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ABSTRACT

A new type of ceramic, namely MnZrTa2O8, was synthesized after sintering at

high temperature in this work. The possible dielectric loss mechanism was

discussed by Raman spectroscopy and chemical bond theory. X-ray diffraction

indicated that MnZrTa2O8 formed through a reaction between ZrO2 and inter-

mediate MnTa2O6. After sintering at 1350 �C, a monoclinic structure with cell

parameters a = 4.8370(3) Å, b = 5.7163(1) Å, c = 5.1398(5) Å, b = 91.7219� was

gained for ceramic. Among all bonds, Ta–O with the greatest bond ionicity and

lattice energy was the dominant factor that influenced the microwave dielectric

properties. The temperature coefficient of the resonant frequency sf changed
from - 50.55 to - 41.21 ppm/ �C, which was related to the lattice energy. The

effect of porosity on dielectric loss was also checked and found to be significant.

MnZrTa2O8 ceramic exhibited relative permittivity er * 23.0 and enhanced

quality factor Q 9 f*48103 GHz (at 8.97 GHz), which provided a promising

candidate for electric components.

Introduction

The rapid development of 5G wireless communica-

tion has resulted in an increasing demand for

microwave dielectric ceramics. The crucial charac-

teristics for resonators are (1) suitable range of

dielectric constant (er), (2) excellent quality factor

(Q 9 f, Q is subjected to dielectric loss tand) to

determine frequency selectivity and (3) near zero

temperature coefficient of the resonant frequency

(sf = 0±5 ppm/ �C) for frequency stabilization [1–3].

Particularly, relative permittivity er should be in the

range of 20–50 in cell phone base stations [4]. While

Ba(Mg1/3Ta2/3)O3 has superior dielectric properties

and is widely used as microwave device, it often

needs high processing temperature (* 1600 �C) [5].
The search for new types of dielectrics has become

more imperative than ever.

AZrNb2O8 (A: Co, Mg, Zn and Mn) materials fea-

tured er of 9.6–16.5 and Q 9 f of 26950–58500 GHz,

turning out to be attractive candidates for microwave

applications [6]. The variations in Q 9 f and er were

explained on the basis of packing fraction and ionic

polarizability, respectively [6]. For the purpose of
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achieving bulk ceramics at relatively low tempera-

ture, 3 wt% BaCu(B2O5) was added into ZnZrNb2O8

[7]. The same result was obtained by an aqueous sol–

gel technique, since nano-sized particles usually

possessed high surface area [8]. Specifically for

NiZrNb2O8, its sf and Q 9 f were improved with the

help of ZnTa2O6 [9].

Due to the similar effective ionic radii of Nb and

Ta, researchers paid much attention to ion substitu-

tion. Li [10, 11] designed and fabricated ultra-low-

loss AZrTa2O8 (A = Mg, Zn) with Q 9 f up to

110700–140900 GHz. More importantly, the Q 9 f‘ for

Mg0.9Ca0.1ZrTa2O8 had more than doubled, present-

ing the highest level among current wolframite

dielectrics [12]. Recently, we have carried out a sys-

tematic study about Ta-doped NiZrNb2O8. The

Q 9 f was considerably increased to 86404 GHz, and

the large sf was compensated by adjusting chemical

composition [13]. The scientific reports indicated that

Ta substitution for Nb might be effective in opti-

mizing the dielectric properties of AZrNb2O8

ceramics. Problems, however, remained in explaining

the dielectric loss mechanism under microwave field.

MnZrNb2O8, a member of AZrNb2O8 family,

exhibited Q 9 f 27936 GHz [6]. Thus, an improve-

ment would be worth investigating. On the other

hand, many novel Ta-based materials, such as

NiSnTa2O8 [14], MgTiTa2O8 [15] and Co0.5Ti0.5TaO4

[16] were reported to have interesting properties,

indicating their potential applications in microwave

communication technology. All these factors pro-

moted us to search for low-loss MnZrTa2O8 system.

