 383.80 148.00 17.19 0.1487
15 450.28 101.48 11.46 0.0508
16 465.03 208.43 39.07 0.2009
17 574.14 243.96 33.09 0.1806
18 600.44 310.06 40.53 0.2667
19 694.95 66.79 26.28 0.0092
20 816.57 160.08 29.55 0.0384
21 842.39 146.42 26.60 0.0302
£, =2.7906

Pnam (62) at 1200-1400°C. Besides, the intrinsic dielec-
tric properties were investigated by P-V-L chemical bond
theory and far-infrared reflective spectroscopy. The e, was
mainly attributed to the iconicity of Eu—O bond, while the
QO X fwas closely related to the lattice energy and bond en-
ergy of Ti—O bond. The coefficient of thermal expansion of
Ti~O bond was important factor of z; for Eu,TiOs ceramic.
The far-infrared reflective spectrum indicated that the ma-
jority polarization contribution is dominant by the absorp-
tions of structural phonon oscillation at the infrared region.
Excellent microwave dielectric properties of €, = 14.4 + 0.2,
O X f=121000 + 500 GHz, and 7; = —10 + 2 ppm/°C were
gained for Eu,TiO5 ceramic sintered at 1300°C for 6 hours.
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