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a b s t r a c t

The phase evolution, crystal structure and dielectric properties of
(1 − x)Nd(Zn0.5Ti0.5)O3 + xBi(Zn0.5Ti0.5)O3 compound ceramics (0 ≤ x ≤ 1.0, abbreviated as
(1 − x)NZT–xBZT hereafter) were investigated. A pure perovskite phase was formed in the compo-
sition range of 0 ≤ x ≤ 0.05. The B-site Zn2+/Ti4+ 1:1 long range ordering (LRO) structure was detected
by both XRD and Raman spectra in x ≤ 0.05 samples. However, this LRO structure became gradually
degraded with an increase in x. The dielectric behaviors of the compound ceramic at various frequencies
eywords:
omplex perovskites
icrowave dielectrics

adio frequency
ong range ordering structure
ctahedral tilting structure
emperature compensation

were investigated and correlated to its chemical composition and crystal structure. A gradually com-
pensated �f value was obtained in (1 − x)NZT–xBZT microwave dielectrics at x = 0.03, which was mainly
due to the dilution of dielectric constant in terms of Claussius–Mossotti differential equation.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Complex perovskites with the formula Ln(M,Ti)O3(Ln = La, Nd;
= Mg, Co, Zn) have been found to possess extremely high Qf

alue in microwave frequencies, which is suitable for frequency
electivity in satellite communication [1–5]. From a structural
iewpoint, these complex perovskites crystallized in monoclinic
21/n space group, where a long range B-site ordering struc-
ure was permitted to coexist with tilted oxygen octahedra in
he perovskite network. The former was generally thought to
e one of the most important origins for the ultrahigh Qf val-
es in these complex perovskites [2,6,7]. While the latter made
hese ceramics feature large negative temperature coefficients
7,8] and precluded their practical utilizations in industry. One
ay out of this dilemma was to form a solid solution with

nother positive temperature coefficient compound to stretch the

ilted oxygen octahedra and compensate the negative �f value.
or example, CaTiO3, a typical incipient ferroelectric dielectric
ith large positive temperature coefficient of ∼+800 ppm/◦C, has

een employed to form solid solutions with many complex per-

∗ Corresponding author. Fax: +86 027 8662550.
E-mail addresses: mzhu74@hubu.edu.cn, mingzhe-hu@163.com (M. Hu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.181
ovskites and successfully tuned their negative �f values to near zero
[1,9–11].

It is well known that bismuth(III) based dielectric ceramics
also feature ferroelectric properties because of the large polar-
izability of Bi3+ cation in perovskites [12]. This character can
positively increase �f value and relative permittivity in dielectrics.
Moreover, owing to the low melting point of Bi2O3 component
[13], it can also serve as a sintering aid to lower the sintering
temperature while improve the sinterability of bismuth(III) con-
taining ceramics. For example, Bi(Mg1/2Ti1/2)O3 compound has
been used as a virtual end member in La(Mg1/2Ti1/2)O3 system
to improve the dielectric responses and lower the sintering tem-
perature from 1550 ◦C to 1200 ◦C [14]. In the present article, Bi3+

cation was also employed to modify the dielectric properties as
well as sintering behaviors of Nd(Zn1/2Ti1/2)O3 (NZT) ceramic.
It was reported that NZT ceramic possessed a significant high
Qf value of 40,000 GHz and a negative �f value of −49 ppm/◦C
[10,15]. With the substitution of higher polarizability Bi3+ for A-
site Nd3+, it was anticipated that a compensated �f value and an
increased relative permittivity in (1 − x)NZT–xBZT system would

be obtained. The microstructure, crystal structure and dielec-
tric behaviors, especially the relationship between the crystal
structure and the temperature coefficient in (1 − x)NZT–xBZT com-
plex perovskites, were thoroughly investigated in order to reveal

dx.doi.org/10.1016/j.jallcom.2010.11.181
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mzhu74@hubu.edu.cn
mailto:mingzhe-hu@163.com
dx.doi.org/10.1016/j.jallcom.2010.11.181
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Fig. 1. XRD pattern of (1 − x)NZT–xBZT (0 ≤ x ≤ 1.0) specimens sintered at

he temperature compensation mechanism in (1 − x)NZT–xBZT
eramics.

