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Abstract Inspired by the ancient art work and recent sci-
entific advances in inorganic blue pigments, we have
synthesized polycrystalline ceramic samples of barium
copper tetrasilicate (BaCuSiyO;o) and strontium copper
tetrasilicate (SrCuSi4O,¢) using solid state reaction route to
understand their crystallography, magnetism and optical
behaviour. Powder X-ray diffraction patterns confirmed
single phase tetragonal crystal structure with space group
P4/ncc for both the pigment samples. The unit cell lattice
parameters and other structural parameters of these sam-
ples were determined using the Rietveld profile refinements
of powder diffractograms. Both of these blue pigments
show swift optical absorption below 300 nm and consid-
erable absorption in the visible and infrared regions. The
obtained values of band gap for BaCuSi;O;y and
SrCuSi O,y were found to be 3.61 and 3.52 eV respec-
tively. Temperature and field dependent magnetization
measurements are suggestive of paramagnetic state at room
temperature and superparamagnetic state at low tempera-
tures in both these compounds. The estimated values of
effective magnetic moments were found to be 1.833 and
1.91 pg for BaCuSizO,¢p and SrCuSizO;y respectively.
Interestingly these obtained values of magnetic moments
are very close to the theoretical value of 1.73 pg for Cu®"
ion.
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1 Introduction

The copper containing inorganic pigments with gillespite-
structured tetragonal phases of composition AECuSi,O¢
(where AE is an alkaline earth metal: Ca, Sr, Ba etc.) have
attracted considerable interest in the scientific community
over the past several decades due to fact that they are envi-
ronmentally benign, earth abundant and durable materials
for the pigment and dye industries. These materials, as the
very rare minerals, are effenbergerite (BaCuSizOg),
cuprorivaite (CaCuSi4O;) and wesselsite (SrCuSizOqg).
These pigments are also known as low temperature co-fired
ceramics (LTCC). Sophisticated use and applications of
these synthetic blue pigments have been found in ancient art
and technology since ~3600BC in Egypt (Egyptian blue
CaCuSisOyp) and also in China ~ 1200BC (Han blue
BaCuSi 0,¢). Despite their status as mineralogical curiosi-
ties, these compounds have had an importance in modern
materials science due to their complex crystal structures and
physical properties. The crystal structure of these alkaline
earth (AE): AECuSi O, pigments were originally deter-
mined by Pabst from Weissenberg data and were shown to be
isostructural with the slightly more common mineral gille-
spite (BaFeSi,O;() with a tetragonal symmetry belonging to
the P4/ncc space group. Rapid developments in the user
friendly microelectronic industry demands for miniature
microwave devices with a high processing speed. Compared
with printed resin boards, low-temperature co-fired ceramics
(LTCC: inorganic pigments) are superior materials due to
their high frequency characteristics, thermal stability and
their capacity for integrating passive components [1, 2].
The LTCC substrates have to possess several character-
istics, such as low relative permittivity to increase signal
speed, low dielectric loss for selectivity, low temperature
coefficient of relative permittivity for thermal stability,
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matching coefficient of thermal expansion so that functional
materials can be easily attached them and their high thermal
conductivity can dissipate heat in effective manner. Large
number of materials with low dielectric constant, low
dielectric loss and tunable dielectric properties has been
developed in last decade [3]. The sintering temperature of the
ceramic must be less than the melting point of electrode
materials for LTCC applications because high processing
temperatures limit their applications in LTCC based devices
[4]. The technology of LTCC usually lower than 1000 °C, is
used to produce multilayer microelectronic devices made
from ceramic substrates. Due to high rates of productivity in
the telecommunications industries, the scientific and indus-
trial communities are very much interested in LTCC tech-
nology [5-7]. Thorough characterization of new multi-
functional materials is the first steps to be carried out before
their use. Brief knowledge of crystal structure, optical,
electrical and magnetic properties is essential requirements
in modern science and technology.

It is worth to mention that oxides are among the most
important materials in the field of science and technology.
Synthesis of bulk and nanocrystalline single phase oxide
materials in various morphologies have been a subject of
intense research. Recently, many nanostructured oxides in
the series CaCusTisO;,, ZnFe,_ La0, and Ce(MoOQ,),
have attracted considerable research interest due to their
complex structural, optical, electrical and magnetic prop-
erties [8—10].

