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Abstract

In this paper, the Liys(.9Snisa.0MgO (LSMxO) ceramic systems were prepared by solid-state reaction
using novel atmosphere-controlled sintering (x=0 to 4/7). Pure Li,SnO; was observed for x=0, the Li,Mg;SnOq
and Li,SnO; coexisted for x=1/7, and the coexistence of three kinds of phases was detected for x=1/5 and 1/4,
including Li;MgSn,0; impurity phase. Pure Li,Mg;SnO,-like phase with cubic rock salt structure in Fm-3m space
group was obtained in the range of 1/3~4/7. All samples showed well-dense and smooth microstructures. The
microwave dielectric properties highly depended on the phase composition, bond valence, FWHM of Raman
spectrum, Raman shift, average grain sizes and octahedral distortion. The LSMxO ceramics sintered at 1250 °C
for 5 h possessed excellent comprehensive properties of &= 15.43, O xf= 80,902 GHz and 7,= +5.61 ppm/°C for x=
1/7. Typically, the LSMxO ceramics sintered at 1350 °C for 5 h showed a maximum Q xfof 168,330 GHz for x=

1/2.
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1. Introduction

Microwave dielectric ceramics have played a paramount role as key components in the microwave devices
ranging from any hand-held terminals to base stations due to the rapid growth in wireless communication
industry ' To meet the specific request of fifth-generation (5G) communication and applications, these ceramic
systems are required to possess the adjustable dielectric constant (e;), high quality factor (Q%f) and near-zero
temperature coefficient of the resonant frequency (1) >4 Great efforts have been made to explore the new ceramic
systems, and study the correlation between structure and microwave dielectric characteristics.

In the past half-century, Li,BO5;-MgO system (B=Ti, Sn), which is affiliated to the big family of rock salt
structure phases, has drawn some attentions due to the phenomenon of order-disorder phase transition. In the case
of Li,TiO3-MgO system, the substitution mechanism between Li/Ti and Mg has been confirmed by numerous
literatures ~'°, which could be expressed as 2Li*"+Ti*"e&3Mg”". The substitution of Li/Ti for Mg leads to the
ordered superstructure of Li,TiO; phase transforming from a monoclinic structure in C2/c space group to a
disordered cubic structure in Fm-3m space group. Two phase systems, Li,TiO; (0<x<<1/5) and Li,Mg;TiOq
(1/5=x<1/2) phase, were found according to the formula of Liy;3(1.0T11/31-9MgO (0<x<1/2). Recently, there are
many investigations about the structures and microwave dielectric characteristics of Liy3(1.¢T11/3(1-oMgO systems,
especially the ultra-low loss Li;Mg3TiOg (e,=15.2, O%xf=152,000 GHz, and 7= -39 ppm/°C). And the rock-salt
structure Li;Mg;TiOg ceramics have been widely studied because of their excellent performance at microwave
frequencies * '°.

In terms of Li,SnO;-MgO systems, however, there are just some fragmentary reports about their phase

14-16

structure and microwave dielectric characteristics . For example, Castellanos et al. revealed that

Li,Sn05;-MgO compound could form solid solution, and Li;MgSn,0; (L4MS2) could exist as an equilibrium
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phase '*. Fu et al. reported the excellent microwave dielectric properties of Li,Mg;SnOs phase '° and claimed that
Li,SnO; ceramics co-doped with MgO-LiF could eventually form the Li,Mg;SnO, phase '°. Moreover, according
to the solid solution theory'’, the cation sizes of Li,SnO; and MgO were very similar; the ionic radii of the cations
were R(Mg*")=0.72 A and R[average (Li, Sn)]=0.737 A '*. The difference (AR) between R(Mg*") and R[average
(Li, Sn)]=0.737 A was calculated as 2.3%, which was much less than 15%. Thus, MgO and Li,SnO; were able to
form solid solutions. Similar to Li,TiO3-MgO system, it was likely that Liys.Sni;si.9MgO solid-solutions
would exist in the range of 0~4/7, and the Li,Mg;SnO¢ phase should belong to the Liy/s(14Sni31.9Mg,O systems.
On the basis of previous discussion, we deduced that the formula of Liy/3(1.Sni3(1./Mg,O could also be written as
Li,Mg3,,Sn03,,, (y=0~4), where the x equals y/(3+y). The corresponding relationships between
Lizs-9SnisaoMgO  and Li,Mgs,,SnOs,, are summarized as follows: LiysSn;30  (LiSnO5(LS)),
LiysSnysMgi 70 (LiaMgosSnOs5),  LignsSnyisMgisO - (LiaMgo7sSn0s75),  LiinSniuMgisO - (Li;MgSnO,),
LiyoSnyyMgi 30  (LixMg;5SnOy5s),  LiysSnysMgysO  (LiaMgoSnOs),  LigniSnyniMgs O (Li;Mg, sSn0Os 5),
Li;3Sn,,6Mg;,0 (Li;Mg;SnO¢(L2M3S)) and Liy/;Sn;;Mgy70 (Li,MgsSn0O,), respectively.

