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bstract

he feldspars Sr0.05Ba0.95Al2Si2O8, BaAl2Ge2O8 and BaGa2Si2O8 with S.G. I2/c, and BaGa2Ge2O8 with S.G. P21/a, were studied by means of
rystal structural and microstructural analyses and dielectric measurements. All the investigated densely sintered single-phase feldspars exhibited
permittivity (ε) of 7–8 and a temperature coefficient of resonant frequency (τf) from −20 to −30 ppm/◦C. In contrast to the ε and τf the dielectric

osses were found to be dependent on the annealing conditions. In Sr0.05Ba0.95Al2Si2O8 the Qxf values increased from 42,500 to 92,600 GHz when
he annealing time at 1400 ◦C was increased from 1 to 162 h. Such a difference in the Qxf values as a result of various annealing conditions was
ttributed to different degrees of tetrahedral ordering. In contrast to aluminosilicate feldspars, Ge-containing feldspars can be sintered and ordered at

ow temperature. In BaAl2Ge2O8 the Qxf values decreased when the sintering temperature exceeded the order-disorder I2/c ↔ C2/m phase-transition
emperature. The BaGa2Si2O8 and BaGa2Ge2O8 feldspars exhibited a rapid decrease of Qxf values when the annealing temperature approached
he melting point. However, the BaAl2Ge2O8 and BaGa2Ge2O8 can regain their high Qxf values by annealing at 1000 ◦C. The BaGa2Ge2O8 stood
ut from the other investigated feldspars, with a sintering temperature of 1100 ◦C, Qxf values of 100,000–150,000 GHz and a τf of −26 ppm/◦C.

2008 Elsevier Ltd. All rights reserved.

operti

p
B
o
fi
t
t
c
n
s
t
D
t
n

eywords: A. Powder solid-state reactions; B. X-ray methods; C. Dielectric pr

. Introduction

Thanks to the development of new materials and new elec-
ronic components mobile telecommunication technologies,
uch as mobile phones and wireless LANs, have made great
rogress over the past 20 years. The current trend in mobile
elecommunications is to broaden the utilized frequency range
o include higher frequencies (>10 GHz).1,2 For applications at
requencies >10 GHz low-permittivity materials are more appro-
riate than high-permittivity materials. The reason is the small
ize of high-permittivity materials at high frequencies, which
equires very accurate processing.1 Low-permittivity materials
re currently used as substrate materials in the low-temperature

o-fired ceramic (LTCC) technology.1,3,4 There are several types
f LTCC substrate materials, which are described in detail in
eference.4 One of them is the Motorola advanced dielectric,
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repared from lead-free glass (B2O3, K2O, SiO2, CaO, SrO,
aO), Al2O3 as a ceramic filler and TiO2 for the adjustment
f the temperature coefficient of the resonant frequency. In the
rst step the role of the glass is to increase the densification. In

he second step the glass reacts with Al2O3 and forms feldspar-
ype crystalline phases MeAl2Si2O8 (Me = Ca, Sr or Ba).4 In the
ourse of this reaction the amount of glass is greatly reduced, but
ot completely eliminated. Due to the presence of a glassy phase
uch substrates exhibit much higher dielectric losses compared
o fully crystalline MeAl2Si2O8 (Me = Ca, Sr, Ba) feldspars.
espite the use of these feldspars as ingredients of LTCC dielec-

ric substrates, the dielectric properties of these materials have
ever been studied in such detail as those of the perovskites. Sev-
ral studies dealing with the microwave dielectric properties of
erovskites revealed the important influence of structural order
n the dielectric losses.5–7 Like with perovskites an increase in

he structural order is expected to result in a Q-factor improve-

ent in these materials with their different crystal structures.
The aluminosilicate feldspars are the most abundant minerals

n the earth’s crust, and because of that they have been thoroughly

mailto:marjeta.macek@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2008.05.024
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nvestigated by mineralogists. The feldspar crystal structure is
omposed of a 3D framework of corner-shared tetrahedra that
re centered by Si4+ (Ge4+) and Al3+ (Ga3+). Large alkali (Na+,
+) or alkaline-earth ions (Ca2+, Sr2+, Ba2+) in the interstices
alance the charge caused by the different charges of the tetrahe-
ral Al3+ (Ga3+) and Si4+ (Ge4+) ions. All the feldspars have low
ymmetry; they are either triclinic or monoclinic. The symmetry
f the lattice depends on the effective size of the large cations
Na+, Ca2+, Ba2+) and the distribution of the tetrahedral ions
Al3+, Si4+). The feldspars with smaller cations (Na+, Ca2+) are
riclinic, whereas the larger cations (Sr2+, Ba2+) tend to support
he monoclinic symmetry.8

