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The novel SrsPbsZn04, oxide was synthesized by the solid-state reaction method. The crystal structure
was studied by means of the powder X-ray diffraction Rietveld method and was found to be similar to
3 other previously known SrsPbsMO;, compounds (M = Co, Ni, Cu). Crystals of several hundred microns
in size of the new phase were grown in molten sodium chloride and imaged using confocal optical and
scanning electron microscopy. Electrical properties were studied using the impedance spectroscopy tech-
nique. It was found that SrsPb3Zn0O1, is a dielectric material with rather high relative permittivity (& = 22
at 300 K) and with activation energy of the dielectric relaxation process E4 = 0.80(4) eV. The heat capac-
ity studies reveal the Debye temperature @p = 324(1) K.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Oxide compounds that contain chains of transition metals are
expected to reveal interesting electronic and magnetic properties
[1]. Indeed one-dimensional Heisenberg antiferromagnetism was
observed in CasCusOq [2], Peierls instability was found in CuGeOs
[3] and spinon-holon separation in SrCuO, [4]. In the quasi-one-
dimensional BaVS3 sulfide compound, a metal-semiconductor
transition and Luttinger behavior were reported [5].

One of the oxide systems with infinite chains of metals is
SrsPbsMO;, (M =Co, Ni, Cu). The first discovered SrsPbs;MO;
(531-M) compound was SrsPb3Cu015.+5 found as an impurity phase
in the high-temperature superconductor BSCCO [6]. It has been
synthesized by Babu and Greaves [ 7] and magnetic properties were
studied by Yamaura et al. [8]. To date, two more 531-M compound
were synthesized with M = Co, Ni, all having similar structure to
531-Cu [9,10]. Both 531-Cu and 531-Co are known to be dielectrics
but no extensive studies of electrical properties were conducted. In
SrsPbs_xBiyMO¢,, Bi substitution for Pb does not significantly
change the electrical conductivity but does change the one-dimen-
sional antiferromagnetic properties [8].

In this study, polycrystalline samples of a novel 531-Zn com-
pound were synthesized by solid-state reaction and electrically
characterized. The structure of 531-Zn was studied using powder
X-ray diffraction via the Rietveld refinement method.
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2. Materials and methods

The polycrystalline SrsPbsZn0O;, (531-Zn) sample was prepared by high-tem-
perature solid state reaction. The precursor compounds: SrCO5; (99.9%, Chempur),
Pb304 (99%, Aldrich) and ZnO (99.9%, Aldrich) were weighted in stoichiometric
amounts (assuming 5:3:1 Sr:Pb:Zn ratio), well ground and mixed using agate
mortar and pestle and pressed into pellets, approx. 2 cm diameter, using a
hydraulic press (pressure applied did not exceed 50 MPa) to obtain about 0.8 g
of the 531-Zn compound. Pellets were placed in dense alumina crucible and
annealed in a furnace at 750 °C for 36 h in air. The first step of the synthesis
was intended to decompose the strontium carbonate without completing the
solid-state reaction. The X-ray diffraction pattern measured on the powdered
samples showed the presence of 531-Zn as well as SrPbO3; phase [11,12] (about
30%). Pellets were then reground, repressed into smaller pellets (approx. 0.5 cm
diameter, pressures applied to the sample did not exceed 300 MPa), placed in
the same crucible used before and annealed in a furnace at 800 °C for 36 h in
air. After this step, pellets were ground and preliminary X-ray diffraction mea-
surement revealed that the sample was nearly single-phase, with minor quantities
of SrPbO5 impurity possibly present. The powder was then repressed into pellets
and annealed at 850 °C for 36 h in air, and the product was found to be single
phase 531-Zn. The same methodology was then successfully employed to synthe-
size polycrystalline pellets of 531-Cu and 531-Co for impedance spectroscopy
measurements. CuO (99.5%, Reachim) and Co,03 (99%, POCH) precursor materials
were used, respectively. The other reactants used were the same as for 531-Zn.

To determine details of the crystal structure of the synthesized 531-Zn phase, a
specimen was studied by powder X-ray diffraction in Bruker D8 FOCUS diffractom-
eter with a Cu Ko radiation source. The diffraction pattern was analyzed by the Riet-
veld profile refinement method [13] using the FullProf 5.3 program [14]. The
background was modeled using linear interpolation between 74 points with refin-
able intensity values.