In our current work, all samples contained certain amounts of lithium elements. It is common that lithium
contents will seriously volatilize in lithium containing materials when samples are sintered under high
temperature circumstances (Refer to attached supplementary Fig. 1 and Fig. 2) ' ' And the porous
microstructure caused by the loss of Li element will seriously deteriorate the microwave dielectric properties,
which also is detrimental for LSMxO to be practically used in the microwave circuits. Thus, we adopted the
chemical stable ZrO, powders as the protective material for the Liy/(1.,Sny301.Mg.O (0~4/7) pellets to be buried
in and Li,CO; powders were used to provide Li-rich sintering atmosphere, which was a brand new sintering
method for microwave ceramics. Moreover, in this investigation, the phase structures, crystal structures, sintering

behaviors and microwave dielectric properties of Liys1.4Sny31.9Mg,O (0~4/7) ceramics were investigated by
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XRD, Rietveld refinement method, Raman scattering theory, SEM, EDX, and bond valence theory using a novel

atmosphere-controlled sintering.

2. Experimental procedure

In this work, three kinds of raw materials with at least 99.5 % purity were used to synthesize the
Liys19SniyMg,O  samples using the conventional solid-state method. The raw powders,
(Mg(OH),-4MgCO;-5H,0 (Xiantao ZhongXing Electric Co., Ltd, Xiantao, China), Li,CO; (Chengdu Kelong
Chemical Co., Ltd, Chengdu, China) and SnO, (Mianyang Yuanda New Materials Co., Ltd, Mianyang, China),
were weighed according to the formula of Liy3(1.9Sn.9Mg,O (LSMxO), where x =0, 1/7, 1/5, 1/4, 1/3, 2/5, 5/11,
1/2 and 4/7, and were ball milled in a nylon jar with zirconia balls in ethanol for 7 h. The resulting mixtures for
x=0~4/7 were dried and fired at 900 °C for 4 h. Later, the calcined powders were reground for 5 h, dried, mixed
with a 6 wt. % of a 10% solution of polyvinyl alcohol (PVA) as an organic binder and homogeneously granulated
in an agate mortar and pestle. The obtained powder was axially pressed into cylindrical disks with a thickness of
7.5 mm and a diameter of 15 mm under a pressure of 200 MPa. After preparing the LSMxO disks, all samples
were preheated at 600 °C for 2 h to remove the organic binder, later they were sintered from 1200 °C to 1400 °C
for 5 h in controlled atmosphere with heating and cooling rate of 6 °C/min. Fig. 1 presents the schematic
placement of samples for the novel atmosphere sintering. According to Fig. 1, the chemical stable ZrO, powders
were used as the protective material for the LSMxO pellets to be buried in and Li,CO3; powders were used to
provide Li-rich sintering atmosphere.

The apparent densities (0qp) of the LSMxO ceramics were measured using the Archimedes’ principle. The

Pap

relative densities were calculated from the formula, p,¢;, = p X 100%. For x=1/7, the theoretical density of
theo

. . . V1+p2V:;
the LMxSO ceramics was calculated using the equation, piep = %, where v; and v, were the volume
1 2
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percentage of Li,SnOsand Li,Mg;SnO¢ with densities p; and p,, respectively. And for x=0 and 1/3<x<4/7, the
theoretical density of the LMxSO ceramics was calculated using the equation, pipe, = %, where n was the
number of atoms associated with unit cell, 4 was the atomic weight, /" was the volume of unit cell and N, was the
Avogadro’s number. Powder phase compositions were examined by X-ray diffraction (XRD) using CuKa
radiation (Philips x’pert Pro MPD, Netherlands), and the refined lattice parameters of samples were analyzed by
GSAS suite with EXPGUI software , in which the reliability was evaluated by three factors (Ry,-reliability factor
of weighted patterns, R,-reliability factor of patterns, x’-goodness of fit indicator). The visualization of crystal
structure of LSMxO ceramics was obtained by VESTA software *°. Scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) (HITACHI S-9220, Japan) were employed to study the thermally
etched surface photograph of the LSMxO ceramics. The average grain sizes of LSMxO for 1/3 <x <1/7 were
determined from SEM micrographs using Image-Pro Plus software *'. The Raman spectra were collected by inVia
Raman Microscrope (RENISHAW, UK) and analyzed by professional Labspec5. The 514 nm line of He—Ne laser
source with constant power was used as the exciting wavelength for LSMxO ceramics. The ¢, and Q%fvalues of
polished samples at 8~12 GHz were collected by a network analyzer (Agilent Technologies E5071C, USA) using
the Hakki—Coleman dielectric resonator method in TEO11 mode and temperature chamber (DELTA 9023, Delta

Design, USA). The 7, was calculated from data obtained in the temperature range of 25~85 °C according to the

equation: 7= ( 10°%Af/f < AT) (1), where f;) is the resonant frequencies at the measuring temperature #, (25 °C).

