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High frequency dielectric properties of A 5B4O15 microwave ceramics
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Institute of Physics, Academy of Sciences of the Czech Republic, and Center for Complex Molecular
Systems and Biomolecules, Na Slovance 2, 182 21 Prague, Czech Republic

I. N. Jawahar and M. T. Sebastian
Regional Research Laboratory, Trivandrum 695 019, India

P. Mohanan
Department of Electronics, CUSAT, Cochin 682 022, India

~Received 29 September 2000; accepted for publication 4 January 2001!

High-frequency dielectric properties of A5B4O15 ~A5Ba, Sr, Mg, Zn, Ca; B5Nb, Ta! dielectric
ceramics are studied by means of the microwave cavity technique, a combination of far-infrared
reflection and transmission spectroscopy and time-resolved terahertz transmission spectroscopy.
Microwave permittivitye8 andQ3 f factor vary, depending on the chemical composition, between
11 and 51, and 2.4 and 88 THz, respectively. The temperature coefficientt f varies between273 and
232 ppm/°C, and in two samplesut f u is less than 15 ppm/°C. It is shown that the microwave
permittivity e8 of the ceramics studied is determined by the polar phonon contributions and that
linear extrapolation of the submillimeter dielectric losse9 down to the microwave region is in
agreement with the microwave data of single phase samples. The relationship among phonon
spectra, the crystal structure, and the unit cell volume is discussed. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1351873#
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I. INTRODUCTION

Recent progress in microwave~MW! telecommunica-
tions has demanded the need for good quality ceramic die
tric resonators. The important characteristics required for
electric resonators are high permittivitye8 ~the size of
resonators is proportional to 1/Ae8!, a high quality factorQ
5e8/e9, and a low temperature coefficient of resonant f
quencyt f . Unfortunately, these requirements cannot be f
filled simultaneously. Highe8 materials generally have
higher dielectric losse9 ~lower Q! and frequently also high
t f .1 The method of sample preparation has a pronoun
influence on the value ofe9 in the MW region, whilee8 is
almost insensitive to it. MW losses can vary by several
ders of magnitude between samples of the same chem
composition but with different amounts of defects.2 Usually,
technologists try to reducee9 empirically. Then, it is not
clear whether extrinsic losses are completely eliminated
the intrinsic value ofe9 is achieved. In this case spectr
scopic methods, which directly access the far infrared~FIR!
and submillimeter~SMM! spectral regions, i.e., classical FI
spectroscopy and time-domain terahertz transmission s
troscopy~TDTTS!,3 appear to be powerful methods for d
rect estimation of the intrinsic losses not only in FIR but a
in the MW region, because the intrinsice9 is simply propor-
tional to the frequency well below the phonon frequenc
( f <1012Hz).4 As early as 1962, Ruprecht and Bell5 experi-

a!Electronic mail: kamba@fzu.cz
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mentally confirmed that the relatione9~v!}v is fulfilled in
SrTiO3 . The same frequency dependence can be theo
cally obtained from the formula,6

e* ~v!5e8~v!2 i e9~v!

5(
j 51

n
De jvTOj

2

vTOj
2 2v21 ivgTOj

1e` , ~1!

in the limit v!vTOj . Equation~1! describes the complex
dielectric functione* ~v! as a sum of classical harmonic o
cillators with eigenfrequenciesvTOj , dampingsgTOj , and
oscillator strengthsDe jvTOj

2 . e` denotes high-frequency per
mittivity originating from electron transitions. Each oscilla
tor describes an optical polar phonon mode contributed
De j to the static dielectric permittivity. The limitv!vTOj

also yields frequency independent permittivitye85(De j

1e` in the MW and SMM regions.
Wakino et al. used the above method for the determin

tion of e9~v! in the MW region from infrared reflectivity
spectra of Ba~Zr,Zn,Ta!O3 ceramics.4 The complex dielectric
response can be obtained from reflectivity using
Kramers–Kronig relations or by fitting the reflectivity to Eq
~1! and7

R~v![UAe* ~v!21

Ae* ~v!11
U2

. ~2!