Crystal structure and structural properties of the two
inorganic blue pigments BaCuSi4O,¢ and SrCuSi4,O have
been reported by couple of groups [11, 12]. The crystal
structures of solid solution Sr;_,Ba,CuSi O,y were refined
from powder neutron time-of-flight, diffraction data [13].
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Fig. 1 Room temperature X-ray powder diffractograms of BaCuSiy
O|0 and SrCuSi40]0

Theoretical investigation on electronic structures in
BaCuSi 0,9 and CaCuSi;O;c were investigated using
ligand-field theory (LFT), angular overlap model (AOM)
and iterative extended Huckel molecular orbital theory
(IET) [14]. A study on microanalysis and crystal structure
analysis of blue plate single crystal data have established
that these materials belongs to monolayer family in which
the structure consists of rings of four linked SiO, tetrahe-
dral and each ring is connected to four others to form a
silicate layer in the ab plane [15].

From the existing literature, it has been observed that
number of studies have been carried to synthesize, inves-
tigate, analyze and understand the various properties of
inorganic pigments, however adequate explanation for the
physical properties of these materials is still lacking and
demands further improvements. To the best of our
knowledge, apart from the existing literature except on
glass ceramic and single crystal, there is hardly any reports
on the structural refinement using Rietveld analysis, optical
and magnetic properties of these materials.

Motivated by the recent scientific advances in exfoliat-
ing blue inorganic pigments, in this study we have syn-
thesized two ceramic samples of BaCuSi4O;y and
SrCuSi4O, using a simple solid state reaction method and
carried out detailed studies on their crystal structure,
structural refinement, optical and magnetic properties.

2 Experimental details
Two polycrystalline samples in the series of pigments

having general formula MCuSi4,O( [where M: Ba and Sr,
ie. BaCuSiyO,9 (effenbergerite) and SrCuSizOjq
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Fig. 2 Refined and fitted X-ray diffraction patterns of BaCuSi4O at
300 K. Observed (calculated) profiles are shown by dotted (solid)
lines. The short vertical marks represent Bragg reflections. The lower
curve is the difference plot
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Fig. 3 Refined and fitted X-ray diffraction patterns of SrCuSi O at
300 K. Observed (calculated) profiles are shown by dotted (solid)
lines. The short vertical marks represent Bragg reflections. The lower
curve is the difference plot

(wesselsite)] were synthesized using the solid sate reaction
route. High purity BaO, SrCO;, CuO and SiO, powders
were thoroughly mixed in the desired stoichiometric pro-
portion in an agate mortar with acetone as the liquid
medium for 2 h and then dried in air oven. For obtaining

the homogeneous mixture, the dried mixture was ground to
fine powder in an agate mortar for 3 h. Calcinations of the
powder samples were done at 1000, 1050 and 1070 °C for
12 and 6 h in a high temperature chamber furnace. The
synthesis process was repeated three times in order to reach
better homogeneity and full diffusion reaction of the
starting material. The resulting mixture was compressed
into pellet form by applying pressure using a hydraulic
pressure machine. Pellets of both the samples were sintered
at 1100 °C for 6 h and then cooled at a rate of 1 °C per
minute up to room temperature.

The pellets were crushed to fine powder and the powder
products were directly used for the structural and magnetic
characterization. The phase purity and quality of the sam-
ples were checked by powder X-ray diffractometry (XRD).
Powder X-ray diffraction patterns of the two samples were
recorded at room temperature on a D-8 Advance X-ray
diffractometer with CuK, radiation (A = 1.5405 A) oper-
ated in a step scanning mode at 40 kV and 40 mA.
Diffractograms were collected in the 20 range of 10°-80°
with an increment of 0.02° and 5 s counting time of each
step. Detailed structural information such as lattice
parameters, atomic positions in the unit cell, profile
parameters for pattern, bond distances and reliability factor

Table 1 Summary of refined structural parameters, interatomic distances and atomic positions of atoms for BaCuSi4sO;o and SrCuSizO;q

samples

Rietveld refined data

Interatomic distances (A)