To measure the oxygen content of the material, iodometric titration was con-
ducted on a sample prepared as described previously, divided into 7 portions of
approx. 0.2 g each [15,16]. Samples were dissolved in 100 ml of 0.33 M hydrochloric
acid with approx. 7 g of potassium iodide and then titrated with 0.1 M sodium thio-
sulphate using starch as indicator (starch was added to the solution close to the
endpoint of titration to avoid precipitation of iodine-starch complex [17]).

lIodine liberation reaction proceeds as follows:
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Pb*" +2I" - Pb*" +1, (1)
Pb?* +2I" — Pbl, | (2)

The second step of reaction resulted in formation of yellow precipitate of a sim-
ilar appearance to 531-Zn powder. To determine if dissolution of 531-Zn was com-
plete, XRD measurements were done on the filtered residue, which showed that the
precipitate did not consist of 531-Zn, with only lead(II) iodide (Pbl,) present.

The crystal growth mineralization method was adapted from the study on 531-
Ni [10]. Approximately 0.2 g of 531-Zn polycrystalline powder obtained after the
second annealing (800 °C) was ground and mixed together with approx. 2 g of
sodium chloride employed as a mineralizer. The powder was put in an alumina cru-
cible covered with a lid within another crucible turned upside-down. The crucible
was placed in an alumina boat and put into a chamber furnace. The temperature
program used was: (1) ramping to 950 °C at 180 C/h, (2) holding 950 °C for 3 h to
homogenize the sample, and (3) slow cooling at 6 °C/h to 790 °C (below the NaCl
melting point) and switching the furnace off. The contents of the crucible were then
rinsed with distilled water, filtered and dried. Then it was examined using Scanning
Electron Microscope (FEI Quanta) working in low-vacuum environmental mode
(chamber pressure 130 Pa, water vapor) and using Olympus LEXT OLS4000 confocal
scanning laser microscope (CSLM). The red-brown powder obtained forms small
needle-like crystals that have a rod-type shape with clearly visible hexagonal faces
(Fig. 1). The largest of the single-crystals were approximately 700 um long and
70 um wide.

EDS spectroscopy was conducted in low-vacuum conditions due to heavy spec-
imen charging, with the electron energy set to 20 keV. EDS spectra were collected
on 19 points for 9 distinct single crystals with an acquisition time of 100 s. Further
analysis was performed by using EDAX TEAM™ software by means of a standard-
less analysis with the eZAF quantization method. Fig. 1(e) shows a sample EDS spec-
tra collected for a single crystal.

Although the crystal growth was successful, the crystals were too small to mea-
sure the physical properties. The crystal growth process parameters (especially the
cooling rate) should be optimized to obtain crystals of larger dimensions, suitable
for physical property measurements.

For the dielectric studies, a small cylindrical pellet (diameter 4.78 mm, height
0.66 mm) of 531-Zn was polished and gold contacts were sputtered on both its
basal surfaces. A mask with a hole with slightly smaller diameter was used to pro-
tect the lateral surface of the sample. A sample prepared this way was used for
impedance spectroscopy measurements conducted with a Novocontrol Concept
40 broadband dielectric spectrometer in a temperature range from —120 to
+150°C (step 30°C) and frequency range 10 mHz-10 MHz. The applied voltage
(RMS) used was set to 1.0 V. Nyquist plots resulting from the measurements were
fitted with equivalent circuit using Scribner ZView 2 program. The parameters of
the circuit elements were refined using the least squares method.

Heat capacity measurements were performed in a Quantum Design Physical
Property Measurement System using the standard relaxation calorimetry method.
A small piece (about 6 mg) of sample was measured in the temperature range of
1.9-300 K.
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Fig. 1. CSLM (a, b) and SEM (c, d) micrographs of 531-Zn single crystals with sample EDS spectrum for the single crystal (e). The inset of (e) shows the single crystal from
which the spectrum was collected with the scanned area indicated by a red rectangle. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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3. Results and discussion

The observed X-ray spectra for SrsPb3Zn0O;,, the calculated
powder-diffraction pattern, the difference between the calculated
model and experimental data, and the positions of expected Bragg
peaks are presented in Fig. 2. The model used for refinement was
derived from the structure of 531-Co [9]. Cell and atomic parame-
ters are shown in Table 1.

The crystal structure of the new compound was found to be
similar to other known 531-M compounds. In particular, the tran-
sition metal ion (Zn?") is situated in a trigonal prismatic site, and
Zn0g and PbOg polyhedra form infinite chains along the c-axis, sur-
rounded by Sr?* ions as is shown in Fig. 3(c) and (d). The Zn posi-
tion is half-occupied and the Zn-O polyhedra are significantly
distorted, as it is visible in Fig. 3(d).

