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ABSTRACT

A new rock-salt type compound, namely Li3MgNbO5, was synthesized using

traditional two-step sintering process for the first time. The products were

characterized by X-ray diffraction (XRD), transmission electron microscopy

(TEM), scanning electron microscopy (SEM), and thermal dilatometer and net-

work analyzer. The Li3MgNbO5 ceramic sintered at 1260 �C adopted a cubic

structure with Fm-3 m space group and exhibited excellent microwave dielec-

tric properties (MDPs) of er = 16.2, Q 9 f = 96796 GHz, and TCF = - 24.8

ppm/�C. The fitting results of the infrared spectrum indicated that the dielectric

polarization of Li3MgNbO5 in microwave frequency band was contributed by

phonon absorption in infrared band. Furthermore, the negative TCF value of

Li3MgNbO5 ceramic was compensated with a traditional TCF compen-

sator * CaTiO3. A near-zero TCF value of ? 1.2 ppm/�C was achieved in the

composite 0.96Li3MgNbO5–0.04CaTiO3 ceramics with er = 18.4 and high Q 9

f = 86625 GHz, exhibiting a great potential to be applied in microelectronics

systems.

Introduction

Dielectric ceramics with excellent combination of

dielectric properties making them suitable for appli-

cations in microwave communication systems as

resonators, filters, and antenna substrates have been

extensively studied in the last half century [1–3]. For

applications, dielectric ceramics require a low

dielectric loss or high quality factor (Q 9 f), a near-

zero temperature coefficient of resonant frequency

(TCF), and an appropriate relative permittivity (er).
With the advancement of wireless communication
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toward high-frequency microwave and millimeter

wave range, higher Q microwave ceramics are

strongly desired [4, 5]. Some low-loss dielectric

ceramics, such as Al2O3, Mg2SiO4, Ba(Mg1/3Ta2/3)O3,

and Ba(Zn1/3Ta2/3)O3, have been applied in micro-

electronics systems over the past decades [6–9].

However, the issues of high sintering temperature

([ 1300 �C) and expensive raw materials (Ta2O5) are

not enabling the long-term commercialization of

these dielectrics. Therefore, it becomes of greater

interest to develop microwave dielectric ceramics

which are nontoxic, low cost combined with high

Q values.

In recent years, the Li2O–MgO–TiO2 ternary sys-

tem microwave dielectric materials with cubic rock-

salt structure have gained considerable attentions

owing to their high Q values and low cost [10–18].

Such ternary rock-salt type compounds can be, in

fact, considered as solid solutions formed by Li2TiO3–

MgO. In 1979, A.R. West disclosed a phase transition

from monoclinic Li2TiO3 phase to cubic MgO phase

when x was beyond 0.4 in (1 - x)Li2TiO3–xMgO

system [19]. Afterward, a series of MgO-type solid

solution [(MgO)ss] materials with Fm-3 m space

group were reported, such as Li2MgTiO4 (0.5Li2-
TiO3 ? 0.5MgO), Li4Mg3Ti2O9 (0.4Li2TiO3-

? 0.6MgO), Li2Mg2TiO5 (1/3Li2TiO3 ? 2/3MgO),

Li6Mg7Ti3O16 (0.3Li2TiO3 ? 0.7MgO), Li2Mg3TiO6

(0.25Li2TiO3 ? 0.75MgO), Li2Mg4TiO7 (0.2Li2TiO3-

? 0.8MgO) [11–16]. Of special note is that at least

49.6% increase in Q 9 f values for the (MgO)ss

mentioned above than that of pure Li2TiO3 ceramic.

The reason may lie in the fact that the microcrack and

(001) cleavage plane disappeared as (MgO)ss formed,

leading to a significant reduction in dielectric loss

[20]. The similar results were also found in Li2SnO3–

MgO and Li2ZrO3–MgO systems [21–24].

Li3NbO4 belongs to a cubic rock-salt structure with

I-43 m space group, which possessed a good MDPs of

er = 16.4, Q 9 f = 47179, sf = - 45 ppm/�C [25].

Hence, a wide range of solid solutions would be

expected in Li3NbO4–MgO system due to their same

crystal structure and similar ionic radii of Li?

