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Abstract

This study reported the effect of Eu substitutions on the conductivity and dielectric properties of Y;_,Eu,Al;O,,
(0.0<x<0.1), YAG:xEu>*. All products were fabricated by solid state route. The formation of YAG was approved through
X-ray diffraction powder diffraction and high-resolution transmission electron microscope. It was found that the lattice
parameters are increasing with increase the substitution content due to the difference in ionic radii between Y>* and Eu’*.
Electrical and dielectric properties of YAG (Y;Al50,,) and YAG:xEu®* ceramics were investigated extensively for a variety
of concentrations (0.00 <x <0.1) of the substitutional Eu®>* ion from the 4f lanthanide group. The temperature dependence of
dielectric loss, dielectric constant, loss tangent and ac/dc conductivity were examined up to 5.0 MHz to understand the elec-
trical and dielectric properties for both doped and undoped YAG ceramics. The experimental results revealed that Eu** ion
substitutions (especially x=0.05) in YAG ceramics meaningfully influence the lossy mechanisms, conductivity and dielectric
constant which is probably due to the contribution to the conduction mechanism of the 4f~Eu and 3d—Al ions. So, this can
be incorporated at the exceptional sites of both O, (octahedral) and T (tetrahedral) symmetries in YAG: xEu** ceramics.

1 Introduction

The quick growth in communication equipment has caused
a highly request of Microwave dielectric materials for indus-
trialized communication devices [1, 2]. These microwave
electronic devices are extensively used a substrate material
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that have high-quality factor (Qxf) and low dielectric con-
stant €, and [3-5]. YAG ceramics were presupposed to be
convenient candidate for this type of application caused by
the low €, and high-quality factor QXf at room temperature
that revealed that YAG ceramics are in good in terms of
microwave dielectric property [6]. These properties due to
the ceramics have pores, additional phases with grain bound-
ary, which effected the dielectric loss [7]. Moreover, it is
reported that YAG has lower electrical conductivity more
than any of polycrystalline oxide [8, 9]. Rare earth oxides
doped YAG offered a significant modification in their struc-
ture and dielectric performance that are important in many
technological applications [10—12]. Doped YAG has been
prepared via various approaches such as solvothermal, co-
precipitation, hydrothermal, sol-gel, glycothermal and solid-
state reaction routes [10, 11, 13—16]. Up to the present time,
there is a lack in the studies on the dielectric properties of
oxides doped YAG ceramics. In this work we successfully
prepared Eu doped YAG by solid-state reaction and investi-
gated the dielectric and microstructural properties in detail.
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2 Experimental
2.1 Preparation and characterization

Y,0;, Eu,05 and Al,O4 are all 99.9% purity and obtained
from US-Nano. They were used as initial chemicals the fab-
rication of Y;_,Eu, Al;0,, (0.00 <x <0.1) ceramics through
solid-state route. The metal oxides were mixed and ground
by an agate mortar for 30 min. to 1 h until obtaining a homo-
geneous mixture. Each sample undergoes the same process
separately. The mixture was pelletized via a hydraulic press
under pressure of about 60 kg/m? for 80 s. The pelletiz-
ing helps to increase the contact area between grains. After
grinding and pelletizing the mixture are prepared for heat
treatment process, the pellets are placed into a closed alu-
mina crucible. A lid to prevent the contamination closed
crucibles and the pressure caused by the lid can be another
factor that guarantee the completion of the reaction. Heating
processes will be in three stages and among each heating
step; pellet was grinded, made pellet again. First sintering
temperature of about 1300 °C for 12 h. Then the samples
were grinded and peptized to prepare them to the second
stage at 1500 °C for 4 h. The Final stage is about 1600 °C
for 2 h. The phase identification of all products was done by
X-ray powder diffraction using Rigaku Bench type X-ray
powder diffractometer (Cu K, radiation). FEI Titan S/TEM
microscope operating up to 300 kV coupled with an EDXS
Si (Li) detector was used for morphological, microstructural
analyses. Novocontrol Alpha-N high-resolution dielectric-
impedance analyzer was used for the electrical and dielectric
measurements of the products.

