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abstract

Single crystal of Eus+-doped cadmium molybdate (Cdo.o268m0.0244Eu0.0488M004, where u denotes
cationic vacancies) has been successfully grown by the Czochralski method in air and under 1 MPa. X-ray
diffraction analysis indicates that as-grown single crystal exhibits tetragonal scheelite-type structure
(a=b =05.16188(14) A; c = 11.2080(5) A; space group l4!/a). Eus+ ions do not show long-range order and
they are randomly distributed in CdMoO4 framework substituting Cd2+ ones. UVevis diffuse refiectance
measurements revealed very close optical band gap (eg) values, i.e. ~1.74 eV along [100] and [001]
crystallographic directions that are twice smaller than eg of microcrystalline pure CdMoOa4 as well as
powder Eus+-doped single crystal. Magnetic and electrical studies of Eus+-doped cadmium molybdate
single crystal showed a paramagnetic and n-type semiconducting behaviour with the metal-insulator
transition above 350 K along both crystallographic directions. Dielectric results analysis using the
Cole-Cole it function revealed that the dipole relaxation process has different time scale depending on
the crystallographic direction and exhibits Arrhenius temperature dependence for both studied di-
rections. This fact is accompanied by the colossal dielectric permittivity with er > 8.103. The above results
are considered in the framework of narrow europium multiplets of energy comparable to thermal

energy.

© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Divalent metal molybdates and tungstates (AX04, X = Mo, W)
have become subjects of great interest because of various inter-
esting applications in many fields such as photoluminescence
[1e8], solid state lasers [9,10] optic fibres [11], microwave di-
electrics [12e17], catalysts [18e22] and scintillators [23e28].
Among them, cadmium molybdate is considered as the most
interesting material which plays a major role as cryogenic phonon-
scintillation detector in the search of neutrinoless double beta
decay. CdMoO4 is also a good host for rare-earth ions, exhibiting the
emission spectrum thanks to 4f . 4f transitions [29e31]. Among
the rare-earth ions, trivalent europium ones have been very often
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used as activators in luminescent materials because they show very
intense red luminescence related to 5Do .~ 7F1 and 5Do ./~ 7F2
transitions in the orange and red regions, respectively [29,32e36].
These transitions are strongly dependent upon symmetry as well as
local environment of Eu3+ whose effect can lead to a wider tune-
able colour region. Thus, CdMoO4:Eu3+ materials have a potential
of showing white light emission due to the red emission from
europium ions and blue-green from the host.

Most divalent metal molybdates have scheelite (141/a, Z = 4, No.
88) or scheelite-related (Pnma, Z = 4, No. 62) structures [5e7,37,38].
In scheelite-type molybdates like AMoO4, where A2+ is a metal
cation with large ionic radius (A = Ca, Sr, Ba, Cd and Ph, ra>0.90 A),
Mo6+ ions are coordinated to four oxygen ions forming MoO4
tetrahedra [5e7,37e39]. The materials with tetrahedrally coordi-
nated molybdenum ions have excitation band centered at
~275e330 nm [5e7,29e31]. Each divalent metal cation adopts
dodecahedral coordination [5e7,37e39].

Novel microcrystalline scheelite-type Cdi-3xMxRE2xMo0O4 solid
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solutions (RE = Pr, Nd, Sm — Yb) have been synthesized earlier by
us using high-temperature annealing of adequate mixtures of
CdMo0O4 with RE2(M004)3 [11,29-31,40,41]. The substitution of
Cd2+ ions by trivalent RE3+ ones in CdMoO4 matrix gives rise to
excessive positive charge which is compensated by the appearance
of vacancies (M) in the scheelite framework [11,29—31,40,41]. Single
crystals of some Cdl-3xMxRE2xMo0O4 solid solutions (RE = Nd, Gd,
and Dy) were grown by the Czochralski technique [42—44]. The
Dy3+ as well as Nd3+-doped cadmium molybdate single crystals are
known to show unique dielectric and magnetic properties [42,44].
In particular, Cd1-3xMxNd2xMoO4 (x = 0.014) single crystal reveals a
paramagnetic state with short-range ferromagnetic interactions
and a strong anisotropy of other properties, i.e. metallic conduc-
tivity with a p-n transition and dielectric constant er ~60 4 100
along [100] crystallographic direction as well as semiconductor
behaviour with n-p transition and er ~ 750 4 2250 along [001] plane
[42]. Diode-like behaviour visible on the 1-V characteristics was
also observed for this crystal [42]. These crystal properties were
explained in terms of relaxation processes [45,46] oras anisotropic
relaxor ferroelectric like behaviour [47].