However, FIR reflectivity spectra have limited sensitivity
the weak modes in the SMM region~10–100 cm21!, and,
therefore, we have extended this method and used a co
0 © 2001 American Institute of Physics
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3901J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Kamba et al.
nation of FIR reflection and a more sensitive FIR transm
sion spectroscopy in the SMM region for the determinat
of MW losses in many materials.1,2,8 An accurate determina
tion of e* ~v! in the SMM region is very important for its
extrapolation down to the MW region. The above mention
techniques givee* ~v! only from the model fit of the spectra
hence it is very useful to combine the FIR spectroscopy w
TDTTS which can typically access the range of 3–80 cm21,
and is phase sensitive. This can provide, independently,
real and imaginary parts of the permittivity without any fi
ting models.9

Many defects such as porosity, grain boundaries, mic
cracks, etc. can reduce the proportionality range betweee9
and the frequency.2 The presence of a second phase m
cause even additional peaks ine9 in the SMM region.2 On
the other hand, theory10 shows that not only intrinsic losse
due to multiphonon absorption, but also extrinsic losses
charged-defect induced one-phonon absorption of acou
branches, yielde9~v!}v. Nevertheless, extrinsic losses c
be well distinguished from intrinsic ones from the tempe
ture dependences. The latter should decrease upon co
and disappear at low temperatures near liquid
temperature.1,10

In this article we focus on investigation of a mater
family A5B4O15 ~A5Ba, Sr, Mg, Zn, Ca; B5Nb, Ta! with e8
up to 51. Until now only Ba5Nb4O15 and (Ba52xSrx)Nb4O15

ceramics were investigated from the point of view of M
properties.11–14 It was shown that the pure compounds f
x50 and 5 have permittivity values of 38 and 40, resp
tively, while solid solutions have enhanced permittivity up
51 with highQ3 f up to 24 THz. These promising propertie
stimulated us to investigate A5B4O15 ceramics with different
chemical compositions~A5Ba, Sr, Mg, Zn, Ca; B5Nb, Ta!.

The crystal structure is known for six studied com
pounds only: Ba5Ta4O15, Sr5Ta4O15, and Ba5Nb4O15 crys-
tallize in trigonal space groupD3d

3 2P3̄m1 (Z51).15–18

Monoclinic symmetryC2h
1 2P2/m with Z52 ~Ref. 19! was

reported for Sr5Nb4O15, but a very recent paper20 also con-
firmed trigonal symmetryD3d

4 2P3̄c1 with Z52. Thec pa-
rameter is doubled due to antitilting of TiO6 octahedra
~;15°! around thec axis.20 The structure of all four of the
above mentioned compounds consists of five AO3 close-
packed layers with B ions located in corner-sharing octa
dral holes between the layers. No B atom lies between
third and the fourth layers.15,17,19 The crystal structure o
Mg5Nb4O15 and Mg5Ta4O15 is completely different and is
isostructural with pseudobrookite Fe2TiO5 .21 The space
group is orthorhombicD2h

172Cmcm with Z54. The struc-
ture consists of double chains of (Mg,B!O6 units, sharing
edges of thebc plane, interconnected through common ox
gen along thea axis to give a three-dimensional array.21

IR reflectivity and Raman-scattering spectra
Ba5Nb4O15 were published in 1996 by Massaet al.22 Ac-
cording to these authors the spectra indicate that the lattic
this compound is close to collapse into a lower symme
structure. MW properties, x-ray diffraction, Raman scatt
ing, and FIR transmission spectra of Ba52xSrxNb4O15 were
published by Ratheeshet al.14 Their data did not support th
monoclinic symmetry of Sr5Nb4O15 suggested by Weiden
Downloaded 19 Sep 2001 to 147.231.27.153. Redistribution subject to A
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et al.19 According the authors’ knowledge, the remainin
three materials ~5ZnO–2Nb2O5, 5CaO–2Nb2O5, and
5CaO–2Ta2O5!, which are studied in this article, have n
been characterized by means of any physical method.