. Experiment procedures

.1. Sample processing

Specimen powders composed of Bi(Zn1/2Ti1/2)O3 and
d(Zn1/2Ti1/2)O3 were individually synthesized by a conven-

ional solid-state reaction method. High pure raw materials of
i2O3 (≥99.0%), Nd2O3 (≥99.99%), TiO2 (≥99.0%) and ZnO (≥98.5%)
ere employed. The calcining temperatures for BZT and NZT
owders were 800 ◦C for 3 h and 1100 ◦C for 4 h respectively. After
alcining, BZT and NZT were weighed and mixed again according to
he desired stoichiometry. After being bound with 5 wt.% PVA, the

owders were pressed into 12 mm diameter disks with 1–6 mm
hickness at a uniaxial pressure of 150 MPa. The final sintering
rocess was carried out at 950–1300 ◦C for various time (2.5–6 h)
ccording to different x value in a closed Al2O3 crucible supporting
y sacrificing powders.
◦C for 4 h. (a) x = 0–0.15; (b) x = 0.5–1.0; (c) cell parameters for x = 0–0.05.

2.2. Characterization

The densities of the sintered pellets were determined directly
by measuring their weight and the apparent volume. X-ray diffrac-
tion (XRD D8, Brucker), using graphite-monochromated CuK�
(� = 1.5406 Å) radiation, was employed to identify the phase assem-
blage and crystal structure of the sintered samples. The diffraction
data was collected from 20◦ to 80◦ with a step size of 0.02◦ and
a sampling time of 1 s/step. While for pure NZT sample, a step
size of 0.001◦ and an exposition time of 8 s/step were employed
for scanning the weak (1 0 1) peak between 2� = 18◦ and 20◦. The
identification of phase assemblage and its corresponding indexa-
tion were based on JCPDF cards. The lattice parameters of NBZT
solid solution were calculated using Celref3.0 PC software. XRF
(Shimadu XRF1800) was employed for detecting the Bi2O3 and
ZnO evaporation from the surface of ceramics. The microstruc-

tures of the specimens were observed by a scanning electron
microscope (SEM Hitachi S-4800 FE-SEM), equipped with an EDS
analyzer. Raman spectra were recorded at room temperature by a
Renishaw inVia Laser Confocal Raman microscope, equipped with
Notch Filters and a liquid-nitrogen-cooled CCD. The 10 mW output
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Bi3+ content, the AGS also increased but the GSD degraded. This
could be due to the low melting point of Bi2O3 component mak-
ing it beneficial for generating a eutectic liquid phase at very low
temperature. This eutectic liquid phase could act as lubrication
ig. 2. SEM photographs of polished and thermally etched surface of (1 − x)NZT–xB
= 0.02, 0.05 and 0.07 respectively and all sintered at 1300 ◦C for 4 h.

f the 514.5 nm line of an Ar+ ion laser was used as the excitation
ource. Dielectric properties at radio frequencies were measured
y HP4192B interfaced with a refrigerator in the temperature range
rom 230 K to 420 K. Microwave dielectric characteristics (εr and Qf)
ere measured by means of Hakki–Coleman’s resonator method
sing the TE0 1 1 mode and an ADVANTEST R3767C network ana-

yzer (40 MHz–8 GHz). The temperature coefficients of resonant
requency were obtained by measuring the TE0 1 1 frequency shift
n the range from room temperature to 360 K.