As already mentioned, the microwave property was

particularly susceptible to crystal structure and more

specifically the chemical bonds. Nevertheless, to the

best of our knowledge, there are few studies about

the bond characteristic investigations of AZrTa2O8

ceramics. Therefore, we also make an effort to explore

the structure–properties relationships based on Phil-

lips–Van Vechten–Levine (P–V–L) bond theory.

Experimental procedures

MnZrTa2O8 ceramic was prepared by solid-state

reaction technique. Raw reagents of MnO (99.5%),

ZrO2 (99%) and Ta2O5 (99.5%) were purchased from

Aladdin (Shanghai, China). They were ball-milled for

6 h with desired stoichiometry. The slurry was then

dried, manually ground in a mortar and sieved

through a 200-mesh screen. Initial calcination was

carried out at 1125–1200 �C to ensure complete

chemical reaction. After that, the samples were re-

ground in ethanol medium. Using polyvinyl alcohol

(PVA) as binder, the spherical powders were iso-

statically pressed into disks at 150 MPa. Finally, the

compacts were sintered at 1300–1400 �C for 4 h in air

atmosphere.

The bulk densities of sintered pellets were mea-

sured by Archimedes principle. The theoretical den-

sity was calculated by formula:

qtheory¼
ZA

VCNA

ð1Þ

where Z, A, VC and NA were the number of atoms in

a unit cell, the atomic weight, the volume of the unite

cell and Avogadro’s number, respectively. Con-

stituent phases were examined by X-ray diffraction

(XRD, D2-PHASER, Bruker) with CuKa radiation.

The structural parameters of samples were refined by

means of GSAS software [17]. The Raman spectrum

was collected using Renishaw RM2000 instrument.

And the exciting source was 532 nm line from Ar ion

laser. Field emission scanning electron microscope

(ZEISS GeminiSEM 300, Carl Zeiss, Germany) was

employed to observe the morphology. The dielectric

constant er and quality factor Q 9 fwere measured in

the frequency range of 7–10 GHz with a HP8720ES

network analyzer using Hakki–Coleman’s dielectric

resonator method [18]. The sf was obtained at tem-

peratures from 20 to 80 �C as the relationship:

sf¼
f2 � f1

f1ðT2 � T1Þ
ð2Þ

where f1 and f2 were the resonant frequency at T1 and

T2, respectively.

Results and discussion

Relative density

The bulk density of MnZrTa2O8 ceramic sintered at

various temperatures is demonstrated in Fig. 1. From

the preliminary result, it was evident that the bulk

density enlarged monotonically with increasing

temperature up to 1350 �C, and decreased thereafter.

The dependence of relative density on sintering

temperature illustrated a similar trend to that of bulk

density, as shown in Fig. 1. Sintered at 1350 �C, the
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ceramic reached the maximum relative density

*96.85%.

Structure analysis and phase refinement

Figure 2a reports the XRD patterns of powders cal-

cined in the temperature range 1125–1200 �C. Major

crystalline phase MnZrTa2O8 as well as a low level of

unfavorable starting oxides could be identified at

1125 �C. Minor MnTa2O6 phase was also detected,

matching JCPDS 34-0054. It became clear that

increasing temperature gradually weakened the

intensities of MnTa2O6 reflections. Monophasic

MnZrTa2O8 was obtained at 1200 �C. The above dis-

cussion briefly indicated the transition from MnTa2-
O6 to MnZrTa2O8, as illustrated by Eqs. (3) and (4).

This phenomenon was almost the same as generally

observed in CoO–ZrO2–Ta2O5 system [13]. After

sintering, the obtained compound was virtually

phase pure, according to JCPDS file number 48-0331

(in Fig. 2b).