II. EXPERIMENT

All the A5B4O15 ceramics were prepared by the conve
tional solid-state ceramic route. The respective high pu
carbonates or oxides were used as the starting materials.
Mg5Nb4O15 and Mg5Ta5O15 were prepared using as-receive
MgO and also using MgO heated at 1000 °C for 3 h. R
MgO powder is hydrated and carbonated from the air, i.e
contains magnesium carbonate and/or hydroxide.23 The start-
ing carbonate/oxide powders were stoichiometrica
weighed to get a gross amount of about 20 g, mixed th
oughly in an agate mortar using distilled water or acetone
the wetting medium for 1 h, dried and again mixed for 1
The reaction mixtures for the niobates were calcined
1050–1275 °C whereas those for tantalates were calcine
1200–1400 °C for 4–10 h depending on the materials. T
calcined powders were ground well for 1 h, mixed with
wt % PVA solution, which acts as a suitable binder, drie
and again ground for 1 h. The fine powders were uniaxia
pressed into green pellets of 5–6 or 9–10 mm in length, w
diameters of 11 mm, under a pressure of 150 MPa. Ste
acid ~2 wt %! dissolved in isopropyl alcohol was used as
lubricant within the die. The green pellets were sintered
placing them on a platinum plate at optimum temperatu
between 1220 and 1610 °C for 4 h. The optimum sinter
temperature is taken as the temperature at which the de
is found to be a maximum. The densities of the sinte
pellets were measured using the Archimedes method.
pellets were well polished to remove any irregularities on
flat surfaces of the pellets before performing the MW me
surements.

An HP 8510C network analyser and an HP 85
reflection-transmission test unit interfaced with a compu
were used for the MW characterization. The cylindrical d
electric resonators were positioned and shorted between
brass plates and the TE011 mode was identified.e8 was de-
termined from the frequency of the TE011 mode and the di-
mensions of the samples using the Hakki–Colem
method.24 t f was obtained by heating the sample in a te
perature range of 25–75 °C and noting the temperature va
tion of the resonant frequency of the TE011 mode. TheQ
factor of the sample at the TE01d mode was measured by th
Khanna–Garault stripline method.25 The structure and homo
geneity of the samples were studied using a Philips PW 1
x-ray diffractometer.

IR reflectivity and transmission spectra were obtained
room temperature using a Fourier transform spectrom
~Bruker IFS 113 v! in the frequency ranges of 30–2000 an
15–100 cm21 ~0.45–3 THz!, respectively. The resolution o
the reflectivity spectra was 2 cm21, although accurate deter
mination of the interferences in the transmission spectra
quired a resolution of 0.5 cm21. Room temperature deuter
ated triglicin sulfate~DTGS! detectors were used for th
reflectivity measurements, while a highly sensitive, heliu
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Sintering temperature, density, permittivitye8, quality factorQ multiplied by resonance frequencyf,
and temperature coefficientt f of resonance frequency of the ceramics investigated.

Material

Sintering
temperature

~°C! Density
Density

~%! e8
Q3 f
~GHz!

t f

~ppm/°C!

Mg5Ta4O15 1550 6.47 ¯

b 17 200037.19 215
Mg5Ta4O15

a 1560 5.56 91 11 200039.06 254
Sr5Ta4O15 1610 7.00 96 41 40035.99 ¯

c

Ba5Ta4O15 1550 7.63 95 28 570035.55 12
Mg5Nb4O15 1475 4.20 ¯

b 14 200037.28 258
Mg5Nb4O15

a 1450 3.90 94 11 450038.30 254
Ba5Nb4O15 1380 6.07 96 39 500034.73 78
Ba4SrNb4O15 1400 5.64 92 48 310034.70 140
Ba3Sr2Nb4O15 1400 5.44 93 50 350034.71 232
Ba2Sr3Nb4O15 1400 5.41 95 51 460034.61 117
BaSr4Nb4O15 1400 5.46 95 45 510034.57 82
Sr5Nb4O15 1400 5.20 93 40 400034.84 55
5ZnO–2Nb2O5 1220 5.61 ¯

b 21 12 60036.98 273
5CaO–2Ta2O5 1550 6.25 ¯

b 41 100035.90 140
5CaO–2Nb2O5 1500 4.20 ¯

b 32 100036.48 237

aPrepared from MgO powder heat treated at 1000 °C for 3 h.
bDensity could not be evaluated due to the multiphase nature of the sample.
ct f could not be measured due to poor resonance.
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cooled ~1.5 K! Si bolometer was used for the transmissi
measurements.