. Results and discussion

.1. Phase assemblage and microstructure analysis

Fig. 1 illustrated the X-ray diffraction patterns of (1 − x)
ZT–x BZT (0 ≤ x ≤ 1.0) specimens. Single perovskite solid solutions

ormed in the composition range of x ≤ 0.05, however, two kinds of
ther phases segregated from the main perovskite phase thereafter.
ne was the Bi2Ti2O7-type pyrochlore phase with face-centered
ubic symmetry (JCPDF 32-0118 card) and the other was Bi4Ti3O12-
ype layered perovskite phase, also face-centered, but crystallized
n orthorhombic symmetry (JCPDF 12-0213 card). Moreover, it

as indicated by the following EDS that both A-site and B-site of
i2Ti2O7 and Bi4Ti3O12 phases were partially incorporated with
d3+ and Zn2+ respectively, thus, the crystal symmetry probably
ecame more complicated, resulting in the preferential orientation
f some crystal planes and their obviously enhanced diffraction
ntensity, such as the (0 0 8) diffraction peak in the Bi4Ti3O12-
ype phase and the (6 2 2) diffraction peak in the Bi2Ti2O7-type
hase. Owning to the 6 s electronic configuration, Bi3+ is inclined
o form a covalent chemical bond in oxide solids [16,17]. There-
ore, pyrochlore phases were prone to crystallize in Bi3+ containing
eramics, especially at a high level of Bi3+ content. For example,
n present (1 − x)NZT–xBZT system, when x ≥ 0.5, pyrochlore phase
ecame the major phase in ceramics, as shown in Fig. 1(b).
The diffraction peaks of the main perovskite phase were indexed
ased on orthorhombic Pbnm (No. 62) space group, where octahe-
ral tilting structure doubled the lattice parameter along c axis.
esides octahedral tilting, the B-site (Zn2+/Ti4+) 1:1 LRO structure
lso emerged in x = 0 specimen, which was indicated by a very weak
amics as a function of x value. (a) x = 0.02 sintered at 1300 ◦C for 2.5 h; (b)–(d) were

(1 0 1) peak diffraction located at 2� = 19.84◦ in XRD pattern (not
shown here) as well as in Raman spectra in Fig. 4. This LRO struc-
ture slightly converted the crystal symmetry from Pbnm (No. 62)
to monoclinic P21/n (No. 14) space group at x = 0. A trivial system-
atical peak shifting toward lower 2� angle was detected with the
increase of Bi3+ content. The cell parameters calculated from XRD
patterns for x ≤ 0.05 illustrated an almost linear increase in cell vol-
ume, as shown in Fig. 1(c), which indicated that slightly larger Bi3+

(+7%) entered into the A-site substituting the 12-coordinated Nd3+

and forming a solid solution.
Dense and homogenous microstructure was obtained in

(1 − x)NZT–xBZT ceramics under present sintering conditions, as
illustrated by SEM micrographs in Fig. 2. For the same chemical
composition of x = 0.02, the average grain size (AGS) increased with
increasing sintering time and the grain size distribution (GSD) also
improved. Under the same sintering condition and an increased
Fig. 3. Variation of apparent densities with x value in (1 − x)NZT–xBZT ceramics
sintered at 1300 ◦C for different time.
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Fig. 4. (a) Raman patterns of (1 − x)NZT–xBZT ceramics sintered at 1300 ◦C for 4 h as a function of x value, and (b) Raman FWHM of A1g mode and F2g mode in (1 − x)NZT–xBZT
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eramics.

uring the sintering process, wetting solid particles and provid-
ng capillary pressure between them, resulting in a faster particle
issolving and diffusion process, and consequently, an accelerated
rain growth [18]. However, as Bi3+ content exceeded 0.05 mol, sec-
nd kind of strip-like grains separated in the microstructure and
DS analysis indicated the cation ratio of its A-site and B-site was
MBi + MNd):(MZn + MTi) ≈ 4:3. Therefore, one could presume it was
he Bi4Ti3O12-type layered perovskite phase, which was in agree-

ent with the previous XRD analysis. As this phase appeared, the
orosity in the bulk increased and the apparent density decreased
see Fig. 3).

