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Mechanism of ionic polarizability, bond valence,
and crystal structure on the microwave dielectric
properties of disordered Li10MTi13O32

(M = Zn, Mg) spinels†

Ying Tang,*a Mu Li,b Huaicheng Xiang, *a Jie Li,b Yuandong Qind and
Liang Fangbc

The influence mechanism of the microwave dielectric properties of disordered spinels (Fd %3m)

Li10MTi13O32 (M = Zn, Mg) was investigated via Rietveld structural refinement, ionic polarizability, bond

valence, P–V–L theory, Raman spectroscopy, and DC conductivity. For Li10ZnTi13O32 and Li10MgTi13O32,

promising microwave dielectric properties of er = 28.23 � 0.3 and 29.23 � 0.3, Q � f = 35 800 �
500 GHz and 32 100 � 500 GHz (at B7.5 GHz), and tf = �17.06 � 2.0 ppm per 1C and �11.05 �
2.0 ppm per 1C, respectively, were obtained at 980 1C. Bond valences reveal that almost all cations are

rattling, weakening the bond strengths and widening the molecular dielectric polarizability. The expan-

sion structures also result in tf values closer to zero and lower Q � f values. The bond ionicity and lat-

tice energy of the Ti–O bonds are much greater than those of other bonds, indicating that the Ti–O

bond is a major contributor to er and Q � f. Moreover, the DC conductivity clarified that the Q � f

values of the disordered spinels Li10ZnTi13O32 and Li10MgTi13O32 are not as high as other ordered spinels

because of the transport of Li+ ions in their structures.

1. Introduction

From 1G to 5G (the fifth generation mobile network), mobile
communications are constantly expanding towards higher fre-
quency bands (microwave, millimeter wave and centimeter
wave) to increase speed and capacity, which is inseparable
from the support of microwave dielectric ceramic materials.
Microwave dielectric ceramics for 5G applications need to have
a low relative permittivity (er) for modulating signal delay, a
high quality factor (Q � f) to suppress signal attenuation, and a
near-zero temperature coefficient of resonance frequency (tf) to
ensure device stability in high-temperature environments.1–6

Microwave dielectric ceramics with a spinel structure
(AB2O4), such as MgAl2O4,7–9 and Mg2TiO4,10 have been reported

to possess a relatively low er and a high Q � f. In order to
overcome the high sintering temperature, tf is not close to zero
for traditional spinels, so a large number of Li-containing
spinels have been reported, such as Li2ATi3O8 (A = Zn,
Mg),11,12 LiGa5O8,13,14 Li2Zn3Ti4O12,15 and Li4Ti5O12.16–18 Con-
cerning the Li2O–AO–TiO2 (A = Zn, Mg) systems, recent studies
have focused on the characterization and microwave dielectric
properties of two ordered ceramics of Li2ZnTi3O8 (er = 25.6–26.2,
Q � f = 62 000–72 000 GHz, and tf = �15 to �11.2 ppm per 1C)
and Li2MgTi3O8 (er = 20.2, Q � f = 42 000 GHz, and tf =
+3.2 ppm per 1C), but the microwave dielectric properties of
disordered spinel ceramics have rarely been reported. For
ordered Li-containing spinels, Li4b and Ti12d at the octahedral
sites were arranged spontaneously into 1 : 3 cation ordering (i.e.,
[Li0.5Zn0.5]tet[Li0.5Ti1.5]octO4 and [Li0.55Mg0.45]tet[(Li0.45Mg0.05)-
Ti1.5]octO4) with a space group of P4332. The spinel-structured
Li2MM0

3O8 (M = Mg, Co, Ni, Zn; M0 = Ti, Ge) ceramics with an
ordered spinel structure (P4332) have been reported to possess a
relative er of 10.5–28.9, a Q � f of 47 400–160 000 GHz, and a tf

of �63.9 to +7.4 ppm per 1C.19–25

Recently, we found an interesting phenomenon in the ordered
spinels Li1.33xA2�2xTi1+0.67xO4 (x = 0.5625; A = Zn, Mg),26 namely, a
large positive deviation [Der = (er(corr)–er(C–M))/er(C–M) = 16–91%]
between the porosity-corrected permittivity er(corr) and the calcu-
lated er(C–M) using the Clausius–Mossotti (C–M) equation, which
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might be related to the combined effect of the rattling and the
compressed cations at the A and B sites, which was mutually
verified in garnet and zircon systems,27–30 thus establishing the
interaction mechanism of bond length, polarization, permittivity,
and tf.