In the present work, we applied the Czochralski technique to
grow scheelite-type Eu3+-doped cadmium molybdate single crys-
tal. The growth process was carried out in air under 1 MPa. The
purpose of this article is to investigate the structural, optical,
magneticand electrical properties ofthe as-grown crystal along the
[100] and [001] crystallographic directions. Dielectric analysis in
the frequency representation including the Cole-Cole fit to examine
the dipole relaxation process within the temperature range of
76—400 K, was made.

2. Experimental

2.1. Crystal growth and chemical analysis of Eu3t-doped cadmium
molybdate single crystal

Single crystal of Cdl1-3xMxEu2xMo0O4 solid solution (x = 0.0048
and M denotes vacancies, labelled later as CdMoO4:Eu3+) was suc-
cessfullygrownbythe Czochralski method in an inductively heated
platinum crucible in air atmosphere under 1 MPa. Starting mate-
rials for the crystallization process were the following oxides:
Eu203 (5.6923 g (0.0162 mol); 99.99%, Alfa Aesar), CdO (78.8917 g
(0.6144 mol); 99.998%, Alfa Aesar), and MoO3 (95.4140 ¢
(0.6629 mol); 99.95%, Alfa Aesar). The total mass ofall metal oxides
used for the pulling of single crystal was 180.0000 g. The stoi-
chiometric amounts of starting reactants were ground homoge-
neously in an agate mortar, pressed into cylindrical pellets under
pressure 0f200 kPa and heated at 1073Kfor12 h in airbeforetheir
melting in a platinum crucible. Afterwards, the microcrystalline
material was heated up to a temperature ~50 K, higher than its
melting point, under 1 MPa. The obtained melt was maintained in
these conditions for 2 h. Next, its temperature was decreased to the
appropriate crystallization point. The single crystal of cadmium
molybdate doped with Eu3+ was grown on the [001] oriented seed
prepared from a single crystal of pure cadmium molybdate at the
3 mmh-1 pulling rate and 10 rpm rotating rate. After crystallization,
the obtained single crystal was pulled out of the melt and cooled
down to room temperature at the rate of 10-30 K h ' The
CdMoO4:Eu3+ single crystal, grown in air atmosphere, is dark-blue
in colour. After accurate orientation by X-ray diffraction, the
CdMoO4:Eu3+ single crystal was cut along the [100] and [001]
crystallographic planes, and then plates of dimensions of
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Fig. 1. Images of CdMo0O4:Eu3+ single crystal in (100) and (001) planes.

~5 x 6 x 1 mm were cut off (Fig. 1). As-prepared samples of
CdMoO4:Eu3+ crystal were used for the optical, magnetic and
dielectric studies. For X-ray diffraction measurements, small pieces
of diameters less than 0.1 mm were cut off the as-grown single
crystal and selected under a polarization microscope. The contents
of europium, cadmium and molybdenum in CdMoO4:Eu3+ single
crystal were determined by an Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) technique. The contents of these elements
were found as: Eu 2.71(2) mas% (cal. 2.73 mas%), Cd 38.33(3) mas%
(cal. 38.37 mas%), and Mo 35.28(5) mas% (cal. 35.33 mas%). The
determined contents of Eu, Cd, and Mo in CdMoO4:Eu3+ single
crystal closely corresponded to the proposed chemical formula.
Density of as-grown CdMoOa4:Eu3+ single crystal was determined
using a Quantachrome Instruments Ultrapycnometer (model
Ultrapyc 1200 e, USA). As a pycnometric gas nitrogen (purity
99.99%) was applied. This value was found to be 6.09(1) g cm 3
Smallpieces ofCdMo0Oa4:Eu3~+singlecrystal obtained during cutting
out the samples for optical, magnetic as well as electrical studies,
were ground in an agate mortar. The obtained powder as well as
microcrystalline CdMoO4 synthesized by high-temperature sinter-
ing ofCdO/MoO3 mixture were examined bypowderX-raypowder
diffraction method using an EMPYREAN Il diffractometer (PAN-
alytical) and CuKal2 radiation (I = 0.15418 nm). XRD patterns were
collected within the 10—100- 2Q range with the scanning step of
0.013- and analysed by a HighScore Plus 4.0 software. Lattice con-
stants were calculated using a DICVOL04 software [48]. Fig. 2shows
the XRD patterns of powdered CdMoOa4:Eu3+ single crystal and
pure CdMoO4. According to XRD analysis, the powder diffraction
patterns ofboth materials consisted ofonlydiffractionpeaks which
can be attributed to a scheelite-type framework. No additional
phases were observed. All peaks were successfully indexed to pure
tetragonal, body-centered scheelite-type structure with space
group l41/a (JCPDs No. 01-088-0182).