3. Results and discussion

Fig. 2 displays the powder XRD patterns of the Liy;(1.9Sni3(1-nMgO ceramic systems (x=0 to 4/7) sintered
in controlled atmosphere at optimal temperatures for 5 h. For x=0, all characteristic peaks were identified as
pure Li,SnO; (JCPDS#31-0761) phase with monoclinic rock salt structure in C2/c space group, and the strongest
peak of (002) correlated with the long range ordering (LRO) and preferred orientation of grain growth along the c

axis was also observed > '> 2. With addition of 1/7 mol Mg contents, a secondary phase of Li,Mg;SnO (JCPDS#
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39-0932) was detected accompanied by a reduction of Li,SnO; phase, and the intensity of (002) peak sharply
decreased. This phenomena was in agreement with Keulen ez al’s report of Li/Sn/Mg catalysts '® and Fu et al’s
investigation of Li,SnO; co-doped with MgO and LiF ", which indicated the following chemical reaction
happened: Li,Sn05 (monoclinic (C2/c)) + 3MgO (cubic (Fm3m)) —Li,Mg;Sn0g (cubic (Fm3m)) (2).
XRD results demonstrated the existence of Li,Mg;SnOg by the presence of 26 = 42.57° characteristic peak and
will be further evidenced by refinement of XRD and EDX analysis later. Meanwhile, our XRD results were
different to the Castellanos’s study '* of phase diagram for the join Li,SnO;-MgO system where only Li;MgSn,0,
or Li;SnO; existed in the range of 0 <x <1/7. For 1/5 <x <1/4, the mixture phases of Li;MgSn,0,
(JCPDS#37-1164), Li;Mg;SnOg and Li,SnO; were observed, and intensity of Li;MgSn,O; impurity phase and
Li,Mg;SnOg phase became stronger as x increased. However, with increasing x larger than 1/4 mol, it was
remarkable that six characteristic peaks of all samples were indexed as (1, 1, 1), (2, 0, 0), (2, 2,0), (3, 1, 1), (2, 2,
2) and (4, 0, 0), which was very similar to that of single Li,Mg;SnOg phase with cubic rock salt structure in Fm-3m
space group. Thus, the substitution of Li/Sn for Mg occurred, formed solid solutions, and the substitution reaction
equation can be explained as 3MgO Li2%h0s 2Mg;; +Mgg, + 30,(3). It was clear that as the Mg content
increased (1/3 <x <4/7), the six characteristic peaks were moving towards higher 20 angles steadily, which
indicated that there was shrinkage of cell volume and cell parameters according to the Bragg’s Law (A=2dsin8)
3 This finding was attributable to the smaller cations of Mg (R(Mg*")=0.72 A) than the average the ionic radii of
Li/Sn (R[2/3Li"+1/3Sn*")]=0.737 A). It was necessary to analyze the fine XRD data of LSMxO ceramics by
Rietveld refinement method to further confirm the exact phase compositions and crystal structure.

Because the indices of lattice planes, space group and crystal system of LisMgSn,O; phase were unknown,
Rietveld refinement was just carried out on the fine XRD data for x=0, 1/7, 1/3, 2/5, 5/11, 1/2 and 4/7. Fig. 3 shows

the representative plots of experimental (red circle) and calculated (blue line) X-ray diffraction for the
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Lizss01-9Sn13(1.9Mg,O ceramic systems sintered at optimal temperatures for 5 h with (a) x=0, (b) x=1/7, (¢) x=1/3 (d)
x=2/5 (e) x=1/2 and (f) x=4/7. For x=0, the data were obtained using C2/c space group, and the sample was
confirmed as pure Li,SnO; phase and in monoclinic system (a=90°, f=100.341°, y=90°). For x=1/7, the result of
refined XRD data showed that the composite systems consisted of the Li,SnO; (monoclinic (C2/c)) and
Li,Mg;SnOg (cubic (Fm-3m)) phase. For x=1/3, 2/5, 5/11, 1/2 and 4/7, all samples were recognized as cubic rock
salt structure in Fm-3m space group. Table 1 summarizes phase composition, crystal structure, lattice parameters,
and unit cell volume of Liyj3(1.Sny51.9MgO systems (x=0 to 4/7) ceramics sintered at optimal temperature by
controlled atmosphere. It was clear that the refinement factors of Ry,, R, and x> for refined XRD were in the
range of 2~7%, 1~6%, and 1~3, thus our structure models were established with high reliability. As shown in
table 1, the cell volume decreased from 76.852 A’at x=1/3 to 76.079 A’ at at x=4/7, which was in accordance to
the analysis of XRD pattern. Fig. 4 also describes the representative schematic illustration of
Liz3(1-Sn131-nMg,O ceramics with typical rock-salt crystal structure for (a) monoclinic structure in C2/c space
group (Li,Sn0;) and (b) cubic structure in Fm-3m space group (Li,Mg;SnOg). According to Fig. 4(a), the Li,SnO3
phase had a preferred orientation along the c axis and Li/Sn atoms occupied different positions. As illustrated in
Fig. 4(b), the Li,Mg;SnOg phase showed a face-centred-cubic structure with extremely high symmetry, and it was
similar to the structure of MgO with Li/Mg/Sn cations randomly distributed over the Mg*" sites. According to the
Wyckoft Positions of group 225 and refinement results, the Li/Mg/Sn cations were coordinated with six oxygen
atoms where the Li/Mg/Sn cations held 4a Wyckoff positions and oxygen ions occupied 4b Wyckoff positions.
It is generally considered that Raman shift and the full-width-at-half maximum (FWHM) are closely

correlated with the microwave dielectric characteristics, and the Raman spectra was utilized to better understand
the relationship between crystal structures and microwave dielectric properties. Fig. 5 shows (a) Raman spectra

