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Effects of La2O3 additions on properties of Ba0.6Sr0.4TiO3–MgO
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Abstract

Influence of La2O3 additions on the microwave dielectric properties of Ba0.6Sr0.4TiO3 (BST) mixed with magnesium oxide (w = 60%) composites
was investigated. With increasing quantities of lanthanum oxide x (wt%), the lattice constant of BST–MgO material decreases to a minimum at
x = 0.4 and then increases up to a maximum at x = 1.0. The XRD patterns analysis reveal that the solubility of MgO in BST is influenced by the
amount of La2O3 doping. SEM observations show that the BST grain sizes decrease with increasing amounts of La2O3. The dielectric properties of
BST–MgO–La2O3 indicate that La2O3 additives shift the Curie point towards lower temperatures. Optimum doping amount of La2O3 can reduce
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he high frequency loss tangents of BST–MgO compound which also can ensure the moderate dielectric constant and tunability. Excessive doping
f La2O3 tends to significantly lower dielectric constant and deteriorate tunability. When the doping amount of La2O3 is 0.2 wt%, BST–MgO
omposite has the following properties: dielectric constant = 94.05, tan δ = 0.012 (at 2.853 GHz) and the dielectric constant tunability = 16.26%
under electric field 3.57 kV/mm), which is suitable for ferroelectric phase shifter.
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. Introduction

Barium-strontium titanate, Ba1−xSrxTiO3 [BST, 0 ≤ x ≤ 1]
as been investigated with considerable interest as a new dielec-
ric material for tunable microwave application.1,2 The large
lectrical field dependent dielectric constant can be used for
unable devices, such as tunable oscillators, phase shifters and
aractors.3–5 In phase shifters, it is desirable to have a low per-
ittivity for good impedance matching, a low dielectric loss

o minimize the insertion losses of devices, and a high dielec-
ric tunability, which is the change of permittivity with dc field,
or less power driving and high speed of phase shift. Many
tudies have been done to reduce the dielectric constant and
oss tangent. Mg-doped BST bulk ceramics were reported to
ossess low loss tangents, low dielectric constant and suitable
unability.6–8 The effects of 0.5 mol.% of various rare earth oxide
opants on 40 wt% Ba0.6Sr0.4TiO3, 60 wt% MgO (BSTM) had
een studied.9 It shows that the composite is tunable with very
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low loss insertion and can be used over a wide range of frequen-
cies. The most interesting aspect is that La2O3 additions can
improve the tunability from 9.23% to 14.70% at 2 kV/mm. In
this paper, the effects of La2O3 additive on the dielectric prop-
erties of BSTM were further investigated. In addition, the X-ray
diffraction (XRD) and the scanning electron microscopy (SEM)
analysis were also employed to study the crystal structures and
the microstructure of the ceramics.

2. Experimental procedure

Samples were prepared by the conventional solid-state reac-
tion. High purity (above 99.9%) BaCO3, SrCO3, TiO2, were
weighed and mixed according to the composition Ba0.6Sr0.4TiO3
using alcohol and zirconia milling media for 3 h. After drying,
the mixtures were calcined in an alumina crucible at 1200 ◦C for
3 h in air. Then 60 wt% MgO and different amounts of La2O3
were added to the calcined BST. The materials were re-milled
and then dried. The mixtures were re-calcined at 1200 ◦C for 3 h
in air, then re-milled and dried. PVA binder was added and pow-
ders pressed at 100 MPa into disks of two different sizes. One
E-mail address: wangxh@mail.hust.edu.cn (X.H. Wang). was 15 mm in diameter and a thickness of 7–10 mm, the other

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.09.092



1982 X.H. Wang et al. / Journal of the European Ceramic Society 26 (2006) 1981–1985

was 20 mm in diameter and a thickness of 1.5 mm. The samples
were sintered at 1550 ◦C for 2 h with a heating rate of 100 ◦C/h
in air. The thin sintered samples were polished to 1 mm in thick-
ness and electrodes printed using silver ink. The bulk samples
densities were measured by Archimedes’ method.

Microstructures of the sintered samples were examined
by scanning electron microscope (SEM, JSM-5610LV). X-ray
diffraction (XRD, RIGAKU D/MAX-IIIA, Japan) with Cu K�
radiation was used for phase identification. The low frequency
dielectric properties were measured using a TH2613A capac-
itance meter coupled with a 3000 V dc power supplier. The
microwave dielectric properties were measured using dielectric
post resonator technique developed by Hakki and Coleman.10

3. Results and discussions

3.1. Microstructure

The SEM micrographs of x wt% La2O3 doped BSTM ceram-
ics sintered at 1550 ◦C are shown in Fig. 1. Two phases were
observed in the SEM micrographs. The MgO resides in the
grain boundary. The grain of BSTM decreased slightly by small
additions of La2O3, as illustrated in Fig. 1a–e. Nevertheless,

Fig. 2. XRD patterns of x wt% La2O3 doped BSTM.