2.2. Methods

X-ray diffraction measurements of CdMoO4:Eu3+ single crystal
were performed with an Oxford Diffraction kappa diffractometer
Xcalibur with MoKa radiation and a Sapphire3 CCD detector (Ox-
ford Diffraction Ltd., Yarnton, UK) at 298(1) K. For the measure-
ments a small sample of the single crystal was mounted on a glass
capillary. The data were collected using a CrysAlis CCD program
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Fig. 2. Powder XRD patterns of CdMoO4 (a) and powdered CdMoO4:Eu3+ single crystal (b) in the range of 2Q from 15 to 65° (A) and the (112/004/200) diffraction lines in the range

of2Q from 26 to 36° (B).

[49]. Accurate cell parameters were determined and refined also
with CrysAlis CCD program [49] from ca. 1700 reflections. For the
integration of collected data the program CrysAlis RED was used.
The scheelite-type structure of CdMoO4:Eu3+ single crystal was
refined using the SHELXL-97 program [50]. The positions of O
atoms and anisotropic displacement parameters of all atoms were
refined. Ultravioletevisible (UVevis) diffuse reflectance spectros-
copy was realized with a JASCO-V670 (Japan) spectrophotometer
equipped with an integrating sphere. The spectra were recorded in
the range from 200 to 1000 nm. Static magnetic susceptibility, c(T),
was measured within the temperature range of 2300 K and in the
magnetic field H = 1 kOe and recorded both in zero-field-cooled
(ZFC) and field-cooled (FC) mode. Magnetization isotherms, M(H),
were measured at 2, 10, 20, 40, 60, and 300 K and in the static
magnetic field up to 70 kOe. For these studies, a Quantum Design
MPMS-XL-7AC SQUID magnetometer (USA) was used. Electrical
conductivity, s(T), of CdMoO4:Eu3+ single crystal was measured by
the DC method using a KEITHLEY 6517B Electrometer/High Resis-
tance Meter (USA). The activation energy, Ea, for the clearly straight
intervals was calculated in the temperature range of 100e250 K
from the formula s = sOexp(-Ea/kT), where k is the Boltzmann
constant. The values of the thermal coefficient of resistance (TCR),
aTCR, were estimated from the relation I' = I'o(1 + aTCR-DT). Ther-
moelectric power, S(T), was measured within the temperature
range of 100e400 K using a Seebeck Effect Measurement System
(MMR Technologies, Inc., USA). Broadband dielectric spectroscopy
measurements were performed using a LCR HITESTER (HIOKI
3532e50, Japan) within the temperature range of 76e400 K and in
the frequency range from 2$102 to 2$106 Hz. The electrode area and
thickness were 5 mmz2 and 1.0 mm, respectively. For measurements
of er = C/CO, where C0 is the capacity of the empty capacitor and
tand = e~/er, where e" and e' are imaginary and real part of complex
dielectric permittivity, respectively, the electric field was applied
along the [100] and [001] directions. The electrical and thermal
contacts were made with a silver lacquer mixture (Degussa Leit-
silber 200).

3. Results and discussion

3.1. X-ray diffraction studies and structure of CdMoO4:Eu3+ single
crystal

X-ray diffraction measurement at 298(1) K of CdMoO4:Eu3+
single crystal showed that this material crystallizes in tetragonal
scheelite-type structure with space group l41/a (Fig. 3) analogously
to other divalent and scheelite-type molybdates and tungstates, i.e.
PbMoO4 and PbWO4 [51]. The lattice parameters of unit cell are:
a =bh=>5.16188(14) and ¢ = 11.2080(5) A and the agreement factor
Rl = 2.61% (Table 1). The atomic coordinates and equivalent
isotropic thermal parameters of Eu3+-doped single crystal are
shown in Table S1. Molybdenum ions occupy tetrahedral positions
and form deformed MoO4 tetrahedra, while Cd2+/Eu3+ ones are
dodecahedrally coordinated by oxygen ions (Tables S1 and S2). The
Eu3+ ions do not show long-range order and they are randomly
distributed in cadmium molybdate framework, substituting Cd2+
ones. Similar distribution of other RE3+ ions, i.e. Nd3+ Gd3+, Dy3+
(in Cd1-3xMxRE2xM004) [42e44] and Yb3+ (in Cd1-3xMxRE2x(M00O4)1-
3x(WO4)3x [52]) has been observed in other doped scheelite-type
single crystals obtained by us earlier.