MnOþ Ta2O5 ¼ MnTa2O6 ð3Þ

MnTa2O6 þ ZrO2 ¼ MnZrTa2O8 ð4Þ

GSAS-EXPGUI software was performed to obtain

precise structure parameters. The refinement plot and

atomic fractional coordinates for MnZrTa2O8 ceramic

sintered at 1350 �C are shown in Fig. 3 and Table 1,

respectively. Judging from the reliability factors in

Table 2, the refinements could be originally used to

determine structure–properties relationships. Fig-

ure 4 and Table 3 summarize the structural diagram,

bond type and bond length. In MnZrTa2O8, Mn/Zr

was randomly distributed at 2f Wyckoff positions,

and Ta was in 2e. Two types of O anions, both located

at 4g sites, were distinguished. O1 was connected to

one Ta cation and two Mn/Zr cations, while O2 was

bonded with one Mn/Zr-site and two Ta-site cations.

All cations were 6-coordinated, forming oxygen

octahedrons in sequence. Surrounded by Mn/ZrO6

with vertices, TaO6 was inter-connected through

edge-sharing [19].

Raman analysis

Raman spectroscopy is introduced with the aim of

probing the crystal structure in this work. For

MnZrTa2O8 with P2/c space group and C2h (2/m)

point group, its irreducible representations are

determined as given in Table 4 [20]. Considering that

Figure 1 Sintering behavior of MnZrTa2O8 ceramics at different

temperatures.

Figure 2 XRD patterns of MnZrTa2O8 samples a calcined at

1125–1200 �C and b sintered at 1300–1400 �C.
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some weak vibration modes may be broadened or

overlapped, less bands are recorded as shown in

Fig. 5. For lattice vibration, the weak bands were

centered at 117 cm-1 and 154 cm-1 [9]. The Zr–O

stretching vibrations at 175 cm-1, 412 cm-1, and

835 cm-1 were readily recognized [21]. O–Ta–O

bending modes appeared at low wavenumbers

(200–300 cm-1). The spectral maxima were mainly

located at 800–1000 cm-1. The strong structures at

850 cm-1 and 739 cm-1 were consistent with the Ta–

O symmetric stretching vibration, which were rep-

resented as A3g and B3g modes, respectively [9]. The

482 cm-1 and 679 cm-1 peaks also gave information

about Ta–O stretching. Two extra active phonons

near 799 cm-1 and 879 cm-1 originated from the

stretch vibration of the TaO6 octahedra [22]. The

modes at 522 cm-1, 626 cm-1 and 647 cm-1 might be

viewed as the symmetric stretching vibration v2(Mn–

O) [23, 24], whereas the peak in the vicinity of

579 cm-1 belonged to MnO6 bending. Besides, the B3g

mode near 363 cm-1 came from the rotations of

MnO6 groups. [23].

Morphological analysis

SEM images of MnZrTa2O8 ceramics are presented in

Fig. 6. The difference in microstructure was clearly

seen in terms of grain size and porosity. The sintering

was incomplete when the temperature was as low as

1300 �C. Here, the microstructure was represented by

a proportion of intergranular porosity. Grain growth

accelerated integrally and porosity reduction occur-

red as sintering proceeded. These two effects com-

bined to give enhanced microstructure. After

sintering at 1350 �C, the faceted morphology was

more clearly. Meanwhile, the polygonal grains

exhibited dimensions between 1 and 4 lm (see

Fig. 6c). However, on further increasing the temper-

ature, uniform microstructure was destroyed. This

over-sintering behavior resulted in abnormal grain

growth with size up to 8 lm, as shown in Fig. 6e.

Microwave dielectric properties and bond
analysis

Phillips–Van Vechten theory [25, 26] could only deal

with the binary crystals at the end of the 1960s. Zhang

[27] further succeeded in generalizing Phillips–Van

Vechten–Levine (P–V–L) theory for multibond

Figure 3 Rietveld refinement details of MnZrTa2O8 samples

sintered at 1350 �C.

