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particular emphasis on the materials that exhibit a high quality factor (Qxf), low dielectric constant (g;) and
near-zero temperature coefficient of resonant frequency (z;). However, most low-g¢, materials tend to have a
significantly negative 7y value. This study provides a systematic overview of the classical ionic polarizability
dilution mechanism and phase transition mechanism, along with the structural factors affecting 7, such as unit cell
volume mechanism, oxygen polyhedron distortion, bond energy, bond ionicity, and bond valence. Subsequently, the
anomalous changes in 7; in the cubic normal and inverse garnet systems without phase transition are described in
detail. The “Rattling” effect is introduced as a novel mechanism affecting the 7; of microwave dielectric ceramics.
Cations involved in “Rattling”, characterized by high coordination and weak chemical bonds, are the primary
factors affecting the overall microwave dielectric polarization and loss of the material. This phenomenon results in
an increase in ionic polarizability and ¢,, a forward shift in 7; and a reduction in Oxf value, which has been verified
and applied in many different material systems. Furthermore, the introduction of a weighted function for total ion
polarization deviation serves to evaluate the impact of the entire molecule's “Rattling” and “Compressed” effects on
& A novel concept of temperature coefficient of ionic polarizability (z,y) is also proposed, allowing for quantitative
calculation. This simplifies the factors that affect the positive and negative of dielectric constant temperature
coefficient (z,), by relating it to &, 7., and linear expansion coefficient ay .

Key words: microwave dielectric ceramic; Rattling effect; temperature coefficient of resonance frequency;

temperature coefficient of ionic polarizability; influence mechanism; weighted function for total ion polarizability

deviation

Tl A It B 8 A2 Fi 2 FH - BB A B (300 MHz~
300 GHz, *fNFTHEBZPASY 1 m~1 mm)HEE T, {F
NI AR 58 iR 8 ThREAE M e o IXLe bRt
BRIV IR B A% . W IRAS . XL RS /o iRESE 4
fF, TH BT RREEIE . BahEE M eRkE i R
Gressmug . BEE SGOBME I m AL R TR, XA
OXf NI & Y el B2 A3 R VR A1 o M 82 ) 75 R 1
mayl. SR, BRZEIR e BRI BA BRI o
BRI T HAE SG KA K 6G T 15 v i R,

1 A o mALE S

o F T 1 o NP b o RORIRIERT &, (1
50 . Bosman A Havingal®%} Clausius-Mossotti(C-M)
T REHEAT Y, 330 KA

o =i(aij _E e t2) Ly
&r P

oT &

), o) )
3am\ oT ), 3am\ 9V ) \ 9T )p
c=_L(3_Vj 1)

3w\ or ),

Horr, A WS AAFR VAR E R, R T X5 & 7t
o (RIS o AR B T IIRBI AR I A PR, B
TR TR, T P L e 7 A el 2 TG K

B AR AN 2R 8 8 IR T R T B AR, DRI 4 TE
NE. B BUERRENTEE EE R, MK
FARA R PR . K 2 5 B80S T [ AR XS 2 75
R, TS B F AL RGO, Fk B TUE & A IE
fH. C IR T 3 HAARFAR LB AR 94 B
sz, BEAE R R, AR R AR AR, AL R AR
WARAR P2 & b, Bk ¢ Tuds N fE. B s
C TR e AR RS ) 25 47 82, Bosman 25 OHfE 5
HHUE 9 IFE(8%107°~10x10° 'C™"), HEsL |, 7E
FHE T FEF, BT A E [F] B 52 AR AR AR B AR AL )
BN . Bosman N4 4. B Wi IFUTE, g T sE
Brigaot, Joik NSRRI & 1) o, S e 4 F1 B IEUE
Reaney 50K 5200 7 (1 £ BN LA 400 B Tk %
s R ML A AR A LA
1.1 BFHREEFEEVS

Harrop 25" 1E 4 Al B P IR (B 74m=0) 1B 1%
S B, SR T IR RS (rrare/2), Ho
5 e BB IRR, BRAARN RSP
RIFRFE & BRAK, HE T8 o BRAK, MRS T
H AT 48K 2 20 6,220 TS AR o 4 IEAR 3
%, BARNEHTHARZHEA A K e MR 3
B 9E R 8 K % % % Reaney 5 UOE sz T
St,41Ti, 03,41 KR tre, BALTF A ZALH o R B AR
HUTBIE KONiF, £58 SrLnAlO4. CaLnAlOg 1