Fig. 3 illustrated the apparent densities variation with x in
1 − x)NZT–xBZT ceramics. When sintered at 1300 ◦C for 4 h, the
pparent density firstly enhanced at x = 0.01, then decreased almost
inearly from 6.714 g/cm3 to 6.551 g/cm3 as Bi3+ content increased
rom 0.01 mol to 0.05 mol. Especially when x exceeded 0.05, the
pparent density reduced much faster with the increased Bi3+ con-
ent. This was quite unexpected. Since Bi3+ is heavier than Nd3+

nd the unit cell volume expansion was negligible during Bi3+ sub-
titution, the theoretical density as well as the apparent density
hould increase instead of decrease. The possible reason for this
henomenon could be associated with the faster grain growth as
i3+ content increased, which would preclude the pore venting pro-
ess during sintering and eventually increase the blocked pores in

he samples [19]. Especially when Bi4Ti3O12-type phase appeared
fter x = 0.05, its strip-like shape unmatched with the rounded
hape of perovskite phase and thus it impeded a compact pileup
n ceramics, resulting in a much faster increased porosity.

Fig. 5. Radio-frequency dielectric spectrum
3.2. Raman spectrum analysis

Theoretically, the rock-salt 1:1 B-site ordering structure in
Fm3m complex perovskites gives rise to 4 Raman–active modes
of A1g + Eg + 2F2g [20]. With the symmetry further lowered by BO6
octahedral tilting, as in P21/n symmetry, 24 Raman-active modes
will be developed as 7Ag + 7B1g + 5B2g + 5B3g [21]. However, the
Raman spectra (Fig. 4(a)) in the present Nd(Zn0.5Ti0.5)O3 sample
(P21/n symmetry) only illustrated 15 Raman bands, which were
located at 135 cm−1, 149 cm−1, 163 cm−1, 218 cm−1, 234 cm−1,
279 cm−1, 372 cm−1, 451 cm−1, 556 cm−1, 604 cm−1, 634 cm−1,
704 cm−1, 816 cm−1, 985 cm−1 and 1076 cm−1 wavenumber
respectively. The other 9 bands might either overlap with each
other or be too weak to be extracted from the background. Among
the exhibited 15 bands, the band at 704 cm−1 was assigned to the
B–O symmetric stretching vibration. The bands at 451 cm−1 and
556–634 cm−1 were ascribed to the B–O torsional vibration based
on the research of Levin and Hirata et al. [22,23], which included
O–B–O bending or asymmetric breathing vibration of the oxygen
cage. The bands in the region of 218–372 cm−1 were tentatively
assigned to be associated with the BO6 octahedral rotations and the
band at low frequency range of 135–163 cm−1 was mainly related
to the A-site cation environment [24].

As Bi3+ substituting content increased, the intensity and the full-

width at half-maximum (FWHM) value of the Raman bands varied,
as illustrated in Fig. 4(b). Taking 704 cm−1 (A1g) and 372 cm−1 (F2g)
bands as examples, these two bands were well known as the “fin-
gerprint” for the B-site ordering structure in complex perovskites

of (1 − x)NZT–xBZT (x = 0.03) ceramics.
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�� measured at 1 MHz was 25.9 ppm/K, whose magnitude featured
a typical non-ferroelectric tilted perovskites behavior in vicinity
of room temperature. The major contributor to dielectric constant
was from the polarized phonon vibration. And the �� value mea-
M. Hu et al. / Journal of Alloys an

25]. The F2g peak, usually accompanied by an A1g peak, is only
ensitive to LRO structure, while the A1g band is associated with
oth SRO (short range ordering) and LRO structure [26]. As the
i3+ content increased, the FWHM of A1g and F2g modes increased

inearly, indicating the gradual softening of the B-site ordering
tructure. This was clearly ascribed to the incorporation of Bi3+ into
he Nd(Zn0.5Ti0.5)O3 perovskite, which constricted in some man-
er the octahedral breathing mode due to the size difference in the
-site and thus influenced the SRO degree on the B-site in NBZT
omplex perovskites, analogous to the research of Zheng et al. [27]
n CaTiO3–Sr(Mg1/3Nb2/3)O3 complex perovskites.