Feldspars are known to undergo several phase transitions,
hich are of the order-disorder or displacive type. Among the

eldspars, the plagioclase feldspars (NaxCa1 − xAl2 − xSi2 + xO8)
nd their tetrahedral Al, Si ordering have been the most inten-
ively investigated. Through various studies of the mechanisms
nd kinetics of the tetrahedral ordering, mineralogists have tried
o get an insight into the geological history of the earth. Dur-
ng their studies they had to contend with the sluggishness of
he tetrahedral Al, Si ordering and the small differences in the
-ray scattering efficiencies of Al and Si. The slow tetrahedral
rdering in the aluminosilicate feldspars is a consequence of
he strong Si O bond. MeAl2Si2O8 (Me = Ca, Sr, Ba) feldspars
emain essentially ordered at all temperatures below the melt-
ng point. BaAl2Ge2O8 is the only known feldspar with a
2/c → C2/m order-disorder phase transition below the melt-
ng point. Due to the weaker Ge O bond, compared to the
i O bond, the tetrahedral ordering kinetics in BaAl2Ge2O8 is
nhanced compared to the ordering in MeAl2Si2O8 (Me = Ca,
r, Ba).9,10 The results of our previous studies, which showed

hat MeAl2Si2O8 (Me = Ca, Sr, Ba) requires long heat-treatment
imes to attain high Qxf values, were in accordance with the
low tetrahedral ordering.11 We also found that the Qxf val-
es of the MeAl2Si2O8 (Me = Ca, Sr, Ba) materials decrease in
he following order: BaAl2Si2O8 > SrAl2Si2O8 > CaAl2Si2O8.

onoclinic BaAl2Si2O8 exhibits an order-higher Qxf value
40,000–90,000 GHz) compared to the triclinic CaAl2Si2O8
6,000–11,000 GHz).11,12 This and the faster ordering kinetics
f Ge-substituted feldspars, got us interested in the study of
ther tetrahedrally substituted feldspars. The sintering tempera-
ure was also expected to be lower in the case of BaAl2Ge2O8 and
aGa2Ge2O8. All these facts and the promising dielectric prop-

rties of BaAl2Si2O8 focused our work on a systematic study of
he correlations between structural ordering and the microwave
ielectric properties of Sr0.05Ba0.95Al2Si2O8 and BaM2M′

2O8
M = Al, Ga, M′ = Si, Ge) feldspars.

t
s

A

able 1
hermal treatments and sintering conditions of studied feldspars

aterial Initial compounds Pre-reactions t

r0.05Ba0.95Al2Si2O8 BaCO3, SrCO3, Al2O3, SiO2 1000, 1100, 12
aAl2Ge2O8 BaCO3, Al2O3, GeO2 900, 950, 10
aGa2Si2O8 BaCO3, Ga2O3, SiO2 1000, 1100, 12
aGa2Ge2O8 BaCO3, Ga2O3, GeO2 900, 10

re-reaction and sintering time at each temperature was 12 h.
Ceramic Society 28 (2008) 3141–3148

. Experimental

The Sr0.05Ba0.95Al2Si2O8 and BaM2M′
2O8 (M = Al, Ga,

′ = Si, Ge) ceramics were synthesized using solid-state reac-
ion techniques. Stoichiometric mixtures of reagent-grade
xides and carbonates were homogenized and then repeatedly
re-reacted up to the single-phase formation of the desired phase.
rior to sintering the powders were milled with Y-stabilized
rO2 milling balls to a median particle size of 0.8 �m and then

sostatically pressed at ∼700 MPa. The details of the firing and
intering conditions can be seen in Table 1. The cooling rate from
he sintering temperature (Ts) was either fast or slow, with the
atter being a controlled cooling rate of 0.7 ◦C/min. Fast cool-
ng refers to uncontrolled cooling in the furnace as a result of
atural convection, conduction and radiation from the sintering
emperature to room temperature. The BaAl2Ge2O8 resonators
nd capacitors were sintered while muffled with powder of the
ame composition. Using this technique it was possible to pre-
ent most of the evaporation of GeO2 from the surface of the
ellet.

