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Abstract

The structure evolution, and microwave dielectric properties of Nd,_ ,)3Li, TiO5 ceramics (0 < x < 0.5) were investigated in this paper. X-ray
diffraction (XRD) and scanning electron microscopy (SEM) results show that samples with x = 0.2-0.4 exhibit single phase. Multi-phases of
Nd,Ti,07, Nd,/3TiO3 and Nd, Ti,O;, were observed when x = 0 and 0.1. The concentration and ordering degree of A-site decrease with the increase
of x value. The dielectric constant increases up to x = 0.2 and then decreases with the further increase of x value. The Qf value decreases with the
increase of x value. The temperature coefficient of resonant frequency exhibits negative value and the absolute value decreases greatly with the

decrease of x value.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Complex perovskites with general formula A**(B,,3** By,
35+)O3 have received much attention in the wireless microwave
communications community. Compared to the numerous
examples of B-site ordered system, A-site ordered perovskites
are relatively rare. A-site order—disorder reaction can play a
critical role in affecting the properties of perovskites. Several
studies have focused on the ionically conducting perovskites,
(Lay;;_,Lis)TiO5 [1-3]. The ionic conductivities of the
ordered A-site samples were approximately an order of
magnitude lower than their disordered counterparts [1]. The
A-site ordering degree of (Lap_,,3Li,)TiO3 was governed by
the Li content and thermal treatment [3,4]. In Li poor
compounds, the A-site cations adopt usual (00 1) ordered
structure, while in Li-rich compounds (x > 0.25) or quenched
samples, a disordered A-site structure was adopted. The crystal
structures for different x values have not yet been well
established until now and controversial results have been
reported in the literature [5—7]. The phase diagram and crystal
chemistry of the Lips_3,RE( s, TiO; (RE =La, Nd) systems
have been studied by Robertson et al. [8]. Depending on the
temperature and composition, three different polymorphs
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labeled, a, B, and A, were found in the La system and four,
o/, B, A, and C, in the Nd system [8]. The electron diffraction
and high resolution electron microscopy study of the
Lig s_3,Ndg 5,,T105 solid solution by Garcia-Martin et al. [9]
shows that three (C, o, and B) different polymorphs all adopt
orthorhombic distorted perovskite structure most likely due to
the tilting of the octahedra as it has been determined for the C-
phase samples by neutron diffraction analysis [10]. A more
complicated A-site ordering, which is not observed in the C-
phase, existed in B-phase [8,9]. Recently authors have studied
the structure and microwave dielectric properties of Lag_yy,
3Na, TiO5 [11]. The distribution (order—disorder) and concen-
tration of vacancies, which may be interrelated, have
considerable effect on the microwave dielectric properties of
Lap_,sNa, TiO3 [11]. The purpose of this paper is to
systematically investigate the structure evolution and micro-
wave dielectric properties of Ndp_,)sLi,TiO3 ceramics
0.0<x<0.9).

2. Experimental procedure

Nd—y)3L1,TiO3 (0.0 <x <0.5) ceramic samples were
prepared by conventional solid-state reaction process from the
starting materials including TiO, (99.9%), LiCOj3 (99.9%) and
Nd,O3 (99.99%). The Nd;_,3Li, TiO5 (0.0 < x < 0.5) com-
pounds were weighed and mixed with ZrO, balls in ethanol for
24 h, dried and calcined at the temperature of 1100 °C for 2 h in
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a alumina crucible. The calcined powders were grounded, dried
and mixed with 7 wt% PVA. The mixtures were pressed into
pellets. The compacts were sintered ranging from 1250 to
1350 °C for 2h. In order to prevent the Li-loss from
evaporation, all samples were muffled with powders of the
same composition during sintering.

The phase constitutes of the sintered samples were identified
by X-ray powder diffraction (XRD) with Ni-filtered Cu Ko
radiation (Model Dmax-RC, Japan). Bulk density of the
sintered specimens was identified by Archimedes’ method. The
Raman experiments were carried out for the sintered samples
(Model Jobin Y’von U1000). A laser line of 532 nm and
500 mW average power was used. The spectra were recorded
from 0 to 1000 cm ™. The microstructure of the sintered sample
was characterized by scanning electron microscopy (SEM)
(Model XL20, Philips Instruments, Netherlands). All samples
were polished and thermal etched at the temperature which was
70-100 °C lower than its sintering temperature. Microwave
dielectric properties of the sintered samples were measured
between 7 and 8 GHz using network analyzer (Hewlett
Packard, Model HP8720C, USA). The quality factor was
measured by the transmission cavity method. The relative
dielectric constant (¢;) was measured according to the Hakki—
Coleman method using the TE( ; ; resonant mode, and the
temperature coefficient of the resonator frequency (ty) was
measured using invar cavity in the temperature range from —20
to 80 °C.