The experimental setup of TDTTS uses a biased lar
aperture antenna~low-temperature grown GaAs! as a tera-
hertz emitter and an electro-optic sampling detection te
nique. It is described in detail elsewhere.9

Disk-shaped samples, with diameters of 9 mm and thi
nesses of 1–2 mm, were used for the reflectivity meas
ments. Plane parallel~about 20061 mm! thin plates were
prepared for transmission measurements.

III. RESULTS AND DISCUSSION

A. XRD analysis and MW dielectric properties

A list of all materials studied together with their MW
parameters is shown in Table I. The recorded x-ray diffr
tion ~XRD! data of Ba5Ta4O15, Ba5Nb4O15, and Sr5Ta4O15

ceramics agree well with earlier reports15 that give infor-
mation about single phase compositions. The Mg5Nb4O15

and Mg5Ta4O15 ceramics prepared using as-received M
powder show good sinterability and density, but XR
revealed the presence of additional secondary phase
MgTa2O6 and MgNb2O6, respectively. The sample
prepared using the heat-treated MgO show single ph
Mg5Nb4O15 and Mg5Ta4O15 with lower e8 ~511! and the
same t f~5254 ppm/°C!. Lee et al.26 have reported tha
MgTa2O6 has a highQ factor (Q3 f 559 600 GHz) and high
e8 ~30.3! and positivet f(130 ppm/°C). The presence o
MgTa2O6 as a secondary phase in Mg5Ta4O15 caused an in-
crease ine8 and the positivet f of MgTa2O6 favorably shifts
the t f of the nonhomogeneous Mg5Ta4O15 to 217 ppm/°C
according to the mixing rule.27 MgNb2O6 has e8521.4,
Q3 f 593 800 GHz, andt f5270 ppm/°C.26 Again, the
presence of MgNb2O6 as the secondary phase in Mg5Nb4O15

is the reason for the increasede8, Q3f, and t f of the
Mg5Nb4O15 prepared using the raw MgO. The lack of ma
p 2001 to 147.231.27.153. Redistribution subject to A
e-

-

-
e-

-

of

se

nesium in the unheated MgO favors the growth of MgNb2O6

and MgTa2O6 secondary phases. Hence heating of MgO i
critical requirement for obtaining single phase ceramics
the above mentioned compounds. Only multiphase sam
of Mg5Nb4O15 and Mg5Ta4O15 were investigated by mean
of FIR and TDTTS techniques.

Due to the absence of any data on 5ZnO–2Nb2O5,
5CaO–2Nb2O5, and 5CaO–2Ta2O5 systems, the XRD
analysis became difficult. The diffractograms obtained w
compared with those phases that are expected to occur in
system. We found that the expected compounds did not f
under the present preparation conditions. 5ZnO–2Nb2O5 ce-
ramics contain ZnNb2O6 and Zn3Nb2O8 as the major phases
The columbite phase ZnNb2O6 is reported to have high
e8525, t f of 256 ppm/°C andQ3 f of 83 700 GHz.26 The
diffraction peaks of 5CaO–2Nb2O5 ceramics can be indexe
by assuming Ca2Nb2O7 and Ca3Nb2O8 are the phases
formed. CaTa2O6 and Ca2Ta2O7 are found to be possible
phases in 5CaO–2Ta2O5 ceramic as revealed by XRD. Th
CaTa2O6 has an eschynite cubic structure ande8521.2, t f

51 ppm/°C, andQ3 f 511 600 GHz.26 Details of the struc-
tural and microstructural characterization of all samples
tained by XRD and scanning electron microscopy will
published elsewhere.