658 I e

540 5

SrLaAl;_(ZngsTigs)yO4(x=0~0.9) 2 14 % il it & 1
BRI T e(16~33)H1 7(—33x10°~+38x107° ‘C™),
HINN et BURFE B FIRARFERENLS] . SR,
BT o BN BIE AR, PRk, 25Tk
RN A ESEH T %k &
1.2 HEHTHH

Xt F &5 Sr Fe A Ba I A ES R Mk I
IEERAN o, H 5 e BRLMEBAITEM, Colla
At L-USD o T 48 TR A ATARE 51 % 1 4 4 LA b 1 5 g A
R o (i RN R, JHEH T M k2%
BT 1 5 2 A% &, IAA SITiOs-LaAlO;!,
Sr,Ca; , TiOs! "M 2 v K A% L i1 R0 s B L o) 3 )
K ol EE . s e w2 4R
¥ BiV O, 1A F A - T FE A 305 P o 4 1) = U % DA
T, K o EAAL R I . BE)E, &ocimgl
XF CaSnSiOs i A Ji i %5 1) B I AR P % 1
BECKPEHEAT TR 70, A3, A a2 PO i o 4
LnNbO, F Je % I Bk - U AR AR IR BE, SEIL T o £H
BB IE R TE o SR8 S P AH AR B V0 TV AR R 38 o
IR P RIS I 1 48K 2 HU
MM EWNEI TR o« WBR. i, &
Ba,_,Sr,V,05?Hl Sry_Ca, V042 Mk Z b, B B A
A, HHH TREE IR, Heb oLl
BWARFE BT MACERBEIS] . XKW, fEHE
FVES TR AL M RN LAAL, A E B AR RN o
S LA .
1.3 EEZmilHHERE

B N AT 7T 3 BRORAER BT T B R B RE . A
J\THI A A8 55 B A S5 A8 A 6 7 PRI S MR HL A1 - Lee 2512
fe i, FAFEE ANb,Og(A=Zn, Mg, NDHIT 7 5 &
I H AR 2 TRV AR} B A 9% o 30k P i A 4 41K Y 35
SHRE EFELEMEIE T, B8 o, EFHF o FE MK Lee
SIS a, SRR S R A A e,
Mol o EFR o N (HIZMLHI 6 AR R
Ba(M;3Tay3)03(M=Ca, Mn, Co, Ni, Zn) ¢ A FH 1
K EFF, 1 St(My3Tay3)05 E15 2 MR (B 5
ORI PE BaO-Si0, JETI A TR A RHMA £ 1)
W72 I, BasSigOay P B FE it Y 75 [Si04] P i 44
1L R LG 95 . Kim 23R8 BiNbOLY A
Mg TiO5035 P % v 48 )\ T A A P K, o AR
Cheng 2521 %2 31 Ba,_Sr,V,0g 7 2 HH[VO,] A DY
PRI AS BE 1K, 703Z W Tt Chen 2571 Zhang 25"
E LiBOy(B=Yb, In){k & 1 R I, 7Bl [LiOs) ./ \ THI 74
F) W A 38 KT T TR 4B & 1245 5 Kim 25122 0
S\ R 45 14 7R R (Zng3Nbyss)oa(Tip 2SNy 60;2

(Zn13B13)sTi1_yO>(B=Nb, Ta) I T 45 R —E. A1,
Choi £ D27E 0.75(Al;2Tay2)0,-0.25(Ti;,Sn,)O; «
(1-x)(Al;,Ta;2)0,-xTiO,  F1  (1-x)(Al;»Ta;2)0,-
x(Mg3Tay3)0, 7R R 15 BIM I B 45 R o 2R B8 65 IR
HPIR I, 1 ZnTiNbTaOg H 48 )\ TH A Wi 42 £ 14
S5 ¢ FFF, 1 Ramarao ZEPY3RIE AZrNb,Og
[NbOg]/\ TR B AR FE R BRI o HI3G AN . 43R IR
PRI ZnTiNb,Og 7 2 1 7 P 5 48 )\ T A 5 A
FERA HER R

SR BT R A PO VoK A A A S B (P-V-L
}Eﬁﬁ\)@ﬁﬁ T Zn(Ta,_Nb,),0¢ W & 7T, N b &
Nb/Ta—O % 85 T ML N A% . Ma 2570 Li 208
M & HIREL FEREITE T KRG, —HIEN
T, BEREHCK, MBI AT B MR, o MRk
% . Paschoal 25715 !, RETiTaO4(RE=Ce~Yb, Y)W
B e M 2 9284 5 RE-O B2 1 8 1 It A0 A0 25
PI#H . 24 RE=Ce~Dy I, NIEAL 5 it f1 45,
RE-O K, B FHANE, & BR(46~34), 1 N IE
f; 4 RE=Ho~Yb I}, NIFA M4 A 45#, RE-O 8
Kedsead, LA PERE, o BK(23~19), o N U fE .

