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A systematic investigation of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) solid solutions synthesized by
traditional solid-state reaction method is reported in this work. In the composition range of
0.1  x  0.25, a monoclinic rock salt structured solid solution was formed. When x increased to 0.3, a
phase transition from monoclinic to cubic phase, along with an order-disorder phase transition, was
observed. With x increased from 0.1 to 0.35, the microwave permittivity (εr) and temperature coefﬁcient
of resonant frequency (TCF) of the Li2Ti1-x(Mg1/3Nb2/3)xO3 ceramics decreased linearly from 21.0 to
18.6, þ27.1 to 19.4 ppm/ C, respectively. The Li2Ti0.75(Mg1/3Nb2/3)0.25O3 ceramic sintered at 1170  C
shows high performance of microwave dielectric properties with a εr ~19.6, a Qf (Q ¼ quality factor ¼ 1/
dielectric loss; f ¼ resonant frequency) ~109,770 GHz (at 7.7 GHz) and a near zero TCF ~ þ 1.2 ppm/oC.
Moreover, the burying sintering process can reduce the volatilization of lithium so that the porosity of
Li2Ti0.75(Mg1/3Nb2/3)0.25O3 ceramic was reduced effectively, which made Li2Ti0.75(Mg1/3Nb2/3)0.25O3
ceramic promising for future applications. Selected area electron diffraction patterns, high-resolution
transmission electron microscopy, Raman and far-infrared spectra were employed to study the relation between crystal structure and microwave dielectric properties in detail.
© 2018 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
It is well-known that supercell structure exists in Li2TiO3 crystals with monoclinic rock salt structure and usually makes it
excellent performance [1e4]. Therefore, Li2TiO3 is widely used in
the ﬁelds of nuclear fusion [5e7], lithium ion battery [8], photoluminescent material [9], fuel cell [10], ion adsorbent material [11],
and microwave dielectric material [12]. It is worth noting that
Li2TiO3 exhibits excellent microwave dielectric properties
(εr ¼ 19.8, Qf ¼ 23,600 GHz, TCF ¼ þ38.5 ppm/oC) [13] which attracts much attention recently. In general, three parameters are
necessary requirements of microwave dielectric materials which
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are appropriate dielectric constant (εr), high Qf (Q ¼ quality factor ¼ 1/dielectric loss; f ¼ resonant frequency) and near zero temperature coefﬁcient of resonant frequency (TCF). Therefore, the TCF
value of the Li2TiO3 ceramic needs to be adjusted to near zero
before it can be employed in applications.
Generally, there are two ways to adjust the temperature coefﬁcient of microwave dielectric ceramics: solid solution and composite
ceramics. We tried to ﬁnd a way that both can adjust the TCF value to
near zero and increase the Qf value. Previously, Zhao [14] and Wang
[15] et al. reported that the substitution of complexion (Mg1/3Nb2/
4þ
for Ti4þ to form a solid solution can effectively adjust the TCF to
3)
near zero and improved the Qf value in many different systems, such
as Ca[Ti1ex(Mg1/3Nb2/3)x]O3 (x ¼ 0.65) (εr ¼ 44, Qf ¼ 28,300 GHz,
TCF ¼ 2 ppm/oC) [14], 0.3SrTiO3-0.7Ca(Mg1/3Nb2/3)O3 (εr ¼ 46,
Qf ¼ 29,300 GHz, TCF ¼ 2 ppm/oC) [15], 0.2CaTiO3-0.8SrMg1/3Nb2/
o
3O3 (εr ¼ 45, Qf ¼ 9,000 GHz, TCF ¼ 0 ppm/ C) [16], Ca4La2Ti5-x(Mg1/
Nb
)
O
(x
¼
3)
(ε
¼
40,
Qf
¼
19,120
GHz,
TCF ¼ 2 ppm/oC) [17],
2/3 x 17
r
3
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0.34CaTiO3-0.66Ca(Mg1/3Nb2/3)O3
(εr ¼ 48,
Qf ¼ 32,500 GHz,
TCF ¼ 2 ppm/oC) [18], In many oxides, there is a little Ti3þ presented in the Ti ion due to the presence of oxygen defects which will
increase the loss. However, after the introduction of high valence ion
into B site, the content of oxygen vacancies caused by the electricity
price compensation will be greatly reduced, thus the Qf value of the
microwave dielectric ceramic is increased. In 2018, Du et al. [19] and
Bian et al. [20] also reported that the substitution of complexion
(Mg1/3Nb2/3)4þ for Ti4þ can improve the Qf value. However, there are
many pores in the sintered ceramic sample, so how to reduce the
porosity needed further study. It has a good enlightenment on the
study of adjusting the TCF value of Li2TiO3. In the Li2TiO3 crystal
structure, Ti atoms and O atoms exist as [LiO6] octahedrons. Hence,
the equivalent ionic radii of Ti4þ with coordination number (CN ¼ 6)
is 0.605 Å according to the Shannon's data and the equivalent ionic
radii of (Mg1/3Nb2/3)4þ can be calculated as 0.667 Å (ionic radii for
Mg2þ and Nb5þ are 0.72 Å and 0.64 Å, respectively) [21]. The result
shows that the equivalent ionic radii of (Mg1/3Nb2/3)4þ is similar to
that of Ti4þ. Therefore, it is worth investigating the inﬂuence of
substitution of (Mg1/3Nb2/3)4þ for Ti4þ on the TCF and Qf values of the
Li2TiO3 ceramic.
In the present work, the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35)
solid solutions were synthesized by solid-state method, and its
structural evolution, sintering behavior, microstructures, microwave dielectric properties, and the relation between structure and
microwave dielectric properties of the ceramics were investigated
in detail.

