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Abstract: Gd’"-doped lead molybdato—tungstates with the chemical formula of
Pby 3, ,Gd,(M00y)1 3(WOy)s, (where x = 0.0455, 0.0839, 0.1430, corresponding to 9.53, 18.32,
33.37 mol% of Gd**, respectively, as well as [] denotes cationic vacancies) were successfully
synthesized via combustion route. The XRD and SEM results confirmed the formation of single-phase,
tetragonal scheelite-type materials (space group /4;/a) with the uniform, spherical and oval grains
ranging from 5 to 20 um. Individual grains are strongly agglomerated into big clusters with the size
even above 50 pum. The magnetic measurements as well as the Brillouin fitting procedure showed
paramagnetic state with characteristic superparamagnetic-like behaviour and the short-range
ferromagnetic interactions. The electrical and broadband dielectric spectroscopy studies revealed
insulating properties with the residual electrical n-type conduction of 2x10° S/m and low energy loss
(tano ~ 0.01) below 300 K. Dielectric analysis showed that no dipole relaxation processes in the
Gd**-doped materials were observed. A fit of dielectric loss spectra of Gd**-doped samples by sum of
the conductivity and the Havriliak—Negami, Cole—Cole, and Cole—Davidson functions confirmed this
effect.

Keywords: scheelite; Gd*'-substituted PbMoOy; combustion; solid solution; magnetic properties;
dielectric properties

Tetragonal scheelite-type crystals (space group /4,/a)
with the chemical formula of ABO,4 (A = Ca, Sr, Ba, Pb;
B = Mo or W; CdMoOQ,4) both un-doped, as well as
activated with RE*" ions are very interesting because
of their excellent properties such as intense luminescence
and main application as scintillators and photocatalysis
[1-17]. Among them, lead molybdate (PbMoQ,) is an
important material due to its intense photoluminescence
emission and simulated Raman scattering [10,14]. For

1 Introduction

Divalent metal molybdates and tungstates are an
important and very wide group of inorganic materials
that exhibit various interesting and functional properties.

* Corresponding author.
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these reasons, lead molybdate is an excellent material
for designing of radiation detection and scintillating
devices [11-13]. However, even though the luminescent
properties of PbMoO, remains much investigated, its
electrical properties and applications as dielectric
material are not much explored.

Nowadays, inorganic materials containing rare earth
jons (e.g. La*") and magnetic transition metal ions (e.g.

Mn”") are at the top of electrical and magnetic research.

In polycrystalline ceramics of Lagg;Cag 33 K,MnO3
(LCKMO) (x = 0.05, 0.10, 0.15, 0.20, and 0.25) and
Lag7Cag;,K;MnO; (x = 0, 0.01, 0.02, 0.03, and 0.04)
prepared by sol-gel method, the insulator—metal (I-M)
transition temperature was shifted to higher temperature
and the temperature coefficient of resistivity decreased
sharply with the substitution of Ca*" with K~ ions as
well as the temperature dependence of magnetization
showed that Curie temperature was increasing with the
increase of K content [18,19]. Insightful analysis of
data showed that magnetoresistance was affected by K
substitution [19]. In the same LCKMO ceramics (x = 0,
0.01, 0.03, 0.05, 0.10) doped with Sm,03, the temperature
dependence of resistivity showed a double I-M
transition for x = 0.03 and a single I-M one for x =
0.05 with broad transition width at low temperature.
Effects of Sm,0O;-adding showed the enhanced
transversal low-field magnetoresistance at low applied
magnetic field of 300 and 500 mT over a broad
temperature range of below ~260 K [20].

Our studies on electrical and magnetic properties of
new tungstates [21-28], molybdates [29-31], and
molybdato—tungstates [28,32,33] doped with rare earth
ions (RE*") and obtained both in the form of nano-,
micropowders, and single crystals have shown that they
are non-conductive paramagnetics or superparamagnetics.
The reason for this is the strong electron screening on
4f-shells. In turn, dielectric spectroscopy studies have
shown that these new materials containing additionally
d-electron metal ions with unfilled 3d-shells have a
bigger capacity for charge accumulation, which is
usually accompanied by bigger energy loss [22,23].
Among the paramagnetic rare earth ions, gadolinium
ion (Gd**, 4f°) possesses a large magnetic moment due
to its isotropic electronic ground state of ;,S. Because
of the excellent magnetic resonance imaging effect
observed for Gd*" ions they are used as a common
MRI contrast agent [34-36].