B[ 2% Park 254 Yoon 25111 IK7E Pb 3
HAPERH(Pb, Ca,)[Feos(Nby ,Ta,)y5]05+ Ca FEH
AN CaySmyys TIOs M R R B, B A7 B4 3 K
SEE )\ T AR GR AR B8 R o B . SR 7E oAt
Pb #E & 2 41 (Pb;_,Ca,)(Cag33Nby 67)03(0.6 <x < 0.8,
PCCN). (Pb;_Ca,)(Mgo33Tag¢7)05(0.45 < x < 0.65,
PCMT)H TR IR, A RLE/ING Ca™ 8 23 B K
[ P> S8 A ML TR o BRI H AL,
Lufaso™ R, B A7 1 : 2 HFEESHKN
Ba;sMM50¢(M=Mg, Ni, Zn; M'=Nb, Ta)i& &+ 7]
B e 8 T, FEHEH B AL MPBH B T A
IS, 78/ Zhang 2559548 7 BaO-La,05-TiO»-NbyOs
i R ABsOw B B A B A7 2545 Ak &
Bag_,La,Ti,Nby_,O5(n=1~4) ] 758 B A2 84 T
BE N, Kim Y468 7@ ABO, 1
VY75 495 (A=Ca, Pb, Ba; B=Mo, W)l ¥4 45"
(A=Ni, Mg, Zn; B=Mo, WM& k% A. B fFH
B (R BB (V cations) B S80S T AN (Vo) 38 K11 P4
1%, ELPEGMR. SR1, Yoon 2105 5@ 4[] 41
K AWO, Al AMoO4(A=Ba, Sr)fig# ) o 25 RAR K
M AR A . B AWO, B BB . FH B 145
W 51k RE B s 5 T T A P 45 SR ek
ZESt

AR, AT R K N A B B O R B
FMEZ RO \THA)RAERES o FH9REX,



%6

JE 52, SE: Rattling RN — ol 2 IR A 5 B R R i P AR T AL 659

FER A L E] A7 8T 1P Y AN S BT 2 B Ok
T PH B TR R AE DT i S BOR — B4 i
H T =0 BWE r=2a1, BIAFHAZE o IH/ME,
[A] LEE B B i s K T R o 25 o el i B 5 ) R AR
SE TR T, oo NIRRT T MR I AR

2 ARBASZHBREERR rHREEX
5 A {iIPHZEF Rattling 5L

2020 4E, AHBATE 1020~1120 C Il % 7 5
BEEEN W IE LT AR T A3Y,Gez01, (A=Ca, Mg)
%l?&ﬁffiﬁ%%m]o WK I, CasY,GesO1, M & & T
EARAGER, Hrb ca™ S+ ik A AL Y
& B Az, Ge™ (5 C 7 1 Mg3Y2Ge;0, M &R T
ARG, 1A MgZ M2 A YR A S+
Tk ABL, FIF 24 Mg™" 45 B A7, W TE R
PR EAEEEREERGER 1),

AR, I Mg AR B R Mg
(L E(2), Mg® 7E 8 FeALIN+ it Hh A7 7E 3R 51
#]“Rattling” %L W . “Rattling” FH & T 2{ % 1 Dunitz
1 Orgel ™ Ve S, 24624\ A O BH B 1 ST
PN, TR A (1 BH B AR A FA T, 3 Rk
A B AR AR i 25 v O AL B2, AT 51 RS AH AR
MR . FETCES MR AR AR R, /B 12
BICFE AR 5 B T A/ES I E T s, Wi S
B2 ARSI AR T, B0 & /B S 1 2 5 52 2
i P FRPE ) BR il B, B RN RS B, AT
BB R E K. M TR K, & J80H &
TE T A B 3h 7 (“Rattling”); 1 &1 7] 25 45 54
A, MG )% R 4 (“Compressed”) (B 1), 3 IRE
AL H B B R R AE . BHES T K T ER S
N“Compressed” R 2%, /N T HIREMN N A “Rattling”

Shannon Vil L #E S 61 FPES T HIMALE, K I
F A EAL DA E A IR AR AL ape, SIS C-M
TIREFEM & 13BN omea BVIE (T 22N
0.5%~1.5%). fth [A] i & T CaYAlO4+ LiAlSirOg-