On the other hand, with the increase of Bi3+ content, the Raman
ands remained almost unshifted. Bearing in mind that Bi3+ is larger
nd heavier than Nd3+, we had expected a redshifting in the A-
ite cation related Raman bands (135–163 cm−1) by employing a
lassical harmonic model as:

=
√

k

m∗ , (1)

here ω is the Raman band frequency, k is the force constant related
o the bond strength and m* is the equivalent mass of Raman active

ode. However, the stronger polarizability of Bi3+ (6.04 Å3), com-
ared with Nd3+ (5.01 Å3), would lead to the increase of the bond
trength between Nd/Bi–O bond, thus enhance the force constant
and counteract the effect from the increased equivalent mass,

esulting in the almost unshifted Raman spectra. Moreover, the
1g stretching mode was mainly determined by the strength of
i–O and Zn–O bonds in octahedral cages. We suggested that the
ubstitution of Bi3+ for Nd3+ only make the tilted BO6 octahedra
ore regular rather than distort the octahedra themselves, thus,

he B-site bond strength, or the Raman stretching mode, remained
nchanged in x ≤ 0.05 range. This speculation could also be inter-
reted by the decreased intensity and increased FWHM value of
–O torsional vibration at 218–279 cm−1 and BO6 rotational mode
t 604–634 cm−1 wavenumber with the increase of Bi3+ content,
hich was a signal of the decreased tilting angle of BO6 octahedral

luster in NBZT perovskites.

.3. Dielectric properties investigation

.3.1. Dielectric properties at radio frequencies
The temperature dependence of dielectric properties of

1 − x)NZT–xBZT ceramics was investigated in the radio frequency
ange between 104 and 106 Hz. Frequency dispersion was discov-
red in x = 0.03 sample in temperature range from 230 K to 420 K.
s illustrated in Fig. 5, very broad dielectric constant peaks and
elatively clearer dielectric loss peaks appeared after the disper-
ive shoulder at 320 K and 310 K respectively. All the peaks shifted
oward higher temperature and became broader with increasing
requency. As well known, in Bi-containing oxygen–octahedral
ystem, two kinds of short-range structure imperfections usu-
lly existed, the local lattice distortions and the localized hopping
harge carriers [28]. The former was developed due to the
nisotropic chemical bonding characteristics of the Bi(6s2)–O(2p6)
ond, which gave rise to reversible dipoles in dielectrics, while the

atter stemmed from Bi2O3 evaporation during sintering, which
as usually accompanied with Ti4+/Ti3+ valence changing and

xygen vacancies in ceramics. This can be described in terms of
röger–Vink notation as:

i2O3 ⇔ 3VO • • + 2V ′′′. (2)
Bi

In order to confirm the Bi2O3 evaporation in (1 − x)NZT–xBZT
eramics, a high Bi3+ concentration sample, x = 0.5, was chosen for
RF surface analysis. As shown in Fig. 6, the Bi3+ concentration dis-

ribution exhibited a hyperbolic–like curve relative to the depth
Fig. 6. Variation of Bi2O3 and ZnO mass concentration (%) with the depth from
surface in (1 − x)NZT–xBZT (x = 0.5) sample.

from surface, which clearly indicated the Bi2O3 diffused from the
inner ceramic to the surface and evaporated to atmosphere. Thus,
it was reasonable for us to assume that the Bi3+ evaporation or the
localized hopping charge carriers exist in the x = 0.03 sample.

Since Bi3+ concentration was low (3 mol%), the induced
reversible dipoles might distribute irregularly and independently
rather than interact with each other. Therefore, the intrinsic switch-
ing frequencies of these dipoles had a wide range distribution
[14]. At low frequencies, the switching frequencies of these dipoles
matched the applied RF field and they predominated the contri-
bution to the dielectric loss, as shown in the 10 K and 100 K curve
in Fig. 5. However, the dipoles did not follow up the applied field
as frequency increased and the contribution from hopping charge
carriers became prevalent, whose typical characteristic is to rise
exponentially with temperature [29]. Thus, the dielectric loss curve
ascended continuously with increasing temperature thereafter.