Recently, we carried out magnetic and broadband
dielectric spectroscopy measurements on samples of

Pby_3,,Gd2(M004) 3(WO,)s, solid solution (x =
0.0455, 0.0839, 0.1154, 0.1430, 0.1667, 0.1774)
obtained by solid state reaction method [33]. The results
showed a paramagnetic state with characteristic
superparamagnetic-like behaviour and an existence of
the faster (for Gd* -poorer samples with x up to 0.1154)
and slower (for Gd**-richer samples with x > 0.1154)
relaxation processes [33]. The slowing down of relaxation
process was explained by the increase of sample density
with increasing Gd’" ion content. In the present work,
Pb3,0,Gd2(M004);_3:(WOy)3, (x = 0.0455, 0.0839,
0.1430) samples were successfully synthesized via a
citrate—nitrate combustion method. Because this method
allows to obtain grain sizes close to nanometers, we
expect to obtain materials with low energy loss that
could be potentially used in electronics and technology.

2 Experimental

2.1 Combustion synthesis

Samples of pure PbM0O, and solid solution described by
the chemical formula of Pb; 3,[1,Gd>,(M004); 3.(WO4)3,
(x = 0.0455, 0.0839, 0.1430, where [ denotes cationic
vacancies) were successfully obtained via combustion
method. The following precursors with the purity min.
99.9% were used for this synthesis: gadolinium oxide
(Gd;05), anhydrous lead nitrate (Pb(NQO;),), hydrated
ammonium  molybdate  ((NH4)sM070241.36H,0),
and hydrated ammonium tungstate
((NH4)10H,W1,04;°3.45H,0). The number of water
molecules in Mo and W precursors was established
precisely in DTA-TG measurements. Monohydrate
citric acid (C¢HgO7-H,O) was applied as a fuel in a
combustion synthesis.

At the first step, an adequate amount of Gd,O;
(0.1673 g; 0.462 mmol for x = 0.0839) was dissolved in
hot aqueous solution of nitric acid (1:1). Then,
stoichiometric amount of Pb(NO;), (1.3637 g; 4.117
mmol for x = 0.0839) and citric acid (2.3124 g; 11.004
mmol, two-fold molar excess in relation to the number
of moles of the final product) were added to the
solution containing Gd* ions. The pH of as-obtained
solution (solution A) was adjusted to the value of ~5
with an ammonia solution (1:1). Precursors of Mo
(0.6989 g; 0.588 mmol for x =0.0839) and W (0.3604 g;
0.115 mmol for x = 0.0839) were dissolved in hot and
deionized water (solution B). Next, the solutions A and
B were mixed together and gently heated to completely
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evaporate of water. In the next stage, obtained yellow
powder was heated carefully at 573 K and a highly
exothermic combustion reaction took place. During this
process, large amount of gases evolved and the
temperature of each sample increased very fast. In the
last step, the fluffy powder was calcined at 1173 K for 2
h in air to obtain the final cream colour product (~2 g,
~5.50 mmol when x = 0.0839). The temperature of final
calcination was determined by us on the literature
information for combustion synthesis of other RE**-doped
scheelite-type tungstates, i.e. CaWO,:Ln’" (Ln = Tb,
Dy, and Ho) [37], NaLu, Eu,(WOy,), [38], and our own
experience in combustion synthesis of scheelite-type
Mn”*"-doped calcium molybdato—tungstates with the
formula of Cal,anx(M004)0,50(WO4)0,50 [39]

For  chemical  compatibility  analysis  of
Pb; 3.0,Gd2:(M00y); 3,(WO,)s, materials with Ag and
Al powder, 30 wt% Al and 30 wt% Ag (both metals
with the purity of min. 99.9%, 4-7 um, Alfa Aeasar)
were mixed with the Gd3+—doped material for x =0.0839
and heated at 873 K within 4 h. Furthermore, the
Gd**-doped sample mixed with Ag powder was also
co-fired at sintered temperature, i.e. 1173 K within 4 h.
The temperature of co-firing was chosen according to
the melting point of Al (933 K) and Ag (1235 K).

2.2 Methods

Powder X-ray diffraction patterns of lead molybdate and
Gd**-doped samples were collected within the 10°~100°
20 range with the scanning step of 0.013° and the count
time of 10 s per step on an EMPYREAN II diffractometer
(PANalytical) using Cu Ko, radiation (4 =0.15418
nm). XRD patterns were analysed by a HighScore Plus
4.0 as well as POWDER software [40,41].

Morphology and grain size of all materials as well
as their elemental composition were examined using a
Hitachi S-3400 N microscope and an energy dispersive
X-ray spectroscopy Thermo Scientific Ultra Dry detector,
respectively. The examined samples were coated with
palladium—gold alloy thin film using thermal evaporation
PVD method to provide electric conductivity.

