HEMZE: MEFE hFE RXF

2010 % 40% % 12 #: 1476 ~ 1481

SCIENTIA SINICA Phys, Mech & Astron

it

BST 4 St S B

IRE, INEES, B0, TARS

© FRHBTFERAWIF, LT 210007;
@ VLA BEN U IS R, Bred 250103

*E-mail: nanshen01@ 126.com

ek H 8 2009-10-05; #:52 H #: 2010-06-23

www.scichina.com phys.scichina.com </i SCIENCE CHINA PRESS

=0

27, M:\ﬁkﬂ‘@

[ 5 s BRI 9T & R (405 : 2007 AATO1)FTE 5K H AR B2 3E 4 (it 5 60531020) %8 B 35 H

WE AHRERAEIL BaSro o TiOs(0<x<1)(BST)HE [ 51 73 11 /- FUAR 5 8 47 4 #0477 LI, L& R &
W, 1% BST AEAG BB = 45 7 1 A J B9 53 A AR O A (OB TAE ARy B 7 B, T2 BST AR B & B ARaE AR T
HE AR B B AT AT, BST A4 5B 3 A3 — R 3T A 008 7 A v o LM 510 69 BST A 57 1o
BRSBTS, SRR LA bR A — R AT A HOE TR, AL S8y BST
BREE LT EAAMEN, WRE G KA AR BT, RAEBNRELNGELERG RN LK E

RIEFE 8.
K2
PACS: 41.20.Jb, 84.40.Ba, 52.25.Jm

ERIRESA Ba,Sr(;_ TiO3(0<x<1)(BST) & —F 7 Y
R FL S A R, el IR StTiO; F1 BaTiOs P Fil
B LB B AR i FEOAS [ LU ) AT [ T . Bk F A
KL BST, HLAT A 2 R (1 b A o 7 3o pg ™, L R A
N 107" s BST MBI/ HLH Kb Ba A1 Sr ({17
A LA x AN SRR () AR AT AR 4k, AT UL F
JUJT; IR BST B & AR A v Bofe S i i i
IRNEES RN E S AR 4 TS 0 T I N A
PEESL ST R BRE ) H G, BST P& 432 5%
A, JCHEAE S ) A JFURE T K

S [ A AR A Y R R R AR BT, SR
W5 N Z BT Z 8. 5 A 5RaE 9T AE
IR SEERTY AR DT TS OIS T BRIk R, R
1M, W RE— DR HISZ 2] TR KM HIZ: BT

KRR, REIH, FRANF, AT, EBRNFEL

G5 JE MORH G ORON, |z T A0 A 1) 4
SRS IR A A B, AN RO T O 22 & DL B
Bt iR A PR T S 1) A B RS A T
ol EIRHIZ R R, HIERIREE ! Ba, Sty TiO5(BST)
Bk FL P R ) RGP = U IR 8 10 S 1) A R T 5
SRSV ) A A

HHTSCT BST $RIEHE 1) AL D AE A Ty 1
— i &I TR BST Kbl H 2 (K H5E ", 5
—J7 M /&5 F BST B rAEHEF 7. S6F
“BEHLHES1¥) BST B AL EBURL 57 fm) 5 L IR BIF 5T
AL 5 1EE BST S i) g M 0 S DR, A LEoR AR G
(. A SO BST B B AT 7 JE 3 1k HE 9 0 < b
BUHEZ PR B8R 1) 53T S Re v R AT S50 30 i, 1E
1M 53 B3 20 BST B & 5 B S ke vk (1 PR 32,

‘ SIRAMER: PG, INEEE, AT, 4 BST ST GPRp s stir. B mAbE: MFE: i RIC, 2010, 40: 1476 ~ 1481




TR BB % RO

20104F % 40% FH12 M

1 =% BST H:M541 5%

T B UE = 4k 1) BST AERES1 57 ) /i J5t 11 TE % f
SR AT R, FRATTSR S 56 1 7 SO
TN BRI A I HE S A BE A LHE 51 BST H:BE 514 I
HiE Snell HTAFEL%. fESLR b R BST MEA
BSTos, HH ik A B P (1A v SR 45 i 7E T2
R Ak, {H—fAE 600 B, 38 % BSTos Wk K
AR, DRI Ml A . AR FRATT A s b, 3
JEH AWK BSTos HITER— BST B, K%k
KATEHI/ME, 15 ILE 1), KR BST MER RS
4 1 mmx1 mmx10 mm. & 7 M EE i Gy 7 — 4k BST
FEFEZIA T 1) Snell Frit, FATRIL Shelby 25 A
FEH AR BE TS L 1(b).