of Liy;31.9Sn31.9Mg,O ceramic systems sintered at optimal temperatures in controlled atmosphere for 5 h and
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(b) the amplified spectra of Raman shift in the region of 500~700 cm™”. According to Denisova et al.’s
investigation **, the band at 590 cm ™' was considered to be Sn-O stretching vibration. The bands in the region of
366 and 239~320 cm ' were associated with the Li-O stretching vibrations and O-Li-O bending vibrations,
respectively. In the range of 0~1/4, the mode at 367 cm™' gradually widened and weakened, which can be
assigned with the decrease of cation ordering with increasing x. The broadening and weakening of modes at
around 367 cm ' for XRD was associated with long range disordering. The Sn-O stretching vibration mode at
around 590 cm ' weakened sharply, which can be ascribed to the decrease of Li,SnO; phase with increasing x
from 0 to 1/4. It was noticeable that a weak vibration mode at around 643 cm ' was detected at x=1/7 for the first
time. And the appearance of the new mode for XRD was correlated to the single Li/Sn/Mg-O vibration mode in
Li,Mg;SnOg phase '°. Although the Li;MgSn,0; phase was observed in XRD pattern for x=1/5 and 1/4, no special
Raman peaks could be detected and some peaks at around 261 c¢cm ™' and 317 cm™' even disappeared. Because
there was lack of basic crystal information for Li;MgSn,0; phase and it evolved from the Li,SnO; phase, the
possible explanation was that the LisMgSn,O; phase presented the vibration modes similar to some of Li,SnO;
phase. Due to the high symmetry of crystals in Fm-3m space group °, only one peak at around 643 cm™' was found
with increasing x from 1/3 to 4/7, implying that only one vibration mode existed in these samples. And the single
peak was associated with pure Li,Mg;SnOg phase for XRD pattern, which was consistent with Wu. ef al’s ° and Fu
et al’s studies'. It was remarkable that intensity of peaks at approximately 643 cm™ enhanced greatly, indicating
that the intensity of Li-O, Mg-O and Sn-O vibration mode became stronger with increasing Mg elements.
Meanwhile, peaks at around 643 cm™ had a blue shift from 641.7 cm™ to 647.44 cm™ in the range of 1/3~4/7. The
blue shift was highly correlated to the decrease of cell volume from 76.852 A*to 76.079 A*; a smaller cell volume
was usually related to a higher energy to activate this local vibration mode **. Importantly, the FWHM of spectra

using Gaussian fitting firstly decreased from 39.06 cm™ at x=1/3 to 36.22 cm™ at x=1/2, later increased to 40.76
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em™ x=4/7.

Fig. 6 presents the SEM images of Liy;3(1.9Sny3(1-.»Mg,O ceramic systems sintered at optimal temperatures
for 5 h in controlled atmosphere with (a) x=0, (b) x=1/7, (c) x=1/5, (d) x=1/4 (e) x=1/3 (f) x=2/5 (g) x=5/11 (h)
x=1/2 and (i) x=4/7. As shown in Fig. 6, all specimens demonstrated good grains and clear boundaries, and it
was significant to find that for 1/3<x<4/7, samples showed an absolutely well-dense and smooth microstructure.
It was also noted that micro-cracks or cleavages '' caused by the phase transition or porosity in Li,BO; (B=Ti,
Sn, Zr) did not occur in our work, which may be related to the controlled atmosphere. This finding indicated the
samples sintered in controlled atmosphere had much better growing surroundings than that reported in such

. 6,10, 11
many literatures ™

, and we managed to “cure” the serious volatilization of lithium. The EDX was employed
to study element compositions of marked grains (A~L), as shown in Fig. 6. The representative EDX spectrum of
marked grains corresponding to Fig. 6 are presented in Fig. 7, and the collected data of EDX are listed in Table 2.
According to Fig. 6(a), only bar-shaped grains were observed for x=0, and grain A showed only Sn and O
elements. It was clear that these grains had a preferred orientation of grain growth, and they should be the
Li,SnO; phase. The coexistence of Li,Mg;SnOgand Li,SnO; in specimens was observed by distinguishing from
their EDX analysis for grain B and C in Fig. 6(b) and Table 2. According to Fig. 6(c)~(d) and the EDX analysis,
three kinds of grains coexisted, the large abnormal grains D and F should be the Li;MgSn,0; phase, and the small
polygon-shaped grains E and G were confirmed as Li,MgSnQOg phase. As shown in Fig. 6(e)~(i), only the
polygon-shaped grains could be detected for 1/3< x<4/7, and with increasing x, the ratio of Mg: Sn almost
increased from 1.5 to 4. Fu ef al. also revealed that the Li,MgSnOg-like phase presented a polygon-shaped grain
'* Thus, the grains H~L should be considered as Li,MgSnOs-like phase. At the same time, it was recognizable

that the average grain sizes steadily increased from 5.313 um at x=1/3 to 9.126 um at x=1/2, but decreased to

6.148 um at x=4/7. Furthermore, a high densification was achieved, and the homogeneous microstructure was
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obtained at x=1/2.