Table 1 Refined atomic fractional coordinates from the XRD data

for MnZrTa2O8

Atom Wyckoff site x y z OCC

Mn 2f 0.5000 0.6820 0.2500 0.5

Zr 2f 0.5000 0.6794 0.2500 0.5

O1 4g 0.2481 0.3746 0.3838 1

O2 4g 0.2090 0.0979 0.9567 1

Ta 2e 0.0000 0.1753 0.2500 1

Table 2 Crystallographic data

obtained from Rietveld

refinement for MnZrTa2O8

ceramics

T(�C) Lattice parameters Vunit (Å
3) Reliability factors

a (Å) b (Å) c (Å) a = c b Rwp (%) Rp (%)

1300 4.8359(3) 5.7169(1) 5.1387(7) 90 91.7224(1) 142.0049(6) 9.1, 8.7

1325 4.8361(1) 5.7164(4) 5.1395(2) 90 91.7211(4) 142.0186(4) 8.9, 7.5

1350 4.8370(3) 5.7153(5) 5.1398(5) 90 91.7219(3) 142.0273(9) 9.6, 8.3

1375 4.8371(4) 5.7159(2) 5.1399(4) 90 91.7209(7) 142.0480(9) 9.5, 8.1

1400 4.8369(2) 5.7177(3) 5.1391(2) 90 91.7198(6) 142.0637(7) 8.6, 7.3

Rwp reliability factor of weighted pattern; Rp reliability factor of patterns
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systems. Using this, any complex crystal could be

divided into a sum of dualistic crystal (AmBn). In

MnZrTa2O8, the effective valence electron numbers

(Z) of Mn, Zr, Ta were ZMn = 2, ZZr = 4 and ZTa = 5,

respectively, while the ZO values were not equal,

depending on the type of bond. They were ZO = - 1

in Mn–O bond, ZO = - 2 in Zr–O bond and

ZO = - 2.5 in Ta–O bond. The coordination number

and charge distribution of ions are shown in Fig. 7.

These parameters were especially necessary for the

calculation of bond ionicity fi, lattice energy Ucal and

bond energy E. The MnZrTa2O8 is decomposed into

the sum of binary crystals as Eq. (5).

Figure 4 The schematic diagram of MnZrTa2O8 ceramics, as well as bond lengths within octahedrons after sintering at 1350 �C.

Table 3 Bond length (Å) for

MnZrTa2O8 ceramics sintered

at various temperatures

Bond type 1300 �C 1325 �C 1350 �C 1375 �C 1400 �C

Mn–O(1)1 9 2 2.1874 2.1882 2.1871 2.1875 2.1884

Mn–O(1)2 9 2 2.2344 2.2351 2.2349 2.2361 2.2370

Mn–O(2) 9 2 1.7794 1.7785 1.7777 1.7791 1.7795

Zr–O(1)1 9 2 1.9755 1.9759 1.9742 1.9740 1.9772

Zr–O(1)2 9 2 2.1954 2.1962 2.1956 2.1955 2.1967

Zr–O(2) 9 2 1.8749 1.8744 1.8752 1.8761 1.8754

Ta–O(1) 9 2 2.0374 2.0354 2.0361 2.0356 2.0334

Ta–O(2)1 9 2 2.1273 2.1254 2.1234 2.1222 2.1304

Ta–O(2)2 9 2 1.8927 1.8951 1.8934 1.9012 1.9007

Table 4 Raman and IR

vibrations modes of

MnZrTa2O8

Atom Wyckoff site Symmetry Irreducible vibrational representations

Mn/Zr 2f C2 Ag ? 2Bg ? Au ? 2Bu

O1 4g C1 3Ag ? 3Bg ? 3Au ? 3Bu

O2 4g C1 3Ag ? 3Bg ? 3Au ? 3Bu

Ta 2e C2 Ag ? 2Bg ? Au ? 2Bu

COptic = 9Ag ? 12Bg ? 8Au ? 10Bu

CRaman = 9Ag ? 12Bg

CIR = 8Au ? 10Bu
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MnZrTa2O8¼Mn2=3Oð1Þ4=3þMn1=3Oð2Þ2=3þZr2=3O(1)4=3