The progress of the reaction after each pre-reaction step was
onitored by powder X-ray diffraction (XRD) (Bruker AXS,
4 Endeavor). The X-ray powder-diffraction data were col-

ected from 10◦ < 2θ < 60◦ with a step of 0.04◦, a counting
ime of 4 s, and a variable V12 slit. For the determination of
he unit-cell volume (V) the XRD data were collected from
◦ < 2θ < 90◦ with a step of 0.02◦, a counting time of 10 s,
nd a variable V12 slit. The TOPAS R program was used
or the determination of the unit-cell volumes of the syn-
hesized feldspars with a Rietveld refinement of the X-ray
owder-diffraction data. In order to determine the unit-cell
olume the structures of the synthesized feldspars were fitted
n the basis of known ICSD data for BaAl1.9Si2.06O8 (ICSD
7528), BaAl2Ge2O8 (ICSD 1282), BaGa2Si2O8 (ICSD 163)
nd BaGa2Ge2O8 (ICSD 368).13 During the refinement all the
tructural parameters, except the unit-cell parameters, were kept
xed. In the case of Sr0.05Ba0.95Al2Si2O8 the known structural
ata for BaAl1.9Si2.06O8 (ICSD 27528) were modified to take
nto account the right composition. The molar volume (Vm) was
alculated from the unit-cell volume with the equation Vm = V/Z,
here Z represents the number of formula units in a single unit

ell.
In order to check the repeatability and to compare the struc-
ural and dielectric properties from different synthesis runs, the
ynthesis of all the feldspars in this study was performed twice.

The densities of the sintered specimens were measured using
rchimedes’ method with distilled water. The theoretical den-

emperature (◦C) Sintering temperature (◦C) Structure (S.G.)

00, 1300 1400–1500 I2/c
00, 1100 1300–1450 I2/c (C2/m)
00, 1300 1300–1420 I2/c
00, 1100 1100–1250 P21/a
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tion lines of an unknown phase appeared in the XRD pattern.
These diffraction lines were previously noted in an XRD pattern
collected from the surface of a pellet sintered at 1300 ◦C. The
intensities of these diffraction lines increased with an increase

Fig. 1. X-ray diffraction patterns of the samples with a nominal compo-
M.M. Krzmanc et al. / Journal of the Eur

ities were calculated from the formula weight and the unit-cell
olume, and the relative densities were obtained by comparing
he measured densities with the theoretical ones. For each com-
osition the densities of at least three samples were tested. The
verage values are reported in Section 3.

The powders obtained by crushing the pellets were examined
y infrared spectroscopy using the standard KBr technique. The
pectra were recorded at room temperature using a BOMEM

B Series FTIR spectrometer (ABB Bomen, Canada) with a
esolution of 2 cm−1.

The microstructural studies of the samples were conducted
ith a scanning electron microscope (SEM) JXA 840A, JEOL,
okyo, Japan coupled with an energy-dispersive X-ray spec-

rometer (EDX) and software (Series II X-ray microanalyzer,
racor Nothern, Middleton, WI).

A transmission electron microscope (TEM) JEOL JEM
100, equipped with a Gatan ORIUS SC1000 CCD cam-
ra, was utilized to compare the tetrahedral ordering of the
r0.05Ba0.95Al2Si2O8 samples. Prior to the TEM investigation

he samples were cut into 3-mm-diameter discs, ground to a
hickness of approximately 120 �m, dimple ground to 20 �m
nd ion milled to electron transparency using Ar ions at 3.8 kV.

The radio-frequency (RF) dielectric measurements were per-
ormed at 1 MHz on In/Ga-plated disk capacitors using a
igh-precision LCR meter (Agilent 4284 A). The MW dielectric
roperties were characterized using the TE01� mode dielectric
esonator method, described by Krupka et al.14, and a network
nalyzer (HP 8719C). The permittivity and dielectric loss tan-
ent (tan δ) values were calculated at the resonant conditions
TE01� mode). The Q values were calculated from the tan δ val-
es in accordance with the equation Q = 1/tan δ. To determine
he temperature coefficient of resonant frequency (τf) the test
avities were inserted into a temperature-controlled chamber.
he dielectric characteristics of the samples were analyzed in

he temperature range from 20 to 60 ◦C. For the dielectric char-
cterization at least two samples for each set of conditions were
ested.