The static DC magnetic susceptibility was measured
within the temperature range of 2-300 K and in two
different cooling modes. In the zero-field cooled (ZFC)
mode, each sample was at the beginning cooled down
in the absence of an external magnetic field and then it
was investigated during heating in the magnetic field
of Hyg. =1 kOe. Field cooled (FC) mode usually followed
by ZFC run when the same magnetic field was set on at

high temperatures and measurements were performed with
decreasing temperature. Magnetization isotherms were
recorded at 2, 10, 20, 40, 60, and 300 K using a Quantum
Design MPMS-XL-7AC SQUID magnetometer in applied
external fields up to 70 kOe. The effective magnetic
moment was determined using the equation [42,43]:

3]‘3(; ~2.828C

AHB

Hetr =

where kg is the Boltzmann constant, N is the
Avogadro number, g5 is the Bohr magneton, and C is
the molar Curie constant.

Electrical conductivity o(T) of the samples under
study was measured by the DC method using a
KEITHLEY 6517B Electrometer/High Resistance Meter
and within the temperature range of 76400 K. The
thermoelectric power S(7) was measured within the
temperature range of 300-600 K with the help of a
Seebeck Effect Measurement System (MMR Technologies,
Inc., USA). Dielectric measurements were carried out
on pellets of PbMoOy and Gd**-doped materials which
were polished as well as sputtered with (~80 nm) Ag
electrodes. The studies were carried out in the frequency
range from 5x10° to 1x10° Hz using a LCR HITESTER
(HIOKI 3532-50, Japan) and within the temperature
range of 80—400 K. For the electrical and dielectric
measurements, the powder samples were compacted in
a disc form (10 mm in diameter and 1-2 mm thick)
using the pressure of 1.5 GPa within 5 min.

3 Results and discussion

3.1 Analysis of XRD and SEM results
3.1.1 XRD Obe1,3xL);Gd2x(MOO4)1,3X( WO4)3x

Figures 1(a) and 1(b) show the XRD patterns of pure
PbMOO4 and Pb1,3xeGd2V(MOO4)1,3X(WO4)3X (x = 00455,
0.0839, 0.1430) powder sintered at 1173 K within 2 h.
The diffraction patterns of all samples show crystalline
nature of the materials. No additional phases were
detected. This fact suggests the complete solubility of
Gd*" and W®" in PbMoOy crystal lattice. All observed
diffraction lines shifted towards higher 26 position
with simultaneously increasing of Gd** and W' contents
in the matrix (Fig. 1(b)). They were successfully indexed
to the pure tetragonal scheelite-type structure with
space group /4,/a (No. 88, PbMoO, JCPDS Card No.
01-078-3062). The calculated lattice parameters (a and
¢) linearly decreased with increasing x parameter (Fig. 2).
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Fig. 1 XRD patterns of PbMoO, and Pb; 3,[7.Gdy(M0QOy); 3. (WOy,)3, (x = 0.0455, 0.0839, 0.1430) materials sintered at 1173 K
within the range of 26 from 10° to 60° (a) and the (112)/(004)/(200) diffraction peaks in the rage of 26 from 25° to 35° (b).
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Fig. 2 Linear dependence of both a and ¢ lattice

constants vs. x parameter.

It is because Pb*" ions with the radius of 1.29 A (CN=28)
are substituted by significantly smaller Gd** ones
(1.053 A for CN = 8) [44]. The Mo®" ions tetrahedrally
coordinated by O* in PbMoOy, structure (ionic radius
0.41 A) are substituted by only slightly bigger W
ones (0.42 A for CN = 4) [44]. Thus, an introduction of
W jons into the matrix does not significantly change

the lattice constants.
Figure 3 illustrates the XRD patterns of

Ag
d u\_*_l_l.l\_,«_/\_)u_
—_~
3 Al
<
~ -
_é’ ¢ [ | A b A J Y
2]
=
L
-
b | N N
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Fig. 3 XRD patterns of Pb1,3.,CDXGC12)C(I\/IOO4)1,3)5(\VO4)3)C
(x = 0.0839) samples sintered at (a) 573 K, (b) 1173 K for
2 h, and co-fired materials with (c) 30 wt% Al and (d)
30% wt% Ag at 873 K for 4 h.

Pb1,3xDde2x(MOO4)1,3X(WO4)3X (x = 00839) heated at
573 K (line a) and 1173 K (line b), respectively. The
samples with various sintering temperature exhibited a
difference in phase composition. At 573 K, some
amounts of cubic Gd,O; and unidentified phase or
phases perhaps arising from the partial decomposition
of fuel or Mo/W precursors were detected. Our research
(not presented here) showed also that heating of
Gd**-doped material at temperatures higher than 573 K,
i.e. at 673, 873, or 1073 K within 2 h did not allow the
obtaining of pure scheelite-type material. No additional
peaks were found in the diffraction pattern of sample
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obtained after sintering at 1173 K, indicating that there
were no other impurity phases in this material. It
means that the pure scheelite-type material can be
obtained by combustion route only if the final sintering
temperature of each sample is relatively high and not
less than 1173 K.

