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Abstract: Microwave dielectric ceramics are the key basic materials of 5G/6G communication technology, and the materials with a
high quality factor (Qxf), a low dielectric constant (¢;) and a near-zero temperature coefficient of resonant frequency (z;) become a
focus of research and development. In this paper, a series of garnet Ca;_ Mg, Yb,Ge30,, (0<<X< 3) ceramics were prepared by a
solid-state reaction approach, and the influence of Mg?" “rattling” effects in the A-site on the microwave dielectric properties was
investigated. The ceramics with 0<XX<:2 exhibit a normal garnet structure, ¢, gradually increases from 10.3 to 11.8, whereas the Qxf
gradually decreases from 98 000 GHz to 78 000 GHz, and ; is in the range from —40x107® to —56x107%°C. The ceramics with 2<x<<3
have an inverse garnet structure with Mg?* in the A-site and ¢, quickly increases to 13.5, whereas the Qxf apparently decreases to
19,800 GHz, and the 7; value varies from the negative value to the positive value (+70.5x10°%/°C), which are attributed to the rattling
effect Mg®" and the mismatch between Mg”* and Yb*" in the A-site. According to the extrapolated values of the far-infrared reflective
spectrum in the microwave region, the intrinsic ¢, and Qxf values are in a reasonable agreement with the measured values.
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Fig. 1 XRD patterns and crystal structures of Caz Mg, Yb,Ge;0;, (0<<X=<3) ceramics
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Table 1 Lattice parameters, reliable factors, and cation distribution of Ca; Mg, Yb,Ge;0;; (0=<X<3) ceramics obtained by

the Rietveld profile refinement method

X values a/A Cell volume/A> Rup” R,” Rexp) Occupancy
0 12.748 1 2071.76 734 492 3.56 [Cas ][ YD, *[Ges] 01,

0.5 12.6406 2019.77 5.95 3.80 237 [CazsYbos]®[Yb; sMgo 5] [Ges ™01,
1.0 12.4825 1944.93 6.54 437 2.63 [Ca,Yb ¥ Yb, Mg 1*[Ges] 0y,
1.5 123784 1896.68 7.52 4.02 2.19 [CarsYbys*[Ybo sMg; s][Ges] ™01,
2.0 12.2678 1846.29 6.18 3.54 1.76 [CaYb,]® Mg )“[Ges 101,
25 12.2082 1819.51 5.49 3.62 1.73 [CasMgosYby )M [Mg.][Ges] 0,
3.0 12.1675 1801.39 445 2.84 1.74 [MgYb, ¥ Mg, ] [Ges] 0y,

2 Weighted profile factor, ® Profile factor, © Expected weighted profile factor.
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Table 2 Bond lengths and bond valences of A;Yb,Ge;0q;
(A=Ca, Mg) ceramics

Ceramics Bond type di/AY R,” Vi vu®

Caz;Yb,Ges;0; Ca-O(x8)  2.5440(x4) 1.967 1.841
2.479 8 (x4)

Yb-O(x6)  2.226 7 (x6) 1.985 3.122

Ge-O(x4) 17509 (x4) 1748 3.969

MgzYbyGesO,  Yb-O(x8)  2.397 9 (x4) 1.985 2.869
23337 (x4)

Mg(1)-0(<8) 2.3979 (x4)  1.693 1303
23337 (x4)

Mg(2)-0(x6) 2.0435(x6)  1.693 2327

Ge-O(x4) 1.770 7 (x4) 1.748 3.762

® Length of a bond between atom i and j, ® Bond valence parameter, © Bond
valence is given in valence units (V.U.) which represent the number of

electron pairs that form the bond.
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(a) x=0 (b) x=0.5
(©)x=1.0 (d)x=1.5
(e)x=2.0 (Hx=2.5
(8) x=3.0 (h) Relative density

B2 Cas Mg, YbyGesOy, (0x<3)Pi B AE i (1R 2 i BE 1Y) SEM JE A RIAH X % P2 P
Fig.2 SEM images and relative densities of Cas; ,Mg,Yb,Ge301, (0<<X<:3) ceramics at the optimum sintering temperature
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(a) Unit cell parameters and volumes