B. Infrared and submillimeter spectra

IR reflectivity spectra of all the investigated cerami
together with the fits are shown in Fig. 1. Many samp
show broad reflection bands, i.e., they exhibit large splitt
of longitudinal optic~LO! vLOj and transverse optic~TO!
vTOj phonon frequencies. In this case their correspond
dampingsgLOj and gTOj could substantially differ. There
fore, instead of Eq.~1! we have used the generalized facto
ized four-parameter oscillator model of the compl
permittivity,7
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 1. IR reflectivity spectra of the ceramics investigated. Solid and das
curves are experimental and fitted curves, respectively.
Downloaded 19 Sep 2001 to 147.231.27.153. Redistribution subject to A
e* ~v!5e`)
j

vLOj
2 2v21 ivgLOj

vTOj
2 2v21 ivgTOj

. ~3!

All the reflectivity spectra were fitted together with th
transmission spectra. The reason for the simultaneous fit
was that in many cases the parameters of a good reflect
fit did not fit the transmission spectra satisfactorily. Hence
these cases we have added to the fit a weak and hi
damped oscillator roughly describing the multiphonon a
sorption below the phonon frequencies. These weak a
tional features have no influence on reflectivity fits~reflec-
tivity is not sensitive to weak absorption processes!, but they
markedly improved the transmission fit. The method of c
culation ofe* ~v! from the transmission spectra is describ
elsewhere.28

e8~v! ande9~v! obtained from the above fits were com
pared with the time-resolved THz spectra and the MW da
see Figs. 2 and 3. One can see that the experimentale8~v!
points agree very well with the calculated curves~obtained
from reflectivity and transmission fits!. No dispersion of
e8~v! is seen below the phonon frequencies; very go
agreement of SMMe8 with the values in the MW region is
observed. The accuracy ofe8~v! obtained through TDTTS is
very high and depends practically only on the precision
the sample thickness determination. Experimental SMM v
ues of e9~v! are noisier than permittivitye8~v! because of
lower sensitivity of the method in the case of low dielect
loss at low frequencies. The error bars are shown at the h
and low frequency parts of the spectra if they exceed the
of the points. Most of the experimentale9~v! values corre-
spond to the calculated curves within experimental err
Some deviation is seen, but mostly in cases of multiph
samples. The linear extrapolation of SMM dielectric loss
agrees rather well with the experimental MW data. Nev
theless, without cooling the samples we cannot say wh
kind of losses~extrinsic or intrinsic! predominate. Phonon
spectra can also help us to distinguish which sample is sin
phase and which is not.

C. Phonon spectra and crystal structure

There is a close relationship between the features in
reflectivity spectra and the crystal structure of the ceram
investigated. The number of atoms~s! in the primitive unit
cell determines the number of different phonon mod
N (N53s) in the Brillouin zone~BZ! center~G point of the
BZ!. Not all optical phonons are infrared active, but the cry
tal structure determines the symmetry of vibrations and th
activities in IR and Raman spectra.

Ba5Ta4O15, Sr5Ta4O15, and Ba5Nb4O15 crystallize in the
trigonal space groupD3d

3 with one formula unit (Z51) per
unit cell.15–18 In this case 72G-point modes are expected
Factor group analysis yieldsA2u1Eu acoustic modes~Eu is
doubly degenerate! and 8A1g(x21y2,z2)12A2g110Eg(x2

2y2,xy,xz,yz)13A1u110A2u(z)113Eu(x,y) optical
modes in theG point of the BZ.22 The letters in parenthese
give the mode activities in the spectra:x2, xy, xz, etc. rep-
resent Raman activity in corresponding symmetry spec
x,y,z indicate infrared activity of the modes inEix, Eiy,
d