2 BST etk LR 5k

B3R =4 BST /NS AN — R bt AR B4R A4 i
(R LR UK A o B2, i TR R AR A R
(RVRE R A FL o BB A 1, DR ] 22 SH S A B s
Pk AR 5. ek BST /NEBEAT 51,
B4 AR 3 mmy BRBETIA R 18.4°, WilE] 2(a) TR,
W% B TN A 5 22 40 vh DA H o A L
6 Snell #15F. 1T BST #: A 10 mm K, A1
BN KA S 4E BST A5 Ak 3 BE 2 8]
PURIEP A% S N4 @S BST FEM M A R
U (1 i SO 2.

SEEHE W A5 1 47 4T 5 D2 o A 6] 2(b) o, \T LA

FHI{E 7 GHz FUR M A w1 i Rk A= A, 3R
VAT B AE P AN ) 1R A A R b A L A i 1) 1)
R RS N 7.2 GHz I8, 6 B[R P A F0 e 556 £
H=20°F1-67°, HILIRATAI AL EH BST HE R 4 i
FETZAT AL BT S R 9 -1.08. E T HT R R
1 Snell 5E {3 ¥ 52 19 B 1 BHPTANUC L i 35 ) i) 565 — 1
1 h—63°.

h T 6 R AR A T 1 AT S IS A
BST A AN 4 550N 38 B 117, AT HF R T —
AR BST FEBEHLBEZ 4 B S ) A ik e, LB
FIFITE RS HAT N 1.5~4 mm BENLA A0 KRR, b
Tiff ok 220, W (). S DR 4 A5 B dn P
3(b). WLAEH, 7£ 7 GHz SR 4% HA 5 11 F1
Propf Az, FE HARRE —RFT4). 1E 7.2 GHz S AP
AN T2 G R W i A oA —21° F1—63°, FH AT 40
A ) A AR O S AR TR 4T 58 %6 K 29 24 -0.96. il
It Snell Efdt, W LATEEE H X B 1 BHBTAS DE RC R B2 1)
B A -61e.

gty BTPIRRAR[R) BST FEREA 5 1) A S B2 (1)
ST SERA5 R, AR N BST Ak —
Y S5 1) A TP G T S A e A A A 1 A A 1) e 51 R 3,
&t BST A B & (1 e .

3 S mER A BST H:REFH T 5
ik
K 4 ML) Maxwell-Garnett 28504 R B8 S 4
IR BST #: B 41 1 G 4T S e

LHM Lens

B 1 BST /MEAEEITHEAEE
(a) Wi HUE AR I FEK AR BST /ME, JsF24: 1 mmx1 mmx10 mm; (b) Shelby $5 H 4 B2 4 5 i &

1477



PIKEEE: BST ST fe S 06 46

@ =107 mwW/

20
1.5
1.0
0.5

EIE ()

(b)
80
60
_h 40
~ 20
£ 0
-20
-40
-60
-80
6 7 8 9 10 11 12

g (GHz)

B2 BREETAMERNE KNTSR04 E
(2) FAH] BST v 5t/ M FEFUR A BEBE; (b) S0 S D) 2R I 55 A1 P

(b)

a3 ()

6 7 8 9 10 11 12
M (GHz)

B3 /RS BRI AR B Th =R 6 o A
() BUHL BST 405t/ M FEFUR I BEBE; (b) S0 S D) =R N 45 A1

31 B FA Maxwell-Garnett 33 A B UKL BB 2k B, AN N E,,
ARV B NAYRBURL, Bk BURLIABUY Av, WSS R R 200
HLH BRI &, AN /NS IR 1 LS5 5343 2 1A o 2BEA-NrfaE_&(U-NrfeA
Vo, A 4 R, BRI N, R R E(-f)+fE, (1= f)+ /A
2 V) PR A T 1) 35 0 T 24 1 2 489/59 £, b f = NAVW T SR BT R 4 A R R A
SH T A= E, JE, A2 BORL P9 51 157 1 1 E L.
O ® © P BRI IE] 5 R 10 4 S5/ N BRI B0
S /N Bk 7 AEG A5 PR B S, P 0 LT
B © SRS, AR SO T 4
TE., . @ @ E - 3¢, E, @)
@ g +2¢,
o O BE A = 36, (e, +26,)", A5ILRA()R F, 7T LI 5]
€&
B4 FERHERA RS TR A AR far = e e 3)

1478



SRR W Y R

20104F % 40% FH12 M

++

—_———

P11

B 5 2Ha KN BUNERBS MRS E, G

(kS|
Eeft 0 :f &~ & ) 4)
Eq T2, g +2¢,
Xt & Maxwell-Garnett VRS AT T2, (3)4L
RKTBEAKREN TS =0, ¢,=¢6;

M4 f=10, ¢,=¢.

— &

3.2 EBATRELR T BST RS 557 4tk

KA ik Maxwell-Garnett Z5354 R E S K0 H7
BST FEFEH) ) 4T SRR, B e e BST #24 JA#
HEHI s oL, LR B 51 B0 ok [ e K0S, anlEl 6 Fios.