To assign the oxidation state of cadmium, europium and mo-
lybdenum centres, we applied the calculation based on the bond
valence sum (BVS) model [53,54]. In this procedure, the valence S of
a bond between two atoms i and j is expressed by the empirical
expression (Eg. (1)), where Rjj is the length of the bond (in A), the
constants b and Ro are known [55,56]. The constant b is 0.37, which
has been determined by Brown and Altermatt and is generally
accepted for most ij pairs. The value Ro can be considered as a bond
length of unit valence and it is dependent upon the nature of the ij
pair of atoms [57].

Si=exp b ~ 1)
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Fig. 3. Scheelite-type structure of CdMoO4:Eu3+ single crystal. The Cd2+/Eu3+, Mo6+ and O2 ions are marked in wine, red and green, respectively. Ellipsoids representing
displacement parameters are drown at the 50% probability level. The a and c are crystallographic axes corresponding ofthe notation [100] and [001], respectively.

Table 1
Crystal data collection and structure refinement for CdMoO4:Eu3+.

Crystal data
Empirical formula

Mr (g/mol)

Crystal system, space group
Temperature (K)

Crystal size (mm)

a, b, c(A)

a b g(?)

V(A3)

Z, calculated density
Radiation type, wavelength
m (mm-1)

F(000)

Data collection
Diffractometer

Theta range (°)

Limiting indices
Reflections collected/unique
Rint

Completeness to q = 25.42°
Refinement
Data/restraints/parameters
R[F2 > 2s(F2)], wR(F2), S

R indices (all data)
Extinction coefficient

Dmax, Dmin (e A 3)

Table 2
Bond valence values for cadmium, europium and molybdenum.

Element, polyhedron Length of the bond (A) RO (A) BVS
Cadmium 24012(16) x 4 1.875(13) 1.891
cdllos 24163(17) x 4

Europium 2:4012(16) x 4 2.038 2938
EulllO8 2.4163(17) x 4

Molybdenum 17777(17) x 4 1.900 5567
MoVIO4

The oxidation number Ni of the atom i is an algebraic sum (Eq.

(2)) of these Sij values of all the bonds (n) around the atom, i.

n
Ni= S 2
i=1

Cd0.9268Eu0.0488M 004

27234

tetragonal, 141/a
293(1) K

0.02 x 0.08 x 0.15
5.16188(14), 5.16188(14), 11.2080(5)
90, 90, 90
298.638(17)

4, 6.057 Mg/m3
Mo Ka, 0.71073 A
11131

488

Xcalibur (Oxford Diffraction) with MoK radiation and Sapphir3 CCD detector
4.35-34.47

-7 < h<=5, -7 < k<=8, —17 < I<=17

1755, 312

0.0288

100.0%

312/0/16

R1 = 00210, wR2 = 0.0471, 1.09
R1 = 0.0344, WR2 = 0.0525
0.0104(8)

0.886, —0.654

The calculated BSV values are as follows: Cd(Il) 1.891; Eu(lll)
2.938; Mo(VI) 5.567 and are shown in Table 2. The BVS value for Mo
could indicate the presence of a small amount of Mo5+ ions.

3.2. UV—vis diffuse reflectance spectra and optical band gap

Optical properties of CdMoO4:Eu3+ single crystal along both
crystallographic directions were investigated at room temperature
by using UV—vis diffuse reflectance spectroscopy. This technique
takes advantage of the enhanced scattering in solid materials. The
theory which makes possible to use diffuse reflectance spectra was
proposed byKubelka and Munk[58]. According tothis method, the
reflectance spectra were converted into absorption ones using the
following equation [58]:
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Fig. 4. Plots of (ahn)2 vs. hn of CdMoO4:Eu3+ single crystal along [100] (a) and [001] (b) crystallographic directions, powder sample of CdMoO4 (c), and powder piece of
CdMo0a4:Eu3+ single crystal (d). Inset: UV—vis absorption spectra for all samples as well as plots of In(ahn) vs. In(hn-Eg) for CdMoO4:Eu3+ single crystal for both crystallographic
directions.

the absorption coefficient, and S is the scattering factor which is
wavelength independent. Optical band energy (Eg) is related to the
absorbance and photon energy the equation proposed by Tauc and
Wood [59,60]:

frn — @- R:
R 3)

where F(R) is the KubelkaeMunk approach, R is the reflectance, a is
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Fig. 6. Magnetization Mvs. magnetic field H at 2, 10, 20, 40, 60 and 300 K measured along [100] and [001] directions.