(0.76 Å), Mg2? (0.72 Å), and Nb5? (0.64 Å). Bian et al.

have studied the structural evolution and MDPs of

Li3-3xMg4xNb1-xO4 system, with a crystal symmetry

transition from order cubic (I-43 m) to disorder cubic

phase (Fm-3 m) when 0.01 B x\ 1/3; in the mean-

while, an intermediate compound of Li3Mg2NbO6

with orthorhombic structure formed at x = 1/3

composition [26]. In the present work, a novel Li3-
MgNbO5 (0.5Li3NbO4 ? 0.5MgO) solid solution

ceramic was designed and prepared via solid-state

sintering route. Crystal structure and MDPs were

evaluated together with its microstructure. Moreover,

infrared reflectivity spectroscopy has been conducted

to investigate their eigen dielectric properties.

Experimental procedures

Using conventional solid-state sintering process, Li3-
MgNbO5 ceramic was fabricated from high-purity

starting materials of Li2CO3 (99.99%), MgO (99.99%),

and Nb2O5 (99.99%). Details of processing procedure

are similar with our previous works [27]. Attention

should be paid to the fact that the MgO has hygro-

scopic property and must be calcined at 900 �C for

2 h before weighing. The mixed raw materials were

calcined at 1000 �C for 2 h, and the samples were

sintered at 1200–1280 �C for 4 h. The phase purity of

Li3MgNbO5 was examined using an X-ray powder

diffraction (Panalytical X’pert Pro diffractometer with

Cu Ka radiation). Rietveld refinement was performed

using Fullprof software based on the XRD slow scan

data. High-resolution transmission electron micro-

scope (HRTEM) images and selected area electron

diffraction (SAED) patterns were collected with a

JEM-2100F TEM at a working voltage of 200 kV.

Microstructures of the polished and thermally etched

surfaces of the samples were observed by scanning

electron microscope (Model JSM6380-LV SEM, JEOL,

Japan), and energy-dispersive spectrometer (EDS)

was used to conduct microstructure analysis. The

densities of the ceramics were determined using the

Archimedes method. The linear coefficient of thermal

expansion (aL) of the ceramics was evaluated by a

NETZSCH DIL402C thermal dilatometer. The tem-

perature-dependent dielectric characteristics was

measured by an Agilent 4294A precision impedance

analyzer equipped with a temperature controller.

Room-temperature infrared reflectivity spectrum was

recorded using a Bruker IFS 66v FTIR spectrometer

on Infrared beamline station (U4) at National Syn-

chrotron Radiation Lab. (NSRL), China. The micro-

wave dielectric properties were measured by an

Agilent N5230A network analyzer equipped with a

Delta 9039 oven. And the TCF values were calculated

using the following formula:
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TCF ¼ Df
f0ðT2 � T1Þ

ð1Þ

here Df = f2 - f1, f2 and f1 were the resonant fre-

quencies at the temperature of T2 and T1,

respectively.

Results and discussions

XRD patterns of Li3MgNbO5 ceramics sintered at

different temperatures are illustrated in Fig. 1a. A

rock-salt phase with Fm-3 m space group was

indexed according to the standard pattern of MgO

phase (JCPDS PDF#01-1235), and no evidence of a

secondary phase throughout the temperature range.

This results indicated that Li and Nb ions diffused

into the crystal lattices, forming the solid solutions of

which the substitution mechanism could be consid-

ered as Li? ? Nb5? ? 3Mg2?. In addition, the main

peak (200) shifted toward lower angle with

increasing sintering temperature, indicating the

increase in lattice parameters based on the Bragg

equation. The evolution of lattice parameters and cell

volume of Li3MgNbO5 ceramics sintered at different

temperatures are listed in Table 1.