ground with 5 wt.% polyvinyl alcohol (PVA) binder addition and
uniaxially pressed into several pellets (10 mm in diameter and
4e5 mm in height) under a pressure of 200 MPa. The samples were
sintered in the temperature range from 1150 to 1200  C for 2 h.
The samples were investigated using room-temperature X-ray
diffraction (XRD) with Cu Ka radiation (Rigaku D/MAX-2400 X-ray
diffractometry, Tokyo, Japan). The high-resolution transmission
electron microscopy (HRTEM) and selected area electron diffraction
(SAED) patterns measurements were conducted on a JEM-2100 at
an accelerating voltage of 200 kV. The microstructures and energydispersive spectroscopy (EDS) of the sintered samples was
observed by electron scanning microscopy (SEM; Quanta 250, FEI).
The X-ray photoelectron spectroscopy (XPS) analysis was measured
for the Li2Ti0.75(Mg1/3Nb2/3)0.25O3 by a Thermo Fisher ESCALAB Xiþ
with a monochromatic Al Ka radiation source. TGA and DSC curves
were measured for the precursor of Li2Ti0.75(Mg1/3Nb2/3)0.25O3 at a
heating rate of 10 K/min on a TG-DSC Simultaneous Thermal
Analyzer (METTLER TOLEDO TGA/DSC3þ). The room temperature
infrared reﬂectivity spectra were measured using a Bruker IFS 66v
FTIR spectrometer on Infrared beamline station (U4) at National
Synchrotron Radiation Lab (NSRL), China. The microwave dielectric
properties were measured using a network analyzer (8720ES,
Agilent, Palo Alto, CA) and a temperature chamber (Delta 9023,
Delta Design, Poway, CA). The temperature coefﬁcient of resonant
frequency (TCF) was measured in the temperature range from
25  Ce85  C. The TCF values were calculated by the following
equation:

2. Experimental

 
TCF tf ¼

The samples of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) were
synthesized using the conventional solid-state reaction method,
and the raw materials were Li2CO3 (99.99%), MgO (99%), TiO2
(99.84%) and Nb2O5 (99.5%). The MgO was calcined at 800  C for 2 h
to remove moisture retains. Then the mixed powders were ballmilled in a nylon jar with zirconia balls for 4 h using ethanol as a
medium. The mixtures calcined at 880  C for 2 h in air. After being
crushed, the calcined powders were re-milled with ethanol for 4 h
using a planetary mill, dried, and the as-dried powders were

fT  fT0
 106
fT0  ðT  T0 Þ

(1)

where, fT and fT0 represent resonant frequencies at temperatures T
and T0, respectively.
3. Results and discussion
XRD patterns of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35)
ceramic samples sintered at their optimal temperatures are presented in Fig. 1. It is seen that a monoclinic rock salt structured solid