Fig. 7. Magnetization Mvs. magnetic field H at 2 K for both directions. The arrows
indicate the primary magnetization curve and the return one, their overlapping means
no hysteresis loop.

ahn = F(R")shn = (hv - Eg)n (4)

where hn is the photon energy, A is an energy independent constant
characteristic of a material, and n is a constant that can take
different values depending on the nature of electronic transition.
The permitted direct, forbidden direct, permitted indirect and
forbidden indirect transitions take place for n = 1/2, 3/2, 2, and 3,
respectively [59,60]. Therefore, the optical band gap energy can be
determined from the plot of (ahn)l/n versus photon energy by
extrapolating a linear portion ofthis dependence to intersect the hn
axis at zero absorption [61e70]. The plots of (ahn)2 vs. hn for

Fig. 8. Electrical conductivity s vs. reciprocal temperature 103/T measured along [100]
and [001] directions. Tmi is the temperature of the metal-insulator transition, and Ea is
the activation energy.

CdMo0O4:Eu3+ single crystal are depicted in Fig. 4a and b. The band
gap energy ofthis crystal is found to be 1.74 eV along the [100] and
1.73 eV along the [001] directions, corresponding to a direct
permitted transition of an electron between valence and conduc-
tion bands. In the high energy region ofthe absorption edge, (ahn)2
varied linearly with photon energy. Thus, in the low energy region,
the absorption spectrum deviated from a straight line plot. This
straight line behaviour in the high energy region was taken as
prime evidence of a direct optical band gap. Furthermore, the
curves of In(ahn) vs. In(hn -Eg) were plotted using Eg to confirm the
value of n from the slope of these curves. The values of 0.487 and



Fig. 9. Thermoelectric power S vs. temperature T measured along [100] and [001]
directions.

0.503 have been found for [100] and [001] crystallographic di-
rections, respectively (Fig. 4a and b). The determined values of n
parameter (very close to 0.5) confirm that the as-grown
CdMoOa4:Eu3+ single-crystal is a direct gap semiconductor. The Eg
values are very close to the ones estimated for the other scheelite-
type single crystals obtained by us, i.e. Nd3+-doped CdMoO4 [42]
and Yb3+-doped Cd(Mo,W)0O4 [52]. We also found that Eg values
obtained for CdMoO4:Eu3+ single crystal are twice smaller than
that determined for microcrystalline cadmium molybdate (3.41 eV,
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Fig. 4c), obtained by high-temperature sintering of stoichiometric
CdO/Mo0O3 mixture, as well as for powder CdMoO4:Eu3+ single
crystal (3.42 eV, Fig. 4d).

3.3. Magnetic properties

The temperature dependence of magnetic susceptibility, c(T),
measured along the [100] and [001] directions within the tem-
perature range of 2—300 K (Fig. 5) corresponded to paramagnetic
behaviour with the overlapping magnetic susceptibilities of ZFC
and FC mode. This means no spin frustration, and the lack of the
Curie-Weiss region, i.e. no linearity of the inverse of magnetic
susceptibility in the high-temperature regime. The shape of mag-
netic isotherms, M(H), recordedat2,10, 20, 40, 60and 300 K (Fig. 6)
showed neither saturation magnetization at 2 K nor magnetic
hysteresis for both directions, because in the latter case the primary
magnetization curve coincided with the return one (Fig. 7) resulted
in no remanence and coercive field. The M(H) dependence becomes
linear with increasing temperature, indicating paramagnetic
response. Both magnetic susceptibility and magnetization have
slightly higher values along the [100] direction than along the [001]
one. The weak paramagnetism of the CdMoO4:Eu3+ single crystal
results from the fact that the europium ions (like samarium ones)
have narrow multiplets comparable to the thermal energy of kT
[71]. So, that not all the atoms are in their ground state [72], and
therefore the levels above this ground state may not contribute to
the magnetic susceptibility [73]. Similar behaviour was observed
for Sm2WOs and Eu2WOse [74], C02Sm2W3014 [75], Co(S-
m,Eu)4W3016 and Zn(Sm,Eu)4W3016 [76].