3. Results and discussion

Fig. 1 shows the XRD patterns of sintered Nd_,3Li,Ti03
(0.0 < x <0.5) samples, in which the Bragg reflections have
been indexed according to Ref. [8]. Samples from x = 0.2 to 0.4
exhibit single (3 phase. The x = 0.5 sample contains additional
trace amount of Nd,Ti,O; impurity phase, which is in
agreement with the result reported by Robertson et al that
Lig sNdg 5TiO3 does not exist at any temperature under ambient
conditions [8]. Small amount of Nd,Ti,O,; and Nd,Ti Oy,
impurity phases appear for the sample with x=0.1. For the
sample with x =0, the amount of Nd,Ti,O; and Nd,Ti4Oy,
impurity phases increase greatly in addition to trace amount of
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Fig. 1. XRD patterns of Nd>_)3Li,TiO3(0 < x < 0.5) sintered at 1350 °C/2 h.

Nd,/3TiO3 phase. The superstructure reflections produced by A-
site ordering (marked with asterisk) become decreased with the
addition of Li*. It indicates that the A-site cation ordering
degree decrease with the increase of lithium content. However,
it still exists for the sample with x = 0.5, which is not like the
case in Lag sNag sTiO5. The reason may be related to the larger
ionic difference on A-site for Nd(_,)3Li,TiO3 than that of
Lag_3Na,TiO; (AR ng=0.51 A and AR_, n,=0.03 A)
[12] . It is noted that the profiles of the fundamental (2 0 0)
peak is splitted when x < 0.3, which indicates the lower
symmetry of the structure, while no splitting occurs when
x > 0.3. It seems to imply some relevance between the peak
splitting and the A-site ordering state. The splitting of (2 0 0)
peak is caused by the distortion of TiOg octahedron which is
resulted from the A-site ordering [4,5,11].

A room temperature Raman spectra of the samples with
different lithium content are shown in Fig. 2. The Raman
spectrum of Ld_,)3Li,TiO5 (0.1 < x <0.5) in Fig. 2 shows
five bands, which is in good agreement with that of La,_,),
3Na,TiO5 [11] except for the up shift of the bands due to the
lighter Li atom compared to Na. According to the tetragonal
approach of La,_,)3Na, TiO5 the 141, 255 and 537 cm ! band
can be assigned to be E, symmetry species, while the 335 em ™!
band behave like A, modes [3,11]. Some qualitatively trend
can be observed that all bands are broadened and the intensities
are decreased with the increase of lithium content. This may be
related to the alleviation of TiOg distortion resulted from the
decrease of A-site ordering, which is in good agreement with
the XRD results. Another weak band near 471 crn*l, which
exists in all samples, may be due to the tilting of TiOg. The
cooperative tilting and rotating of octahedra is likely due to the
combined effect of the smaller size of Nd cations compared
with La>* the Li ions in off-center sites, and the occurrence of
A-site vacancies [9]. Based on the assumption that the
perovskite-type structural framework is dominated by the
larger rare earth ions other than small alkali ions, tolerance
factor for Ndg sLipsTiOj3 is calculated as 0.94. Both in-phase
and anti-phase tilt should occur simultaneously for ¢ < 0.965
[13]. The tilting of oxygen octahedra in perovskites should
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Fig. 2. Raman spectrum of the sintered Nd,_,)3Li,TiO3; ceramics with dif-
ferent x values.
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Fig. 3. SEM photographs of Nd,_,3Li,TiO5 ceramic sintered at 1300 °C/2 h for x = 0.0, 0.1, 0.3 and 0.5, respectively. (A: Nd,Ti,O7, B: Nd,Ti,O,; and C: Nd,,

3TIO3)

cause superstructure reflections which is difficult to detect by
XRD due to the weakness of reflections associated with small
displacement of the oxygen atoms, while can be apparently
detected by Raman scattering.