The relative densities were calculated to better understand the densification process, and because of the
lack of basic crystal information for Li;MgSn,0; phase, relative densities were just calculated for x=0, 1/7, and
1/3~4/7. Fig. 8 illustrates the relative density (x=0, 1/7, and 1/3~4/7) of ceramics sintered by controlled
atmosphere at 1200~1400 °C for 5 h. As shown in Fig. 8, all specimens demonstrated good relative densities
higher than 95.5% although some pores could be seen in Fig. 6(a), which was attributable to the good growing
surroundings provided by controlled atmosphere. It was apparent that in the range of 0~1/7, the relative density
was improved because of the elimination of pores seen in Fig. 6(a)~(b). For 1/3<x<1/2, the optimal relative
density gradually increased, and reached a saturated value of 98.8% at x=1/2. The relative density is usually
affected by cell volume, pores and microstructure. Thus, the decrease of cell volume was beneficial to the
improvement of relative density in the region of 1/3~1/2. Furthermore, because the microstructure became more
homogeneous accompanied by the increase of average grain sizes, the relative density was significantly
improved to a large value of 98.8% at x=1/2. However, when extra Mg contents were added (x=4/7), the
microstructure become inhomogeneous and the average grain sizes decreased, leading to the decrease of relative
density ***".

Fig. 9(a) shows the dielectric constant of LSMxO ceramic systems (x=0~4/7) sintered by controlled
atmosphere at 1200~1400 °C for 5 h. It is generally considered that dielectric constant is strongly affected by
relative density, phase compositions, dielectric polarizability, bond valence and Raman shift. With increasing x
from 0 to 1/7, the optimal &, value slightly decreased from 16.7 to 15.4 because of the appearance of Li,Mg;SnOg
phase (¢,=12.7).The abrupt decrease in dielectric constant from 14.2 to 11.7 as 1/5< x<1/4 should be ascribed to
the substantially increase in Li;MgSn,0; impurity phase. For 1/3< x<4/7, the variation of dielectric polarizability

and Raman shift should be responsible for the dielectric constant due to the single Li,Mg;SnOg-like phase and
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high relative density (96% <x). We calculated the theoretical dielectric constant of Liy(1.,Sn3(1.o/MgO in the

region of 1/3~4/7 using the Clausius—Mossotti equation, &gpeo = — 2 (4), where the &y, is the theoretical

_bam
Vm

dielectric constant, V,, is the mole volume, b equals 4n/3 and the a,, is the molecular polarizability. The a,, can be

obtained according to additive rules 18

using the following formula,
o[(Liz3Sn3)1.MgO1=[2/3a(Li")+1/3a(Sn* )] (1-x)+xxa(Mg* ) +a(0*)=3.735-0.423x  (5). The molecular
polarizability decreased with increasing x value. Fig. 9(b) displays the variation of &y, and optimal &, versus the x
value in the region of 1/3~4/7. It was clear that both of the &y, and &, values monotonously decreased with
increasing Mg contents. The ¢, was higher than eg,, and the deviations of ¢, from &y, also decreased, which could
be explained by the bond valence theory ** with increasing x. The bond valence of Li-O, Sn-O and Mg-O were
based on the equation, V; = 27:11 v;; (6), and v;; = exp(mjb;,‘i”)(7) where R; is the bond valence parameter,
dy; is the length of a bond between atom i and j, and b’ is commonly considered to be 0.37 A. Table 3 contains
the bond valence (Vi) of Lizs1.9Sni31-9Mg,O systems for 1/3 <x <4/7, and Table 4 summarizes The theoretical
dielectric polarizability (a.,), theoretical dielectric constant (ene,) and observed (g,) of Liys1.9Sni31.0MgO
systems for these samples. It was remarkable that three kinds of bond valence (Viio, Vme.0 and Vg,.0) had
different degrees of improvement. And a lager bond valence (Viio, Vme.0 and Vg, o) indicated that the bond
strength between oxygen and Li/Mg/Sn-site ion was stronger, resulting in the decrease of rattling effect of
Li/Mg/Sn-sites for LSMxO ceramics . Thus, the deviations of ¢, from &y, decreased sharply from 15.74% to
2.82%. Fig. 9(c) presents the relationship between Raman shift and ¢, versus the x value. It clearly indicated that
the change of Raman shift was inverse to that of ¢,. This was related to the rigidity of the oxygen octahedral; the

smaller cell volume implied the rigidity of the oxygen octahedral *°

. This result also clearly indicated that the rigid

oxygen octahedra was associated with low dielectric constant.

The O xf values of LSMxO ceramic systems (x=0~4/7) sintered at 1200~1400 °C by controlled atmosphere
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for 5 h are plotted in Fig. 10(a). The O xf values were highly dependent on the Mg contents. For the microwave
dielectric materials, the dielectric loss are usually influenced by the relative density, secondary phase, packing
fraction, the FWHM of vibration modes and grain sizes *"**. As shown in Fig 10(a), there was a slight increase of
O xfvalue from 56,747 GHz at x=0 to 80,902 GHz at x=1/7 due to the formation of Li,Mg;SnO, phase (Q *f=
168,330) and improvement of relative density. Later, however, further increase in Mg contents (x=1/4) seriously
deteriorated the O xf value to 55,473 GHz due to the increase in Li;MgSn,O; impurity phase. In the region of
1/3 <x <4/7, all samples presented high QO *f value, and the optimal Qxf was improved from 105,084 GHz at
x=1/3 to the maximum value of 168,330 GHz at x=1/2, but it went down to 125,864 GHz x= 4/7. Because the
single phase and high relative densities were obtained for LSMxO ceramics, packing fraction, the FWHM of
vibration modes and grain sizes should be comprehensively taken into consideration to discuss the variation of