Fig. 1. X-ray diffraction patterns of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics sintered at optimal temperatures.
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solution (space group: C2/c) was formed in the range 0.1  x  0.25.
As x value increased to 0.3, the crystal structure changed from
monoclinic to cubic rock salt structure, which is attributed to the
substitution of the larger ionic radius of (Mg1/3Nb2/3)4þ (0.667 Å,
CN ¼ 6) for smaller Ti4þ (0.605 Å, CN ¼ 6). With the increase of
substitution content, the intensity of the superlattice characteristic
reﬂection (002) decreased and almost become disordered rock-salt
structure when x  0.3, suggesting it undergoes an orderedisorder
phase transition.
To probe the phase transition in more detail, selected area
electron diffraction (SAED) patterns were performed. As shown in
Fig. 2a ~d, it can be observed that a phase transition from a
monoclinic phase to a cubic crystal occurred at x ¼ 0.25e0.3. In
addition, the extra superlattice reﬂections can also be clearly
observed in Fig. 2b ~ d, while not observed in Fig. 2e ~ f, indicating

that the order-disorder phase transition occurred at x ¼ 0.3. The
SAED patterns from the four compositions can be unambiguously
indexed according to the monoclinic model in the space group C2/c
(No. 15) whereas similar patterns taken along [001]c for x ¼ 0.3 and
0.35 can be indexed according to the cubic rock salt model (space
group Fm-3m, No. 225). The results of SAED patterns were in
excellent agreement with the XRD analysis. To further study the
structure of the samples, high-resolution transmission electron
microscopy (HRTEM) were employed along the same zone axis as
the SAED patterns. Fig. 2g ~ l shows the HRTEM of the Li2Ti1-x(Mg1/
3Nb2/3)xO3 (0.1  x  0.35) samples recorded along the [134]m,
[332]m, [210]m, [013]m, [001]c and [001]c zone axes, respectively.
The lattice fringes of samples display interplanar spacings in the
particle were matched well respectively with those corresponding
planes of the monoclinic and cubic rock salt type structure.

Fig. 2. (a, b, c, d) SAED patterns of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.25) with monoclinic phase viewed along the [134], [332], [210] and [013] zone axes, respectively. The scale
bars are 2 1/nm. (e, f) SAED patterns of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.3  x  0.35) with cubic phase recorded along the [001] zone axes. The scale bars are 2 1/nm. (g, h, i, j) HRTEM
images of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.25) with monoclinic phase viewed along the [134], [332], [210] and [013] zone axes, respectively. The structural models were superposed on the images. The scale bar are 2 nm. (k, l) HRTEM images of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.3  x  0.35) with cubic phase viewed along the [001] zone axe. The structural
models were superposed on the images (yellow balls denote the Li atomic columns and blue balls the oxygen columns). The scale bar are 2 nm.
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Structural models of a rock salt cell are superposed on the images
(yellow balls denote the Li atomic columns and blue balls oxygen
columns).
The scanning electron microscopy (SEM) analysis was carried
out to study the surface micro-morphology of the Li2Ti1-x(Mg1/
3Nb2/3)xO3 (0.1  x  0.35) samples. Fig. 3a ~ f shows the SEM
images of the samples sintered at optimal temperatures. It can be
seen that all samples have large grains with grain size and a
relatively ﬂat surface with little pores. In addition, it can be clearly
seen that the surface microstructure of samples with x  0.3 and
x < 0.3 are quite different from each other. This may be due to two
different phases (monoclinic and cubic phases). This result can
also further conﬁrm the existence of phase transition. Fig. 3g
shows the mean grain size of the Li2Ti1-x(Mg1/3Nb2/3)xO3
(0.1  x  0.35) ceramics sintered at optimal temperatures as a
function of x value. It can be seen that the mean grain size of the
cubic phase is larger that of the monoclinic phase. The average
grain size of the cubic phase is about 20 mm and the monoclinic
phase is about 17 mm.
Fig. 4 shows the mean grain size, density and microwave
dielectric properties of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35)
ceramics sintered at optimal temperatures as a function of x value.
It can be seen that the mean grain size increased with x value, and
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there is a sudden increase at x ¼ 0.3, which should be caused by the
phase transition. As show in Fig. 4b, the bulk density also increased
with x value. With increasing x value, the optimal sintering temperature ﬁrst increased and then remained stable, which indicates
that the sintering temperature of the cubic phase is higher than
that of the monoclinic phase. Microwave dielectric properties εr, Qf
and TCF of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics as a
function of x value are presented in Fig. 4c, d. As shown in Fig. 4c,
the εr of samples decreased from 21.0 to 18.6 as the x value is
increased from 0.1 to 0.35. The Qf of the samples increased ﬁrst
from 97,820 GHz to a maximum value (128,400 GHz) and then
decreased to 90,950 GHz with the further increase of x. Such a high
Qf value of the x ¼ 0.15 sample is closely related with its structure.
As we all know, superlattice in materials usually lead to excellent
properties [22e24]. As shown in Fig. 2, the extra superlattice reﬂections can be observed in compositions at 0.15  x  0.25. Hence,
the Qf values of these samples were higher than the others. On the
other hand, the Qf value is also related to the grain size. Comparing
the result shown in Fig. 4a, it can be seen that a higher Qf value can
be obtained when the average grain size is about 17 mm. The variation in TCF value versus x value presented a similar behavior to
that of permittivity. It is important to point out that a temperaturestable microwave dielectric ceramic can be obtained at x ¼ 0.25,