BaCuSi4010 SrCuSi4010 BaCuSi4010 SrCuSi4O]0
Crystal symmetry Tetragonal Tetragonal Ba-O 2.8958 Sr-0 2.6850
Space group P4/ncc P4/ncc Cu-Si 3.1936 Cu-Si 3.1803
a=b(A) 7.4421 7.3695 Cu-O 1.9135 Cu-O 1.9187
¢ (A) 16.1300 15.5811 Si-Si 3.1608 Si-Si 3.1711
Unit cell volume (A%) 893.353 846.203 Si-O 1.5860 Si-O 1.5994
Bragg R-factor 6.89 4.95
Rf-factor 5.77 4.09
Rp 17.7 18.5
Rwp 16.5 16.9
GoF 1.6 1.4
r> 2.62 1.94
Atomic positions
BaCuSi4010 SrCuSi4010
Atom X y z Biso Atom X y z Biso
Ba 0.2500 0.7500 0.0000 0.0000 Sr 0.2500 0.7500 0.0000 0.0071
Cu 0.2500 0.2500 0.0949 0.0095 Cu 0.2500 0.2500 0.0885 0.0012
Si 0.5166 0.9390 0.1539 1.2000 Si 0.5082 0.9302 0.1507 1.9600
01 0.4573 0.9794 0.2570 1.2001 01 0.4519 0.9811 0.2469 0.0071
02 0.7242 0.0000 0.1389 0.2000 02 0.7130 0.0055 0.1310 0.0071
03 0.3985 0.0401 0.0955 0.3000 03 0.3697 0.0188 0.0897 0.0071
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Table 2 Comparison between observed and calculated interplanner
d-spacings

BaCuSi 049 SrCuSisOy¢ hkl
20 d-obs d-cal 20 d-obs d-cal

10.961 8.068 8.065 11.349 7.793 7.791 002
16.834 5.264 5.262 17.001 5.213 5.211 110
20.132 4.409 4.407 20.488 4.333 4.331] 112
22.024 4.034  4.032 22.811 3.896 3.895 004
25.096 3.547 3.545 25.850 3.445 3.444 104
26.356 3.380 3.379 26.741 3.332 3.331 202
27.850 3.202 3.201 28.587 3.121 3.120 114
28.999 3.077 3.076 29.402 3.036 3.035 212
32.720 2.735 2.735 33.447 2.678 2.677 204
34.046 2.632 2.631 34.391 2.606 2.605 220
35.870 2.502 2.501 36.327 2.472 2471 222
37.538 2.395 2.394 38.709 2.325 2.324 116
39.870 2.260 2.259 40.364 2.233 2.233 312
44.540 2.033 2.033 45.308 2.000 2.000 314
48.915 1.861 1.860 49.428 1.843 1.842 400
51.571 1.771 1.771 52.733 1.735 1.734 316
56.411 1.630 1.630 57.081 1.612 1.612 422
57.224 1.609 1.608 58.096 1.587 1.586 334
62.729 1.480 1.480 64.925 1.435 1.435 2010
68.287 1.372 1.372 69.287 1.355 1.355 514
73.816 1.283 1.283 75.171 1.263 1.263 516

Spectrum 1
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Full Scale 2589 cts Cursor: 0.000 keV|

Fig. 4 Energy dispersive X-ray (EDX) spectrum of SrCuSi;Oq

were obtained by carrying out Rietveld profile refinements
of the diffractograms using the ‘Fullprof’ suite of programs
[16]. The ultraviolet visible near infrared (UV-Vis—NIR)
absorption spectra in the wave length of 250-1050 nm
were recorded using Photodiode Array Spectrophotometer
(Specord S600, Analytical Jena). For magnetic characteri-
zation, temperature and field dependent magnetization
measurements were carried out on a Quantum design
SQUID Vibrating Sample Magnetometer (VSM) down to
1.8 K and in field up to 5 T.

3 Results and discussion
3.1 Structural characterization

The XRD patterns of the two samples of BaCuSi4O,¢ and
SrCuSi O, are shown in Fig. 1. The presence of all the
fundamental Bragg reflection belonging to the tetragonal
structure (ICSD No. 71864 for BaCuSi4O;o and ICSD No.
168538 for SrCuSi4O;p) and absence of reflections from
any other phase confirm the phase purity and single phase
formation of the two synthesized samples.

For obtaining detailed structural information for the two
synthesized samples we have carried out Rietveld profile
refinements of the XRD patterns in FullProf suite of pro-
grams. This technique is based on least square fitting in
which the difference between experimental and calculated
diffraction patterns is minimizes. A good agreement
between observed and calculated diffraction data can be
found during the refinement, in which number of parame-
ters in the initial model are refined through the least square
minimization procedure until the calculated pattern mat-
ches the observed profile. The goodness of fit depends on
the use of an appropriate starting model and is greatly
influenced by the correlation of the parameters which are
being refined. In this process, a scale factor, 20 zero cor-
rection, lattice parameters, peak shift, background param-
eters, profile shape parameters, instrumental parameters,
atomic positions, isotropic temperature parameters and
occupation numbers can be systematically refined.

