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Correlation of microwave dielectric properties and normal vibration
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The relationship between the microwave dielectric properties and the IR active phonons of
xBa(Mg,3Tay3) Os—(1—x)Ba(Mg; sNby5) O; ceramics was investigated. The IR modes were
assigned, and the origin of dielectric response was determined. Among the 15 prominent IR modes,
we found that the normal vibrations of the O layers and that of the Ta/Nb layers are strongly
correlated to the measured dispersion parameters, such as the resonant strepgtnd the
damping coefficienty). The frequency shifts of the normal modes of the O layers and that of the
Ta/Nb layers explain the linear decrease of microwave dielectric congtaasx increases, while

the width of these modes correlate with tQe< f value. © 2003 American Institute of Physics.
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I. INTRODUCTION mal modes have not yet been assigned to resonant peaks in
FTIR spectra, due to the lack of on-site information, such as
bonding strength.

This study investigates the FTIR spectra of
xBa(Mg;sTay3) O3— (1—x)Ba(Mg;sNby5) O5 [referred to

Complex perovskite compounds with the chemical for-
mula BaB1/3B%5) 03, whereB’=2Zn, Mg, Ni, or Mn and
"=Nb or Ta, exhibit ultralow dielectric losses at micro-

13 H " oq.
wave frequencies, When the materials posseBs—B" 1:2 ., _hereafter axBMT—(1—x)BMN], and its relationship with
ordered arrangement with a structural symmetry describe icrowave propertiestBMT—(1—x)BMN samples have a
by'the P3m1 (D3q) space grouﬁ.Slnge the d|ejleC.t”C Prop-  complete isostructure, subsequently, the change in IR mode
erties at microwave range follow mainly from ionic polariza- associated with the substitution of Nb ions by Ta ions can be
tion, the phonon vibration spectra of B(sB5)O; have  gystematically examined. Phonon properties were analyzed

i i 13 5 o . X
been of pgrUcu]ar intereSt™® H. Tamuraet al” first ana- for assigning the normal modes and to correlate with micro-
lyzed the vibration of 1:2 ordered Ba(Zglay3) O3 normal  \yave dielectric properties.

modes, and Sinet al® investigated the Raman spectra of

several complex perovskites, proposing the existence of

short-range 1:1 order in Ba(MgTay3) O;. Recently, the Ra- [I. EXPERIMENTS

man phonons in Ba Tay3) O;—Ba(Mg;sNby/5) O3 mate-

rials \?vere clearly id(e'\r?'%‘i;é/.g) ’ (MegNbz13) O3 XBMT—-(1—Xx)BMN ceramic samples witlx=0, 0.25,

lonic sizes and the quality of 1:2 ordered structure ard-> 0-75, and 1 were prepared by a conventional mixed ox-

two important parameters that impact the vibration charac!d® Process, in conjunction with a hot isostatic pressing tech-

teristics obtained by Fourier transform infrar@eTIR) spec- nique. These samples were first conventionally sintered at

troscopy. They thus determine the dielectric properties in th¢ 280 “C in air and then hot-isostatically pressed in a 99.9%
microwave regior 3 Based on the observation of simple Ar atmosphere using a Mo chamber. Far-infrared and mid-

perovskiteP m3m structures*5the FTIR spectrum of com- infrared reflectance spectra were obtained at room tempera-
plex perovskite with 1:2 long-range order can be divided intatU'® Using a Bruker IFS 66v FTIR spectrometer. The modu-
three regimes(i) frequencies around 150 cth correspond lated light beam from the spectrometer was focused onto

to the vibration between the cation and the B@tahedron: either the sample or an Au reference mirror, and the reflected

(i) intermediate bands at 150—500 chrare mostly related bea_rln was directed onto a 4.2-K bolometer dete@ftﬁp_GlOO
to the B—O stretching mode, arfii) high-frequency bands €M ) and a B-doped Si photoconduct@50-4000 cm).
above 500 cm' are correlated with th©—B—0 bending The different sources, beam splitters, and detectors used in

mode. The distortion of the B{octahedron in complex per- these studies provided substantial spectral overlap, and the
ovskite causes the triple-degenerate vibration mgd@ode reflectance mismatch between adjacent spectral ranges was

in simple perovskite to split into a double degenerate and 4SS than 1%. The optical properties were calculated from a
non-degenerate modég and A modes. However, the nor- Kramers-Kronig analysis of the reflectance d4tahese
transformations are performed by extrapolating the reflec-

tance at both low and high frequencies. The low-frequency
3E|ectronic mail: chiact@phy.ntnu.edu.tw extensions were determined by using the Lorentz model. Ex-
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FIG. 1. (a) Crystal structure oA(B;/3B%5) O; complex perovskite. The nor-
mal vibration modes ofb) the Mg layer,(c) the Ba layer(d) Ta/Nb layer,