Fig. 3 shows the SEM photographs for the samples sintered
at 1300 °C/2 h for x=0.0, 0.1, 0.3 and 0.5, respectively. All
sintered samples exhibit dense microstructures. EDS analysis
of the sample with x =0 exhibits mixture phase Nd,/;3TiO3,
Nd,Ti,O5 and Nd,Ti4O14, which is in agreement with the XRD
results. From the SEM photos for the sample with x = 0.1, the
amount of impurity phases seems larger than that of estimated
from XRD analysis. It is related to the further evaporation of
lithium during the thermal etching process.

Fig. 4 shows the variation of dielectric constants measured at
microwave frequency as a function of x value for Ndp_yy
3Li,TiO; sintered at different temperatures. The dielectric
constant decreases slightly with the increase of x value when
x> 0.1. According to the equation of Clausius—Mossotti (C—
M), the dielectric constant increases with increasing total
dielectric polarizability ap and decreasing unit-cell volume.
The unit-cell volume was estimated from the XRD data and
changed a little from 55.97 A’ forx=0.5 sample to 56.35 A3
for x =0.1 sample. The effect of ap on dielectric constant is
much larger than that of unit-cell volume. A small change of
will result in large variation of dielectric constant [14]. The ap
in one primitive cell decreases with increasing Li content due to
the fact that the ionic polarizability of Li* is much lower than
that of Nd** (ana’™: 6.07 A® and a;*: 1.2 A%) [14]. So the
dielectric constant should be decreased with increasing lithium
content, which is in agreement with the results in Fig. 4. The

dielectric constant of the sample with x = 0 is 38, which is much
lower than that of other compositions. It is obviously related to
the existence of large amount of Nd,Ti,O; phase whose
dielectric constant at microwave frequency was reported to be
36 [15]. The slight decrease of dielectric constant for the
sample with x = 0.1 is also due to the existence of trace amount
of low k Nd,Ti,O; phase.

The variation of Qf values as a function of lithium content is
shown in Fig. 5. The Qf decreases as the lithium content
increases, which is mainly due to the decrease of A-site
ordering as discussed above. Fig. 6 shows the change of
temperature coefficient of resonant frequency ;¢ as a function of
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Fig. 4. Variation of dielectric constants as a function of x value for Nd_),
3Li, TiOs.
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Fig. 5. Variation of Qf value as a function of x value for Nd_,);3Li,TiO3.
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Fig. 6. Variation of 7y value as a function of x value for Nd, /3L, TiO5.

lithium content. All samples exhibit negative t; value, and its
absolute value decreases from 256 to about 20 ppm/°C as the
lithium content decreases from x=0.5 to 0.1. This may be
related to the variation of tilting of TiOg-octahedra with the
lithium content [13]. With the further decrease of x value until
to x =0, no further decrease of t; is observed. As discussed
above, the sample with x =0 exhibits mixture phases of
NdzTi207, Nd2/3T103 and NdzTi40] 1- The Tr value of Nd2T1207
was reported to be —118 ppm/°C [12]. However we could not
obtain the 7y value of Nd,/3TiO5 due to the thermal instability of
pure Nd,3TiO3 in ambient atmosphere. We could not discuss its
7¢ value by mixing law here.

4. Conclusions

The microstructure and microwave dielectric properties of
Nd>—)3Li1,TiO5 ceramics (0.0 < x < 0.5) have been studied in
this paper. In conclusion, samples with x =0.2-0.4 exhibit
single phase. Multi-phases of Nd,Ti,O;, Nd,;3TiO3; and
Nd,TisO;; were observed when x=0 and 0.1. Additional

trace amount of Nd,Ti,O; was observed in x = 0.5 sample. The
A-site ordering degree decreases with the increase of lithium
content. Dielectric constant decreases with the increase of x
value when x > 0.1 due to the substitution of lower polar Li ion
for Nd**. The dielectric constant of the sample with x =0 is
much lower than that of other compositions, which is related to
the existence of low k Nd,Ti,O; phase. All samples exhibit
negative 7, value, and its absolute value decreases from 256 to
about 20 ppm/°C as the lithium content decreases from x = 0.5
to 0.1.
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