Oxf values. The packing fraction were calculated according to the equation, Packing fraction (%) =

volume of packed ions

soTume of the primitive wnit cell (8). And the Packing fraction data were collected in Table 2. It clearly indicated that
the Packing fraction increased sharply increase from 39.93 % at x=1/3 to 53.47% at x=1/2, leading to the
improvement of O xfvalues to some extent. But the Q xf'value did not correspondingly increase with the further
enhancement of Packing fraction up to 62.63% at x=4/7. As reported by Chen et al *°, the quality factors of
microwave ceramics were strongly influenced by FWHM of vibration modes, and the change of FWHM for peaks
at around 643 cm™ should contribute to the variation of O xf since only one vibration mode was observed in this
range. Fig. 10(b) describes the function of FWHM and optimal Qxf versus the x value. The quality factor is
inversely proportional to the FWHM, which was highly consistent with such many reports about the researches of
damping characters for microwave propagation in microwave dielectric ceramics ******. Fig. 10(c) illustrates the

variation of average grain size and optimal Q Xfversus the x value. It was remarkable that the change of O Xfwas

similar to the variation of average grain sizes. The average grain sizes had significant effects on Qxf values
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because larger grain sizes reduced the number of grain boundaries per unit volume, resulting in lower dielectric
loss *°. As a result, the FWHM of Raman peaks and average grain sizes were mainly attributable to the change of
O xfvalues. And Table 5 provided the exact peak position and corresponding FWHM of Raman spectra at around
643 cm’! versus cell volume (V), optimal QO xfand average grain sizes for Liys1.4Sny;31.9Mg,O systems sintered
at optimal temperature by controlled atmosphere with 1/3 <x <4/7.

Fig. 11 (a) presents the temperature coefficient of the resonant frequency (z;) of LSMxO (x=0~4/7)
sintered at optimal temperatures by controlled atmosphere for 5 h. The 7, value monotonously changed from
positive value of 24.8 ppm/°C at x=0 into negative value of -37.3 ppm/°C with increasing Mg contents, and it
was significant that the near-zero 7, value (5.61 ppm/°C) could be obtained at x=1/7. It is generally considered
that the 7, value shows a high dependence on the phase composition, octahedral distortion () and bond valence
(Viy) 7. For 0 <x <1/4, the appearance of Li,Mg;SnOj phase (z/=-27.4 ppm/°C) and Li,MgSn,0O; impurity
phase should be responsible for the steady decreasing 7 In the range of 1/3~4/7, because only the
Li,Mg;SnOg-like phase was observed, the variation of & and Vy, should mainly be considered to influence the

changing 172 value. And the octahedral distortion was calculated using

(B-0 distance;qygest)—(B—0 distancegmaiest )

é

B0 distanceaverage (9). Function of octahedral distortion and 7, versus the x value is
plotted in Fig 11(b), and Table 3 provides the corresponding data of octahedral distortion (8). With increasing
Mg content, the octahedral distortion increased, thereafter the 7ydecreased. This result was agreed with the
investigations that temperature coefficient of dielectric constant (z,) increased with the tilting of oxygen

octahedral in the peroviske compound > *

, which corresponded to the decrease of 7. Fig. 11(c) displays the
variation of Viwgsn-0 and optimal 7, versus the x value in the region of 1/3~4/7. As we can see, the 7,decreased

with the enhancement of Vi; o, Vg0, and Vg,o.

In summary, we employed a new method of atmosphere-controlled sintering to prepare the
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Liz;(1-0Sn131.9Mg,O ceramic systems (x=0 to 4/7), leading to the solving of serious lithium volatilization in
lithium containing ceramics. With the increasing Mg content in LSMxO, the adjustable microwave dielectric
properties were obtained. It was significant that the LSMxO ceramics sintered in controlled atmosphere at 1250 °C
for 5 h possessed excellent comprehensive properties of &= 15.43, O xf= 80,902 GHz and 7,= +5.61 ppm/°C for x=
1/7. And the LSMxO ceramics sintered in controlled atmosphere at 1350 °C for 5 h showed an maximum Q xf’
value of 168,330 GHz for x= 1/2. Furthermore, the LSMxO ceramics exhibited a wide sintering temperature

range from 1225 °C to 1375 °C, which was promising to be used in the commercial devices.