Fig. 3. (a ~ f) SEM images of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics sintered at optimal temperatures. (g) The mean grain size of the Li2Ti1-x(Mg1/3Nb2/3)xO3
(0.1  x  0.35) ceramics sintered at optimal temperatures as a function of x value.

372

H.-H. Guo et al. / Journal of Materiomics 4 (2018) 368e382

which indicates that the substitution of (Mg1/3Nb2/3)4þ for Ti4þ in
Li2TiO3 is an effective way to adjust TCF value to near zero. High
performance of microwave dielectric properties can be obtained in
the Li2Ti0.75(Mg1/3Nb2/3)0.25O3 ceramic sintered at 1170  C for 2 h,
with a εr ~19.6, a Qf ~109,770 GHz (at 7.7 GHz) and a TCF ~ þ
1.2 ppm/oC. In addition, its mean grain size and bulk density were
16.8 mm and 3.27 g/cm3, respectively.
Far-infrared reﬂectivity is a useful tool to investigate intrinsic
dielectric properties of microwave ceramics. Then the infrared
reﬂectivity spectra of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35)
ceramics were analyzed using a classical harmonic oscillator
model:

ε* ðuÞ  εð∞Þ ¼

n
X

 2 .
mj Vj ε0
zj e

j¼1

u2Tj  u2  jgj u

(2)

where, zj is the equivalent price of the jth vibration mode, mj is the
equivalent mass of the jth vibrational mode, Vj is the equivalent
unit volume of the jth vibrational mode, gj is the damping coefﬁcient of the jth vibrational mode, uTj is the angular frequency of the
transverse optical modes of the jth mode of vibration, and n is the
number of transverse phonon modes. The relation between complex reﬂectivity R(u) and dielectric constant can be written as
follows:


ﬃ2
1  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε* ðuÞ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RðuÞ ¼ 
1 þ ε* ðuÞ

(3)

The ﬁtted infrared reﬂectivity values and the complex

permittivities are shown in Fig. 5a ~ l. It is seen that all the calculated relative permittivity and dielectric loss values are matched
well with the measurements using the TE01d method, which indicates that the majority of the dielectric contribution for this
system at microwave region was attributed to the absorptions of
structural phonon oscillation at infrared region and very little
contribution from defect phonon scattering. In addition, as shown
in Fig. 5 m, the calculated dielectric constants decreased with the
increase of x value, which is consistent with the trend of the
measured dielectric constants as a function of x value (as shown in
Fig. 4c). Infrared reﬂectivity spectra of Li2Ti0.75(Mg1/3Nb2/3)0.25O3
were ﬁtted using eleven modes as shown in Fig. 5d, and the related
phonon parameters are listed in Table 1. According to theoretical
group analysis, there are thirty-six infrared-active modes including
seventeen Au and nineteen Bu modes. Hence, the number of ﬁtted
peaks is less than the number of theoretical peaks. Contributions
from each mode is listed as △εj in Table 1. The total contribution of
the ﬁrst two modes below 300 cm1 to the microwave permittivity
is ~ 8.46, and the optical permittivity calculated from the infrared
spectra is ~ 3.64. The measured and ﬁtted real and imaginary parts
of permittivity are plotted in Fig. 5j. The measured part matches
well with the ﬁtted values, which indicated that in the microwave
region, the dielectric polarization is mainly caused by phonon absorption in the infrared region. In addition, the ﬁtted permittivity
value is slightly lower than the measurement value in the microwave range. It can be attributed to the extrinsic loss affected by all
kinds of defects.
In order to better understand the structure of Li2Ti1-x(Mg1/3Nb2/
3)xO3 (0.1  x  0.35), Raman spectroscopic investigation was also
conducted. Raman spectroscopy is an effective method to analyze