The dielectric constant measured at radio frequencies (1 MHz)
was ∼48, analogous to that measured at microwave range,
suggesting that there was not any frequency dispersion mech-
anism between 104–109 Hz at round room temperature in
(Nd0.97Bi0.03)(Zn0.5Ti0.5)O3 ceramic. Therefore, it could also be sup-
posed that the temperature coefficient of dielectric constant (��)
evaluated from the linear part (230–320 K) in Fig. 5(a) at 1 MHz be
comparable with that measured at microwave frequency. Actually,
Fig. 7. Dielectric constant εr and Qf value of (1 − x)NZT–xBZT ceramics sintered at
1300 ◦C as a function of x value.
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ig. 8. (a) Temperature coefficient �f of (1 − x)NZT–xBZT ceramics sintered at 1300 ◦

eramics sintered at 1300 ◦C for 4 h.

ured at GHz frequency range using the �� = −2(�f + ˛L) formula was
7.8 ppm/K, where ˛L is the linear thermal–expansion coefficient
nd was set to be 10 ppm/K for the present ceramic. Hence, it was
uggested that dielectric constant and its temperature coefficient
easured at RF frequencies can be a good evaluation for the values

t GHz frequency range for microwave ceramics.

.3.2. Microwave dielectric properties
The compositional dependence of the dielectric constant εr and

f values of (1 − x)NZT–xBZT ceramics at microwave frequencies
as illustrated in Fig. 7. As x increased from 0 to 0.03, εr increased

rom 31.75 to 48.21 in a hyperbolic manner. This behavior could be
ationalized by considering Claussius–Mossotti equation [30] (Eq.
3)), from which a hyperbolic function between macroscopic εr and
on polarizability ˛ could be deduced as Eq. (4), assuming cell vol-
me V is a constant (which was reasonable since V only varied 0.95%

n the range of x ≤ 0.03 according to Fig. 1(c)):

εr − 1
εr + 2

= 4�˛

3V
, (3)

r + 2 = 3
1 − k˛

(
k = 4�

3V
= const

)
. (4)

The Qf values descended quickly from 11,600 GHz at x = 0 to
nly 1430 GHz at x = 0.03. This was significant at the beginning
f 1 mol% Bi3+ substitution, where a huge reduction of more than
0% of Qf value was exhibited. Many factors [31,32] were investi-
ated for revealing the phenomenon, which included the extrinsic
actors, such as order–disorder transition, impurity phases, pore
ensity and oxygen vacancies, as well as the intrinsic factor, the
nharmonic phonon vibration in microwave field. Firstly, ordering
tructure is widely accepted as an important factor that influences
f value in complex perovskites, however, in the present per-
vskite, the LRO structure evolved only slightly from x = 0 to x = 0.01
refer to Fig. 4), therefore, it seemed LRO structure was not the
ey reason for the sharp reduction. Secondly, a pure phase ceramic
as obtained at x = 0.01, thus no impurity phases were responsi-

le for the Qf reduction. Thirdly, the apparent density increased
nstead of a decrease at x = 0.01 (refer to Fig. 3), which indicated
hat the pore density in x = 0.01 sample also was not the reason.
ourthly, the evaporation of Bi2O3 during sintering would result
n oxygen defects in ceramics (refer to Figs. 5 and 6), which, as

idely acknowledged by many authors [33,34], has a detrimen-
al effect on Qf value in dielectrics by increasing the conduction

oss at microwave frequencies. Finally, the multiphonon absorption
ibration in present Bi3+ substituted Nd(Zn0.5Ti0.5)O3 perovskite
ight also account for the huge Qf reduction. Since analogously, in

i-substituted La(Mg0.5Ti0.5)O3 ceramics [14,35], the multiphonon
bsorption process caused the transverse optical phonon dampings
h as a function of x value, and (b) relationship between �� and εr in (1 − x)NZT–xBZT

increase by about 50% with per 1 mol% Bi3+ substituting. Therefore,
we deduced that the significant dielectric loss mainly stemmed
from two reasons, one was the oxygen vacancies arose from Bi2O3
evaporation and the other was the multiphonon absorption vibra-
tion caused by Bi3+ substitution for Nd3+.