3.1.2 XRD and SEM Obel—3xchd2x(M004)1—3x(WO4)3x
co-fired with Al and Ag

To evaluate the chemical compatibility with Al and Ag
electrodes, 30 wt% of these metals were mixed with
Pby 3, 1,Gd2(M00y)1 3(WO,)3, sample for x = 0.0839
and co-fired at 873 K within 4 h. The Gd*'-doped
sample mixed with Ag (30 wt%) was also co-fired at
sintered temperature (1173 K). X-ray diffraction patterns
of co-fired at 873 K materials with Al and Ag are
presented in Fig. 3 (line ¢ and line d). In turn, the
backscattered electron images (BSE) and related
energy-dispersive X-ray spectroscopy (EDS) analysis
of the samples co-fired at 873 K are presented in Figs.
4(a) (Al) and 4(b) (Ag), respectively. Only the diffraction
lines of Gd**-doped scheelite-type material and Al (JCPDS
Card No. 04-016-2981) (violet circles located at Al peaks)
or Ag (JCPDS Card No. 04-016-1389) (orange squares
located at Ag peaks) were observed in the XRD
patterns, implying that Pb; 3,[1,Gd5,(M004); 3,(WO4)3,
samples did not react with Al and Ag powder at 873 K.
XRD analysis (not presented here) of Gd**-doped material
mixed with Ag and heated at sintered temperature showed

that this sample contained only two solid phases, i.e.
scheelite-type powder and silver. This means that
Gd**-doped lead molybdato—tungstates do not react
with metallic Ag also at 1173 K. Only two types of
grains with different grain sizes and distinct element
contrast can be clearly distinguished in BSE images.
The EDS analysis of co-fired sample with metallic
aluminium (Fig. 4(a), area bounded by a yellow circle)
revealed that the mainly existing element was Al (black
grains). The presence of Pb, Gd, W, Mo, and O has also
been reported (gray grains). The EDS results of co-fired
scheelite-type sample with Ag (Fig. 4(b), area bounded
by a yellow circle) revealed that the black area is silver
grains and the emerald area is Gd’*-doped material.
Both EDS spectra contain also Au and Pd peaks. Their
presence is due to the fact that the examined samples in
the form of small discs were covered with Au and Pd
alloy. These above facts clearly confirm that Gd**-doped
lead molybdato—tungstates are chemically compatible
with Al and Ag electrodes.

3.1.3 SEM 0be1,3xL&Gd2x(M004)1,3x(W04)3x

Morphology, microstructure, particle size, and chemical
composition of all samples, i.e. un-doped lead molybdate
as well as Gd**-doped lead molybdato—tungstates were
analysed by scanning electron microscopy. The SEM
micrographs are shown in Figs. 5(a)-5(h). Both pure
lead molybdate as well as all doped samples are
composed of spherical or oval grains with well-defined

150K
. Al w
100K w
0
o Mo
50K -Au
c Pb pg w
Pb A Pd Ay Gd
om Gd 6d Pb Gd 6d G6d GdW GdGd W Pb Auw Au
T T T T  § T T T T T
1 2 3 4 s 6 7 8 9 10
(kev)
80K
Mo
60K w
Pb
40K - N
Au
c ‘,',vb pd
20Kpp, o Au
Au w
W pd w ‘3b Au Au
Mo GdGd w 6d 6  6d AW 6dGd W Pb Auww Pb
0 T T T T T T T T T
1 2 3 4 5 6 7 8 9 10

(kev)

Fig. 4 BSE micrographs and EDS spectra of Gd**-doped samples (x = 0.0839) mixed with (a) 30 wt% Al (black grains—Al;
gray grains—Gd*"-doped sample), (b) 30 wt% Ag (black grains—Ag; emerald grains—Gd**-doped sample) and co-fired at 873 K.
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Fig. 5

SEM micrographs of PbMoO, (a, b) and
Pb; 3,1,Gdy(M00y), 3,(WOy);, materials obtained by
combustion route for x = 0.0455 (c, d), x = 0.0839 (e, 1),
x =0.1430 (g, h).

and sharp boundaries. It means that all obtained materials
are well-crystallized. Regardless of a sample (pure matrix
or doped material), the average size of an individual
grain is in the range of about 5-20 um. However, we
can find a number of grains with the size clearly below
1 um. Un-doped lead molybdate (Figs. 5(a) and 5(b))
is composed of particles which are agglomerated in
small degree and form bigger clusters. Occasionally, it
is possible to find groups of jointed particles with the
size of up to about 50 pm. The number of bigger
clusters is increasing when the concentration of Gd*"
ions increased in the Pby 3/ 1Gd(M00Oy); 3(WOy)s,
materials (Figs. 5(c)-5(h)). The samples richer in Gd**
ions, particularly the material for x = 0.1430, are
composed of significant number of clusters. Some
agglomerates reach the size over 50 pm.