3 Results and discussion
3.1 Phase investigation

XRD patterns of Y;_,Eu, Al;0,, (0.00 <x<0.1) ceramics
are shown in Fig. 1 that shows the well-crystalline YAG
phase with the presence of weak YAlIO; (YAP) phase.
Moreover, the XRD pattern of doped samples with a low
europium concentration ranging from 0.01 to 0.1% display a
shift toward smaller angles compared with un-doped sample.
The crystalline structure of Y;_,Eu,Al;0;, (0.00<x<0.1)
ceramics were confirmed by Rietveld refinement using
Match3! software. The cubic structure was confirm as shown
in Table 1. In fact, as the Eu®* ions concentration increases
the lattice parameters increases too, almost with a linear
relationship. This result is due to the difference between the
ionic radius of Eu** (0.947 A) ions which is bigger than Y>*
ions (0.90 A). This causes an increase in the lattice param-
eter as displayed in Table 1.
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Fig.1 XRD powder patterns of Y;_EuAlsO,, (0.00<x<0.1)
ceramics

Table1 Structural and statistical parameters of Y;_,Eu,AlO,
(0.00 <x <0.1) ceramics obtained by Rietveld refinement

X a=b=c (A) V (A%

0.00 12.0044 (+0.0003) 1730.46
0.01 12.0057 (0.0002) 1730.59
0.05 12.0072 (0.0003) 1731.11
0.07 12.0110 (0.0004) 1732.80
0.10 12.0120 (+0.0005) 1733.18

3.2 Morphology and microstructure analysis

The microstructure of Y;_,Eu,Al;O;, (0.00<x<0.1)
ceramics are presented in Fig. 2. The intermediate magnifi-
cation SEM images exhibited aggregates of nearly cubic like
structure grains. Moreover, the images displayed randomly
oriented and well-defined grain boundaries with homoge-
neous distributed through the sample surfaces. The EDX
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Fig.2 SEM images of Y;_,Eu,Al;O;, (0.00<x<0.1) ceramics

and elemental mapping spectra confirmed the formation and
chemicals composition of Eu doped YAG ceramics as listed
in Fig. 3. The TEM and HR-TEM approved the cubic -like
structure of YAG with minor presence of YAP phase accord-
ing to the d-spacing that observed YAG (220) and (420) and
YAP (121) and (222) as seen in Fig. 4.

3.3 Electrical conductivity and dielectric properties

In general, the conductivity could contain two modules in
most lanthanide compounds such as Y;_,Eu,Al;O;,. The
first module is dc conductivity component, which is a result
of “band conduction”. The second module is ac conductivity
component, which can be attributed to the “hopping con-
duction”, such as aluminium atom ions of the similar type
occurring in multiple valence states. It can be some evidence
for this that a certain level of power law dependency is to
be represented in the following section. Over the perspec-
tives of theoretical evaluations mentioned earlier, the ac/dc
conductivity, dielectric constant and loss as well as tangent
loss all were examined as functions of frequency of the range

up to 3.0 MHz, substitutional ratios of x=0.00, 0.05, 0.07,
0.10, and temperatures up to 120 °C using an impedance
analyser [17, 18].

3.4 Conductivity analysis

The electrical conductivity of Y;_ Eu,Al;0,,
(0.00<x<0.10) ceramics was measured as a function of fre-
quency up to 3.0 MHz at a temperature range up to 120 °C
as reported earlier. The frequency dependence of Eu-doped
YAG ceramics in Fig. 5 on conductivity is calculated from
a typical equation expressed as [19],

o' (@;T) = 6,.(0;T) = €’ (w;Twe,

where, o'(w;T) is the real part of complex conductivity,
e" is the imaginary part of complex dielectric permittivity
(e*), g, is the vacuum permittivity.