Hernandez et al.31 discovered that Li1.33xZn2�2xTi1+0.67xO4

spinels undergo two order–disorder transitions to the interval
of x = [0–1], where x r 0.5 is the disordered face-centered cubic
phase (Fd%3m), 0.5 o x o 0.9 is the ordered primitive cubic
phase (P4332), and when x is beyond 0.9, it becomes face-
centered cubic again. And a similar phenomenon occurs in
magnesium analogs.32 The different cation occupation is the
main reason for the order and disorder changes in the spinel
structure. In the disordered structure, there is only one kind of
regular octahedron (16d) and one tetrahedron (8a), compared
with the two octahedra (4b, 12d) and one tetrahedron (8c) in the
ordered structure. The disordered structure is simpler and
more conducive to studying the influence of the bond length,
bond valence, and polarization on the microwave dielectric
properties.

In this paper, we focus on the disordered compositions
Li10MTi13O32 (M = Zn, Mg) with x = 0.9375 in Li1.33xM2�2x-

Ti1+0.67xO4 spinels. It is a Z = 1 structure located between
the disorder x = 0.9 and x = 1 (Li4Ti5O12, er = 30.1,
Q � f = 29 530 GHz, tf = �15 ppm per 1C).13 The main aim of this
work is to investigate the effects of the bond length, bond valence,
ionic dielectric polarizability, structural stability, and rattling and
compressed cations on the microwave dielectric properties (er, tf,
and Q � f ) both theoretically and experimentally.

2. Experimental procedure

Li10MTi13O32 (M = Zn, Mg) ceramics were prepared via a solid-
state reaction using high-purity (499.99%) Li2CO3, ZnO, MgO,
and TiO2 (rutile) powders as raw materials. Before weighing, the
MgO, ZnO, and TiO2 powders were calcined to remove any
moisture (900 1C/2 h). The raw materials were ground using a
ball mill for 6 h, the powder was calcined at 800 1C for 4 h, and
then it was ball milled once with a 5 wt% PVA binder. The
obtained powder was uniaxially pressed into cylinders with a
diameter of 10 mm and a height of 5 mm at a pressure of
150 MPa. Subsequently, the samples were heated from room
temperature to 550 1C for 4 h to burn off the organic binder and
then sintered at 940–1020 1C for 4 h with a temperature-
ramping rate of 5 1C min�1.

The phase purity and crystal structure of the Li10MTi13O32

(M = Zn, Mg) ceramics were identified via a powder X-ray
diffractometer (X’Pert PRO). Scanning electron microscopy
(SEM; S4800, Hitachi) was used to observe the grain growth
of the Li10MTi13O32 (M = Zn, Mg) ceramics after polishing and
thermal etching (below the sintering temperature of 50 1C for
30 min). The average grain size of the Li10MTi13O32 (M = Zn,
Mg) ceramics was evaluated using Nano Measurer software.
The densities of the sintered ceramics were determined using
the Archimedes principle. The Raman spectra of the ceramics

were collected using a Raman spectrometer (Thermo Fisher
Scientific) with a 532 nm laser. Impedance spectroscopy was
carried out using an impedance analyzer (4291A, Agilent,
America), and DC conductivity testing was performed using a
high-temperature resistivity test system (RMS-1000I, Partulab,
China) at selected temperatures. The er, dielectric loss
(tan d = 1/Q), and resonant frequency ( f ) were determined
using the Hakki–Coleman method using a network analyzer
(N5230A, Agilent, America) (ESI†). The drift of the f and er (i.e.,
tf and te) were calculated as follows:

tf ¼
f2 � f1

f1 � T2 � T1ð Þ (1)

te ¼
er2 � er1

er1 � ðT2 � T1Þ
(2)

where f1 and f2 represent the resonant frequency at T1 and T2,
respectively.