. Results and discussion

.1. Synthesis and structural characterization

.1.1. Sr0.05Ba0.95Al2Si2O8

SrxBa1 − xAl2Si2O8 solid solutions exist in monoclinic (cel-
ian) and hexagonal (hexacelsian) modifications. For many
echnical applications hexacelsian is regarded as an undesir-
ble phase due to its high thermal expansion coefficient and due
o the phase transition at ∼300 ◦C (hexagonal to orthorhom-
ic), which is accompanied by a relatively large volume change
3–4%) that can cause microcracks. Even though hexacelsian
s a high-temperature polymorph, stable from 1590–1760 ◦C,
t also forms at lower temperatures and transforms to celsian
ery sluggishly. The hexacelsian phase, which formed during

he synthesis of the BaAl2Si2O8, did not transform completely
o celsian after annealing at 1500 ◦C for 12 h. Sr and Ca substitu-
ions for Ba are known to accelerate the hexacelsian-to-celsian
ransformation. However, it is also known that the substitution

s
b
t
m
(

Ceramic Society 28 (2008) 3141–3148 3143

ith Ca and Sr decreases the Qxf values, especially in the case
f Ca substitution. We showed in a previous study that the solid
olution SrxBa1 − xAl2Si2O8 with x = 0.05 exhibited an only 5%
ower Qxf value compared to BaAl2Si2O8.11 With the partial
ubstitution of Ba for Sr in Sr0.05Ba0.95Al2Si2O8, hexacelsian
ompletely transformed to celsian and the Qxf values remained
igh.

The details of the phase formation during the synthesis of
rxBa1 − xAl2Si2O8 solid solutions are described elsewhere.11

he Sr0.05Ba0.95Al2Si2O8 solid solution is already formed at
200 ◦C, where according to the XRD pattern both hexagonal
hexacelsian) and monoclinic (celsian) forms are present. At
300 ◦C hexacelsian is completely transformed to the mono-
linic celsian (S.G. I2/c).

.1.2. BaAl2Ge2O8

The synthesis of BaAl2Ge2O8, which was performed by the
eaction of the initial compounds BaCO3, GeO2 and Al2O3 at
emperatures below the melting point, differed from the syn-
hesis reported in the literature, where BaAl2Ge2O8 crystals
ere prepared by crystallization from the melt.9,15 A sub-solidus

ynthesis route was chosen in order to prevent, as much as
ossible, the evaporation of GeO2. The XRD measurements
evealed that the BaAl2Ge2O8 phase had already started to
orm at 950 ◦C. However, at this temperature, other phases, like
aGe4O9, BaAl2O4 and Al2O3, prevailed (Fig. 1, curve a). At
000 ◦C the formation of BaAl2Ge2O8 was already complete
Fig. 1, curve b); however, a dense microstructure could only be
btained by sintering at Ts ≥ 1300 ◦C. When the surface of the
intered pellet was examined using XRD, the additional diffrac-
ition of BaAl2Ge2O8: (a) powder pre-reacted at 950 ◦C (bg → BaGe4O9,
a → BaAl2O4, c → Al2O3), (b) powder pre-reacted at 1000 ◦C, (c) surface of
he pellets sintered at 1300 ◦C (p → unknown phase), (d) surface of the pellet
uffled with powder of the composition BaAl2Ge2O8 and sintered at 1450 ◦C

fast cooling).
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Table 2
Relative densities of the sintered specimens, determined using Archimedes’
method

Composition Ts (◦C) Relative density

Sr0.05Ba0.95Al2Si2O8 1400 98.1
BaAl2Ge2O8 1300 96.4
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n the sintering temperature. Within the pellet less or no amount
f new phase was observed. On the basis of the mass loss at
> 1300 ◦C, determined with a thermogravimetric analysis, we

ssumed that this new phase was formed due to the evaporation
f GeO2. In order to prevent the GeO2 evaporating the pellets
ere muffled prior to sintering using powder of the same com-
osition. When using this technique no additional phase was
etected on the surface of the pellet sintered at temperatures as
igh as 1450 ◦C (Fig. 1, curve d).