Usually, such big grains are not obtained by
combustion method. Scheelite-type tungstates such as

CaWOQ, or NaLu(WOy), doped with RE*" ions obtained
by a combustion route when a final calcination occurred
at 1073 or 1173 K within 2 h contained individual
particles with the size up to 100 nm [37,38]. Probably,
the main reason of a rapid grain growth of
Pby 3, ,Gd,(M00y); 5,(WO,)s, materials is their
relatively low melting point and resulting small
temperature difference between calcination process
and melting. As we showed in our previous work, pure
PbMoO, obtained by solid state reaction method melts
congruently at 1323 K [28,45]. Gd*"-doped lead
molybdato—tungstates obtained by the same manner
melt at lower temperatures, i.e. at 1315 K (x = 0.0455),
1293 K (x = 0.0839), and at 1279 K (x = 0.1430) [28].
It means that this temperature difference is in the range
of 106-150 K. Rapid grain growth during calcination
was not observed with other doped scheelite-type
matrices, e.g. CaWO, (melting point 1863 K [39]).
Sadegh et al. [37] obtained CaWO4:Ln>* (Ln = Tb, Dy,
Ho) nanomaterials by combustion method with the
average grain size about 50 nm. In this case the
temperature difference between calcination process
and melting point of pure calcium tungstate is 690 K
[37]. At this point, we should mention that
Pby 3, 1:Gdp(M00y4)1 3(WOy)s, materials with the
same Gd’" ions concentration but obtained by
traditional high-temperature solid state reaction route
contained clearly bigger individual particles with the
average size ranging from 20 to 70 um. Individual
grains were also agglomerated to form very big clusters.
The morphology of these materials was described
precisely in our previous paper [33].

The EDX analysis results (not presented here)
showed that only the elements which were present in
the samples were Pb, Mo, and O (pure PbMoQO,) or Pb,
Mo, W, Gd, and O for Gd3+—doped lead molybdato—
tungstates. No peaks of any contaminations, especially
organic carbon, were detected suggesting the high purity
of each obtained sample. In addition, all identified
elements were evenly distributed throughout the surface
of each sample indicating a uniform chemical composition
of each as-prepared material.

3.2 Magnetic properties

The results of magnetic susceptibility measurements of
the Pb1_3xDde2x(MOO4)1_3X(WO4)3X (X = 00455, 00839,
0.1430) are depicted in Table 1 and Fig. 6(a). All studied
mixed molybdato—tungstates are paramagnetic within
the temperature range of 2-300 K and exhibit

www.springer.com/journal/40145
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Table 1 Magnetic parameters of the Pb;_;[1,Gd,(M00y);_3(WO,);, nanoparticles: C is the Curie constant, @ is the
Curie—Weiss temperature, u. is the effective magnetic moment, M is the magnetization at 2 K and in the magnetic field
of 70 kOe, p.y is the effective number of Bohr magnetons, M, is the magnetization at the highest value of H/T, and g is the
Landé factor

C (emu-K/mol) 9(K) Lefr (up/f0.) Mok (up/f.u.) M, (us/fu.) g
X Dett
Experiment Brillouin fit
0.0455 2.421 2.08 2.342 0.65 2.394 0.650 1.98
0.0839 1.555 1.48 3.168 1.17 3.251 1.175 1.91
0.1430 2.220 1.14 4214 2.05 4.245 2.048 1.88
1'2 U T T 140 T ., 1 T T T
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08H
i 14} 17
470
1 F=01430)
04 "n o7} =T
—s—2K ]
—— Landé factor fit
0," i 1 i L A L "
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= 2 12
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g = s
ELU 1408 = 08 7
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; E é’f x=10.0839
R 04 — ]
70 = S &= iszlx |
—— 1/X ¢ Laads factor it
——(T-0)/C| - o 18 27 36
0 [—A—20K. —v—40K]

1 0 i
360
-
42 g 04 J

024 240 x=0.0455

L 0.2 g=1 9’8
o1fh 1120 | - el |

0.0 1 L L
0 9 18 27 36

0.0 0 [—0—60 K. —«—300K|
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Fig. 6 (a) ZFC and FC magnetic susceptibility y and 1/yzrc vs. temperature 7 of Pby_3,[1,Gd>(M00y);_3(WO,)s, for x =
0.0455, 0.0839, 0.1430 recorded at H = 1 kOe. The solid (black) line, (7-6)/C, indicates a Curie—Weiss behaviour. (b)
Magnetization M vs. temperature 7 of Pb; 3,7,Gd,;,(M00,); 3,(WO,)s, for x = 0.0455, 0.0839, 0.1430 at 2, 10, 20, 40, 60, and
300 K. (c) Magnetization M vs. H/T of Pby_3,[1,Gd,,(M004);_3(WO,)s, for x = 0.0455, 0.0839, 0.1430 at 2, 10, 20, 40, 60, and
300 K. Inset: Landé factor fit (solid black line) to the experimental data at 2 K.