(c) Qxf values

(b) Theoretical and measured permittivity

(d) z¢ values

B3 Cay Mg, YbyGes0,, (0x<3)Wi & i A st R
Fig. 3 Microwave dielectric properties of Caz yMg,Yb,Ge;0;, (0<<X<3) ceramics
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Table 3 Optimum sintering temperature, microwave dielectric properties, and temperature coefficient of ion polarizability of

Caz ,Mg,Yb,Ge;01; (0<XX<:3) ceramics

X values Ceramics S.TY/C & Qxf9/GHz 79/(x107%-C™ T /(x107%C )

0 Ca;Yb,Ges0), 1360 10.3 98000 —482 +16.88
0.5 Cay sMgo5Yb,Ge;O 1380 10.6 89000 -55.6 +17.99

1.0 Ca;MgYbh,Ge;O, 1400 11.0 87000 -56.3 +17.83

1.5 Ca; sMg; 5Yb,Ge;O 1400 1.2 86 000 -50.4 +16.72
2.0 CaMg,Yb,Ge;O1 1400 11.8 78 000 -403 +14.80
2.5 CapsMg 5Yb,Ge;O 1420 12.4 24000 +4.7 +7.78
3.0 Mg;Yb,GesOrs 1440 13.5 19800 +70.5 -1.22

2 Sintering temperature; " Relative permittivity; 9 Quality factor; 9 Temperature coefficient of resonant frequency; ® Temperature coefficient of ionic

polarizability.
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(a) Infrared reflectivity spectra
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(b) Complex dielectric spectra

Bl 4 Ca; Mg Yb,Ge;01, (0SX<3) & L 21 40 S S0t DL R A H B0
Fig. 4 Infrared reflectivity spectra and complex dielectric spectra of Cas Mg, Yb,Ge301, (0<<X<3) ceramics

Table 4 Phonon parameters obtained from the fitting of the infrared reflectivity spectra of Ca;_ Mg, Yb,Ge;0; (0= X<3)

ceramics

Ca3Yb,Ges01; (65=0.467; £6=9.97)

Mg3YbyGes;01; (6.=4.09; £5=15.2)

Mode o pj 7 Agj Mode o wp b Agj
1 75.23 59.86 3.244 0.633 1 71.38 232.84 72.301 1.600
2 109.81 66.70 4.567 0.369 2 113.43 129.69 19.850 1.310
3 169.84 130.06 9.872 0.586 3 145.15 222.52 26.445 1.350
4 183.36 101.82 4.148 0.308 4 213.16 325.25 67.346 1.330
5 222.99 214.87 8.677 0.929 5 248.08 308.93 49.560 1.550
6 252.27 357.73 11.202 2.010 6 309.54 103.06 15.577 3.111
7 287.87 317.71 14.733 1.280 7 359.61 228.58 24.342 0.404
8 367.83 326.22 7.967 1.801 8 396.05 330.86 46.960 0.698
9 413.20 230.18 38.532 0.509 9 419.19 174.38 21.331 0.173
10 438.80 297.63 24.460 0.606 10 451.42 382.03 35.066 2.716
11 472.90 66.80 15.290 0.021 11 489.16 138.94 34.218 0.0807
12 665.05 400.69 31.341 0.367 12 560.69 132.98 43.839 0.0562
13 692.96 369.68 52.123 0.281 13 682.83 270.21 47.751 0.157
14 748.74 305.43 38.039 0.164 14 727.66 487.44 63.628 0.449
15 778.26 -159.11 30.606 0.0419 15 774.53 33431 47.855 0.186
16 790.56 -210.66 36.509 0.071 16 803.34 201.39 29.466 0.0628

7j» @oj, and wp; are the damping factor, the transverse frequency, and the plasma frequency of the jth Lorentz oscillator, respectively. /g makes the contribution

of the jth mode to the static permittivity.
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Fig. 5 Raman spectra of Ca; ,Mg,Yb,Ge;0,, (0<<X<3) ceramics at room temperature and FWHM, Qxf value, A, peak shift and

molecular mass of ceramics as a function of X values
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