3.4. Electrical properties

Electrical conductivity (Fig. 8) and thermoelectric power (Fig. 9)
measurements indicated n-type semiconducting properties of
CdMoO4:Eu3+ single crystal with the activation energy of
Ea=0.08 eV, regardless of the crystallographic direction, as well as
the metal-insulator transition at TMi = 351 K along the [100]

Fig. 10. Relative permittivity er vs. temperature Tatn = 200 Hz, 500 Hz, 1 kHz, 2 kHz, 5 kHz, 10 kHz, 20 kHz, 50 kHz, 100 kHz, 200 kHz, 500 kHz and 1 MHz measured along [100] and

[001] directions.
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Fig. 11. Loss tangent tand vs. temperature Tat n = 200 Hz, 500 Hz, 1 kHz, 2 kHz, 5 kHz, 10 kHz, 20 kHz, 50 kHz, 100 kHz, 200 kHz, 500 kHz and 1 MHz measured along [100] and

[001] directions.

direction with lower conductivity and at TMI = 377 K along the
[001] one, with higher conductivity. The metal-insulator transition,
Twmi, is visible here by changing the sign of the thermal resistance
coefficient, aTCR, from —1.14 to +0.17 K-1 and from -2.48 to +0.18 K-
1 for directions [001] and [100], respectively. Unexpectedly, for the
single crystal under study, the relative permittivity, er (Fig. 10),
above room temperature reached values 08,000 and 12,000 along
the [001] and [100] directions, respectively. Such great relative
permittivity is characteristic of microcrystalline materials and in
this case it can be associated with a strong charge accumulation
when the width of Eu3+-multiplet becomes comparable to the
thermal energy kT. The loss tangent, tand, depicted in Fig. 11 is large
and strongly depends on temperature and frequency for both
directions.

3.5. Dielectric studies

A step-like behaviour of dielectric permittivity, er, observed for
both crystallographic directions in Fig. 10, shifting to lower tem-
peratures with decreasing frequency, indicates the existence of the
dipole relaxation process is most likely derived from the jump of
ions along the empty spaces in the crystal. This relaxation is also
manifested as a peak in the temperature dependence of tand
(Fig. 11). For further analysis ofthis relaxation process, the dielectric
data were presented in Fig. 12 as frequency dependent dielectric
permittivity, eo, and dielectric loss, ew, spectra, respectively. In this
representation the dipole process is visible as a step in the es(n) and
relaxation peak in the ew(n) spectra, respectively. This relaxation
process shifts to lower frequencies on cooling, i.e. it becomes slower
with decreasing temperature. To check qualitatively if there are
differences between the dielectric results collected for different
crystallographic directions, the eo(T) and ew(T) data for two selected
frequencies, 5 kHz and 500 kHz, respectively, were compared in
Fig. 13. Itis clearly visible that relaxation at the spectra for the [100]
direction are shifted to lower temperatures relative to those for the
[001] one. This shift suggests that dipole relaxation process

observed in the doped single crystal should have different time
scale for the same temperatures, depending of the crystallographic
direction. This difference becomes obvious when the ex(n) spectra
measured for the same temperature but different crystallographic
directions are compared (Fig. 14). The relaxation process visible as
the bell-like peak for the [001] direction is around one order of
magnitude slower than for the [100] one. Additionally, at lower
frequencies, the ion conductivity process is visible as the linear
bending up of en(n)-dependence. This observation indicate on for-
mation ofdifferent number ofvacancies for different directions that
results in various time of relaxation of the dipole moment.

To estimate the temperature behaviour of the dipole relaxation
process, the imaginary part of the complex dielectric permittivity,
e*(n), i.e. the dielectric loss data, ewn(n), collected for both crystal-
lographic directions were fitted bysum ofthe conductivity part and
the Cole-Cole equation (describing relaxation process, see inset in
Fig. 14)[77]:

= D A Soc
e-(u) = Im +v 4 L+ Guna eou (5)
where sbc is the dc conductivity, a is the shape parameter
describing symmetric broadening of the relaxation curve, De is the
dielectric strength and t is the relaxation time. Analytical form of
this equation, used during the fitting procedure is presented as
follows:

e"(u) = pe(l + 2(ut)acos”poi) + (ut)za) sin4 (6)
where

(ut)asin paz2
4 = arctan )
1 + (ut)acos(paz2 /
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Fig.12. Real (e*) and imaginary (e') components of permittivity vs. frequency nmeasured along [100] and [001] within the temperature range of79e239 Kin which the presence of
the relaxation process is visible. These data have been transformed into the frequency domain from the data presented in Figs. 8 and 9.