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 2. Permittivitye8 obtained from the fit of FIR transmission and refle
tivity spectra~solid lines! compared with experimental values from the MW
resonant cavity method~closed squares! and TDTTS measurements~open
circles!.
Downloaded 19 Sep 2001 to 147.231.27.153. Redistribution subject to A
FIG. 3. Dielectric losse9 obtained from the MW resonant cavity metho
~closed squares! and TDTTS measurements~open circles! compared with
the result of the fit of FIR transmission and reflectivity spectra~solid lines!.
Note the log–log scale.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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andEiz polarized spectra, respectively. In the ceramics,
symmetry of the 13Eu and 10A2u modes cannot be distin
guished in the IR spectra because of averaging over all g
orientations. Therefore all 23 modes may be expected in
IR spectra. Our fits of Ba5Ta4O15 and Ba5Nb4O15 ceramics
spectra yield 17 and 18 phonon modes, respectively. It
rather common case that not all predicted modes are see
the spectra; the phonons can be weak or heavily dampe
room temperature~RT! spectra and reflection bands can
overlapped. The spectra of Ba5Nb4O15 agree very well with
the spectra published by Massaet al.22

Sr5Ta4O15 exhibits unusual low frequency heavil
damped excitation at 15 cm21. This mode is partially seen in
the reflectivity and is very well evident in both THz and FI
transmission spectra~see Fig. 4!. The excellent agreement o
the TDTTS experiment with the result of FIR transmissi
and reflectivity spectra fits is noticeable and illustrates
accuracy of our measurements. If the Sr5Ta4O15 sample con-
tains traces of a second phase with a complicated struc
~more formula units per unit cell!, the folded acoustic
phonons could become IR active at such a low frequen
However, our XRD measurement confirmed only a sin
phase composition. So the absorption peak at 15 cm21 is
probably due to a phonon and its frequency is so low tha
could be a soft optical mode. This could indicate lattice
stability and the possibility of a ferroelectric phase transitio
However, our differential scanning calorimetry~DSC!
~Perkin-Elmer DSC 7! did not reveal any phase transition
the range of 95–920 K. Low temperature dielectric measu

FIG. 4. ~a! Experimental and fitted FIR transmission spectra of Sr5Ta4O15 .
~b! Complex dielectric spectra obtained from the TDTTS measurement c
pared with the result of FIR transmission and reflectivity fits.
Downloaded 19 Sep 2001 to 147.231.27.153. Redistribution subject to A
e

in
e

a
in
in

e

re

y.
e

it
-
.

e-

ment below 95 K is needed for the detection of a possi
ferroelectric phase transition.

Two structures were reported for Sr5Nb4O15, monoclinic
and trigonal. If the sample would crystallize in the mon
clinic space groupC2h

1 with Z52,19 the factor group analysis
yields Au and 2Bu acoustic modes and 39Ag(x2,y2,z2,xy)
130Au(z)127Bg(xz,yz)146Bu(x,y) optical modes. It
means that totally 76 phonon modes could be expected in
spectra. If the sample crystallizes in the recently repor
D3d

4 space group withZ52,20 the group analysis yields
A2u1Eu acoustic modes and 11A1g(x21y2,z2)113A2g

124Eg(x22y2,xy,xz,yz) 1 11A1u 1 12A2u(z)123Eu(x,y)
optical modes in theG point of the BZ. So, overall 35 optica
modes can be expected in the IR spectra. In our case, onl
modes were sufficient for the reflectivity spectra fitting,
the trigonal structure of the sample is more probable. Aga
not all symmetry allowed modes are seen in the spectra
to their overlapping and high damping. Our result is cons
tent with the conclusion of Ratheeshet al.,14 who also failed
to confirm the monoclinic structure of Sr5Nb4O15 with Z
52. One can see that the spectra of Ba52xSrxNb4O15 are
very similar to those of pure compounds withx50 and 5, so
the structure of Sr5Nb4O15 seems to be similar to Ba5Nb4O15

with Z51. Phonon dispersion branches of optical phono
probably have only small dispersion in the BZ. The new
activated modes in the folded BZ have similar frequencies
the already active modes, hence they are not resolve
reflectivity spectra and only effectively higher damping
most of the modes is observed.