Measured and calculated X-ray powder diffraction

profiles of the Li3MgNbO5 samples sintered at

1260 �C are presented in Fig. 1b: a = b = c = 4.2138(3)

Å, a = b = c = 90� and Vm = 74.8207(8) Å3 (Rp-

= 6.13%, Rwp = 8.09%, v2 = 2.42). The reliable results

of Rietveld refinement supported that Li3MgNbO5

adopted a cubic structure with a space group Fm-3 m

(No. 225). Table 2 lists the refined atomic fractional

coordinates from XRD data. A schematic of the

crystal structure of Li3MgNbO5 is depicted in Fig. 1d,

which can be observed that the Li/Mg/Nb cations

occupying 4a Wyckoff position and connecting with

the adjacent six O anions. The regular octahedrons

coordinated for both cations and anions are edge

shared through three-dimensional network. The

high-resolution images and SAED patterns (inset)

Figure 1 a XRD patterns of Li3MgNbO5 ceramics sintered at various temperatures; b Rietveld refinement of sample sintered at 1260 �C;
c SAED pattern and HRTEM images of Li3MgNbO5 sample sintered at 1260 �C; and d schematic of the crystal structure for Li3MgNbO5.
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were recorded along the [111] zone axis to analyze

the structure of Li3MgNbO5 ceramic (Fig. 1c). The

SEAD patterns display regular and bright diffraction

spots, which could be ideally indexed based on the

face-centered cubic structure with Fm-3 m space

group. The characteristic spacings of the (0–22) and

(2–20) lattice fringes are 1.52 Å and 1.50 Å, respec-

tively, which is in perfectly agreement with SEAD

patterns and XRD data.

Figure 2 demonstrates the SEM images of polished

and thermally etched surfaces and the average grain

size (AGS) of Li3MgNbO5 ceramics as a function of

sintering temperature. Many intergranular pores are

observed in Fig. 2a and b, which was mainly ascribed

to the relatively low sintering temperature, resulting

in grain growth insufficient. With the elevation of

sintering temperature, the porosity decreased and

grain size increased obviously. A relatively few pores

and homogeneous microstructure with an AGS of

26.42 lm were obtained in the sample sintered at

1260 �C for 4 h, which was consistent with that of the

maximum value of relative density. As the tempera-

ture continue to rise, however, abnormal grain

growth (AGS:40.14 lm) is observed in Fig. 2e. The

reason for this phenomenon may be that the sintering

temperature is too high, yielding a large driving force

for grain boundary migration, causing some grain

boundaries to fuse each other, and forming an

abnormal large grain [28, 29].

The changes in bulk density and relative density of

the Li3MgNbO5 ceramics with sintering temperature

are shown in Fig. 3a. The bulk density increased with

the increase in temperature, but decreased when the

temperature exceeded 1260 �C and then saturated

around 3.48 g/cm3 with a relative density of 95.4%,

which was related to the grains growth and the

decrease in pores as shown in Fig. 2a–d. The relative

density showed a downward trend when tempera-

ture increased to 1280 �C, ascribing to the pores in

some grain boundaries coated inside larger grains

during grain boundary quick migration [28, 29].

Figure 3b shows the variations in er and ecorr of

Li3MgNbO5 ceramics with temperature ranging from

1200 to 1280 �C. In general, er value is related to rel-

ative density and dielectric polarizability and grain

boundary [30]. In this study, the er values of Li3-
MgNbO5 ceramics gradually increased with the

increase in grain size. The grain size increased, and

the grain boundary decreased. Owing to the low

dielectric constant of the grain boundary, the dielec-

tric constant of the sample increased with the

decrease in grain boundary [31]. And the subsequent

slight decline in er might be attributed to the abnor-

mal growth of grains. The variation in er was similar

to that of relative density, meaning that the densifi-

cation level played a dominate role in er. ecorr was

calculated using Eq. (2), and the formula is as follows

[32]:

ecorr ¼ emeað1þ 1:5PÞ ð2Þ

where P refers to the fractional porosity. Correction

of the relative permittivity excludes the effect of

pores on it, which is basically stable around 17,

higher than the measured value. In addition, the

theoretical value of relative permittivity (eth) can be

obtained using the Shannon’s additive rule and the

Clausius–Mossotti equation [33, 34]:

aðLi3MgNbO5Þ ¼ 3aðLiþÞ þ aðMg2þÞ þ aðNb5þÞ
þ 5aðO2�Þ ð3Þ

Table 1 Lattice parameters, unit cell volume, reliability factors,

and goodness-of-fit indicator of Li3MgNbO5 ceramics sintered at

different temperatures

S.T. (�C) a = b = c (Å) Vm (Å3) Rp (%) Rwp (%) v2

1200 4.2101 (8) 74.6283 (2) 4.15 6.89 2.25

1220 4.2111 (0) 74.6806 (7) 3.14 8.23 2.12

1240 4.2119 (5) 74.7214 (4) 6.01 7.67 3.13

1260 4.2138 (3) 74.8207 (6) 6.13 8.09 2.42

1280 4.2147 (6) 74.8742 (8) 5.12 7.64 1.98

Table 2 Information of

atomic space occupying for

cubic Li3MgNbO5 ceramic

Atom Wyckoff position Occupancy x y z Biso

Li 4a 0.6000 0.0000 0.0000 0.0000 0.38007

Mg 4a 0.2000 0.0000 0.0000 0.0000 0.38007

Nb 4a 0.2000 0.0000 0.0000 0.0000 0.38007

O 4b 1.0000 0.5000 0.5000 0.5000 0.84801
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eth ¼
3Vm þ 8pa
3Vm � 4pa

ð4Þ where the ionic polarization was set as 1.20 Å3 for

Li?, 1.32 Å3 for Mg2?, 3.97 Å3 for Nb5? and 2.01 Å3

for O2-, respectively, and Vm represented cell

Figure 2 SEM images and the grain size distributions of Li3MgNbO5 ceramics sintered at different temperatures for 4 h (a–

e corresponding to 1200–1280 �C); f average grain size of Li3MgNbO5 ceramics as a function of sintering temperatures.

Figure 3 a Bulk density and relative density; b relative permittivity (er and ecorr); c quality factor; and d temperature coefficient of

resonance frequency (TCF) of Li3MgNbO5 ceramics sintered at 1200–1280 �C for 4 h.
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volume. The theoretical value was equal to 17.77

according to Eqs. (3) and (4), which was comparable

to the corrected value. The rise in Q 9 f values from

81658 GHz to 96796 GHz was mainly attributed to

the improvement in the densification level for Li3-
MgNbO5 ceramics sintered at 1200 * 1260 �C.
However, a sharp drop in Q 9 f value when tem-

perature increased to 1280 �C might be related to the

abnormal grain growth, as demonstrated in Fig. 2f,

and the AGS surged up from 26.42 to 40.14 lm.

As illustrated in Fig. 3d, the TCF values of Li3-
MgNbO5 ceramics were insensitive to sintering tem-

perature and presented a fluctuation at

about - 25 ppm/�C. As is well known, the TCF is

closely related to the linear thermal expansion coef-

ficient (aL) and the temperature coefficient of relative

permittivity (se), which is defined as follows [35]:

TCF ¼ �ðaL þ
1

2
seÞ ð6Þ

Figure 4a presents the thermal expansion curve of

Li3MgNbO5 ceramic in the range of 25–300 �C. The aL
values is ? 4.4 ppm/�C between 25 and 85 �C.
Hence, the TCF value is mainly controlled by se
value. Temperature dependence of relative permit-

tivity at four different frequencies is illustrated in

Fig. 4b. The inset of Fig. 4b gives the enlarged profile

at 25–85 �C measured at 1 MHz, yielding a se value
of ? 76.2 ppm/�C. According to Eq. (6), the calcu-

lated TCF value was - 42.5 ppm/�C, which was

nearly 70% higher than that of measured value at

microwave frequency. Besides, it was worth noting

that the value of relative permittivity around 18.4

measured at 1 MHz was comparable to the measured

value (16.2), which might be due to the dominant role

of ion polarization at both frequencies.