The Rietveld profile refinements of these two samples
were carried out using tetragonal structure model belong-
ing to the space group P4/ncc. The profile shape has been
taken as a Pseudo-Voigt function convoluted with axial
divergence symmetry function and a peak asymmetry
correction was made for 20 below 25°. The best fitted XRD
patterns of the two samples are presented in Figs. 2 and 3.

The results of the refinements are summarized in
Table 1. From the table it is clear that with the substitution
of Sr-ion in place of Ba-ion, the lattice parameters
decreases which can be explained on the basis of bond
length influenced by different factors like ionic radii,
valence state, electron affinity. In these two compounds the
electron affinity is very high and that is why we observed
reduction in the bond distances and hence decrease in the
lattice parameters. Moreover, the goodness of fit parame-
ters of the refinements (Bragg R-factor, Rp, Rwp, 3?) were
converged to reliable values and indicates for a satisfactory
refined model. The refinement also indicate a slight vari-
ation in the atomic positions and equivalent isotropic
parameters due to the replacement of Ba-atoms by Sr-
atoms, which is related to the positions of oxygen atoms
while the other atoms kept their fixed position in an unit
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Fig. 5 Scanning electron micrographs (SEM) of the SrCuSi O1q
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Fig. 6 Optical absorbance spectra of BaCuSi4O;o and SrCuSi O,

cell. The major interatomic distances as tabulated in the
Table 1 reveals that with the replacement of Sr-atom on
Ba-atom site, there is not a big difference in bond lengths
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Fig. 7 Optical absorbance spectra of BaCuSi4O,¢ in the visible
region

for Cu-Si, Cu-0, Si-Si and Si—O bonds but we can clearly
see the change in bond length for bond Sr-O in place of
bond Ba-O. A lower bond length for Sr—O can be easily
understood on the basis of ionic radii of Sr-ion which is
lower than the ionic radii of Ba-ion.

A comparison between observed (obtained from the
Bragg’s condition i.e. d = A/2sin 0) and calculated (based
on refined parameters) interplanner spacing (d-values) for
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Fig. 8 Real image of
synthesized powder of
a BaCuSi4 0,9 and

b SrCuSi4010

both the compounds is shown in Table 2. From the table, it
can be seen that there is a very little difference (<0.02 A)
between d-observed and d-calculated. Thus we have
obtained very good agreement between d,s and d., for
both the compounds. From the table it is also observed that
with the substitution of Sr on the place of Ba ion, there is a
significant change in the d-values. This change in d-values
can also be explained in terms of difference in ionic radii of

Sr?* with that of Ba>* ion. As the size of Sr?* ion (1.12 A)
is smaller than the size of Ba®* (1.35 A), the lattice
spacing of Sr based compound is smaller than the Ba based
compound.

Figure 4 shows the energy dispersive X-ray (EDX)
analysis spectrum of SrCuSi4O9. The quantitative esti-
mation of the elements obtained directly from the spectrum
through its weight and atomic percentages have been found
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Fig. 9 Magnetization recorded as a function of external magnetic
field at 300 K

in very good agreement with the starting materials. These
observations further confirmed the stoichiometry of the
synthesized SrCuSi4O( sample.

Figure 5 demonstrates scanning electron micrographs
(SEM) of the SrCuSi4O,¢ sample. These four SEM images
clearly show that the investigated sample essentially con-
sist of some irregular and random shaped grains. The
average shape and size of the grains is in micron.

3.2 Optical characterization

Figure 6 illustrates UV-Vis—NIR optical absorbance
spectra of the two samples. These spectra clearly shows
two characteristic features: swift absorption in the UV
range (below 300 nm) and a cusp peaking at ~925 nm.
Based on these absorption spectra the absorption edge
(where the absorbance value is minimum) for BaCuSi O
and SrCuSi4O;y were determined. Using the obtained
absorption edge values the band gap energy was calculated.
The obtained values of band gap for BaCuSi,O,y and
SrCuSi4Oq¢ were found to be 3.61 and 3.52 eV respec-
tively. These values are in agreemenrt with the literature.