3. Results and discussion

Fig. 1a shows the XRD patterns of the Li10ZnTi13O32 and
Li10MgTi13O32 ceramics sintered at 980 1C, respectively. The
diffraction peaks of Li10MTi13O32 (M = Zn, Mg) were well
indexed with the disordered spinel Li4Ti5O12 phase (PDF#49-
0207). Then, Rietveld structural refinements were carried out
on Li10MTi13O32 (M = Zn, Mg) established on the reported cubic
Li4Ti5O12 disordered structure model (ICSD#160655) with the
space group of Fd%3m. The refined plots for Li10ZnTi13O32 and
Li10MgTi13O32 are displayed in Fig. 1b and c, respectively, and
the refined structural parameters are listed in Table 1. It is
notable that the refined lattice parameters of a = 8.3636 Å and
V = 585.0211 Å3 for Li10ZnTi13O32 are smaller than a = 8.3649 Å
and V = 585.2944 Å3 for Li10MgTi13O32, which is opposite to the
ionic radii of Zn2+ (0.60 Å) and Mg2+ (0.57 Å, CN = 4), which
might be related to the rattling effect of cations in Li10Mg-
Ti13O32. The crystal structure and cation occupancy informa-
tion of the Li10MTi13O32 ceramics are presented in Fig. 1d and
Table 1, respectively. It is observed that Li and M share the
tetrahedral sites (8a), and Li and Ti share the octahedral sites
(16d). The octahedra and tetrahedra are connected at their
common vertices, and the octahedra are connected at their
common edges to form the structural skeleton. The tetrahedra
are isolated from each other, indicating that the influence of
the octahedron on the structure is dominant. Moreover, Fig. S1
(ESI†) depicts the bond lengths in Li10MTi13O32 (M = Zn, Mg)
from the Rietveld refinements.

Raman spectra can reflect the vibrations of chemical bonds
and their structural characteristics. The Raman spectra of the
Li10ZnTi13O32 and Li10MgTi13O32 ceramics are shown in Fig. 2.
Six modes at 228, 258, 342, 417, 512, and 675 cm�1 for
Li10ZnTi13O32 and 231, 260, 340, 418, 514, and 676 cm�1 for
Li10MgTi13O32 were observed, which are very close to the
previously reported values for disordered Li4Ti5O12 (246, 274,
360, 429, and 680 cm�1; A1g + Eg + 3F2u).33,34 However, the
Raman spectra of Li10ZnTi13O32 and Li10MgTi13O32 show a new
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mode at 512 cm�1 and 514 cm�1, respectively, which may be
ascribable to Zn–O and Mg–O stretches in the [ZnO4] and
[MgO4] tetrahedra.35,36 For Li10ZnTi13O32, the Raman band at
676 cm�1 is considered to be the A1g mode associated with the
stretching vibration of [TiO6]. The 417 cm�1 band is roughly the
Eg mode associated with the [LiO4] stretching vibration. The
mode at 340 cm�1 is due to the bending vibrations at the O–Li–
O and O–Ti–O bonds. The same is true for the Li10MgTi13O32

ceramic, and the Raman vibration modes are listed in Table 2.
In addition, most of the Raman shifts of Li10MgTi13O32 were
found to be lower than those of Li10ZnTi13O32, which may be
related to the expansion of the cationic-oxygen bond and its

larger unit cell parameter (a). In general, an increase in bond
expansion is accompanied by a weakening of the bond, which
leads to a decrease in the frequency.37

In the sintering behavior of ceramics, grain growth is a
manifestation of the densification process. SEM was carried out
to observe the polished and thermally etched grains. As shown
in Fig. 3a–c, the average grain size ( %D) of Li10ZnTi13O32

increased from 3.81 mm to 5.06 mm as the sintering temperature
was increased. When sintered at 940 1C, the grain size was not
uniform, and there was some slight porosity. As the tempera-
ture was increased to 980 1C, the grain size increased with the
disappearance of the pores, and the microstructure became

Table 1 Refined structural parameters, thermal parameters, and reliability factors of the Li10MTi13O32 (M = Zn, Mg) ceramics