(e) O, layer and(f) O, layer are depicted.
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FIG. 2. The dielectric dispersione, of xBMT—(1—x)BMN, with x=0,
0.25, 0.5, 0.75, and 1.0.

trapolations to high frequency were made by assuming a
weak power law dependend@;~ v~ °, with s~1-2.

I1l. RESULTS AND DISCUSSION
A. Vibration modes

Dielectric properties at microwave frequenues»oﬁ
> »?) can be calculated using dispersion functiéns

47e®N, 1
J
= —+ . = —+
€17 € ; mv ) (2)] =& 2 47TpJ, (1)
4
f—E tangj=3, — 51, @
Q i (1)0]81

wheree represents the dielectric constaN{; and y; are the
number of charges bound with the resonators of the fre-
quencyw; and the associated damping coefficient, respec-
tively; mis mass, and/ is volume. The summation is over
thej modes in the spectrum. The relationship between reso-
nant strength (4p;) and resonance frequencwd;) origi-
nates from the ionic bonding strength and the displacements
of the ions. In Eq.(2), the inverse of the quality factd®
equals the dielectric loss (taly and QX w is a constant
under thew§j>w2 approximation at microwave frequencies.

Each vibration mode observed in the FTIR spectra must
be identified unambiguously before the microwave dielectric
response of the materials can be correlated with the corre-
sponding part of FTIR spectrum. The symmetry of 1:2 or-
dered Ba(Mg3Tay5)O; and Ba(Mg,ngz,a)Og complex
perovskite ceramics isP3ml (=D 3.), as depicted in
Fig. 1(a). According to the factor group analysis, the normal
modes are A;g[Ba,TaorNb,Q+A,+5E4[Ba,Ta or
Nb,O]+2A,,+7A,,[Ba,Mg,Ta, or Nb,O} 9E [Ba,Mg,Ta
or Nb,O], where A,,+9E,, as illustrated in Figs. (b)—
1(f), are IR active. The important parameters of the disper-
sion function,wg; , v;, and 4rp; must be extracted from the
FTIR measurements to deduce the dielectric response, and
then correlate with the microwave properties.

The complex dielectric constant €&, +igy) in infra-
red region was first calculated from the measured infrared
reflectivity!® using theK—K relation!* Figure 2 shows the
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TABLE |. Dispersion parameters of BMT derived from Lorentz simple
harmonic model.

Vibrating
Designation — wq; (cm™)  y; (cm™)  4mp; atoms
W 75.0 5.66 0462 E,(Taor Nb)
©o 137.3 2.56 3.967 Ay,(Taor Nb)
©o3 150.9 3.59 0.112 E,(Ba)
©o4 218.1 9.01 7.539 E,(O)
©os 2422 17.33 3593  Ay(O)
©os 271.3 6.39 1.048  E,(Mg)
o7 313.2 6.51 0205 Ay (Ba)
w8 380.8 12.01 0033  Ay,(Mg)
9o 412.2 491 0.014 o
Vo1 4346 6.12 0.026 0
®o1 460.3 8.69 0.013 o
@012 518.2 11.50 0.223 E,(O)
®o13 536.5 12.24 0.082 0
@014 605.2 28.63 0388  A,(O)
Vot 622.0 9.94 0.044 0

we, dispersion of thexBMT—(1—x)BMN materials thus

obtained. Notably, all the peaks are the TO modes and satisfy

the Lorentz distributiotf

(1)82:2

J

4me’N,
mV

2

Vi
i 22, 2 2
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FIG. 4. (a) Microwave dielectric constar(K) of the xBMT—(1—x)BMN
and frequency shiffAw/w) of wys, wg7, wes, and wpg Modes, andb)
quality factor (Qxf) of thexBMT—(1—x)BMN and damping coefficient
(Ayly) wpz, wg7, wos @and wpg modes are plotted as function »f