The crystal structure of BaAl2Ge2O8 fired in the temperature
ange 1000–1400 ◦C corresponds to the monoclinic I2/c struc-
ure, which was first determined by Calleri and Gazzoni.15 Later,

alcherek et al. studied in detail the I2/c ↔ C2/m order-disorder
hase transition in BaAl2Ge2O8.9,10,16 The ordered distribution
f tetrahedral cations leads to the appearance of superstructure
-reflections with h + k = 2n + 1, l = 2n + 1 in addition to the basic
-reflections with h + k = 2n, l = 2n, which occur in all feldspars.9

n contrast to the ordering in anorthite and celsian the ordering
n BaAl2Ge2O8 can also be followed using XRD, due to the
ifferent scattering factors of the tetrahedral ions Ge and Al.

.1.3. BaGa2Si2O8

The XRD pattern of the sample with the nominal composi-
ion of BaGa2Si2O8 pre-reacted at 1000 ◦C consists of several
ow-intensity diffraction lines that can be attributed to the initial
ompounds and various barium silicates. However, due to the
ow intensity and the overlapping of the diffraction lines a com-
lete identification of all of the phases present at this temperature
as difficult. Although the XRD pattern of the sample fired at
100 ◦C is still complex, the diffraction lines of the monoclinic
aGa2Si2O8 (S.G. I2/c) can already be observed, and when the

emperature was increased to 1200 ◦C BaGa2Si2O8 became the
ominant phase. An unreacted Ga2O3, which was present in

mall amounts, was the only secondary phase at this tempera-
ure. The diffraction lines that correspond to Ga2O3 completely
isappeared from the XRD pattern of the sample fired at 1300 ◦C
Fig. 2). Based on this observation we can assume that the Ga2O3

ig. 2. X-ray powder diffraction patterns of BaGa2Si2O8 annealed at 1300 ◦C
—) and at 1420 ◦C (··· · ·). The sample that was annealed at 1420 ◦C for 50 h
as quenched to the room temperature. The b-reflections are denoted with a b.
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aGa2Si2O8 1300 97.5
aGa2Ge2O8 1100 98.0

s similar to Al2O3, a rather unreactive species. The crystal struc-
ure of BaGa2Si2O8 synthesized at 1300 ◦C corresponds to the

onoclinic I2/c structure, which was first determined by Calleri
nd Gazzoni17 and later by Kroll et al.18 Their Rietveld struc-
ural refinements revealed a mainly ordered distribution of Ga
nd Si at the tetrahedral sites. In both studies they found some
ndication of the existence of slight disorder in the tetrahedral
ites.17,18

.1.4. BaGa2Ge2O8

Pre-reaction of a mixture with a nominal composition of
aGa2Ge2O8 at 900 ◦C led to the formation of various bar-

um germanium and barium gallium oxides in addition to
aGa2Ge2O8. With an increase in temperature to 1000–1100 ◦C

he formation of BaGa2Ge2O8 was completed. The structure of
aGa2Ge2O8 is monoclinic (S.G. P21/a), which was reported to
e stable over a wide temperature range.19 From the BaM2M′

2O8
M = Al, Ga, M′ = Si, Ge) ceramics BaGa2Ge2O8 can be sintered
o a good density at the lowest temperature, i.e., at 1100 ◦C
Table 2).

.2. Structural considerations in correlation with dielectric
roperties

.2.1. Sr0.05Ba0.95Al2Si2O8

A dense ceramic with a relative density higher than 98%
Table 2) was obtained by sintering at 1400–1500 ◦C. The
ermittivity showed no significant frequency dispersion from
MHz to 10 GHz (Table 3). The sintering temperature and the
uration of the heat-treatment were also found to have no signif-
cant influence on the permittivity. The measured permittivity of
.1 was higher than the permittivity (εs = 5.3) calculated with the
elp of the Clausius-Mosotti (C-M) equation and the ion dielec-
ric polarizabilities determined by Shannon.20 When we made
comparison between the dielectric polarizability determined

rom the measured permittivity and the dielectric polarizability
alculated from the ion dielectric polarizabilities, we observed
hat this deviation in Sr0.05Ba0.95Al2Si2O8 (12%) is similar to
hat which was already reported for the CaAl2Si2O8 ceramic
16.9%).21

In contrast to ε and τf, the Qxf values changed with the
nnealing conditions. The Qxf values increased from 42,500
o 92,600 GHz when the annealing time at 1400 ◦C increased

rom 1 to 162 h. The selected-area electron diffraction (SAED)
atterns of both samples showed the presence of b-reflections
h + k = 2n + 1, l = 2n + 1), which confirms their ordered I2/c
tructure (Fig. 3). Benna et al. in their studies of SrAl2Si2O8,
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Table 3
The dielectric properties of Sr0.05Ba0.95Al2Si2O8, BaAl2Ge2O8, BaGa2Si2O8, BaGa2Ge2O8 feldspars determined at 1 MHz and in the microwave frequency range
(at ∼12 GHz)