It should be mentioned that for the further analysis only the
dielectric loss data were used. Because the e'(n) and e(n) are
interrelated by the KramerseKronig relations [78], it was not
necessary to analyse both components of the complex dielectric
permittivity, e*(n).

Relaxation times estimated using Eq. (5) are presented as a
function oftemperature in Fig. 15. In this plot, t exhibits a nonlinear
dependence on temperature that was well parameterized with use

of Arrhenius equation t = tlexp E , where Ea is the activation

energy and k is the Boltzmann constant. The estimated value of
Ea = 0.127 £ 0.001 eV was the same for both crystallographic di-
rections and constant in the range from the high temperature limit
down to ca. 120 K, as follows from the linear dependences of t vs.
103/T depicted in the inset to Fig. 15. It should be emphasized that,
although for both directions the estimated values of Ea are the
same, the t(T) dependence in the [100] crystallographic direction is
shifted to shorter times (in the same temperatures) in comparison
to that obtained for the [001] direction. The same behaviour was
observed in perovskite-like methylhydrazinium zinc formate [79].
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Fig.13. Real (e0) and imaginary (ec) components of permittivity vs. temperature T measured along [100] and [001] directions for two selected frequencies, i.e. 5 and 500 kHz. One

can see clear differences depending on the crystallographic direction.

Moreover, it is worth noting that for temperatures lower than ca.
120 K the departure from linear behaviour of t(103/T) is observed
for both crystallographic directions. On further cooling below
100 K, the t(T) behaviour seems to be still activation-like (linear
t(103/T) dependence at the Arrhenius plot in the inset to Fig. 15).
However, due to limited temperature range, a reliable parameter-
ization of this dependence was difficult.

4. Conclusions

Insummary, asingle crystal ofEu3+-doped cadmium molybdate
(Cd1-3xMxEu2xMo04, where x = 0.0048 and denotes vacancies) was
successfully grown by the Czochralski technique in air atmosphere
and under 1 MPa. The as-grown single crystal belongs to tetragonal
scheelite-type structure (space group l41/a). The magnetic and
electrical results revealed paramagnetism in both crystallographic
directions, the n-type semiconducting behaviour with the metal-
insulator transition above 350 K as well as an unexpected
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colossal dielectric permittivity above room temperature, which
reached values of 8,000 and 12,000 along the [001] and [100] di-
rections, respectively. Analysis of the loss component of complex
dielectric permittivity using the Cole-Cole fit and taking into ac-
count the contribution from the electrical conductivity, showed
that the dipole relaxation process ofthe Arrhenius type, manifested
as a peak in the temperature dependence of the tand, is visible at
lower temperatures with decreasing frequency and this process
becomes slower with decreasing temperature. Moreover, time scale
of this relaxation differs with crystallographic direction and is ca.
order of magnitude slower along the [001] direction. On the other
hand, along both directions activation energy of the relaxation is
the same. Above room temperature, the relaxation is accompanied
by colossal dielectric permittivity. These unexpected results are due
to the fact that the width of the europium multiplets becomes
comparable to the thermal energy kT on heating.



Fig. 14. Comparison ofdielectric loss spectra, " (v), measured for[001] (black squares)
and [100] (red circles) crystallographic directions for almost the same temperature.
Inset: spectrum measured for direction [100] with Cole-Cole and conductivity fitting
functions.

T (K)

Fig. 15. Temperature dependence of dielectric relaxation time (logt) estimated for
[001] (black squares) and [100] (red circles) crystallographic directions. The fitting
curves were calculated from the Arrhenius equation. Inset: logt vs. 103/T (the Arrhe-
nius plot) of data from the main part of this Figure. The straight solid lines represent
the Arrhenius range ofthe relaxation time with the activation energy ofta = 0.127 eV
forboth directions.to= 0.087 ns and 0.29ns for[100]and [001] directions, respectiely.
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