þZr1=3O(2)2=3þTa2=3O(1)4=3þTa4=3O(2)8=3

¼Mn1=3O(1)12=3þMn1=3O(1)22=3þMn1=3O(2)2=3

þZr1=3O(1)12=3þZr1=3O(1)22=3þZr1=3O(2)2=3

þTa2=3O(1)4=3þTa2=3O(2)14=3þTa2=3O(2)24=3

ð5Þ

Dielectric constant er and bond ionicity fi

The er of MnZrTa2O8 ceramics, as seen from Fig. 8a,

gave a good consistency with respect to relative

density. Compounds with higher density generally

exhibited larger er and vice versa. In Ref. [28], Bat-

sanov suggested that the er was proportional to the fi.

Thus, the bond ionicity of individual bonds l in

MnZrTa2O8 ceramics was calculated as follows [29]:

Figure 5 The Lorentzian peak fit of the experimental Raman

profile for MnZrTa2O8 ceramics sintered at 1350 �C. The symbols

are experimental points, and the solid lines are fitted curves.

Figure 6 SEM micrographs of MnZrTa2O8 ceramics sintered at a 1300 �C; b 1325 �C; c 1350 �C; d 1375 �C; e 1400 �C.

Figure 7 The coordination number and charge distribution of

ions in MnZrTa2O8.
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fli ¼ Cl

El
g

ð6Þ

ðEl
gÞ

2 ¼ ðEl
hÞ

2 þ ðClÞ2 ð7Þ

ðEl
hÞ

2 ¼ 39:74

ðduÞ2:48
ð8Þ

Cl¼14:4bl exp �kls
dl

2

� �
ðZl

AÞ
� � n

m
ðZl

BÞ
�

h i dl

2

� ��1

ð9Þ

where El
g was composed of homopolar El

h and

heteropolar Cl. The ðZl
AÞ

� and ðZl
BÞ

� were effective

number of valence electrons inions, respectively. dl

was the bond length. Table 5 gives the bond ionicity fi
for MnZrTa2O8 ceramics sintered at 1350 �C.

Comparison of the results in Fig. 8b showed the

sequence, i.e., Ta–O[Zr–O[Mn–O. So the Ta–O

bonds might have a vital effect on the dielectric

polarization behavior. With increasing temperature,

the variations of er and average Ta-site bond ionicity

are shown in Fig. 8a. From it, we could see that the

smaller the ionicity, the smaller er. The dielectric

constants were estimated using the Clausius–Mos-

sotti (C–M) equation as follows [30]:

ecal¼
3Vm þ 8paD
3Vm � 4paD

ð10Þ

where aD is the total polarizability of the substance in

molar volume Vm. The molecular polarizabilities of a

certain complex could be calculated by oxide addi-

tivity rule [30]. At temperature below 1350 �C, the
calculated and measured values moved in opposite

directions. That was because the C–M equation was

just strictly valid only for compounds with cubic

symmetry. Additionally, the sample studied here was

a ceramic but not a single crystal. From Fig. 8a, it was

also seen that the measured values were slightly

smaller than calculated. The difference arose pri-

marily due to the ionic or electronic conductivity, the

H2O or CO2 in channels, and the presence of rattling

or compressed cations. The dipolar impurities might

be also contributed.