Fig. 4. The mean grain size (a), density (b) and microwave dielectric properties εr, Qf (c) and TCF (d) of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics sintered at optimal
temperatures as a function of x value.
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Fig. 5. (a ~ f) Measured and calculated infrared reﬂectivity spectra of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics (solid line for ﬁtting values and circle for measured values).
(g ~ l) Fitted complex dielectric spectra of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics (square and circles are experimental in microwave region). (m) The ﬁtted real parts of
permittivity of the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics as a function of x value.
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Table 1
Phonon parameters obtained from the ﬁtting of the infrared reﬂectivity spectra of
Li2Ti0.75(Mg1/3Nb2/3)0.25O3 ceramic.
Mode

uoj

upj

gj

△εj

1
2
3
4
5
6
7
8
9
10
11
LTMN0.25

286.06
244.30
366.48
452.59
483.39
550.79
798.07
648.82
332.84
630.97
676.47
ε∞ ¼ 3.64

763.82
281.91
569.84
271.43
334.48
311.14
59.46
154.33
326.44
144.21
306.96

82.138
45.167
79.056
30.385
56.370
113.120
40.825
57.514
27.508
45.323
150.800
ε0¼17.56

7.1300
1.3300
2.4200
0.3600
0.4790
0.3190
0.0056
0.0566
0.9620
0.0522
0.2060

the vibration modes of structural units such as [TiO6] and [LiO6] and
it is complementary to infrared (IR) spectra. Pure Li2TiO3 belongs to
a monoclinic crystal structure (space group: C2/c) with a point
group C2h (2/m). Theoretical group analysis gives an irreducible
representation of the vibrational modes as follow:

Goptic ¼ 15Agþ17Auþ18Bgþ19Bu

(4)

The 15Ag, 18Bg modes are the Raman-active optical modes,
whereas the 17Au and 19Bu modes are infrared-active modes. In
order to observe the lattice vibrational modes, the Raman spectra of
Li2Ti0.9(Mg1/3Nb2/3)0.1O3 and Li2Ti0.65(Mg1/3Nb2/3)0.35O3 were ﬁtted
by the standard Gaussian-Lorentzian model. So that the speciﬁc
position information of the peaks can be obtained. The ﬁtted
Raman spectra are plotted in Fig. 6b, c as black solid lines. As shown
in Fig. 6a, the peak at 557 cm1 and 654 cm1 is attributed to Ti-O
stretching in TiO6 octahedra. The peaks at 412 and 479 cm1 are

due to Li-O stretching in LiO4 tetrahedra, while the peaks at 285,
340, and 394 cm1 are attributable to Li-O stretching in LiO6
octahedra, owing to the lithium occupies both octahedral and
tetrahedral positions in the Li2TiO3 structure. In addition, the intensity of characteristic peaks corresponding to the [TiO6] and
[LiO6] structural units in Raman spectrum gradually decrease as x
increases, which indicates that the combination of the [TiO6] octahedron and the [LiO6] octahedron in the interlayer are weak, and
the ordering of the atoms is destroyed with the increase of (Mg1/
4þ
substitution content, resulting in order-disorder phase
3Nb2/3)
transition.
It is important to note that a temperature-stable microwave
dielectric ceramic can be obtained at x ¼ 0.25, indicating that the
substitution of (Mg1/3Nb2/3)4þ for Ti4þ in Li2TiO3 is an effective
method to adjust TCF to near zero. Therefore, it is necessary to
study the Li2Ti0.75(Mg1/3Nb2/3)0.25O3 (LTMN0.25) in more detail.
First, in order to understand the thermal decomposition behavior of
the precursors, TGA and DSC analysis were employed. Fig. 7a as
black solid lines. As shown in Fig. 6a, the peak at 557 cm1 and
654 cm1 is attributed to Ti-O stretching in TiO6 octahedra. The
peaks at 412 and 479 cm1 are due t shows the TGA-DSC curves for
a synthesized (precursor) sample of LTMN0.25. It can be seen that
the formation of the LTMN0.25 occurs around 731  C. There are two
stages in mass losses of the material and then it becomes constant
from 731  C up to 1200  C. The major weight loss 25.2% occurs in
the single step between 472 and 731  C. Before reaching to 472  C,
the total weight loss is 2.6%. Weight loss in the range of 0  Ce250  C
was caused by water evaporation. When the temperature is higher
than 731  C, there is no obvious weight loss as seen from the TG
curve, indicating that the reaction tends to be complete and
LTMN0.25 completely crystallizes. As shown in the DSC curve, a
small endothermic peak appears in the temperature range of
0e250  C, which corresponding to the heat absorbed by water
evaporation. In the temperature range of 500e800  C, a large