The major difference between the observed and calculated
intensity is for the (300) and (111) reflections, in the 26 angle
range 30.5° and 30.8°. This difference is possibly caused by insuffi-
cient modeling of ZnOg-PbOg chains. The large value of thermal
parameter for Zn suggests that the local environment of Zn atoms
is more complex than it is deduced from our refinement. Neutron
powder diffraction studies of 531-Cu ran into the same issue [7],
with the authors pointing out possible cation disorder and devia-
tion from the SrsPbsMO;, stoichiometry. Our EDS studies per-
formed on single crystals, confirm the 5:3:1 (Sr:Pb:Zn) cation
ratio. Results of the iodometric titration yield the concentration
of Pb** ions Xpae = 3.1(2) ions per formula unit. This suggests that
Pb in 531-Zn is present in +4 oxidation state, and because Zn can
only exist in +2 form, the oxygen stoichiometry is 12 atoms per
formula unit. Therefore in 531-Zn we do not expect additional
oxygen atoms that partially occupy 6i sites as it was reported for
531-Cu [8] and 531-Co [9] compounds. The substoichiometric con-
centration of the oxygen in 531-Zn is unlikely due to the fact that
synthesis was conducted in air at relatively low temperature. It is
in agreement with the titration results that does not suggest the
presence of Pb%* ions.

The physical properties of 531-Zn were first studied by the
impedance spectroscopy technique; the results are shown in
Fig. 4. The Nyquist plot for the 531-Zn sample consists of one
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Fig. 2. Fit (solid black line) of the refined structural model (Rietveld method) to the
room-temperature X-ray powder diffraction data (red circles) for 531-Zn. Upper
part: circles - observed data, solid line - calculated intensities. The lower part (blue
line) shows the differences between the observed and calculated pattern. The green
bars correspond to 531-Zn. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 1

Crystallographic data for 531-Zn obtained using Rietveld refinement. Figures of merit:
profile residual R, = 10.3%, weighted profile residual Ry, = 13.7%, expected profile
residual Rey, = 10.49%, goodness of fit > = 1.70.

Basic crystallographic data

Compound formula SrsPbsZn0;,

Molar mass (g/mol) 1317.0828

Space group P62m, no. 189

a (A 10.1277(1)

c () 3.53488(4)

Cell volume (A’) 313.997(6)

Calculated density (g/cm?) 6.965

Atom X y z B (AZ) SOF
Atomic parameters

Sr(1) 1 2 1 1.71(18) 1
Sr(2) 0.6965(4) 0 1 0.83(11) 1
Pb 0.3377(2) 0 0 1.09(2) 1
Zn 0 0 0.2751(51) 6.69(55) 0.5
o(1) 0.1779 0 1 - 1
0(2) 0.4617 0 1 - 1
0(3) 0.2380 0.4428 0 - 1

semicircle and therefore a simple resistor-CPE model was chosen
to fit the experimental data, as shown in Fig. 4(b). The DC conduc-
tivity obtained from the fit was opc = 2.43(6)- 107 Q' cm™! at
300 K. For the two other 531-M compounds, 531-Cu and 531-Co,
in the Nyquist plot two semicircles are visible (Fig. 4(d)) which
suggest the presence of two relaxation mechanisms. The existence
of two relaxation mechanisms as well as significantly lower resis-
tivity than in the case of 531-Zn has been attributed to a mixed
valency state of Cu and Co [8,9]. The conduction mechanism in
531-Cu and 531-Co is possibly an electron transfer between Cu?*
and Cu®" ions in 531-Cu (Co?* and Co®* in 531-Co).

DC resistivity values derived from fitted parameter were plotted
against the temperature and activation energy of the conduction
process was calculated using Arrhenius relation:

p(T) = pyexp (%) 3)

where: E, - activation energy, ks — Boltzmann constant. Fig. 5(a)
and (b) shows the plot of In(p) = f(T™') and p = f(T), respectively.
Activation energy of the relaxation process has a value of
E4 = 0.80(4) eV. Relative dielectric permittivity, &, is almost fre-
quency independent in a wide range of frequencies, and has a value
of about 22 at 300 K.

The overall temperature dependence of the specific heat C, is
shown on Fig. 6. The heat capacity of the sample at room temper-
ature (~ 450 ] mol ' K™') is close, but slightly lower than the value
expected from the Dulong-Petit Law (3nR ~ 524 mol ' K™),
where n is number of atoms per formula unit and R is the gas
constant).