(a) (b)

= = | ___9‘_._"“- |
ST
4 AN

z

il

Bl6 5T EUREES S E BST A JAE 51 L (a) 51 570
EARBU KIR A H(b)

L
|l
L
I
w
(=}
- _’,.:::::-,\_ -
(]
"]
)
[}
Semzommed

BST 1 & [ 2% 0] (1) 3 G5 N SK ) E, R 44 (1) 1
Y E, LN E,, . B TAEREAS BST FERES 1%
FE ISR GRS M HL S et BST AR PR AR AN
IdmE pr kg (1, BrbA, BEASBES ST 1A AR )
A%t % TeH, BST AN T A L i BEAR -

v 1f - =

<&Jz;$&+&ﬂw 5)
b v = d S BESLELTE IR, T VT RV
RS BST KA 5 X SRR AL FE9) i g

(¥ AR AL A N P 4Lk — #8702 BST AE
SRS E d SRR AL AS, S U2 BST AEW

PRI . DAL, BN BB B (1~ 2 5 R LA
B

(Dy)= &{Sﬁ ¢,6,E, dv+ 95 ¢,(E +E, )dv}. ©6)

th T R A bR 2R BT RR 1, T 404 51
(19 B 31 86 60 35 #0251, [BE(5) I 6)
Ao 6B 5 — M R 0 R S (%8
12 BST ERIBE S 000 ST L F 1% I i A
B B 0 A N 2, (EREAN B A1 86 4
A 1025280 L3 A 2 AR BRI 2 s 53 60 A
BST HEH M0 R EAT 460 SUF Skt L
B, SLRER R IER RS TEAR, T LB
51 3 T A5 4 TE 45 0K B — UK. [
1A USRI — 45 20 BURER BT V o 8L
SRR AL ABLE V19 L5 LU BT 52
5 (E,, ) AT 49530 628 ( D, ) WO 4235

s R R R IC V IR R I 40 A LI 6(b). 7E e,
AT SZBR 0 IE J7 T M5 8 TG AT T 253, R N
st 2 R KR AR B UG IR T 42, — MR TT 3% R = d /.
¥ TE B NS 3 (L rsgim kN DY
TR BST 5 A0 R 10 ) A6 4R 1, FL3%)
AT 2 A BT AR ATy 7 e, DALt
HEBI I BST A5 [l A0 5 (0 252 A Hhy 4 KORN 25 0 5
RN
geff,z (d) = <Deff,z (d)> / <Eeff,z (d)>9
Hesi g (d)= <Beff,y (d)> / <Heff,y (d)>
BEHLKESI BST A: R FA T, MAEES G
9 RS LA — 52 (B ML A A5 B 5 I 50 B8 T 1 R~
d (ER ) [d,.d1( ) ELAT 104 A 55 B o 30
f@ﬁjﬂmM:Lm%¢%mwﬂBmﬁﬁﬂm
52 A L BR8] DA R A
s = [ b 0 G, ®)

B j=xy,z gy, (0 By, (k) FRBES] .56 Rt
g ke TR 30T 7 LA 1258 i o R 5 R
R BA U £ (k) =1/ (dy — ) BTG RS
I E PR, TSk BST KEBIHLMES) 5
AR TR BT 154 mm BEHLA A (0H5RE,

(N

1479



PR &GRS BST ST 45 R S0 56 1IE

400 @
300
%
iy
2 200
ﬁ
?ij 100
=
ez}
0
L —— Re{ew)
-100 / -—=-Re{uy}
3 4 5 6 7 8 9 10 M

% (GHz)
& 7

400

300

200

100

EERAC K (L S R

—Reler)
—=—Re{un}

8§ 9 10 M
#1% (GHz)

JAAHEF BST A REF B0 A L B S 2 (a)(d=3 mm) K BEFLHES] BST FEFEF (554 d % BORIBE R (b)

(dmin=1.5 mm, d,,, =4 mm)

W) dpin=1.5 mm, dpay =4 mm.

(7)) T HAF 2 TEMAGES, JH HIHEZ (1)
BST A5 [n /- SRR BENLIE 41 BST S5 ) 47 J5 1) 56 20/
HAL S O S5 30 5 22, il 7 P,

M7 0f LR H: TE 3 I, JE il 2 R 2
() BST A5 [ A Joads A2 BE AL I 41 1) BST A5 5% 1] A1 it
77 GHz PRI ()55 2500 i RN S 000 3 2 [ I 4 1.
DAL, FEIX AN [ A, R S HE 2 R AL HE 51 3 Fel
T 00T 1) BST A5 m) /1 5t H A W 8 16 S 3T 56 R 17k,
K S T B B Uy R R T FRATT I S 6 5 R