Fig. 6. (a) Raman spectra of Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) ceramics sintered at optimal temperatures as a function of the x value. The experimental (circle) and calculated
(black solid line) Raman spectra of Li2Ti0.65(Mg1/3Nb2/3)0.35O3 (b) and Li2Ti0.9(Mg1/3Nb2/3)0.1O3 (c) ceramics sintered at optimal temperatures. (The short dot lines are the GaussianLorentzian mode ﬁtting).
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Fig. 7. (a) TGA-DSC curves of the as synthesized (precursor) sample of LTMN0.25. (b) The experimental (circle) and calculated (line) X-ray powder diffraction proﬁles for LTMN0.25
sample sintered at optimal temperatures (The short vertical lines below the patterns mark the positions of Bragg reﬂections. The bottom continuous line is the difference between
the observed and calculated intensity.). Insets are the schematic crystal structure of LTMN0.25.
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Table 2
Reﬁned atomic fractional coordinates from XRD data of the LTMN0.25 ceramic and
the cell parameters are a ¼ 5.0908 Å, b ¼ 8.8234 Å, c ¼ 9.7654 Å, and b ¼ 99.987
with a space group C2/c (No. 15).
Atom

Wyckoff position

x

y

z

Occ.

Li1
Li2
Li3
Ti1
Ti2
O1
O2
O3
Mg1
Mg2
Nb1
Nb2

8f
4d
4e
4e
4e
8f
8f
8f
4e
4e
4e
4e

0.2380
0.2500
0.0000
0.0000
0.0000
0.1410
0.1021
0.1380
0.0000
0.0000
0.0000
0.0000

0.0770
0.2500
0.0450
0.4121
0.7480
0.2652
0.5862
0.9061
0.4121
0.7480
0.4121
0.7480

0.0000
0.50000
0.2500
0.2500
0.2500
0.1380
0.1380
0.1350
0.2500
0.2500
0.2500
0.2500

1
1
1
0.75
0.75
1
1
1
0.083
0.083
0.167
0.167

endothermic peak appeared on the DSC curve, corresponding to the
heat absorbed by decomposition of Li2CO3 and the heat absorbed
by its decomposition products react with TiO2, MgO and Nb2O5.
There is a smaller exothermic peak in the temperature range of
800e1000  C, which corresponds to the process of adjusting the
lattice structure to release heat in the late stage of the reaction.
To study the crystal structure of x ¼ 0.25 composition in more
detail, reﬁnements were performed by using GSAS software based
on XRD data recorded on the powders (ground from ceramic sintered at 1170  C). The reﬁnement conﬁrmed that LTMN0.25 adopts a
monoclinic structure with a space group C2/c (No. 15). Measured
and calculated XRD patterns are presented in Fig. 7b. As listed in
Table 2, the reﬁned cell parameters are a ¼ 5.0908 Å, b ¼ 8.8234 Å,
c ¼ 9.7654 Å, and b ¼ 99.987 with a space group C2/c (No. 15) and
acceptable Rp ¼ 9.23%, Rwp ¼ 12.17% and Rexp ¼ 6.30% using the data
(ICSD #15150) reported by Dorrian as starting mode [4]. According
to the reﬁned structure data, there are three crystallographically
inequivalent Li positions, namely, Li(1), Li(2), and Li(3), occupying
8f, 4d, and 4e Wyckoff sites, respectively, and two inequivalent Ti
positions Ti(1) and Ti(2) on 4e sites, Mg and Nb are the same as Ti. A
schematic crystal structure of the LTMN0.25 unit cell is given in the
inset of Fig. 7b.
To further conﬁrm the LTMN0.25 structure, selected area electron
diffraction (SAED) patterns and high-resolution transmission
electron microscopy (HRTEM) analysis were employed. Fig. 8a, b as
black solid lines. As shown in Fig. 6a, the peak at 557 cm1 and
654 cm1 is attributed to Ti-O stretching in TiO6 octahedra. The
peaks at 412 and 479 cm1 are due t shows the SAED patterns of
LTMN0.25 viewed along the [1116] and [100] zone axes, respectively.
These results indicated that the LTMN0.25 belongs to monoclinic
structure. Furthermore, superlattice diffraction spots were
observed in both Fig. 8a and b. An electron diffraction spot corresponding to the superlattice feature plane (200) was also observed
in Fig. 8b, indicating that there is an ordered structure in the
LTMN0.25. To further understand the structure and atomic
arrangement of LTMN0.25, high-resolution transmission electron
microscopy (HRTEM) was performed. Fig. 8c, e, g shows a HRTEM
image of the LTMN0.25 sample recorded along the [134], [013] and
[301] zone axes, respectively. The insets are the SAED patterns with
the corresponding zone axes and a partial enlargement of HRTEM.
In order to understand the atomic arrangement of the spots
observed on the HRTEM images, the three-dimensional crystal
structure model of the LTMN0.25 was drawn using the reﬁned data.
Fig. 8d, f, h shows the LTMN0.25 crystal structure along the direction
of the corresponding zone axes. Then the structural models of a
LTMN0.25 unit cell are superposed on the images. It can be seen
from Fig. 8c ~ h that the corresponding SAED patterns, HRTEM and
crystal structure can be well matched for different zone axes, which