Quality factor Q 9 f and lattice energy Ucal

As seen from Fig. 9, the Q 9 f increased steadily with

temperature till 1350 �C and subsequently showed an

obvious downtrend. The higher densification was

believed to be the reason for the Q 9 f enhancement

at first. Besides, the possible effect of grain bound-

aries acting as two-dimensional defects could not be

overlooked [4]. Larger grain size stood for a decrease

in the total number of grain boundaries. Hence, this

long-range ordering improved the Q 9 f. Neverthe-

less, this consistency between the two was destroyed

after 1350 �C. It happened due to the deleterious

effect brought by porous microstructure. The micro-

wave dielectric losses generally fall into two parts:

extrinsic and intrinsic [31]. The former was domi-

nated by second phase, grain size and porosity, while

the latter was related to crystal structure. The lattice

energy Ucal reflected binding ability between anions

and cations. So, it was calculated in MnZrTa2O8

system based on Eqs. [32, 33]:

Figure 8 a Dielectric constant er and average bond ionicity fi of

Ta–O bonds for MnZrTa2O8 ceramics at different temperatures;

b The bond ionicity fi of metal–O bonds for MnZrTa2O8 ceramics

sintered at 1350 �C. The inset shows the calculated dielectric

constant by Clausius–Mossotti equation.
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Ucal ¼
X
l

Ul
b ð11Þ

Ul
b ¼ Ul

bc þUl
bi ð12Þ

Ul
bc ¼ 2100m

ðZl
þÞ1:64

ðdlÞ0:75
flc ð13Þ

Ul
bi ¼ 1270m

ðmþ nÞZl
þZ

l
�

dl
1� 0:4

dl

� �
fli ð14Þ

where Ul
bc and Ul

bi were covalent and ionic lattice

energy of bond l. Zl
þ and Zl

� were the valence states

of cation and anion. The lattice energies of

MnZrTa2O8 ceramics sintered at 1350 �C are given in

Table 6. The lattice energy for Mn–O, Zr–O and Ta–O

bonds was 3281.59 kJ/mol, 12222.03 kJ/mol and

37409.40 kJ/mol, respectively. In particular, the Ta–O

bonds made 70.70% contributions to the Q 9 f. The

total lattice energy (Utotal) dependence of sintering

temperature is plotted in Fig. 9a. It is noticed that

Q 9 f and Utotal presented a similar variation ten-

dency. Low lattice energy manifested improved lat-

tice anharmonicity and then increased intrinsic loss

[34]. It was therefore believed that there would be a

deterioration in Q 9 f above 1350 �C. The encourag-

ing thing was that MnZrTa2O8 yielded comparable

Q 9 f value * 48103 GHz, as compared to

27936 GHz in MnZrNb2O8 [6].

Temperature coefficient of the resonant frequency sf
and bond energy E

The sf of MnZrTa2O8 ceramics in Fig. 10 shifted from

- 50.55 to - 41.21 ppm/ �C. It was widely

acknowledged that the sf was sensitive to structures.

According to Sandderson [35, 36], the bond energy

could be required from the electronegativity by:

Table 5 Bond ionicity fi for

MnZrTa2O8 ceramics sintered

at 1350 �C

Bond type d (Å) Eh
2 C2 Eg

2 fc (%) fi (%)

Mn–O(1)1 9 2 2.1871 32.56 54.23 86.79 37.5172 62.4828

Mn–O(1)2 9 2 2.2349 29.25 53.95 83.20 35.1563 64.8437

Mn–O(2) 9 2 1.7777 91.20 182.78 273.99 33.2872 66.7128

Zr–O(1)1 9 2 1.9742 54.11 250.91 305.02 17.7413 82.2587

Zr–O(1)2 9 2 2.1956 31.94 139.64 171.58 18.6161 81.3839

Zr–O(2) 9 2 1.8752 69.85 323.85 393.70 17.7408 82.2592

Ta–O(1) 9 2 2.0361 46.43 205.31 251.74 18.4441 81.5559

Ta–O(2)1 9 2 2.1234 37.70 223.06 260.76 14.4589 85.5411

Ta–O(2)2 9 2 1.8934 66.58 395.75 462.33 14.4006 85.5994

Average fi Mn–O 64.6797

Average fi Zr–O 81.9673

Average fi Ta-O 84.2321

Figure 9 a Quality factor Q 9 f and total lattice energy Utotal for MnZrTa2O8 ceramics at different temperatures; b contributions of

metal–O bonds to the Q 9 f value for MnZrTa2O8 ceramics sintered at 1350 �C.
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E ¼
X
l

El
b ð15Þ

El
b ¼ tcE

l
c þ tiE

l
i ð16Þ

tc þ ti ¼ 1 ð17Þ

where El
b was the sum of nonpolar covalence energy

El
c and complete iconicity energy El

i . The tc and ti
were covalent and ionic blending coefficients, and

they always satisfied Eq. (17). El
c and El

i could be

evaluated by Eqs. (18) and (19).