Compound Atom Site Occ. x, y, z B (Å2) a (Å) V (Å3) Rp (%) Rwp (%) w2

Li10ZnTi13O32 Zn(1) 8a 0.1250 0.1250 0.3866 8.3636 585.0211 2.91 3.91 3.96
Li(1) 8a 0.8750 0.1250 0.3866
Li(2) 16d 0.1875 0.5000 0.5396
Ti(1) 16d 0.8125 0.5000 0.5396
O(1) 32e 1.0000 0.2621 0.4660

Li10MgTi13O32 Mg(1) 8a 0.1250 0.1250 0.5066 8.3649 585.2944 2.84 3.80 3.92
Li(1) 8a 0.8750 0.1250 0.5066
Li(2) 16d 0.1875 0.5000 0.8772
Ti(1) 16d 0.8125 0.5000 0.8772
O(1) 32e 1.0000 0.2622 0.7794

Fig. 1 (a) XRD patterns of the Li10MTi13O32 (M = Zn, Mg) ceramics sintered at the optimum temperature. Rietveld refinement patterns of (b) Li10ZnTi13O32

and (c) Li10MgTi13O32. (d) Schematic diagram of the crystal structure of spinel-type Li10MTi13O32 (M = Zn, Mg).
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uniform and compact. When the temperature was raised
further, the size of some grains increased abnormally. As
shown in Fig. 3d–f, the grain growth process of the Li10Mg-
Ti13O32 ceramic (the average grain size increased from 2.66 mm
to 4.85 mm) is similar to that of Li10ZnTi13O32, and the densest
microstructure is obtained at 980 1C.

Fig. 4a presents the variation of the bulk density and relative
density of the Li10MTi13O32 (M = Zn, Mg) ceramics at different

sintering temperatures. The theoretical density is calculated
based on structural refinement (3.6009 g cm�3 for Li10Zn-
Ti13O32 and 3.4827 g cm�3 for Li10MgTi13O32). Both Li10Zn-
Ti13O32 and Li10MgTi13O32 show high relative densities (495%)
in the sintering range. The saturation relative density of
Li10ZnTi13O32 was 98.19% at 980 1C, and the maximum relative
density of Li10MgTi13O32 was 98.25%.

As shown in Fig. 4b, the er of the Li10ZnTi13O32 ceramic
increases from 27.42 at 940 1C to 28.23 at 980 1C, after which it
decreases slightly with increasing temperature, and the change
in the er of the Li10MgTi13O32 ceramic is consistent with that of
Li10ZnTi13O32, reaching a maximum of 29.23 at 980 1C. In
general, the relative permittivity of the ceramics is correlated
with the porosity, which can be corrected using the Bosman–
Havinga equation:38

er(corr) = er(1 + 1.5P) (3)

P ¼ 1� rmea

rth
(4)

where P denotes the fractional porosity, and rth and rmea are
the theoretical and measured density values, respectively. The
corrected permittivity er(corr) at the optimum sintering tempera-
ture is 28.99 for Li10ZnTi13O32 and 30.00 for the Li10MgTi13O32

ceramic. The evaluated permittivity er(C–M) is 16.05 for Li10Zn-
Ti13O32 and 15.47 for Li10MgTi13O32, which are calculated using
the Clausius–Mossotti equation:39

erðC�MÞ ¼
3Vm þ 8paD
3Vm � 4paD

(5)

aD = 10a(Li+) + a(Zn/Mg2+) + 13a(Ti4+) + 32a(O2�)
(6)

Here, aD is the molecular dielectric polarizability, which is
the sum of the dielectric polarizabilities of the individual ions:
Li+ (1.20 Å3), Zn2+ (2.04 Å3), Mg2+ (1.32 Å3), Ti4+ (2.93 Å3) and
O2� (2.01 Å3). It is clear that er(C–M) is rather low compared with

Fig. 2 Raman spectra of the Li10MTi13O32 (M = Zn, Mg) ceramics studied
at different sintering temperatures.