The reflectivity spectra of Mg5Ta4O15 and Mg5Nb4O15

are completely different from previously discussed spec
giving evidence about the different crystal structure. Bo
materials crystallize in the orthorhombicD2h

17 space group
with Z54 in the centered unit cell.21 Their chemical formula
can be rewritten as Mg5/3B4/3O5 ~B5Nb or Ta! in order to be
compared with the stoichiometry of the pseudobrook
Fe2TiO5 . Necessarily, there must be a mixed occupancy
both metal positions, so the most general formula
(Mg12mB)4c(Mg2/31mB4/32m)8 fO5 in which both 4c and 8f
positions are occupied by both cations Mg~II! and Nb~V! or
Ta~V!, randomly distributed.21 The group analysis yields
B1u1B2u1B3u acoustic modes and 8Ag(x2,y2,z2)13Au

1 5B1g(xy) 1 7B1u(z) 1 3B2g(xz) 1 7B2u(y) 1 8B3g(yz)
14B3u(x) optical modes. It means that only 18 IR activ
modes are expected in the spectra of orthorhombic ceram
with pseudobrookite structure. Fourteen modes were
served in the reflectivity spectrum of Mg5Ta4O15, however,
28 modes are distinguished in the Mg5Nb4O15 spectrum, giv-
ing evidence about the traces of a second phases in
sample.

The IR reflectivity spectrum of 5ZnO
–2Nb2O5 ~Zn5Nb4O15) with 18 modes is very similar to the
Mg5Nb4O15 spectrum, and manifests the multiphase com
sition of the ceramics. XRD measurement revealed that
ceramics contain ZnNb2O6 and Zn2Nb3O8 as the major
phases. The 5CaO–2Nb2O5 ~Ca5Nb4O15) and 5CaO
–2Ta2O5 ~Ca5Ta4O15) also display completely different re
flectivity spectra compared with other samples, support
the results of XRD measurements that the ceramics do

-
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form single phases but consist also of phases like CaB2O6,
Ca2B2O7, etc. ~B5Nb, Ta!. The multiphase composition o
the ceramics is probably also responsible for their rat
low Q.

IV. CONCLUSIONS

New MW dielectrics with a general chemical formu
A5B4O15 ~A5Ba, Sr, Mg, Zn, Ca; B5Nb, Ta! were studied
by means of the MW resonant cavity technique, FIR refl
tion, transmission, and TDTTS. The last technique allow
us to determine directlye8 and e9 in the range of 5–60
cm21~0.15–1.8 THz!. The experimental THz data corre
spond very well to the results of the fits of FIR transmiss
and reflection spectra. Some exceptions are seen only in
tiphase samples. It is shown that the MWe8 of our ceramic
samples is determined by the polar phonon contributions
thereforee8 is dispersionless below the phonon frequenci
In single phase samples, dielectric losse9 extrapolated from
the SMM down to the MW regions according to the simp
proportionality e9~v!}v corresponds satisfactorily to th
MW data. The number of phonon modes observed in
reflectivity spectra reveals information about the symme
of the crystal structure of the ceramics investigated, part
larly about the number of formula units in the primitive un
cell. The spectra of Ba5Nb4O15, Ba5Ta4O15, and Sr5Ta4O15

support the same trigonal symmetry withZ51. The low
frequency excitation at 15 cm21 in Sr5Ta4O15 suggests a
ferroelectric soft mode; however, low temperature measu
ments are needed. The IR spectrum of Sr5Nb4O15 does
not support the previously published report of monoclin
symmetry withZ52. The spectrum is similar to that for th
three related samples with trigonal symmetry andZ51.
Spectra of Mg5Nb4O15 and Mg5Ta4O15 confirm the known
pseudobrookite structure; however, the higher number
modes in Mg5Nb4O15 indicate some traces of a second pha
in the sample. The spectra of 5ZnO–2Nb2O5.
5CaO–2Nb2O5, and 5CaO–2Ta2O5 differ from the spectra
of all the above investigated samples because of their m
phase compositions.
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