corresponds well with the reﬁned data discussed above. The results
of XRD, HRTEM, SAED patterns and simulated crystal structures are
in good agreement, which fully demonstrates that the LTMN0.25
belongs to the monoclinic structure with a space group C2/c (No.
15).
In order to study the effect of sintering temperature on microwave dielectric properties, LTMN0.25 samples were sintered at a
range of 1150e1190  C. Scanning electron microscopy (SEM) images
of the LTMN0.25 samples sintered at various temperatures are
shown in Fig. 9a ~ e. Very dense plate-like grains along with some
pores were observed for all samples. Fig. 9g ~ k shows statistical
histogram of grain size in the corresponding SEM images. It is seen
that there are many small grains in the sample sintered at 1150  C,
then the small grains are reduced as the temperature increase,
indicating the grains grow up gradually. When the sample was
sintered at 1190  C, some abnormally large grains appeared. As
shown in Fig. 9l, the mean grain size increases with sintering
temperature. In addition, it can also be seen that the bulk density
ﬁrst increases to a maximum value (3.27 g/cm1) as the sintering
temperature increases, and then showed a slight decrease. The
microwave εr and Qf of the LTMN0.25 ceramics as a function of
sintering temperature are shown in Fig. 9f. The trend of the
permittivity vs. the sintering temperature is quite similar to that of
the bulk density. Which indicated that the permittivity strongly
depended on the bulk density. The Qf value ﬁrst increases, reaching
a maximum of 109,770 GHz at 1170  C, which shows a dense and
ﬁne microstructure and then decreases as the sintering temperature increases.
In order to study the internal microstructure of the LTMN0.25
ceramic sintered at optimal temperature, SEM analysis was performed on the cross-section and the thermal etched surface.
Fig. 10a shows the cross-sectional image of the sample and some
pores were observed. In addition, the cleavage step can be observed
in the fractured morphology, indicating that the fracture way of the
LTMN0.25 ceramic is transgranular fracture, which means that the
grain boundary strength of the LTMN0.25 ceramic is higher than the
grain strength. Fig. 10b, c shows the SEM images of the thermal
etched cross-section and surface. Many small pores and clear grain
boundaries can be clearly observed from the SEM images. These
results indicate that it is difﬁcult to get rid of pores from the
LTMN0.25 ceramic sintered in an air atmosphere. In order to reduce
the porosity, we tried to sinter the LTMN0.25 ceramic by burying.
The schematic diagram of this method is shown in Fig. 10e. After
the treatment of this method, dense microstructure with less pores
can be observed in Fig. 10d, which indicated that this method can
reduce the pores in LTMN0.25 ceramic effectively. In addition, in
order to study the content and distribution of various elements in
LTMN0.25 ceramic, EDS elemental mapping analysis was performed.
The EDS results shown in Fig. 10f conﬁrm the presence of Ti, Mg, Nb,
O elements in the LTMN0.25 ceramic and the ratio of the elements
can be calculated according to the content of each element shown
in the inset as Ti: Mg: Nb: O ¼ 9.5: 1: 2: 37.5, which is consistent
with the theoretical ratio of LTMN0.25. Furthermore, the elemental
mapping of LTMN0.25 ceramics are shown in Fig. 10h ~ l. It is seen
that the content of Mg and Nb is less, while the content of O is the
most. In addition, the distribution of each element is relatively
uniform with no obvious enrichment phenomenon.
Surface analysis of the LTMN0.25 ceramic was carried out using
X-ray photoelectron spectroscopy (Fig. 11). All peaks were calibrated with respect to the C 1s peak at 284.8 eV. As shown in
Fig. 11a, it is seen that LTMN0.25 contained Li, Ti, Mg, Nb, O. This
result proves the existence of Li element, which makes up for the
shortcoming that EDS analysis cannot identify Li element signal.
The peak at 54.8 eV are assigned to Li 1s of Liþ [25], and the peak
located at 1303.9 eV are assigned to Mg 1s of Mg2þ [26]. XPS signals
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Fig. 8. (a, b) SAED patterns of Li2Ti0.75(Mg1/3Nb2/3)0.25O3 viewed along the [1116] and [100] zone axes, respectively. (c, d) HRTEM and crystal structure of Li2Ti0.75(Mg1/3Nb2/3)0.25O3
viewed along the [134] zone axes. The insets are the SAED patterns with the corresponding zone axes and a partial enlargement of HRTEM. The scale bar is 2 1/nm. (e, f) HRTEM and
crystal structure of Li2Ti0.75(Mg1/3Nb2/3)0.25O3 viewed along the [013] zone axes. The insets are the SAED patterns with the corresponding zone axes and a partial enlargement of
HRTEM. The scale bar is 2 1/nm. (g, h) HRTEM and crystal structure of Li2Ti0.75(Mg1/3Nb2/3)0.25O3 viewed along the [301] zone axes. The insets are the SAED patterns with the
corresponding zone axes and a partial enlargement of HRTEM. The scale bar is 2 1/nm.
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Fig. 9. (a ~ e) SEM images of the LTMN0.25 ceramics sintered at various temperatures. (f) εr and Qf values of the LTMN0.25 ceramics sintered at various temperatures for 2 h. (g ~ k)
Statistical histogram of grain size in the SEM images. (l) Variation of bulk density and mean grain size as a function of sintering temperature.
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Fig. 10. (a) SEM images of fractured surface of LTMN0.25 ceramic sintered at optimal temperatures. (b) SEM images of thermally etched cross-section of LTMN0.25 ceramic sintered at
optimal temperatures. (c) SEM images of thermally etched surface of LTMN0.25 ceramic sintered at optimal temperatures. (d) SEM images of as-ﬁred surface of LTMN0.25 ceramic
sintered at optimal temperatures after the treatment by burying method. (e) Schematic representation of the LTMN0.25 placement for providing ZrO2-burying protective atmosphere
and Li-rich atmosphere. (f, g) The EDS analysis and backscattered electron micrograph of LTMN0.25 ceramic sintered at optimal temperatures. The inset in f is a pie chart with
elemental content. (h ~ l) The elemental-mapping images of mix, Ti, Mg, Nb and O of the selected area in the (g) image. Scale bar: 20 mm.
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Fig. 11. XPS spectra of LTMN0.25 ceramic with (a) the survey spectrum and high-resolution spectra of (b) Li 1s, (c) Ti 2p, (d) Mg 1s and (d) Nb 3d. (all peaks have been calibrated with
respect to the C 1s peak at 284.8 eV).
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from Ti 2p can be found at binding energies of 458.2 eV (2p3/2) and
463.9 eV (2p1/2), with a doublet splitting of 5.7 eV, consistent with
the Ti 2p spinorbit, which can be assigned to Ti4þ [27,28]. The Nb
3d spectrum exhibits two contributions, 3d5/2 and 3d3/2 (resulting
from the spineorbit splitting) located at 206.6 and 209.4 eV,
respectively, which can be assigned to Nb5þ [29].