4. Conclusions

In this paper, the Lis;s1.,)Sn51.0Mg,O ceramic systems were prepared by solid-state reaction method using
novel atmosphere-controlled sintering (x=0 to 4/7). The correlations between phase composition, crystal
structures and microwave dielectric properties of LSMxO systems were analyzed systematically and based on the
comprehensive utilization of XRD, Rietveld refinement method, Raman scattering theory, SEM, EDX, and bond
valence theory. According to results of XRD, Raman spectrum, Rietveld refinement, SEM and the EDX analysis,
the pure Li,SnO; phase with preferred orientation of grain growth was observed for x=0. The small
polygon-shaped Li,Mg;SnOg¢ and bar-shaped Li,SnO; in specimens coexisted for x=1/7. The coexistence of three
kinds of grains was detected for x=1/5 and 1/4, in which the large abnormal grains were confirmed as LigMgSn,0,
phase. In the range of 1/3~4/7, pure Li,Mg;SnO¢-like phase with cubic rock salt structure in Fm-3m space group
was obtained for these samples. All specimens demonstrated good grains and clear boundaries, and it was
significant to find that samples showed well-dense and smooth microstructures. The microwave dielectric
properties of LSMxO systems highly depended on the phase composition, dielectric polarization, bond

valence, FWHM of Raman spectrum, Raman shift, packing fraction, average grain sizes and octahedral
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distortion. The &, values of 9.98~16.9, O *fvalues of 56,747~168,330 GHz and z,0f -37.3 to +24.8 ppm/°C were
observed in whole substitution range. It was significant that the LSMxO ceramics sintered in controlled
atmosphere at 1250 °C for 5 h possessed excellent comprehensive properties of ¢,=15.43, O xf= 80,902 GHz and
77=+5.61 ppm/°C for x=1/7. Typically, the LSMxO ceramics sintered in controlled atmosphere at 1350 °C for 5 h
showed an maximum Q %f value of 168,330 GHz accompanied by &, of 12.7 and zy0f -27.4 ppm/°C for x=1/2.
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Captions of Figures and Tables

Fig. 1. Schematic representation of the Liy/3(1.4Sny;31.90Mg,O (x=0 to 4/7) placement for providing ZrO,-burying
protective atmosphere and Li-rich sintering atmosphere

Fig. 2. Powder XRD patterns of the Liy/;.Sny5.4Mg,O ceramic systems (x=0 to 4/7) sintered in controlled
atmosphere at optimal temperatures for 5 h

Fig. 3. The representative plots of experimental (red circle) and calculated (blue line) X-ray powder diffraction for
the Liy31.0Sn1301-yMg,O ceramic systems sintered at optimal temperatures for 5 h for (a) x=0, (b) x=1/7, (c) x=1/3
(d) x=2/5 (e) x=1/2 and (f) x=4/7

Fig. 4. The representative schematic illustration of Liy/3(1.,Sni3(1-.yMgO ceramics with typical rock-salt structure
for (a) monoclinic structure in C2/¢ space group (x=0) and (b) cubic structure in Fm-3m space group (x=1/2)
Fig. 5. (a) Raman spectra of Liy;3(1.9Sn131-.9Mg,O ceramic systems sintered at optimal temperatures in controlled
atmosphere for 5 h, (b) the amplified spectra of Raman shift around 600 cm™

Fig. 6. SEM images of Liy;3(1.9Sn1301-9yMgO ceramic systems sintered at optimal temperatures for 5 h in
controlled atmosphere with (a) x=0, (b) x=1/7, (¢) x=1/5, (d) x=1/4 () x=1/3 (f) x=2/5 (g) x=5/11 (h) x=1/2 and (i)
x=4/7

Fig. 7. The representative EDX spectrum of marked grains corresponding to Fig. 6

Fig. 8. Relative density of LSMxO (x=0, 1/7, and 1/3~4/7) sintered at 1200~1400 °C by controlled atmosphere for
5h

Fig. 9. (a) Dielectric constant of LSMxO (x=0~4/7) sintered at 1200~1400 °C by controlled atmosphere for 5 h, (b)
variation of o, (top right inset), &4, and &, versus the x value, and (c) variation of Raman shift and &, versus the x
value in the region of 1/3~4/7

Fig. 10. (a) Quality factor of LSMxO (x=0~4/7) sintered at 1200~1400 °C by controlled atmosphere for 5 h, (b)
function of FWHM and optimal Q xfversus the x value, and (c) variation of average grain size and Q xfversus the
x value in the region of 1/3~4/7

Fig. 11. (a) Temperature coefficient of the resonant frequency (z;) of LSMxO (x=0~4/7) sintered by controlled
atmosphere at optimal temperatures for 5 h, (b) function of octahedral distortion and 7y versus the x value and (c)
variation of Viimgsn-0 and 7y versus the x value in the region of 1/3~4/7

Table 1. Phase composition, crystal structure, lattice parameters, and unit cell volume of Liy;3(1.9Sny31.9MgO
systems (x=0 to 4/7) ceramics sintered at optimal temperature by controlled atmosphere

Table 2. The EDX data of Liy;(1.Sn3¢1.4MgcO ceramics marked grains corresponding to Fig. 6.