El
i ¼ 33200

dl
ð18Þ

El
c ¼ rcA þ rcB

dl
ðEA�AEB�BÞ1=2 ð19Þ

where r and dl were the covalent radii and bond

length, respectively. EA–A and EB–B were the

homonuclear bond energy, gained from the

handbook [37]. The calculated bond energy for

MnZrTa2O8 ceramics sintered at 1350 �C is displayed

in Table 7. The results show that the bond energy of

Ta–O bond was considerably superior to those of Zr–

O and Mn–O. The average bond energy of Ta–O

(ETa–O) for MnZrTa2O8 ceramics sintered at different

temperatures, as well as sf, is provided in Fig. 10.

High bond energy did much good on the crystal

structure stabilization. When bond energy increased,

the tilting of the oxygen octahedron became more

difficult; eventually, the system had a small |sf|. This
finding was in close agreement with the previous

studies [34].

Conclusions

MnO, Ta2O5 and ZrO2 were used as raw materials to

synthesize MnZrTa2O8 by solid-phase method. The

existence of intermediate MnTa2O6 phase was estab-

lished during calcination. Single-phase MnZrTa2O8

was generated when the temperature exceeded

1200 �C. After sintering, all these compounds formed

in a monoclinic structure with P2/c space group.

Raman spectroscopy was used to evidence the bond

characteristics of samples. Both the er and Q 9 f en-

larged firstly and reached the maximum value at

1350 �C and then decreased gradually. Analysis by

P–V–L chemical bond theory clearly clarified the

importance of Ta–O bond in affecting the dielectric

properties, principally owing to its greatest bond

ionicity and lattice energy. Particularly, MnZrTa2O8

ceramics were well densified at 1350 �C with a con-

siderable enhancement in Q 9 f*48103 GHz

Table 6 Lattice energy for

MnZrTa2O8 ceramics sintered

at 1350 �C

Bond type d (Å) fi (%) fc (%) Ubc (kJ/mol) Ubi (kJ/mol) U (kJ/mol)

Mn–O(1)1 9 2 2.1871 62.4828 37.5172 446.69 593.23 1039.92

Mn–O(1)2 9 2 2.2349 64.8437 35.1563 409.63 605.36 1014.99

Mn–O(2) 9 2 1.7777 66.7128 33.2872 487.60 739.09 1226.69

Zr–O(1)1 9 2 1.9742 82.2587 17.7413 729.02 3401.35 4130.37

Zr–O(1)2 9 2 2.1956 81.3839 18.6161 687.84 3103.42 3791.26

Zr–O(2) 9 2 1.8752 82.2592 17.7408 767.49 3532.91 4300.40

Ta–O(1) 9 2 2.0361 81.5559 18.4441 2117.25 10219.47 12336.72

Ta–O(2)1 9 2 2.1234 85.5411 14.4589 1591.55 10381.45 11973.00

Ta–O(2)2 9 2 1.8934 85.5994 14.4006 1777.68 11322.00 13099.68

UMn–O 3281.59

UZr–O 12222.03

UTa–O 37409.40

UTotal 52913.02

Figure 10 Temperature coefficient of the resonant frequency sf
and average Ta-site bond energy ETa–O for MnZrTa2O8 ceramics.
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(f = 8.97 GHz). At the same time, the er and sf were

23.0 and - 41.21 ppm/ �C, respectively.
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