Fig. 7 shows specific heat divided by temperature as a function
of temperature squared C—T" = f(T?)) in the low-temperature range
measured under zero magnetic field. Data points were fit in the
temperature range of 2.3-6.5 K using the formula CT": Y+ BT
The value of Sommerfeld coefficient obtained from the fit is
y = 0.14(19) mJ mol~" K2, which is close to zero, as expected for
a dielectric material. The phonon specific-heat coefficient
p=1.194(9)] mol~' K. In a simple Debye model, at low temper-
ature the B coefficient is related to the Debye temperature @p
through the relation given in Eq. (4):

1274nR
O =/~ 55— (4)
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Fig. 3. Visualisation of the crystal structure rendered with VESTA software [18]: (a) unit cell viewed along the c axis, (b) unit cell viewed along the a axis, (c) view along the c
axis revealing the triple-symmetry of ZnOg-PbOg chains surrounded by Sr?*, and (d) a close-up of one element of the chain. Zn atoms are half-colored to emphasize that this

position is half-occupied.
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Fig. 4. Nyquist plot for 531-Zn at 330 K showing one relaxation mechanism (a),
solid line is a guide for eyes. (b) The equivalent circuit used for fitting, (c) Nyquist
plot for 531-Zn at 300 K, (d) Nyquist plots for samples of 531-Cu (red filled circles)
and 531-Cu (blue circles) synthesized and measured with the same methodology as
531-Zn. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

The Debye temperature calculated from this relation
Op = 324(1) K. The specific heat calculated from the Debye model
with this value of @) is not large enough to reach the experimental
values measured at the higher temperatures, therefore the data in
the whole temperature range was fit by using the formula given in
Eq. (5), which includes the contribution of higher-energy optical
modes:

Cp(T) =T + k- Cp(T) + (1 — k) - C(T) (5)
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Fig. 5. Natural logarithm of resistivity vs. inverse temperature (a) and resistivity vs.
temperature (b) plots. Black points - values obtained from Nyquist plots, solid lines
- fit to the data. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

where Cp and Cg are specific heat functions derived from the Debye
and Einstein models, respectively, the k parameter corresponds to
the weight of the phonon contributions to the specific heat from
both models, and y is the Sommerfeld coefficient. Such an approach
is commonly used in case of intermetallic compounds and was
employed for the whole temperature range fitting of specific heat
data for Mg;olri9B1s [19] and UCr,Alyg [20]. As shown by the low
temperature fit, the electronic heat capacity, yT, is negligible. The
temperature dependence of the specific heat for Debye and Einstein
models is given in Egs. (6) and (7), respectively:

B T\’ [® x‘exp(x)
CD(T)79nR(@—D) /0 7(exp(x)71)2dx (6)

Ce(T) = 3nR (%)2 exp (%) <exp (% - 1>)72 (7)

where x = k% and xp = %, ®p and O being Debye and Einstein tem-
peratures, respectively. The fit, plotted as a solid red line in Fig. 6,
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Fig. 6. Specific heat vs. temperature for 531-Zn. Points - measured specific heat,
solid red line - fit to the measured data (Eq. (5)), green line - the Debye part of the
total specific heat, blue line - the Einstein part of the total specific heat. Black solid
line indicates the value calculated from the Dulong Petit Law. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 7. Specific heat divided by temperature as a function of the temperature
squared for 531-Zn. Points — values measured in PPMS, red solid line - linear fit to
the low temperature part of% = f(T?). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

gives k =48% of the weight to the Debye contribution with
Op=237(2)K and (1-k)=52% to Einstein term with
OF = 556(4) K.

4. Conclusions

A novel solid-state compound, SrsPb3Zn0, (531-Zn), was syn-
thesized and characterized. The structure of the new compound
closely resembles the structures of the other 531-M oxides. In con-
trast to the 531-M (M = Co, Cu, Ni) compounds, the oxygen stoichi-
ometry for 531-Zn is 12 per formula unit and no additional oxygen
atoms partially occupying the 6i sites are expected. A single-crystal
growth experiment showed that needle-like crystals can be grown
using simple mineralization method with NaCl as the mineralizer.
Process parameters (especially cooling rate) should be optimized
to grow crystals suitable for measuring physical properties.

531-Zn was found to be a dielectric with rather high relative
permittivity (&, = 22 at 300 K) and with one relaxation mechanism

visible in the examined range of temperature and frequency. This is
in contrast with results for 531-Cu and 531-Co, where two mech-
anisms are observed. The conductivity activation energy for 531-
Zn was estimated by using the Arrhenius fit and its value is
E, = 0.80(4) eV. As expected for insulators, the Sommerfeld coeffi-
cient () estimated from the heat capacity measurement, is equal
to zero (within the uncertainty). The low temperature fit gives
the Debye temperature @p = 324(1) K for 531-Zn.

Future studies would involve doping of 531-Zn to determine
whether an insulator-to-metal transition can be induced. One
unconfirmed report of a metal-insulator transition accompanied
by a strong structural modulation and possible superconductivity
in a heavily La-doped 531-Cu compound has been published [21]
but no further studies have been conducted on this apparent
superconductor to the authors knowledge.
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