It is well known that intrinsic dielectric properties

can be predicted, which obtained from the infrared

reflectivity spectra extrapolated to the microwave

region based on K–K relationship [36]. The infrared

reflectivity spectra were analyzed by the classical

harmonic oscillator model, the formula as follows

[37]:

e�ðxÞ � e1 ¼
Xn

j¼1

x2
pj

x2
oj � x2 � jxcj

ð7Þ

where e? is the dielectric constant caused by the

electronic polarization at high frequencies, cj, xoj, and

xpj are the damping coefficient, the transverse

frequency and plasma frequency of the jth Lorenz

oscillator, respectively, and n is the number of

transverse phonon modes. The complex reflectivity

R(x) can be written as:

RðxÞ ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffi
e�ðxÞ

p

1þ
ffiffiffiffiffiffiffiffiffiffiffi
e�ðxÞ

p
�����

�����

2

ð8Þ

Measured and fitted infrared reflectivity spectra

and the real and imaginary parts of complex dielec-

tric response of Li3MgNbO5 ceramics are given in

Fig. 5, and the relevant phonon parameters are listed

in Table 3. As shown in Fig. 5, the measured values of

real and imaginary part of permittivity (correspond-

ing to the blue box and purple circle, respectively)

using the TE01d method are quite close to that of the

both extrapolated values from fitting data of far

infrared. Therefore, it can be concluded that in the

microwave region, the polarization of Li3MgNbO5

Figure 4 a Thermal expansion curve in the temperature range

25 * 300 �C of Li3MgNbO5 sintered at 1280 �C and

b dependence of relative permittivity on temperature at four

different frequencies (1 kHz, 10 kHz, 100 kHz, and 1 MHz).
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ceramic was mainly caused by photon absorption in

the infrared region.

From the perspective of the application, a near-zero

TCF value is indispensable, which can eliminate the

temperature drift of the resonant frequency charac-

teristic of the dielectrics. In the current work, the

traditional positive TCF compensator of CaTiO3 was

selected to counteract the negative TCF value of Li3-
MgNbO5 ceramic. Figure 6 shows the X-ray diffrac-

tion patterns, BSE image, and EDS analysis results of

0.96Li3MgNbO5–0.04CaTiO3 ceramics sintered at

1260 �C. The independent diffraction peaks of Li3-
MgNbO5 and CaTiO3 and grains with different grays

(the marked darker grains belonged to CaTiO3) could

be found in XRD and BSE results, suggesting no

chemical reaction between them. Table 4 lists the

microwave dielectric properties of composite

(1 - x)Li3MgNbO5–xCaTiO3 ceramics. A near-zero

TCF value of ? 1.2 ppm/�C associated with an er of
18.4 and Q 9 f value of 86625 GHz was achieved for

composite 0.96Li3MgNbO5–0.04CaTiO3 ceramics sin-

tered at 1260 �C.
Plot of Q 9 f versus er of Li3MgNbO5 ceramic and

recently reported representative solid solutions

ceramics with cubic rock-salt structured is displayed

in Fig. 7 [11–24, 38–44]. The characteristics of these

ceramics are low er and high Q 9 f value. Among

them, except for the Li2AO3–BO (A = Mg, Zn, Ni;

B = Ti, Sn, Zr) system mentioned in the part of

introduction, it is worth noting that some low-firing

oxyfluoride microwave dielectric materials such as

Li5Ti2O6F, Li7Ti3O9F, and Li3.1W0.7F0.3O3.5 have

recently studied in Li2TiO3–LiF, and Li4WO5–LiF

systems, which exhibited great potential for LTCC

applications [42–44].

Conclusions

In this work, a novel rock-salt type Li3MgNbO5

ceramic was fabricated through the solid-state sin-

tering route. Rietveld refinements, SEAD pattern, and

HRTEM confirmed that Li3MgNbO5 crystallized in

the cubic rock-salt structure with Fm-3 m space

group. The evolution of microstructures was consis-

tent with the change trend of relative density and

MDPs. Optimum MDPs with er of 16.2, Q 9 f of

96796 GHz, and TCF value of - 24.8 ppm/�C were

obtained at 1260 �C/4 h for Li3MgNbO5 ceramic. The

fitting results of the infrared reflectivity spectra were

very close to the measured ones. Lastly, the temper-

ature stability of ceramics was counteracted by

CaTiO3 and the resultant 0.96Li3MgNbO5–

0.04CaTiO3 possessed a satisfactory comprehensive

dielectric performance (er = 18.4, Q 9 f = 86625 GHz,

and TCF = ? 1.2 ppm/�C).
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