Only 15 peaks in these spectra are identifiable. One undetec-

ted mode is either too weak to be identified or overlaps the

other modes. The three dispersion parameters, including tHéuced from Fig. 2 and results listed in Table I. Low-
resonance frequencyy;), the damping coefficienty;) and
the resonant strength ¢#;) of j mode resonators, were de-
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FIG. 3. The microwave dielectric properties of tRBMT—(1—x)BMN,
and the properties oy, and wy, modes are plotted as function ®f (a)
microwave dielectric constafiK) and frequency-shiftAw/w), and(b) qual-
ity factor (Qx f ) and damping coefficientAy/y).

frequency modesdp, wg, Wz, Woa, Wos, Wog, ANAwg7)
and two high-frequency bandsv§;, and wg;9) possessing
large 4mp; values contribute pronouncedly to the dielectric
response at microwave frequencies.

Each peak in theve, dispersion shows a characteristic
frequency shift and width change aicreases, and, accord-
ingly, the normal modes can be classified into three groups.
(i) Phonons near 75 cm (wy;) and 137 cm?! (wg,), as
shown in Fig. 8a), shift dramatically to lower frequencies as
the proportion of BMT(x valug increaseqi.e., redshift or
softening, and they are designated Bsseries phonongii)
Phonons at 151 cit (wgg), 271 cm? (wge), 313 cmt
(wg7), and 380 cm? (wqg) are relatively invariant withx
and are designated &series phonons, as shown in Figa$
(i) Phonons that harden as increases(i.e., blueshift
modes, are designated &3-series phonons, as presented in
Fig. 5a).

The compositional variation of phonon frequency and
linewidth, as well as the resonant strengthr() listed in
Table I, provide important information for identifying normal
vibrations. However, a few criteria must to be applied to
identify the normal modes and to correlate the vibration
modes with the microwave properties. Within the simple har-
monic oscillation model, the phonon frequency is approxi-
mately proportional to the square root of the force constant
between ions and, to the inverse square root of ionic mass.
The normal modes that are sensitive to the Ta composition
are the vibration of the Tgor Nb) layer and that of the O
layer (cf., Fig. 1. The normal modes associated with the Ta
(or Nb) layers are expected to be redshifted. In contrast, sub-
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008 _(a; BMT(10BMN A higher frequengies as increases from 0 to Q.5 and then to
= = lower frequencies fox>0.5. The wqg vibration modes at
95 430 g 380 cmi ! show opposite frequency shifts with respect to Ta
0041 8 concentration. Both can be assigned to the normal vibrations
5 8o associated with the Mg layer. Furthermore, the low-
éo.oz K I P E frequency vibration modedyg) is assigned t&,(Mg), and
k] P 2 the high-frequency oneafyg) is assigned tdA,,(Mg). wgs
0.00l 004(218 cm™) 124 and wy; vibration modes at 151 cnt and 313 cm’, respec-
) , , , , N P tively, which show minimal changes in width and shifts in
00 02 04 06 08 10 frequency ax increases, are assigned to Ba-related normal
BMT content (x value in xBMT-(1-x)BMN) vibrations. Again, thewogzmode is assigned a&,(Ba)
o phonons, whereas the,-mode is assigned a8, (Ba),
“| (b)xBMT-(1)BMN ' " 145 since thec-axis vibration mode is of high frequency.
08k 4 . Substituting Ta for Nb increases the rigidity of the oxy-
S ©04(218 cm ) g gen octahedron, such that tligeseries phonons are blue-
SR | e shifted. They includevy, at 218 cm?, wgs at 242 cm'?, wgg
% oal ‘; at 411 le, Wo10 at 434 Crﬁl, wWo11 at 460 le, wo12 at
¥ pug 518 cm , wo 3 at 536 cm?, wgy4 at 605 cm'?, and wg,s at
£ 02} & 622 cm %, which can be assigned to normal vibrations of the
15 O layers. To clearly identify these phonons, the influence of
0.0 adjacent layers should be considered.
. The unit cell with the 1:2 ordered structure, as shown in