4 S
MBS G AT G S a6 45 R AN EE A A g R, T A

% 3R

FIFHILE R L2 FWIHEI Y BST A5 7 A i
WIEBENLHES I BST A5 A, #B7E 7 GHz ffiE
AA B AP REE, X2k BST # A & ik
B, BIAFESIR BST FE5 1A ks 45 2 By
BIR, DRI B MR, DR 2 8 31 7E %k b
KA IR AT 2GR ) T BST AEREALIES 53 )
I AR B AR L) — 426, ARG, T
LS 2 1) — AT 3 AR 5. HIkn WL, BST B &R
AW ) AR, A BST A A & 1 ¥R ik
T AT IS, RSN TR I B A5 R 5 IR
ATH 52 56 25 AT B UE

AN, X =i BST MK T4 )8, HikE
/N, SR TR B TN, R S A R T AU )
PRI M2 —.

Smolensky G A. Ferroelectrics and Related Materials. New York: Academic Press, 1981

Delprat S, Ouaddari M, Vidal F, et al. Voltage and frequency dependent dielectric properties of BST-0.5 thin films on alumina substrates.
IEEE Microw Wirel Compon Lett, 2003, 13(6): 211—213

Ouaddari M, Delprat S, Vidal F, et al. Microwave characterization of ferroelectric thin-film materials. IEEE Trans Microw Theory Tech,
2005, 53(4): 1390—1397

Suherman P M, Jackson T J, Koutsonas Y, et al. On-wafer microwave characterization of ferroelectric thin film phase shifters. In: Microw
Symp Digest, IEEE MTT-S International 1(6-11), 2004. 265—268

Jia Q X, Park B H, Gibbons B J, et al. Dielectric response and structural properties of TiO,-doped BaSro4TiOs. Appl Phys Lett, 2002,
81(1): 114—116

Zhao Z, Wang X, Choi K, et al. Ferroelectric phase shifters at 20 and 30 GHz. IEEE Trans Microw Theory Tech, 2007, 55(2): 430—437
Velu G, Blary K, Burgnies L. A 310°%3. 6-dB K-band phase shifter using paraelectric BST thin films. [EEE Microw Wirel Compon Lett, 2006,
16(2): 87—89

1480



RERN W S R 20104F 54045 12

10

11

12

13

14

15

Carlso M, Rivkin V, Parilla P A. Large dielectric constant (&&>6000) Bag4Sro¢TiO; thin films for high-performance microwave phase
shifters. Appl Phys Lett, 2000, 76(14): 1920—1922

Lee S Y, Tseng T Y. Electrical and dielectric behavior of MgO doped Bag;Sro3TiO; thin film on Al,O; substrate. Appl Phys Lett, 2002,
80(10): 1797—1799

Wang Y G, Reeves M E, Kim W J. Uniaxial dielectric anisotropy in BagsSrysTiO; films studied by evanescent-probe microscopy. Appl
Phys Lett, 2001, 78(24): 3872—3874

Cole M W, Nothwang W D, Hubbard C. Low dielectric loss and enhanced tenability of Baj¢Sry4TiO; based thin films via material
compositional design and optimized film processing method. J Appl Phys, 2003, 93(11): 9218—9225

Saha S, Krupanidha S B. Large reduction of leakage current by graded-layer La doping in (Bays, Sr5)TiOs thin films. Appl Phys Lett, 2001,
79(1): 111—113

Wu L, Wu S, Chang F C, et al. DC field dependence of dielectric constant and loss factor of Al,05-doped barium strontium titanate for
application in phased array antennas. J Mater Sci, 2000, 35(23): 5945—5950

Chang W, Sengupta L C. MgO-mixed Bag¢Sro4TiO; bulk ceramics and thin films for tunable microwave applications. J Appl Phys, 2002,
92(7): 3941—3946

Shelby R A, Smith D R, Schultz S. Experimental verification of a negative index of refraction. Science, 2001, 292(6): 77—79

Experimental verification on negative refraction of BST
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The negative effect of prism made of the Ba,Sr(;_,)TiO3(0<x<1) metamaterial columns is verified by experimental results.
Experimental results show that the negative refraction properties of three-dimensional metamaterial made of BST
columns are not dependent on the cycle arrangement of BST columns, but the resonance of BST columns itself causes
the negative refraction of electromagnetic waves in the BST prism. The cycle arrangement of BST columns only effects
the intensity of second negative refraction. For example, the second negative refraction on the hypotenuse of BST prism
with periodic arrays is enhanced by ladder-like hypotenuse with a grating structure; while the prism hypotenuse of BST
with random arrays is not a grating structure, and the secondary negative refraction that observed is relatively weak. The
simulating results of effective media theory are consistent with our experimental results.

Ba,Sr;_,)TiO3(BST), prism refraction, metamaterial, negative refraction, effective media theory
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