Temperature

1400 ◦C 1500 ◦C

1 h 12 h 162 h 12 h

Sr0.05Ba0.95Al2Si2O8

ε1 MHz 7.0 7.1 7.1 7.0
εMW 6.8 7.0 (7.0f) 7.0 7.2
Qxf (GHz) 42,500 73,500 (64,400f) 92,600 83,000
τf (ppm/◦C) −22 −24 −22 −23

Temperature

1300 ◦C 1450 ◦C
12 h 12 h

BaAl2Ge2O8

ε1 MHz 7.6 (7.4f) 7.3 (7.2f)
εMW 7.5 (7.5f) 7.2 (7.0f)
Qxf (GHz) 74,100 (50,900f) 50,500 (39,900f)
τf (ppm/◦C) −32 −29

Temperature

1300 ◦C 1350 ◦C 1400 ◦C 1420 ◦C
12 h 12 h 12 h 12 h

BaGa2Si2O8

ε1 MHz 7.8 7.8 (7.7f) 7.7 7.6
εMW 7.6 7.6 (7.5f) 7.5 7.5
Qxf (GHz) 62,300 62,300 (54,700f) 60,400 51,700
τf (ppm/◦C) −30 −32

Temperature

1100 ◦C 1250 ◦C
12 h 12 h

BaGa2Ge2O8

ε1MHz 7.2 (7.1f) 6.8 (6.9f)
εMW 6.9 (7.0f) 6.8 (6.8f)
Qxf (GHz) 106,400 (93,000f) 103,100 (91,900f)
τf (ppm/◦C) −26 −26
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he measurements were performed on the samples that were sintered at the deno
alues in the brackets represent the results for fast-cooled samples, which is den

eported an increase in the size of the ordered domains from
n average of 10 nm to approximately 70 nm with an increase
n the annealing time from 1.5 to 208 h at 1350 ◦C.22 Further-

ore, they observed an enlargement of the domains from 200
o 500 nm when the annealing temperature was raised from
450 to 1640 ◦C.23 In our case dark-field images recorded using
12-1 reflection revealed the presence of antiphase bound-

ries (APBs), whereas individual, ordered domains could not
e clearly distinguished, which implies a high degree of order
n both samples (Fig. 4). There is, however, a difference in the
oncentration of the APBs between the two samples. A com-
arison of Fig. 4a and b suggests that the area free of APBs is

arger in the sample annealed for 162 h than in the one annealed
or 1 h. Since antiphase boundaries represent a crystal-structure
efect, separating the individual out-of-step ordered domains,
his observation implies larger ordered areas in the sample

s
O
i
f

mperature and cooled slowly with a controlled cooling rate of 0.7 ◦C/min. The
with an f in the superscript.

nnealed for a longer time. This together with an increase in the
etrahedral order, which according to Benna occurs within indi-
idual domains after prolonged annealing, could be the reason
or the improvement of the Qxf value.

Benna et al. used infrared spectroscopy (the KBr technique)
or the investigations of the local tetrahedral Al, Si ordering in
rAl2Si2O8.22 They noticed a decrease in the linewidth of the
ibrational modes at 536 and 623 cm−1 with the evolution of
he tetrahedral Al, Si order. The linewidth of the corresponding

odes decreased on average by ∼8 cm−1 when the annealing
ime of the SrAl2Si2O8 gels at 1350 ◦C increased from 0.1
o 452 h. In the NaAlSi3O8 and KAlSi3O8 the modes in the

pectral range 590–650 cm−1 were assigned by Iiishi et al. as
–Si(Al)–O bending modes.24 In order to detect the difference

n the short-range order (SRO) between the samples that dif-
er in terms of Qxf values we used the similar KBr technique.
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ig. 3. SAED pattern collected along the [1 0 1] zone axis of Sr0.05Ba0.95Al2Si2O

n spite of the considerable difference in Qxf values there was

nly a slight difference in the linewidths of the samples. The
ample with the higher Qxf value showed a slight but repeat-
ble tendency of a narrower linewidth (∼3 cm−1) for the modes

ig. 4. Dark-field TEM image of Sr0.05Ba0.95Al2Si2O8 grains oriented along
he [1 0 1] zone axis: (a) 1400 ◦C/1 h and (b) 1400 ◦C/162 h, the reflection used
s 12-1. The arrows mark the antiphase boundaries.
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ealed at 1400 ◦C for (a) 1 h and (b) 162 h. The arrows indicate the b-reflections.

n the spectral range 500–750 cm−1. Taking into account the
ecrease in the concentration of the APBs and the decrease in
he linewidths of the vibrational modes with annealing, we can
ssume that the decrease in the concentration of the APBs pre-
ails over the increase in the local tetrahedral order in terms of
he Qxf improvement.