Table 2 Raman vibration modes the Li10MTi13O32 (M = Zn, Mg) ceramics

Li10ZnTi13O32 Li10MgTi13O32

Raman mode
(cm�1)

Raman mode
(cm�1)

Symmetry
mode Assignment

231 228 F2u O–Li–O, O–Ti–Obending

258 260 F2u O–Li–O, O–Ti–Obending
340 342 F2u O–Li–O, O–Ti–Obending
418 417 Eg [LiO4]stretching

514 512 Eg [Zn/MgO4]stretching

676 675 A1g [TiO6]stretching

Fig. 3 Polished and thermally etched SEM images of the Li10ZnTi13O32 ceramic sintered at (a) 940 1C, (b) 980 1C, and (c) 1020 1C, and the Li10MgTi13O32

ceramic sintered at (d) 940 1C, (e) 980 1C, and (f) 1020 1C.
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er(corr), as listed in Table 3. In addition, the er(corr) of Li10Mg-
Ti13O32 is larger than Li10ZnTi13O32, an opposite trend to that of
er(C–M). The discrepancy between er(corr) and er(C–M) can be due to
the ‘‘rattling’’ or ‘‘compressed’’ cations. When the motion of
cations and/or anions is restricted by crystal symmetry, larger
than normal bond distances and/or thermal motions may
occur, resulting in abnormally large polarizabilities.40,41 Macro-
scopically, the variation in the bond length is manifested as the
change in the bond valence (BV; Vi):

Vi ¼
X
j

Vij (7)

Vij ¼ exp
Rij � dij

b

� �
(8)

Where Rij is the bond valence parameter, dij is the bond length
and b is a constant (0.37 Å).42 Table 4 presents the BV values of
the Li10ZnTi13O32 and Li10MgTi13O32 ceramics. The average
bond valence (1.0921 v.u.) of the A-site (8a) in Li10ZnTi13O32

is slightly lower than the normal value (1.1250 v.u.), indicating
that the A-site is in an expanded state and that both Li(1) and

Zn are rattling cations. The B-site (16d) also shows an expanded
state, but only Ti is a rattling cation, and Li(2) is tightly bound
in its octahedral site and is not a rattling cation. The same is
true for each ion in Li10MgTi13O32. The weighted average
discrepancy factor (od4) can give the average deviation from
the normal bond valence sums in a compound:

dh i ¼

Pn
i

WiDi

N
(9)

where W is the Wyckoff site multiplicity, Di is the discrepancy
factor for each of the n ions on a distinct crystallographic site,
and N is the number of atoms in the unit cell. As listed in
Table 4, the negative hdi values of the Li10MTi13O32 (M = Zn,
Mg) ceramics indicate that the ions are, on average, under-
bonded and the overall structure of the material is in a slightly
expanded state. The er(corr) is higher than er(C–M) because longer
and weaker bonds are more likely to cause polarization.
Furthermore, the |od4| value of Li10MgTi13O32 (0.0670 v.u.)
is slightly higher than that of Li10ZnTi13O32 (0.0601 v.u.), which
explains why, although Li10MgTi13O32 has a lower aD value than
Li10ZnTi13O32, its er(corr) value is slightly higher.

The bond ionicity ( fi) can be calculated using Phillips–Van
Vechten–Levine (P–V–L) theory and structural refinement of the
bond length (Table S1, ESI†), which is usually related to the
variation of the measured er.

43,44 The relationship between

Fig. 4 (a) Density, (b) er, (c) tf, and (d) Q� f of the Li10MTi13O32 (M = Zn, Mg) samples as a function of the sintering temperature, the inset in (d) shows the
contribution of each bond to the lattice energy.

Table 3 Permittivity and tf values of the Li10MTi13O32 (M = Zn, Mg)
ceramics at the optimal sintering temperature

Compounds
S.T.
(1C) er er(corr) er(C–M)

Der

(%)
tf

(ppm per 1C)

Li10ZnTi13O32 980 28.23 � 0.3 28.99 16.05 80.62 �17.06 � 2.0
Li10MgTi13O32 980 29.23 � 0.3 30.00 15.47 93.92 �11.05 � 2.0
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the bond ionicity ( fi) and er can be described using the follow-
ing formula:45

er ¼
n2 � 1

1� fi
þ 1 (10)

where n is the refractive index. The fi of the m bond is obtained
using the following formula:46

f mi ¼
Cmð Þ2

E
m
g

� �2 (11)

where Em
g and Cm are the average energy interval and heteropolar

part, respectively (Table S2, ESI†). As listed in Table 4, the
smaller bond ionicity of all the bonds in Li10ZnTi13O32 is
observed, suggesting a lower er for Li10ZnTi13O32 for than
Li10MgTi13O32. Besides, f mi (Ti–O) possesses the maximum value
in the Li10MTi13O32 (M = Zn, Mg) ceramics, indicating that the
Ti–O bond contributes the most to er.