50 02 04 08 08 1.0 . ) .
BMT content (x value in xXBMT-(1-x)BMN) Fig. 1(a), has two inner oxygen layers, @yers sandwiched
between the Mg layer and the Ta/Nb layer, whereas the two
; _ outer oxygen layers, Qlayers, are adjacent only to the
?gi];”)eqolﬁﬂ?;;miﬁlf_))ng‘:A°,(‘, 11‘3,“;05,;‘;?;’5102%?;2;3}'3 ;?i,tg Ta/Nb layers. Normal modes of the, Gyers and normal
wo4 and wgs modes are plotted as function of vibrations of the Q layers are split front,, and F,, de-
generate modes in simple perovsKité® and can be sepa-
rated into three pair#,,—E,, Aj,—E,,, andA;,—E/ [Figs.
stituting Ta ions for Nb ions increases the rigidity of the 1(e) and Xf)]. Of these vibration modes, the normal modes
B”Og octahedron cage, due to relatively large size of the Tan which the oxygen ions move in phagich asA,, andE,
ions; such substitution alters only the force constant of thenode$ should have markedly larger resonant strerigttp)
Ta—0 (or Nb—O bonding of the oxygen octahedral cages.than the other modes associated with the same oxygen ions,
The vibration modes of the O layer are expected to be bluesuch asA;, and E/ modes. Therefore, the formek,, and
shifted, asx increases. The line shapes of vibration modesE, modes, can be assigned é9,, wgps, wo12, and wo1a,
which involve motion of Ba and Mg atoms, are relatively based on the dispersion parameters listed in the Table I.
insensitive to BMT content. “Twisting” octahedron-cage vibrations, associated with
Two R-series phononsyp; at 75 cmi* and wg, at 137  the Q layers, are expected to be of a higher frequency than
cm %, which are shown in Fig. @) and are dramatically *“shearing motion” of modes associated with the @yers.
redshifted as the concentration of Ta increases, can be aBtoreover, vibration modes associated with thg [&yer are
signed to normal modes of the Ta/Nb layéig. 1(d)]. The  expected to exhibit a largermp than those associated with
low-frequencywg; phonon at 75 cmt is assigned to th&,  the Q layer, because they are adjacent to the Ta/Nb layer.
mode and the high frequenayy, phonon at 137 cm' is  Therefore,wg,, and wgs phonons are assigned &s(0;)
assigned to thé\,, mode, since the frequency of the vibra- andA,,(O,), respectively, as shown in Fig(€). Similarly,
tion along thec-axis is known to exceed that of the vibration two stronger modespg;, (518 cmi't) and wg4 (605 cm'b),
in the a—b plane; force constant along the-axis is in the higher-frequency region are assignedEgéO,) and
largert’+18 A,,(0) vibrations, respectively, as shown in Figf)l The
The normal modes that are relatively insensitive to thevibration modes associated with the O layer exhibit a weak
Ta/Nb ratio are vibrations of the’-site lattice(Mg ions) and  resonance4mp) because the induced dipole moments are
the A-site lattice(Ba iong, that is,|-series modes. A change cancelled; these modes are tig,(0) and E/(O) and
in the Ta/Nb ratio can modify the Ba-layer vibration only E;(O) modes. Their resonance is too weak to be clearly
through changing the lattice constant; this change is small iidentified, and they are thus temporarily designated as O
XBMT-(1—x)BMN materials. The normal modes related to modes.
the Mg layer are not completely invariant, since increasing  Normal vibrations related to O ions also have larger
the proportion of the Tapoctahedron may induce a slight damping coefficientsy;) than the otherg¢Table ) because
deformation of the octahedron, slightly changing the forceof the vibrations of the O layers that are correlated with the
constant of the Mg@octahedron and thereby slightly modi- three different oxygen cages: MgPOTaQ;, and NbQ. The
fying the vibration frequency of the Mg layer. coherence of the O-layer vibration is not as high as that of
The wqg vibration modes near 271 crhshift slightly to  the Ba-(or Mg-) layer vibrations; they are therefore broader.

FIG. 5. (a) Microwave dielectric constan(K) of the xBMT—(1—x)BMN
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= 15 —_—t—v—rT1T—T—T"T——"T"TT1T20 modes have very small resonant strength, Table | and

2 [}BMT-L-XBMN —a—ag +agytagstaps | Fig. 2), and only slightly affect the microwave properties of

E — A— The other 11 modes_ 5 XBMT—(1—Xx)BMN.

S w0} g £ Figure 3a) depicts softening of the normal modes of the

b 1 & Ta/Nb layer and a dielectric function that increases with Ta

= H10 & concentration. These results indicate the strong relationship

2 5| { 3 between dielectric constant and the degree of long-range 1:2

- .. . 45 z ordered structure. The decrease in dielectric constajs (

£ PR | " o . . : .