CaAlSi,O05 « MgiAl1,Sis0, «  CaMgSi,0; Al
CayZnSi,0; 544 R H 4715 B 1 1Y FH & ¥ “Rattling "%
N, SEGE PRI RA ¢ HRAE.  CaNdAIO,.
SrLaAlO, Fl Ca;A1,Si301, %51k & 1 [H & 1 17 £
“Compressed” N, 15 FHALER & #im1h,
TETOB A 5 M %k & STRAIO4(R=Sm, Nd, La)!'?,
PCCNMeb [ py 4 2 5 30038 7 A o Boe i ik
1 ecn 5 SZFRIEAH emea 1573 I E 5 “Rattling” 2%
N5, (EIEAE Rattling” M 5 o KB, BT IE
AR A3Y2Ge;012(A=Ca, Mg)H ecm 5 emea 11722
&AM, H o B 5FH, FR“Rattling” 20N 5
Wi 5 AL R &, DR, A ] BAAE DI “Rattling” %%
N IR FT 7. Kl 7678 EEFLI .

NT A IR “Rattling” %8 5 7, A 70 KN
IESRISE, AR A BAHE B A 2R IR P R B o
FHEEGERQ), BRO)T 4. BIIE I o 5ET
WARIR RE@) W AT AR e tam 1 oL Z
IR ARG 4)e BAR tom FIRFUZIK R (L7 i R I
AT 300) ) ZH (tam—3a) R E T 7o M e HIIES .
Ca3Y2Ges01p 1) tom BRI IEAE, KT HRFBENK %
(Bav), B o NECRIIHUE . 1 MgsY2GesOna I tum
W REN, SR o AN R M. ARIYE
Nd, . Sm,03(x=0~2.0) 1A & A1 & F, 388 3t 0 5 A [ i
IATE & TR o, REROK. H, AFI
WEIEE o M g RHEE rm HAEAE 1436%10°~
37.33x10°° “C'JEME P, &1E T Bosman FIEUE TG .

o = 1 dow[T,V(T)] )

Om dr
1 [agrj
Tg = — =
e\ oT

(& —D)(&r +2) (L dom|[7,V(T)] —36¥Lj (3)
35r Om dT
_ (&) _(er=D(er+2)
Te = Er (aT j - 3€r (T“m 3aL) (4)

FE LT AMIRIE B 50~400 em ' VA, Z04MNE
PER BB UK e, TTER 70 N 8.94 K1 11.4, 5
Ca3Y,Ges0y, Fll Mg3Y,Ges01, HAE T 94.3%A1 90.7%.

% 1 Ca3Y2Ge3012 *u Mg3Y2Ge3012 B’ﬂﬁﬂ"]%%\ %1ﬂ*u%&iﬁﬂﬁlﬁﬁg

Table 1 Bond lengths, bond valences and microwave dielectric properties of Ca;Y,Ge;0;, and Mg;Y,Ge;0;, ceramics

-6
Sample Bond type of A site Bond valence parameter Bond valence Measured ¢, Theoretical e, O%f/GHz Tf/géllo) ’
Ca;Y,Ge;0:, Ca-O 1.967 1.88 10.8 9.33 97126 —40.6
Y-O 2.014 2.97
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(a) Unit cell parameters and volumes; (b) Theoretical and measured permittivity; (c) Oxf: (d) . 1 ppm/’C=1x10"° C™
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Table 2 Optimum sintering temperature (ST), microwave dielectric properties and 7, of
Ca;_ Mg, Yb,Ge;0;, (0<x=<3) ceramics

x Ceramic ST/C & OxfiGHz  z/(x107%, 'C™")  z,/(x107%, "C™)
0 Ca3Yb,Ges0y, 1360 103 98000 —48.2 +50.64
0.5 Cay sMgy sYb,Ge;0), 1380 10.6 89000 -55.6 +53.97
1.0 Ca,MgYb,Ge;0, 1400 11.0 87000 -56.3 +53.49
1.5 Ca, sMg; 5Yb,Ge;01, 1400 112 86000 -50.4 +50.16
2.0 CaMg,Yb,Ge;01, 1400 11.8 78000 -40.3 +44.40
2.5 CagsMgy s Yb,Ge; 01, 1420 12.4 24000 +4.7 +23.34
3.0 Mg;Yb,Ges0,, 1440 13.5 19800 +70.5 -3.66
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