[11]
[12]
[13]

4. Conclusions

[14]

In the Li2Ti1-x(Mg1/3Nb2/3)xO3 (0.1  x  0.35) solid solutions, we
found that a monoclinic rock salt structure solid solution was
formed in the range of 0.1  x  0.25. A phase transition occurred at
x  0.3, changing from monoclinic to cubic phase, and an orderdisorder phase transition also occurred. As x increased from 0.1
to 0.35, the microwave permittivity (εr) and temperature coefﬁcient
of resonant frequency (TCF) of Li2Ti1-x(Mg1/3Nb2/3)xO3 ceramics
decreased linearly from 21.0 to 18.6, þ27.1 to 19.4 ppm/ C,
respectively. High performance of microwave dielectric properties
is obtained when x ¼ 0.25 with a εr ~19.6, a Qf ~109,770 GHz (at
7.7 GHz) and a near zero TCF ~ þ1.2 ppm/oC. It is demonstrated that
a temperature-stable microwave dielectric ceramics can be obtained by the substitution of (Mg1/3Nb2/3)4þ for Ti4þ in Li2TiO3.
Therefore, we conclude that the substitution of (Mg1/3Nb2/3)4þ for
Ti4þ is an effective way to adjust the TCF value of Li2TiO3 to near
zero and to improve the Qf value greatly.

[15]
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