short-range ferromagnetic interactions visible in the FC magnetic susceptibilities for any phase, which
positive values of Curie—Weiss temperature, that slightly means no spin frustration as well as the absence of
decreases with increasing gadolinium ion content long-range magnetic interactions in the examined

(Table 1). There was no splitting between the ZFC and temperature range (Fig. 6(a)). The effective magnetic
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moment, i, is comparable to the effective number of
Bohr magnetons, p.s, for the Gd*" ion with the
effective spin of S = 7/2, given by the 2[S(S+1)]"?
expression [46]. This may mean that the Gd** ions
carry only a spin magnetic moment.

The results of magnetic moment measurements of
the materials under study are shown in Table 1 and Fig.
6(b). The shape of the magnetic isotherms shows
saturation magnetization and no magnetic hysteresis
are a consequence of the stable magnetization of a single
domain particle. When the temperature was increasing
their shape becomes linear, indicating paramagnetic
response (Fig. 6(b)). In the reduced coordinate (H/T) the
magnetic isotherms fall exactly on a universal Brillouin
curve for all samples under study (Fig. 6(c)). Such
behaviour is characteristic of superparamagnetic particles.
Similar behaviour was found by us in the following
RE3+-d0ped single crystals: Cdy.958Gdy 028 l0.014M00O4
[30] and Cdo.97060.0098 Y b0.0196(M0O4)0.9706(WO4)0.0294
[32] as well as in the microcrystalline materials such as:
ZnGdsW;046 [22], Gd,W,09 [25], and
Pb1_3xDde2x(MOO4)1_3X(WO4)3X ()C = 00455, 00839,
0.1154, 0.1430, 0.1667, 0.1774) [33] obtained by
high-temperature solid state reaction method. To
investigate the nature of magnetism in the Gd*"-doped
materials obtained by combustion route, the Brillouin
fitting procedure was applied [47]. The experimental
virgin magnetization curves, M(H/T), were fitted by
the following expression: M(x) = MyB;(x), where M, is
the magnetization at the highest value of H/T, x=
gJugH/kgT, g is the Landé factor, and Bj(x) is the
standard Brillouin function. An effective angular
momentum: J = S = 7/2 of Gd*" ions for all samples
was assumed. The results of Brillouin fitting procedure
depicted in the inset of Fig. 6(c) and in Table 1 showed
a slight deviation of the Landé factor from g = 1.98 for
x =0.0455 to g = 1.88 for x = 0.1430. This fact suggests
that the orbital contribution to the magnetic moment
slightly increases with the increasing of gadolinium ion
content in the sample, giving some contribution to the
spin—orbit coupling. The consequence of this may be a
decrease in the ferromagnetic short-range interactions
seen in the decreasing value of the paramagnetic
Curie—Weiss temperature in the
Gd’*-doped materials under study. One can conclude
that the change of synthesis method and related reduction
of grain size of Gd’"-doped samples from 20-70 pm
[33] to 5-20 um (presented here) does not significantly
affect the magnetic properties.

nonconductive

3.3 Electrical properties

The results of electrical measurements of
Pb1,3xDde2x(MOO4)1,3X(WO4)3X materials (x = 00455,
0.0839, 0.1430) showed insulating behaviour with small
values of the n-type electrical conductivity of o = 2x
107’ S/m. Its value slightly increases as the temperature
and gadolinium ion content increase in the sample (Fig. 7).
No thermal activation of the current carriers was
observed. Similar behaviour we have observed for the
following RE**-doped tungstates or molybdates:
R,WO¢ (R = Nd, Sm, Eu, Gd, Dy, Ho) [21],
CdRE,W,0;9 (RE =Y, Pr, Nd, Sm, Gd-Er) [23,24],
AgY 1 Gd(WOy), (x = 0.005, 0.01, 0.025, 0.04, 0.10,
0.20, 1.00) [27], Cd; 3,Gd,,[;M004 (0.0005 < x <
0.0455) [27], and RE;W,09 (RE = Pr, Sm—Gd) [26].
The residual electrical conduction of the n-type in the
molybdato—tungstates under study seems to be
connected with the anionic vacancies. Another
explanation may be related to the fact that in a state of
thermal equilibrium structural defects (n) are always
present in the lattice even in the crystal which is ideal
in other respects. A necessary condition for free energy
minimalization gives: n = Nexp(-E/kgT) for n << N,
where N is the number of atoms in the crystal and E, is
the energy required to transfer the atom from the bulk
of the crystal on its surface [47]. Determined by
dilatometric and X-ray measurements, the concentration
of lead vacancy at the melting point (in molar fraction)
was less than or equal to 1.5x10~*. The corresponding
estimate for the formation energy, E,, of a vacancy in
lead was E, = 0.53 eV [47]. Low formation energy
in lead and the screened 4f-shells of gadolinium ions
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Fig. 7 Electrical conductivity (Ino) and thermoelectric
power S  (inset) vs. temperature T of
Pb, 3,0,Gdy(M00y); 3 (WOQOy)s, samples for x = 0.0455,
0.0839, 0.1430.
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hinder the electron transport in the materials under
study having an energy gap of more than 3 eV [28].
Dielectric spectroscopy studies of the samples with
different concentration of Gd*" ions revealed that these
materials show some interesting electric properties,
particularly low energy loss (tano = 0.01) below 300 K.
The temperature dependences of dielectric permittivity,
&, and tand for various frequencies were similar for all
doped materials and remain almost invariant on
temperature changes up to ca. 300 K and 275 K for &
and tanod, respectively (Fig. 8). Further heating results
in rapid increase of their values which becomes more
pronounced when decreasing frequency. Moreover,
even in the “plateau” region of & (or tand), values of
permittivity are slightly frequency-dependent. It has to
be noticed that whereas the &, parameter limits at low