As shown in Fig. 4c, the tf values of the Li10MTi13O32

(M = Zn, Mg) ceramics sintered at various temperatures show
a weak temperature dependence and remained stable at around
�17.06 ppm per 1C (Li10ZnTi13O32) and �11.05 ppm per 1C
(Li10MgTi13O32). Generally, tf is strongly determined by the
coefficient of thermal expansion (aL) and the temperature
coefficient of the dielectric constant (te) [i.e., tf = �(te/2 +
aL)].47 The measured te values are +2.61 ppm per 1C for
Li10MgTi13O32 and +15.77 ppm per 1C for Li10ZnTi13O32 at
microwave frequencies between 25 1C and 85 1C. The aL values
of the Li10MgTi13O32 and Li10ZnTi13O32 ceramics are calculated
as 9.74 ppm per 1C and 9.18 ppm per 1C, respectively. Clearly, te
is larger than aL and thus plays a dominant role in tf. And more
deeply, te is related to the temperature coefficient of ionic
polarizability (tam):48

te ¼
1

er

@er
@T

� �
¼ er � 1ð Þ er þ 2ð Þ

3er

1

am

dam½T ;VðTÞ�
dT

� 3aL

� �

¼ er � 1ð Þ er þ 2ð Þ
3er

tam � 3aLð Þ

(12)

The tam values are 29.16 ppm per 1C for Li10ZnTi13O32 and
29.48 ppm per 1C for Li10MgTi13O32. Therefore, the negative tf

values for Li10MTi13O32 (M = Zn, Mg) originate from the positive
tam value being slightly higher than 3aL, which makes the tf

values close to zero.

As shown in Fig. 4d, the maximum Q� f values of 35 800 and
32 100 GHz are obtained, respectively, for Li10ZnTi13O32 and
Li10MgTi13O32 sintered at 980 1C. The Q � f of Li10MgTi13O32 is
slightly lower than that of Li10ZnTi13O32, which may be due to
the increase in intrinsic dielectric loss caused by weakly bonded
cations in the extended coordination environment. In a classical
sense, the more under-bonded cations contribute to the dielec-
tric loss because the cations ‘‘rattle’’ more freely in the poly-
hedral cage and may interact more strongly with the
anharmonic phonons.49 For intrinsic losses, the lattice energy
(U) based on P–V–L theory can be evaluated as follows:50–52

Utotal ¼
X
m

Um
bc þUm

bi

� �
(13)

Um
bc ¼ 2100m

Zm
þð Þ1:64

dmð Þ0:75
f mc (14)

Um
bi ¼ 1270

mþ nð ÞZm
þZ

m
�

dm 1� 0:4

dm

� �
f mi (15)

where Zm
+ and Zm

� are the valence states of the cation and anion,
dm is the bond length, and Um

bi and Um
bc are the ionic part and the

covalent part of the m bond, respectively. As listed in Table 5, the
total lattice energy (Utotal) of the Li10ZnTi13O32 ceramic is greater
than that of the Li10MgTi13O32 ceramic, and the larger Utotal

corresponds to the higher Q � f value. This is because the Q � f
value is mainly determined by the lattice anharmonicity.53 As
the lattice energy increases, the lattice anharmonicity will also
increase, which reduces the inherent dielectric loss and

Table 4 Bond ionicity and bond valences of the Li10MTi13O32 (M = Zn, Mg) ceramics

Compound Atom fmi (%) Site BV (v.u.) Average BV (v.u.) Normal BV (v.u.) Di (v.u.) od4 (v.u.)