.2.2. BaAl2Ge2O8

For the dielectric characterization the resonators and
apacitors were muffled during sintering, i.e., a powder
f the same composition covered the pellets in order to
uppress the evaporation of GeO2 from the surface. A
elative density of the pellets higher than 96% can be
btained by sintering at 1300 ◦C ≤ T ≤ 1450 ◦C (Table 2). Like
ith Sr0.05Ba0.95Al2Si2O8 the measured permittivity of the
aAl2Ge2O8 is higher than the predicted permittivity calculated
ith the C-M equation using the ion dielectric polarizabilities
etermined by Shannon.20 The τf of ∼−30 ppm/◦C, which is
lightly more negative than that of Sr0.05Ba0.95Al2Si2O8, does
ot change significantly with temperature (Table 3). In contrast
o the permittivity and τf, the dielectric losses were expected to
e more sensitive to the changes in the structural order caused by
he different annealing and cooling conditions. Malcherek et al.9

howed that the order parameter value of BaAl2Ge2O8 decreased
ith increasing temperature from 0.967 at 900 ◦C to 0 above

he I2/c → C2/m order-disorder phase-transition temperature at
417 ◦C. The Qxf values, which decreased with the increase
n temperature, showed the similar expected tendency. When
he sintering temperature was increased from 1300 to 1450 ◦C
he Qxf values decreased from 74,100 to 50,500 GHz and from
0,900 to 39,900 GHz for the samples cooled slowly and quickly,
espectively (Table 3). The higher Qxf values of the slow-cooled

amples compared to the fast-cooled ones can be explained
y the results of the kinetic study of the C2/m → I2/c phase
ransition performed by Malcherek et al.9,10,16 The structure,
hich became more disordered when the sintering temper-
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Fig. 6. The increase of Qxf values with annealing at 1000 ◦C for BaGa2Ge2O8
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ig. 5. X-ray diffraction patterns of the pellet surface of BaAl2Ge2O8 annealed
t 1450 ◦C for 12 h and then cooled slowly (0.7 ◦C/min) (− − − −) and quickly
—).

ture exceeded the phase-transition temperature, could order
gain during slow-cooling. Namely, during cooling with a rate
f 0.7 ◦C/min the ceramics were exposed to temperatures of
00–1300 ◦C for approximately 10 h. According to the results
f Malcherek et al.9, annealing in this temperature range for such
long time caused a considerable increase in the short- and long-

ange order parameters. The b-reflections in the XRD pattern of
he slow-cooled sample sintered at 1450 ◦C confirmed the order-
ng of the structure during cooling. In contrast, fast cooling led
o the disappearance of the b-reflections and lower Qxf values
Fig. 5). Taking into account the reported ordering kinetics at
000 ◦C it was expected that the Qxf values of the samples sin-
ered above the phase-transition temperature could be improved
s a consequence of the increased structural order by annealing
t 1000 ◦C. The Qxf values obtained by prolonged annealing of
he disordered samples at 1000 ◦C were slightly higher than the
alues obtained for the slow-cooled samples sintered at 1300 ◦C
Fig. 6, Table 3).

.2.3. BaGa2Si2O8

For the measurement of the dielectric properties the ceramics
ere densely sintered between 1300 and 1420 ◦C. The relative
ensity was higher than 97% (Table 2). BaGa2Si2O8 exhibits
permittivity and τf similar to those values of BaAl2Ge2O8.
he dielectric measurements revealed a decrease of the Qxf val-
es with an increase in the sintering temperature to 1420 ◦C
Table 3). Like with the BaAl2Ge2O8 the reason for this could
e the I2/c → C2/m order-disorder transition. To the best of
ur knowledge this phase transition in BaGa2Si2O8 has not
et been reported. If BaGa2Si2O8 undergoes this I2/c → C2/m
rder-disorder transition it would be reflected in the XRD pat-
ern as a disappearance of the b-reflections. Even when the

aGa2Si2O8 samples were annealed at a temperature approx-

mately 10–30 ◦C below the melting point and quenched no
ignificant difference in the intensity of the b-reflections was
bserved in the XRD pattern, although a decrease in the Qxf