temperatures to ca. 18.5 and 16.5 for materials with x =
0.0455 and x = 0.0839, respectively (depending also on
the measuring frequency), the low temperature limit of
material with x = 0.1430 is markedly lower, reaching
the value of ca. 12.3. This difference becomes obvious
from comparison of the & (100 kHz) spectra for all
Gd’* concentrations, as it was presented in Fig. 9.

3.4 Dielectric analysis

It has to be noticed that there are no signs of any dipole
relaxation from the ¢ (100 kHz) vs. T dependence in
Fig. 9. However, at highest temperatures rise of ¢, can
suggest that some relaxation can exist for studied
materials. To check if some dipole relaxation process
in fact takes place in the materials under study, as it
was previously observed for microcrystalline
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Fig. 8 Relative permittivity & (a) and loss tangent tand (b) vs. temperature 7 within the frequency range of 500 Hz—1 MHz of
Pb_3,1,Gdy(M00y);_3:(WOy,)3, materials for x = 0.0455, 0.0839, 0.1430.
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Fig. 9 Temperature dependence of ¢ at 100 kHz for
Gd**-doped samples when x = 0.0455, 0.0839, and
0.1430.

Pb;_3.01,Gdr,(M00y4)1_3,(WQO,)3, samples (x = 0.0455,
0.0839, 0.1154, 0.1430, 0.1667, 0.1774) which were
synthesized via solid state reaction route (SSR) [33], the
dielectric data of the Gd**-doped materials obtained by
combustion route were transformed to the frequency
representation. In this representation analysis of the
possible relaxation processes is much more precise
than for the temperature representation. Figure 10 depicts
frequency dependences of the dielectric permittivity,
&'(v), and dielectric loss, &"(v), for all studied samples
for representative temperatures. Contrary to the results
presented in our previous paper [33] no dipole relaxation

processes were discerned on the spectra of the studied
materials. To confirm this statement, spectra collected
at the same temperature of 248 K for all samples
obtained by combustion method were compared with
the data collected at the same temperature for materials
synthesized via solid state reaction route (SSR) and
presented in Fig. 11(a). Whereas for the samples received
by SSR route two relaxation processes are clearly visible,
indicated by arrows, for the samples with smaller grains
(combustion synthesis) there is no visible relaxation
for this temperature in the accessible frequency range.
Close inspection of the dielectric loss spectra presented
in Fig. 11 for samples received by different synthesis
methods exhibits that for the materials received via
combustion route not only relaxation process remains
invisible but also amplitude of the loss data is markedly
lower than for the doped samples with bigger grains
(solid state reaction route).

To parameterize the relaxation process for the
materials received via SSR route the dielectric loss (¢')
spectra were fitted by sum of the conductivity and the
two Havriliak—Negami (HN) equations [48]:

Opc
Ey®

&"(w)=Tm| ¢, +Z (1)

i [1+(m}r) ’1

where ¢, is the high-frequency dielectric constant,
Ag; is the dielectric strength, 7; is the dielectric
relaxation time, « and [ are the shape parameters, and
opc 1s the DC conductivity. The fitting curve (red line
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Fig. 10 Representative &'(v) and &”(v) spectra for selected, the same temperatures and for Pb;_3,/[1,Gdy(M0QO4)1_3,(WOy)3,

samples when (a) x = 0.0455, (b) x = 0.0839, and (c) x = 0.1430.
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Fig. 11 (a) Dependence of ¢”(v) at temperature of 248 K and different Gd** concentrations for Pb_3,0,Gdy, (M0Oy)1_3.(WOy)3,
samples synthesized via solid state reaction (SSR) route and via combustion method. Arrow indicates position of the relaxation
processes. (b) Dependence of ¢"'(v) at temperature of 248 K and concentration x = 0.0455, for samples synthesized via solid state
reaction (SSR) method and via combustion route. Solid curves represent fits by various fitting functions used to parameterization

of the relaxation processes.