< ®) ° o with increasingx is accompanied by a blueshift of normal

3 ok A---A---A - _a___4] frequencies of the Player [Fig. 5@)]. The blueshift of the

R 0'0 . 0'2 . 0'4 . ols . 0ls . 1'0 0 O-layer vibration modes caused by increased gTaéntent
BMT content p v'aluem;‘BMr_il_x)Bm in the xBMT—(1—x)BMN implies that Ta@ octahedrons

are much more rigid, or the Ta—O bonds are much stronger
FIG. 6. The calculated dielectric lossQof four dominant normal modes than the Nb@(Nb—O) bonds. The dielectric constart)( of
(solid curve and the measu_red microwave qual®yx f at 7 GHz (solid sample that contains high population of Fa@tahedrons is
squaregare plotted as function of. small, because the polarizability for rigid oxygen octahedron
is small.
Table | summarizes the assignment of phonons for BMT— In Figs. 3b) and §b), phonon widthgAy/y) of normal
BMN complex perovskite. ques of the_q_p and Ta/Nb layers are narrowed at t_he gnd
point compositionsx=0 and 1, and are broad at midpoint
B. Microwave dielectric properties (x=0.5) composition. When Ta ions were added to the
All the infrared active vibration modes presented in Fig. B&(MyaNb,/9) Os as substitutes for some of the Nb ions, the
2 contribute to the microwave dielectric response. The broagonerence of normal vibrations of the Nb layers markedly
vibration modes with large resonance peaks are thus e)gi_eterloratgd .and the quality pf 1:2 orde_red structure.was de-
pected to predominate the microwave dielectric properties ograded. Similarly, when Nb ions were incorporated into the
xBMT—(1—x)BMN [Eq. (2) and Fig. 3. The normal modes Ba(Mg,;3Tay3) O3, the quality of _1:2 orde_re_d structure was
associated with Ta/Nb layerf, and wgy) and the normal degraded. As a result, the damping coefficiep)j (increased
vibrations of the outer layer (wos and wys) possess pro- and theQX f value declined, as found in Fig(i3 for Ta and
nouncedly higher resonant strengthr(g) and wider width ~ £n al0ms coexisting in compounds. Similarly, Fidbbre-
(y;) than the other vibration modéSable ). Therefore, the ~Veals that randomly mixing TadNbOs degrades the coher-
microwave dielectric properties are predominated by the di€ncy of the normal modes of the TaQr NbG;) octahedron
electric responses abyy, wgp, wos, andwgs, that is, they (wos and wgs), resulting in large damping coefficients)
are dominated by the normal vibrations of Ta/Nb angl O @nd lowQxf values forx=0.5.
layers. This argument is supported by the result shown in
Fig. 6. The dielectric loss @ associated with these four V. CONCLUSION

modes, which equals the sum ofry/ w§;e; for wg; equal XxBMT—(1—x)BMN ceramics were studied by FTIR

0 wo1, w2, wo4, aNd wgs, is plotted as function of Ta spectroscopy. The normal modes were assigned by investi-
concentration and as the solid curia in Fig. 6, while the  gating the frequency shift versus Ta concentration. Micro-
calculated 1 value for the other 11 modes is represented byave dielectric properties are closely correlated with high-
the dashed curvéb). The experimentally measured quality jntensity modes at low-frequency bands of far infrared
factorQXf is also plotted in solid squares joined by a dottedspectra. Microwave dielectric constants are strongly related
line (c). Clearly, the 1Q value calculated fromwo;, wo2,  to wy; andwy, that represent the quality of 1:2 ordered struc-
wos, and wps modes dominates dielectric loss in tyre, andw, and wgs modes that indicate the rigidity of the
XBMT—(1-x)BMN, as found in Fig. 6. The other 11 modes three-dimensional oxygen-octahedral netwo@kx f values
contributed only a little to the dielectric loss. However, the of XBMT—(1—x)BMN are affected by the distortion of the

dominant 1@ values of Iil"IE(a.) show a be”'Shaped curve, oxygen octahedror‘B”Oes, and the coherence of the normal
whereaQ X f are significant fox=0 and 1, and is small for yjprations of the Ta/Na layer.

x=0.5. This finding indicates a strong correlation between
normal vibrations of both Ta/Nb and,Qayers with the com-  AckNOWLEDGMENT
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