substantial grain growth suppression is observed for La2O3 con-
centrations larger than 2 wt%, as shown in Fig. 1f. XRD patterns
of BSTM–x wt% La2O3 (0 ≤ x ≤ 2.0) ceramics are shown in
Fig. 2. The XRD results clearly show that the main phases in
all La2O3 doped samples are BST and MgO. Full width at half
maximum of the most intense diffraction peaks increases with
Fig. 1. SEM micrographs of BSTM sintered at 1550 ◦C with La2O3 added where (a
) 0 wt%, (b) 0.2 wt%, (c) 0.4 wt%, (d) 0.8 wt.%, (e) 1.0 wt.% and (f) 2.0 wt%.
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Fig. 3. The variation of lattice constant and bulk density with amounts of La2O3

added into BSTM.

increasing La content. This peak broadening indicates a decrease
in grain size. The perovskite structure is preserved despite the
addition of La2O3. Fig. 3 shows the variation of lattice constant
and bulk density as a function of the addition of La2O3 sintered
at 1550 ◦C. With increasing the amount of La2O3 addition, the
lattice constant initially decreases to a minimum at x = 0.4 wt%,
and then increases again to a maximum at x = 1.0 wt%. Further
additions of La2O3 decrease the lattice constant. Densities are
not significantly affected by addition of La2O3.

In an ideal cubic perovskites ABO3, the coordination num-
bers of the A- and B-sites are 12 and 6, respectively, t = 0.77–1.1.
The ionic radii of Ba, Sr, Ti, O, Mg and La are summarized
as follows: A-site (12 coordinate): Ba2+ = 1.61 Å, Sr2+ = 1.58,
La3+ = 1.36; B-site (6 coordinate): Mg2+ = 0.72, Ti4+ = 0.605,
La3+ = 1.032; O2− = 1.40.11 Accordingly, the Mg2+ would
occupy the B sites of the perovskite structure. La3+ is too large
for the B-site and would occupy the A-sites with Ba2+ and Sr2+.
When La3+ and Mg2+ substitute A- and B-site, respectively, the
incorporation reactions are as follows:

MgO ⇔ Mg′′
Ti + V

••
O + OO (1)

La2O3 ⇔ 2La
•
Ba + V′′

Ba + 3OO (2)

null ⇔ V
••
O + V′′

Ba (3)

2OO ⇔ O2 ↑ +V
••
O + 2e′ (4)
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variation in lattice constant. In addition, the amount of second
phase-MgO changed with the doping of La2O3. As mentioned
above, La3+ would occupy A-site and Mg2+ would substitute
B-site in perovskite structure. Therefore, the changes of lattice
constant are determined by the cation substitution. B-site sub-
stitution of the Ti ions by the larger Mg2+ cations will cause the
increase of the lattice parameter. The decrease in lattice param-
eter can be attributed to A-site substitution of Ba and Sr ions by
the smaller La3+ ions. La2O3 addition results in a decrease in
oxygen vacancy, based on reaction Eqs. (1)–(3). Deficiency of
oxygen vacancies can causes more Ti4+ substituted by Mg2+. It
is confirmed by XRD, the XRD pattern shows the intensity ratio
of IMgO(2 0 0)/IBST(1 1 0) decreases after La2O3 doping. However,
when doped with small amounts of La2O3, not exceeding the
solubility limit of Mg in BST, the IMgO(2 0 0)/IBST(1 1 0) changed
slightly. The lattice constant variation depends on the dominant
ionic substitution. When La2O3 additive less than 0.4 wt%, there
is more La3+ substituted Ba2+ and Sr2+. The lattice constant
decrease with increasing of La2O3 and reach to the minimum
at x = 0.40 wt%. Keeping increase the La doping will increase
MgO solubility. There are more Ti4+ are substituted by Mg2+.
It is a dominant ionic substitution when La2O3 additive is more
than 0.4 wt%. The lattice constant increases with the increasing
of doping and reaches to a maximum at the 1.0 wt%. However,
further increasing the additive of La2O3 will cause an increase in
oxygen vacancies, based on reactive Eq. (4). Higher concentra-
t
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The measured XRD intensity ratios of IMgO(2 0 0)/IBST(1 1 0) of
amples are 0.62, 0.61, 0.54, 0.55, 0.56, 0.57, 0.52, respectively.
MgO(2 0 0) and IBST(1 1 0) are the XRD intensity for MgO(2 0 0)
eak and BST(1 1 0) peak, With increasing content of La2O3, the
ate of IMgO(2 0 0) and IBST(1 1 0) simulated the same trend as the

able 1
ielectric properties of the BSTM with addition of x wt% La2O3 at 10 kHz and

a2O3 content (wt%) Relatively dielectric constant, εr

= 0 167.26
= 0.2 154.39
= 0.4 137.62
= 0.6 121.10
= 0.8 113.91
= 1.0 76.14
= 2.0 58.23
ion of oxygen vacancy prevents further substitution of Ti4+ by
g2+. It stops the increment of lattice constant. Higher doping

f La2O3 also change the solubility of MgO, the XRD pattern
hows a decrease of the intensity ratios of IMgO(2 0 0)/IBST(1 1 0)
t x = 2.0 wt%.