in Fig. 11(b)) quite well describes the data. Instead of
the very large scatter of the data points at 248 K
measured for sample received via combustion route, the
single Havriliak—Negami function was used to check
the presumed relaxation process for the sample with
x = 0.0455. The result of fitting procedure is presented
in Fig. 11(b) as the green curve. The same data were also
parameterized by the single Cole—Cole equation (i.e.
Havriliak—Negami (HN) equation with fixed parameter
S =1, magenta curve in Fig. 11(b)) and by the single
Cole—-Davidson function (i.e. Havriliak—Negami equation
with fixed parameter o = 1, blue curve in Fig. 11(b)).
As it can be deduced from the comparison of the three
curves presented in Fig. 11(b), not only quality of these
functions is very poor due to huge scatter of the fitted
data points but also position of the maximum of
hypothetical relaxation process is “model dependent”:
dramatically depends on the choice of the fitting function.
Consequently, it can be concluded that any reliable
fitting procedure of the relaxation process or processes
for samples received via combustion route remains
impossible.

On the other hand, for all samples obtained by
combustion method both ¢ and &” increase with
decreasing of frequency. These two variables increase
also during heating of samples. This behaviour might
suggest that some dipole relaxation process can enter
the experimental window at higher temperatures,

inaccessible in our experimental setup. It is worth
emphasizing  that  Pb; 3,/ 1,Gd(M004); 3:(WOy)s,
samples obtained by combustion method are accompanied
by low energy loss up to room temperature. In other
words, there is no dipole relaxation, and there is no
energy loss. A similar phenomenon was observed for
the Pbi_3,,Gd2,(M00Oy);_3:(WOy)3, samples for the
same Gd~ concentration but obtained by solid state
reaction method [33]. It can be concluded that the
appropriate grain size of the materials under study limit
the freedom of electron charge or ionic. This behaviour is
characteristic for the spatial charge polarization.
Materials with such properties may have potential
applications in electronics and technology.

The loss spectra, £”(v), collected at two temperatures,
i.e. at 140 K and 300 K (£1 K) for the samples under
study were compared in Fig. 12. Dependences of
&'(500 Hz) for the same two temperatures, i.e. 140 K
and 300 K (1 K) vs. x parameter are shown in Fig. 13.
It is clear from these plots that &' decreases with x in
linear manner. It can be also derived that whereas &’
shows strong dependence on x, there is no correlation
between ¢” and the concentration of Gd** ions. As it
has been already mentioned above, only slight increase
of dielectric loss can be observed when the temperature
was increasing, but there are no signs of any relaxation
processes that emerge in the frequency window of the
experiment in presented temperature range.
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4 Conclusions

Gd**-doped lead molybdato—tungstates with the chemical
formula of Pb1_3XDXGdZX(MOO4)1_3X(WO4)3X ()C = 00455,
0.0839, 0.1430, where [ denotes cationic vacancies)
were successfully obtained by a combustion method.
The structural characterization showed formation of
single phase scheelite-type tetragonal structure (space
group l4i/a) at 1173 K without evidence of any
secondary phases. Gd*-doped materials consist of
uniform particles with an average size within the range
of about 5-20 pum. Individual grains join together to
form bigger clusters with the size above 50 pum. The
number and size of clusters increase with increasing
Gd’" ion content in materials under study. Magnetic
measurements and Brillouin fit procedure showed
superparamagnetic-like behaviour with short-range

ferromagnetic interactions weakening with increasing
of the orbital contribution to the magnetic moment as
gadolinium ion content increased. Electrical
measurements showed that Gd**-doped materials are
the n-type insulators with small values of dielectric
permittivity (e, = 20) and loss tangent (tand = 0.01)
below room temperature. Dielectric analysis in the
frequency representation showed that no dipole
relaxation processes were discerned on &'(v) and &'"'(v)
spectra. It means that the dipole relaxation disappears
when the grain size decreases, causing the appearance
of a spatial polarization, in which the freedom of
electron charge or ionic is limited. And then the energy
loss is smaller. This correlation has been additionally
confirmed by the fit of dielectric loss spectra of
Pby 3, :Gdp(M00y)1 3,(WOy)3, samples obtained by
combustion as well as solid state reaction method of
the same Gd’ ions composition using the sum of
conductivity and the Havriliak—Negami, Cole—Cole,
and Cole—Davidson functions.
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