Q
W
i
a

ooled slowly and BaAl2Ge2O8 ( © ) cooled quickly from the sintering
emperature at 1450 ◦C.

alues of more than 50% was noticed (Fig. 2). This proves
hat the reason for the decrease in the Qxf values with an
ncrease in temperature is not the complete I2/c → C2/m order-
isorder phase transition like with BaAl2Ge2O8. However,
ome disordering must have occurred close to the melting
oint. The formation of a small amount of melt that did not
rystallize during the cooling could also cause a decrease in
he total Q-value. This is due to the relation between the
otal Q (Qt) and the Q values of the individual components:

t = V1/Q1 + V2/Q2. Q1 and Q2 represent the Q values of the
omponents, while V1 and V2 represent the volume fractions of
he component.25

.2.4. BaGa2Ge2O8

Dense, sintered BaGa2Ge2O8 ceramics exhibited a permit-
ivity of 7 (Table 3), and like with the I2/c feldspars the measured
ermittivity was higher than the predicted permittivity calculated
ith the C-M equation.20

The τf of −26 ppm/◦C is slightly lower than those of
aAl2Ge2O8 and BaGa2Si2O8. An ordered distribution of Ga
nd Ge on the tetrahedral sites is expected in the P21/a struc-
ure of BaGa2Ge2O8. This ordered structure of BaGa2Ge2O8 is
eflected in high Qxf values over 100,000 GHz. Like with the
bservations in BaAl2Ge2O8 and BaGa2Si2O8 the Qxf values
howed a tendency to decrease with an increase in the tempera-
ure and the cooling rate. The Qxf values decreased considerably
fter prolonged annealing and fast cooling from temperatures
0–30 ◦C below the melting point. Like with BaGa2Si2O8 this
ecrease is most probably caused by disordering close to the
elting point. When such “disordered” ceramics were annealed

or a prolonged time at 1000 ◦C their Qxf values exceeded the
◦
xf values of the ceramics sintered at 1100 C (Table 3, Fig. 6).

e should note that we did not observe such an improvement
n the Qxf values when the ceramics sintered at 1100 ◦C were
nnealed for a prolong time at 1000 ◦C.
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. Conclusions

In this work Sr0.05Ba0.95Al2Si2O8, BaAl2Ge2O8 and
aGa2Si2O8 with the S.G. I2/c, and BaGa2Ge2O8 with the
.G. P21/a, were studied in terms of their dielectric proper-

ies and the correlation of these properties with the crystal
tructure. The permittivities of all the investigated feldspars
etermined at 1 MHz and in the microwave frequency range
ere higher (ε = 7–8) than the permittivities predicted by the C-
equation (εs = 5.2–5.5). A similar deviation has already been

eported for the CaAl2Si2O8 feldspar. Regarding the dependence
f the Qxf values on the annealing conditions the aluminosilicate
r0.05Ba0.95Al2Si2O8 feldspars displayed different behaviour

o the Ge-containing BaAl2Ge2O8 and BaGa2Ge2O8 feldspars.
he Qxf values of Sr0.05Ba0.95Al2Si2O8 increased from 42,500

o 92,600 GHz when the annealing time at 1400 ◦C increased
rom 1 to 162 h. The main reason for the improvement of the
xf value was the decrease in the concentration of APBs with

he annealing. From the studied feldspars only BaAl2Ge2O8
xhibited a distinct order-disorder I2/c → C2/m phase transi-
ion, which resulted in a decrease of Qxf values. Through
low-cooling or additional annealing at 1000 ◦C the Qxf val-
es could be improved as a consequence of structural ordering.
or P21/a BaGa2Ge2O8 the Qxf values remained in the region of
00,000 GHz for sintering temperatures from 1100 to 1250 ◦C.
y annealing close to the melting point and fast cooling the Qxf
alue of BaGa2Ge2O8 was observed to deteriorate. However,
he highest Qxf value of 150,000 GHz was obtained by anneal-
ng such Q-deteriorated BaGa2Ge2O8 samples at 1000 ◦C. The
f of all the investigated feldspars was in the range from −20 to
30 ppm/◦C.
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