[Zn0.125Li0.875]tet[Li0.1875Ti0.8125]octO4 Zn(1) 43.2111 8a 1.8671 1.0921 1.1250 �0.1329 �0.0601
Li(1) 65.7780 0.9813 �0.0187
Li(2) 66.9681 16d 1.4366 3.2672 3.4375 �0.5634
Ti(1) 92.8605 3.6897 �0.3103
O(1) 32e 2.0819 2.0819 2.0000 0.0819

[Mg0.125Li0.875]tet[Li0.1875Ti0.8125]octO4 Mg(1) 43.2442 8a 1.8027 1.0794 1.1250 �0.1973 �0.0670
Li(1) 65.8038 0.9760 �0.0240
Li(2) 66.9655 16d 1.4390 3.2725 3.4375 �0.5610
Ti(1) 92.8611 3.6957 �0.3043
O(1) 32e 2.0703 2.0703 2.0000 0.0703

Table 5 Bond length (d), lattice energy (U), Q � f, and packing fraction of
the Li10MTi13O32 (M = Zn, Mg) ceramics

Ceramic
Bond
type d (Å)

U
(kJ mol�1)

Q � f
(GHz)

Packing
fraction
(%)

Li10ZnTi13O32 Li(1)–O � 4 1.9859 913.4093 35 800 � 500 68.42
Zn–O � 4 1.9859 419.3192
Li(2)–O � 6 1.9949 314.7417
Ti–O � 6 1.9949 5250.0245
Utotal = 6897.4947

Li10MgTi13O32 Li(1)–O � 4 1.9879 912.5777 32 100 � 500 68.36
Mg–O � 4 1.9879 418.9638
Li(2)–O � 6 1.9943 314.8187
Ti–O � 6 1.9943 5250.1225
Utotal = 6897.4827
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increases the Q � f value. Moreover, the lattice energy of the Ti–
O bond is much greater than that of other bonds, accounting for
76.12% of the total lattice energy for Li10ZnTi13O32 and 76.13%
for Li10MgTi13O32, indicating that the contribution of the Ti–O
bond to the Q � f value is dominant. In addition, the Q � f
value is strongly dependent on the packing fraction, which is
defined by summing the volume of packed ions over the unit
cell volume:54

Packing fraction ð%Þ ¼ volume of packed ions

volume of unit cell
� Z (16)

As seen in Table 5, the packing fraction of Li10ZnTi13O32

(68.42%) is higher than that of Li10MgTi13O32 (68.36%). The
increase in packing fraction can reduce the vibration of the

crystal lattice and thus enhance the quality factor. Raman
spectroscopy is also an effective tool for studying lattice vibra-
tion information and dielectric loss.55 Table 6 shows the
FWHM values of the A1g mode at different sintering tempera-
tures for the Li10MTi13O32 (M = Zn, Mg) ceramics, and the trend
of Q � f is opposite to the FWHM. The lower the FWHM, the
smaller the space for lattice vibration and the non-harmonic
vibration, resulting in a decrease in the inherent dielectric loss
or an increase in Q � f.56

The Q � f values of the disordered spinel (Fd%3m) microwave
dielectric ceramics Li10ZnTi13O32 and Li10MgTi13O32 are not as
high as those of ordered spinels, which may be related to the
transport of Li+ ions in the structure. Complex impedance
analysis was employed to explain the effects of Li+ ions on
the structure and Q � f. Fig. 5a and b show the complex
impedance plane plots of the Li10MTi13O32 (M = Zn, Mg)
ceramics at 633–573K. The Li10MTi13O32 (M = Zn, Mg) ceramics
show high resistivity and good insulation. The relationship
between the DC (direct current) conductivity (sdc) and the
temperature can be expressed via the following Arrhenius
equation:

sdc ¼ s0 exp
�Edc

kBT

� �
(17)

where s0 is the pre-constant, kB is the Boltzmann constant
(8.617 � 10�5 eV K�1), T is the temperature (in Kelvin), and Edc

is the activation energy from DC conductivity. The Edc values for
Li10MTi13O32 (M = Zn, Mg) can be obtained according to the

Table 6 Variation of the FWHM value of the Raman spectrum with the
sintering temperature for the Li10MTi13O32 (M = Zn, Mg) ceramics

Compound Sintering temperature (1C) FWHM (cm�1)