.2. Dielectric properties

Table 1 shows dielectric properties of the ceramics at
0 kHz. The dielectric tunability of the ceramics is defined as
C(0) − C(E)}/C(0), where C is the capacitance and E is the
pplied dc electric field. The dielectric constant of pure BST is
3680. The addition of non-ferroelectric oxide MgO and La2O3
ill cause a dramatic decrease in the relative permittivity of BST.
s the content of La2O3 increased, from 0.2 wt% to 2 wt%, the

elative dielectric constant εr decreased from 154.39 to 58.23,
hile the loss reduced and the tunability decreased.
The change in the dielectric constant and tunability with

he La2O3 addition is correlated with the change in the phase
ransition peak with La2O3. Fig. 4 shows the temperature depen-

ss tangent Tunability (%) dc electric field (kV/mm)

005 18.36 2.976
006 16.26 3.571
006 12.00 3.125
006 10.77 3.289
006 8.12 3.125
005 3.60 2.659
004 <1.00 >3.000
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Fig. 4. Temperature dependence of the dielectric constant and loss of BSTM
sintered at 1550 ◦C (a) without La2O3 additive, (b) with addition of 0.2 wt%
La2O3.

dence of the dielectric constant and loss tangent of BSTM and
BSTM–0.2 wt% La2O3. With La2O3 additions, the dielectric
constant maximum (kmax) is shifted towards lower tempera-
tures, also becoming very broad. Kmax for BSTM ceramics is
−30 ◦C (Fig. 4a), while 0.2 wt% La2O3 doped BSTM ceramic
shows peak maximum at −60 ◦C (Fig. 4b). La3+ substitution
broadens and shifts kmax to a lower temperature in BSTM
ceramic. So the dielectric constant and loss decreased with
increasing content of La2O3. The change in permittivity with
dc electric field is associated with the anharmonic interactions
of Ti4+ ions. With the addition of La2O3, the ferroelectricity
and interactions of Ti4+ ions weakened, it causes the decrease of
tunability.

Table 2
Dielectric properties of the BSTM with addition of x wt% La2O3 at microwave
frequency and 20 ◦C

La2O3 content
(wt%)

Relatively dielectric
constant, εr

Measure frequency
(GHz)

Loss tangent,
tan δ

x = 0 112.51 2.756 0.015
x = 0.2 94.05 2.853 0.012
x = 0.4 85.73 2.973 0.011
x = 0.6 76.56 3.153 0.009
x = 0.8 70.13 3.273 0.007
x = 1.0 64.73 3.333 0.006
x = 2.0 44.84 4.357 0.003

Fig. 5. The change in K-factor with addition of La2O3 to BSTM ceramics at
2.2 kV/mm.

The dielectric properties of the samples at microwave fre-
quency are shown in Table 2. The dielectric constant decreases
and loss increases at X-band compared with the properties at
l0 kHz. It is due to relaxation of polarization mechanisms at
higher frequencies. With the increase of La2O3 additive, the
dielectric constant and loss tangent decrease. When doped with
>1 wt% La2O3, the dielectric constant and dielectric losses are
low, but the tunability is also adversely affected.

A figure of merit12 often used to evaluate a ferroelectric RF
material is given as

K-factor = tunability

tan δ
× 100

The K-factors of BSTM with La2O3 additions at 2.2 kV/mm
bias condition are showed in Fig. 5. It indicates that K-factor first
increases with small amount of La2O3, then decreases with more
La2O3 additive. This result suggests that BSTM with 0.2 wt%
La2O3 additive should perform better than BSTM. Otherwise its
dielectric constant is lower than BSTM, so it is a better candidate
for phase shifter.

4. Conclusions

The microstructure and dielectric properties of 40 wt%

Ba0.6Sr0.4TiO3–60 wt% MgO ceramic composites doped with
La2O3 have been discussed. La2O3 additions suppressed the
grain growth especially at 2 wt%. XRD analysis revealed there
were only BST and MgO phases in La2O3 doped BSTM
ceramics. With increasing amount of La2O3, the lattice con-
stant of BSTM showed non-monotonic behavior. Excess La2O3
changed the solubility of MgO in BST. The dielectric con-
stant and loss tangent decreased with increasing additions
of La2O3, while the tunability decreased. With increasing of
La2O3 content, the K-factor reached maximum at 0.2 wt%,
then decreased monotonously. With 0.2 wt% La2O3 additive,
the ceramic was suitable for phase shifter with the following
properties: εr = 94.05, tan δ = 0.012 (at 2.853 GHz), and tunabil-
ity = 16.26% (at 3.57 kV/mm).
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