Table 3. The bond valence (Vyy), octahedral distortion (8) and packing fraction Liy/1.9Sny3(1.,Mg,O systems for
1/3 <x <1/7
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Table 4. The theoretical dielectric polarizability (o), theoretical dielectric constant (e4e,) and observed (g,) of

Li2/3(I_X)Snm(l_x)ngO systems for 1/3 <x 51/7

Table 5. The exact peak position and corresponding FWHM of Raman spectra at around 643 cm™ versus Cell

volume (V), optimal OXf and average grain sizes for Liysq.nSnisq.9MgO systems sintered at optimal

temperature with 1/3 <x <1/7

Table 1. Phase composition, crystal structure, lattice parameters, and unit cell volume of

Liz31-9Sn1/3(1-9MgO systems (x=0 to 4/7) ceramics sintered at optimal temperature by controlled atmosphere

Liz3(1-0Sn1/3(1-)

Phase and structure

Lattice parameters (A) Cell Reliability factors

volume R,, R
Mg, O Phase structure a(A) bA) c(A) 3 VR
VA) (%) (%)
. 5.28891 9.187223 10.02642
0 LS monoclinic 479.5692 3.52 2.60 2.231
(12) 17 (15)
1/7 LS+L2M3S LS(W=71.82%)+L2M3S(W,=28.18%) 6.47 5.56 1.89
1/5 LS+L4MS2+L2M3S Mixture - -- -
1/4 LS+L4MS2+L2M3S Mixture - -- -
. 4.25159 425159 4.25159
1/3 L2M3S cubic 76.852 2.85 1.98 1.295
(34) (34) (34)
. 4.24954 424954 424954
2/5 L2M3S cubic 76.740  2.85 1.68 1.531
(22) (22) (22)
. 4.24588 424588  4.24588
5/11 L2M3S cubic 76.542 393 246 1.755
(28) (28) (28)
. 4.24327 424327  4.24327
1/2 L2M3S cubic 76401 256 1.98 1.614
(®) ) (®)
. 4.23728 423728  4.23728
4/7 L2M3S cubic 76.079 222 1.18 1.827
(36) (36) (36)

a, b, ¢, unit cell parameters; V-cell volume; M- weight fraction ; Ry,,-reliability factor of weighted patterns, R,,- reliability

factor of patterns, xj-goodness of fit indicator; W -weight fraction of LS phase, W,-weight fraction of L2M3S phase

Table 2. The EDX data of Liy/;31-Sn1/3(1-:0Mg<O ceramics marked grains corresponding to Fig. 6.

Atom (%)
Spot

Mg Sn (0] Mg: Sn
A - 32.83 67.17 0
B 33.05 11.67 55.28 2.83: 1
C - 30.10 69.90 0
D 7.19 14.98 77.83 0.48: 1
E 34.08 12.11 53.81 2.82: 1
F 8.23 19.98 71.79 0.41: 1
G 33.56 11.23 55.21 2.99: 1
H 26.43 17.16 56.41 1.54:1
I 27.92 14.19 57.89 1.97: 1
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J 33.91 13.46 52.63 2.52:1
K 3941 12.70 47.89 3.10: 1
L 53.24 13.76 32.99 3.87:1

Table 3. The bond valence (V),), octahedral distortion (6) and packing fraction
Liz;31-9Sn13(1-9MgO systems for 1/3 <x <1/7

Composition Bond type dij(A) R (A) 5 (107 Viimesno Packing fraction (%)

Li-O 212579 1466  0.00198 1.009

13 Mg-O 212579  1.693  0.00198 1.863 39.93
Sn-0 212579  1.905  0.00198 3.304
Li-O 212477 1466  0.00203 1.012

2/5 Mg-O 212477 1.693  0.00203 1.868 43.98
Sn-0 212477  1.905  0.00203 3312
Li-O 212294 1466  0.00264 1.016

5/11 Mg-O 2.12294  1.693  0.00264 1.877 48.94
Sn-0O 2.12294  1.905  0.00264 3.329
Li-O 2.12163 1466  0.00331 1.020

12 Mg-O 212163 1.693  0.00331 1.884 53.47
Sn-O 212163 1.905  0.00331 3.341
Li-O 2.11864 1466  0.00425 1.028

4/7 Mg-O 2.11864  1.693  0.00425 1.899 62.63
Sn-0 2.11864  1.905  0.00425 3.368

d;-length of a bond; R;- bond valence parameters; d-octahedral distortion; Vi wme sn-o-bond valence for Li-O,
Mg-O and Sn-O

Table 4. The theoretical dielectric polarizability (a,,), theoretical dielectric constant (&ueo)
and observed (&) of Liy3(1-4Sn131-.yMg.O systems for 1/3 <x <1/7

X O A Etheo & 100X(&,-€theo)/&r
1/3 3.612 12.11652 14.38 15.7405
2/5 3.5838 11.79153 13.72 14.0559
5/11 3.560727 11.60227 12.93 10.2686
1/2 3.5415 11.43307 12.4 7.7979
4/7 3.511286 11.23355 11.56 2.8239

Table 5. The exact peak position and corresponding FWHM of Raman spectra at

around 643 cm™ versus Cell volume (V), optimal Oxf and average grain sizes for
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Liz/3(1-05n1301-vMg.O systems sintered at optimal temperature with 1/3 <x <1/7

X 1/3 2/5 5/11 1/2 4/7
Peak position (cm™) 641.7 642.9 643.4 644.173  647.44
V (A% 76.852 76.740 76.542 76.401 76.079
FWHM (cm™) 39.06 38.56 37.47 36.22 40.76
0xf(GHz) 105,084 110,717 141,685 168,443 125,864
Average grain sizes (um) 5.313 5.844 7.869 9.126 6.148
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