Additionally, as for the same chemical composition, the high-
est Qf values were obtained in the samples sintered for 4 h, which
could be ascribed to the minimum porosities compared with the
corresponding samples sintered for 2.5 h and 6 h (refer to Fig. 3).
According to Kim et al. [36], porosity in dielectrics dissipates
microwave energy heavily, where deteriorating effect on Q value
could be described as:

Q = Q0(1 − 1.5P), (5)

where Q0 was the intrinsic quality factor measured by infrared
reflective spectrum and P represented for porosity. Therefore, 4 h
was the optimum sintering time for the present ceramics.

Fig. 8(a) showed the temperature coefficient of resonant fre-
quency (�f) value varied with x in (1 − x)NZT–xBZT ceramics
sintered at 1300 ◦C for 4 h. As illustrated, �f increased from
−50.2 ppm/K at x = 0 to −18.9 ppm/K at x = 0.03, with the similar
increasing trend as that in dielectric constant. Harrop et al. [37]
and later Wise et al. [38] investigated the microscopic origins of
��, related to �f by �� = −2(�f + ˛L) formula, by differentiating the
Claussius–Mossotti equation and revealed that �� was composed
of three terms, A, B and C as:

�ε = (ε − 1)(ε + 2)
ε

(A + B + C) ≈ ε(A + B + C)
∣∣
ε>20

. (6)

The A and B terms indicate the direct effect of volume expansion
due to temperature increase, and term C represents a dependence
of polarizability on temperature with a constant volume. As for
most perovskite compounds, (A + B) term exhibits a constant value.
Therefore, the sign and magnitude of �� are determined directly by
magnitude of the term C. Literature on metal halides and oxides
indicated that term C mainly depended on crystal structure rather
than chemical composition [39]. As for present perovskite, term C
could also be treated as a constant in Eq. (6) since no obvious octa-
hedral tilting transition occurred in the solid solution range and
the variation of perovskite unit cell volume could be neglected to
the first approximation. Therefore, the above theoretical analysis
indicated that the tuning of �� in present perovskite was mainly
attributed to the dilution of εr and the relationship between them
should be linear. Our experimental data between �� and εr man-

ifested this theory quite well, as illustrated in Fig. 8(b). From the
linear trend, the compensated �f value could be deduced to occur at
x = 0.05, supposing no structure transition took place at this point.
However, the too high dielectric loss in x = 0.05 sample unfortu-
nately precluded the measurement of �f value by using the present
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esonant method. Hence, the nearest-to-zero �f value that could be
btained in (1 − x)NZT–xBZT ceramics was −18.9 ppm/K at x = 0.03.

. Conclusions

The phase assemblage, crystal structure and their relationships
ith dielectric properties at various frequencies in (1 − x)NZT–xBZT

0 ≤ x ≤ 1.0) ceramics were investigated. XRD diffraction results
howed that a single perovskite phase was produced in the com-
osition range of x ≤ 0.05, but the crystal lattice was distorted by
oth octahedral tilting and a B-site Zn2+/Ti4+ 1:1 LRO structure.
he latter lowered the crystal symmetry from orthorhombic Pbnm
pace group to monoclinic P21/n space group by giving rise to a
1 0 1) superlattice diffraction at 2� = 19.84◦. The more sensitive
aman spectra indicated that the LRO structure actually persisted
p to x = 0.05, although its intensity and FWHM became gradually
oftened as x increased. The dielectric properties measured at RF
requency were comparable to that in GHz frequency range, how-
ver, they clearly exhibited a frequency dispersion behavior with
emperature in x = 0.03 sample, which was suggested to be caused
y two kinds of relaxor mechanisms, the reversible dipoles and the

ocalized hopping charge carriers. The dielectric constant measured
t GHz frequency range gradually increased from 31.75 to 48.21 as
varied from 0 to 0.03, meanwhile, the Qf value decreased sharply
nd monotonously from 11600 GHz to 1430 GHz. The temperature
oefficient of resonant frequency could be effectively tailored by
i3+ substitution. It increased from −50.2 ppm/K to −18.9 ppm/K as
i3+ content increased from 0 to 3 mol%. The nearly compensated
f value in 0.97NZT–0.03BZT ceramic was mainly attributed to the
ilution of dielectric constant according to the structure-related
hermal parameter analysis.
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