Further in the visible region (Fig. 7) two weak transi-
tions can be easily located, which are originated from the
d—d transitions. These transitions occur in the wave length
range at ~ 530 nm (green: 2B1g — 2A]g) and 650 nm (red:
’B, e ™ 2Eg). These are weakly allowed transitions due to
vibrational coupling despite approximate Dy, symmetry at
copper centre [17]. The two samples absorb weakly but
appreciable in the visible region and that is why
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Fig. 10 Magnetic moment recorded as a function of external
magnetic field at 1.8 and 300 K. a BaCuSi4O;¢ and b SrCuSi O,

complementary they display visible blue colour as seen in
the Fig. 8a, b.

3.3 Magnetic characterization

Figure 9 displays the variation of the magnetization as a
function of the external magnetic field (H) at 300 K for the
two pigment samples. The reversible nature of the two
M-H curves clearly shows that these two samples are
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Fig. 11 Magnetic moment, recorded as a function of temperature
under an external magnetic field of 1 T a BaCuSisO)y and
b SrCuSi4010

paramagnetic at room temperature. It is worth to note that
the induced magnetization of Sr doped sample is higher
than the Ba doped sample.

Figure 10a, b shows the variation of the magnetization
as a function of the external magnetic field (H) at 1.8 and
300 K. At 1.8 K in both the samples initially, the magne-
tization increases rapidly with H but after ~20 kOe the
increase becomes quite sluggish. It is worth to note that
even at a very high field of 5 T the magnetization does not
get saturate, this observation is suggestive of high mag-
netocrystalline anisotropy in these two samples. Further, at
1.8 K and in an external magnetic field of 50 kOe, the
values of the moment are ~12 and ~ 14 emu g~ for

BaCuSi4O9 and SrCuSi4O,y respectively. However no
remanent magnetization and coercivity has been observed
in these two samples at 1.8 and 300 K. These observations
clearly rule out the long range ferromagnetic ordering in
these two samples and suggestive of superparamagnetic
state at 1.8 K.

In order to further look for a magnetic transition in these
two samples we have carried out temperature dependent
magnetization measurements (M-T curves) in an external
field of 1 T. Figure 1la, b illustrates the response of
magnetization with temperature. Absence of Brillouin type
appearance in these two M-T curves clearly rules out a
ferromagnetic to a paramagnetic trend in these samples.
However, the abrupt change of magnetization at a tem-
perature below ~5 K and the shape of the M-H curve at
1.8 K is suggestive of a superparamagnetic to paramag-
netic transition.

The inverse of the paramagnetic susceptibility (x~')
versus T curve is also plotted in Fig. 11. This inverse sus-
ceptibility curve slightly deviates from the Curie—Weiss
behaviour and the estimated paramagnetic curie tempera-
ture (6p) is found to be ~2.2 and —12.1 K for BaCuSi,O,g
and SrCuSi4 O, respectively. For obtaining the values of
effective magnetic moment, the slope of the linear fitted
%~ '-T curves were taken and substituted in the following
relation: g = 2.828 (slope)™ "% Interestingly the esti-
mated values of the effective magnetic moment Ll.g are
found to be quite high as 1.833 and 1.91 pg for BaCuSi4O1
and SrCuSi O respectively. These values are very close to
the magnetic moment of free Cu** ions (1.73 pg). These
observation indicate that randomly dispersed Cu®" ions are
responsible for the paramagnetic behavior of the samples at
room temperature.

4 Conclusion

In summary, we have synthesized blue pigments of barium
copper tetrasilicate (BaCuSi4O;0) and strontium copper
tetrasilicate (SrCuSi4O1¢) using solid state reaction route.
The lattice parameters and other structural parameters of
these samples were determined using the Rietveld profile
refinements of powder X-ray diffractograms. Both of the
pigments show swift optical absorption below 300 nm and
considerable absorption in the visible and infrared regions.
The obtained values of band gap for BaCuSi,O;y and
SrCuSi O,y were found to be 3.61 and 3.52 eV respec-
tively. These two pigments are paramagnetic at room
temperature and superparamagnetic at low temperatures.
The estimated effective magnetic moment were found to be
1.833 and 191 pug for BaCuSizO;p and SrCuSizO¢
respectively, which are close to the theoretical value of
1.73 pg for Cu*" ion.
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