Li10ZnTi13O32 940 79.03337
960 78.40893
980 78.31708
1000 78.53711
1020 79.51513

Li10MgTi13O32 940 75.12137
960 74.89138
980 74.47194
1000 75.18652
1020 76.04403

Fig. 5 Complex impedance plane plots of (a) Li10ZnTi13O32 and (b) Li10MgTi13O32 at 633–573 K. (The inset shows a magnification of the impedance).
(c) Arrhenius plots of DC conductivity (sdc) for the Li10MTi13O32 (M = Zn, Mg) ceramics. (d) DC conductivity of the Li10MTi13O32 (M = Zn, Mg) ceramics as a
function of temperature.
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slope of the fitted straight line for each ceramic: Edc = 0.4230 eV
for Li10ZnTi13O32, and Edc = 0.5531 eV for Li10MgTi13O32

(Fig. 5c). The DC conductivity activation energy can reflect the
sum of the free energies of the carriers to produce long jumps,
and the small Edc values in the Li10MTi13O32 (M = Zn, Mg)
ceramics might come from the embedding and detaching of Li+

in the spinel structure. The DC conductivities of the Li10M-
Ti13O32 (M = Zn, Mg) ceramics as a function of temperature
were also measured in Fig. 5d. When the temperature is
increased from 303 K to 683 K, the conductivity of Li10ZnTi13O32

increases from 5.67 � 10�10 S cm�1 to 2.21 � 10�5 S cm�1,
and the conductivity of Li10MgTi13O32 increases from
6.11 � 10�9 S cm�1 to 9.27 � 10�5 S cm�1, where the
conductivity of Li10ZnTi13O32 is less than that of Li10MgTi13O32.
Li-rich spinel materials are also candidates for lithium-ion
conductors, such as Li4Ti5O12, which brings about the higher
dielectric loss of this material relative to other spinels.

4. Conclusions

Li10MTi13O32 (M = Zn, Mg) ceramics with a disordered spinel
structure (Fd%3m) were synthesized using a solid-state reaction
method. Li10ZnTi13O32 and Li10MgTi13O32 with relative permit-
tivities of 28.23 � 0.3 and 29.23 � 0.3, Q � f values of 35 800 �
500 GHz and 32 100 � 500 GHz (at B7.5 GHz), and tf values of
�17.06 � 2.0 ppm per 1C and �11.05 � 2.0 ppm per 1C,
respectively, were obtained at 980 1C. The permittivities
er(C–M) calculated using the Clausius–Mossotti (C–M) equation
are significantly lower than the permittivities er(corr) corrected
by the porosity (er(C–M) = 16.05, er(corr) = 28.99 for Li10ZnTi13O32;
er(C–M) = 15.47, er(corr) = 30.00 for Li10MgTi13O32). The main
reason for this phenomenon comes from the longer and weaker
bonds in the Li10MTi13O32 (M = Zn, Mg) ceramics that are more
facile to polarization. The larger negative weighted average
discrepancy factor (od4) of Li10MgTi13O32 (�0.0670 v.u.) than
that of Li10ZnTi13O32 (�0.0601 v.u.) is a good explanation for
the higher er(corr) value of Li10MgTi13O32 (aD = 115.73 A3),
although its dielectric polarizability (aD) is lower than that of
Li10ZnTi13O32 (aD = 116.45 A3). This expansion structure also
results in a closer value of tf to zero and a lower Q� f. Values of
the temperature coefficient of ionic polarizability (tam) are
29.22 ppm per 1C for Li10ZnTi13O32 and 29.84 ppm per 1C for
Li10MgTi13O32, and the small negative tf values of Li10MTi13O32

(M = Zn, Mg) are derived from the proximity of tam to 3aL.
Calculations using P–V–L theory also confirmed that the bond
ionicity ( fi) of all the bonds in the prepared Li10MgTi13O32

structure was higher than that of Li10ZnTi13O32, and the Ti–O
bond contributed the most to er. The lattice energy of the Ti–O
bonds is much greater than that of other bonds, indicating that
it is also a major contributor to Q � f in the Li10MTi13O32

(M = Zn, Mg) ceramics. In addition, a study of the DC con-
ductivity clarified that the Q � f values of the disordered
spinels Li10ZnTi13O32 and Li10MgTi13O32 are not as high as
other ordered spinels, which may be due to the transport of Li+

ions in their structures.
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