It can be clearly seen from Fig. 5 that both YAG and
YAG:xEu** (0.01 <x<0.10) ceramics reveal a linear ten-
dency at two frequencies in log—log plots, regardless of the
level of Eu ion substitutional ratios, which indicates that
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Fig.3 EDX and elemental mapping spectra of Y;_ Eu, Al;O;, (x=0.05 and 0.10) ceramic

conductivity tends to change with a power law exponent

under frequency given as follows;

o(@,T,x) = oy(T, x)o"

@ Springer

where, o (T, x) stands for both temperature and dopant-
dependent coefficient, and n(7, x) is the power law exponent

depending upon both temperature and substitutional level.
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Fig.4 TEM and HR-TEM
images of Y;_,Eu,AlsO,
(x=0.05) ceramics
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It is also noted that the power exponent varies with doping
level and interested frequency ranges of two before and after
1 kHz and 10 kHz. So, power law exponent is evaluated
easily from the slope of each curve in a plot of logo,,. versus
logw for each of four ratios for Eu ion substitutions. At low
frequency region of < 1 kHz for YAG and YAG:0.05Eu’";
and < 10 kHz for YAG:xEu®* (x=0.01; 0.07 and 0.10) the
power exponent, n is found to be around 0.6 while in high
frequency side n is calculated to be a value between 1.56 and
2.00. At some certain frequencies, conductivity origin can be
modified easily with level of substitutional Eu** ions. It can
be emphasized that the power law exponent demonstrates
some variations at a transition frequency of about 1 kHz for
pure and x=0.05, and 10 kHz for others.

The dispersion in conductivity of both YAG and
YAG:0.05Eu’" ceramics in mid-frequency region is quite
remarkable because in other Eu?* ion doped ceramics, the
characteristic tendencies relative to two-frequency region
is more uniform, in which each of the frequency regions
seems to obey a power exponent rule. The transition of
frequency region occurs at about 1 kHz for both YAG and
YAG:0.05Eu’* ceramics, however at about 10 kHz for other
YAG:xEu3* (x=0.01; 0.07 and 0.10) ceramics. The last plot
in Fig. 5 shows that dc conductivity of YAG:0.10Eu’" is
almost independent of temperature while other substitutional
level shows a drop-in conductivity similar to the case of
YAG ceramics.

The temperature dependence of conductivity of both YAG
and YAG:0.05Eu* ceramics seems to be quite remarkable
even though the latter ceramic demonstrates no-transition
temperature except for the one owning to a temperature of
120 °C. At certain frequencies below 1.05 kHz it provides
numerous insights with an europium ion substitutional
effect on conductivity of YAG ceramics. When some type

of tendencies for all the curves are discussed carefully, it is
clear to note that high dispersion occur for YAG and espe-
cially for YAG:0.05Eu>* ceramics. However, the transition
frequency shifts to higher side as the dopant concentration
increases.

This type of performance could be attributable to some
contribution of ‘small polaron hopping’ to conduction
mechanism. This perhaps indicates that the electrical trans-
portation becomes ac conduction mechanism owing to the
hopping of charge carriers among certain sites. In general,
the YAG conductivity declines quickly according to any sub-
stitutional rates of Eu®* ions while the conduction depends
on both temperature and frequency dependency. This type of
tendencies could be taken into account for a common dielec-
tric behaviour [20, 21]. It can be evaluated that the hopping
mechanism contributes to some conduction enhancements
at higher frequencies as some charge carriers are distributed
from different trapping centres. So the electron conduction
is supported in hopping among octahedral and tetrahedral
symmetries of aluminium as mentioned earlier for an overall
conduction mechanism. Addition to the above interpreta-
tion, there is no much information on the bases of dielectric
properties for YAG: xEu®* ceramics in literature apart from
some studies in its optical properties [22, 23].

3.5 Dielectric properties: dielectric constant

The evaluation of dielectric parameters such as the dielectric
constant and loss, as well as loss factor offers some useful
information about the behaviour of electric charge carri-
ers for understanding conduction mechanism in YAG:xEu
ceramics. Dielectric measurements of both YAG and YAG:
xEu ceramics were performed in a frequency range from
1.0 Hz to 3.0 MHz at a temperature range up to 120 °C.

@ Springer
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Fig.5 ac conductivity measurements of Eu** ion doped Yttrium Aluminium Garnet (YAG:xEu (0.00 < x <0.10)) versus frequency for a range of
temperatures up to 120 °C
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Generally, the dielectric constant presents very different
tendencies over all Eu** ion substitutions with an incremen-
tal frequency up to 3.0 MHz. Temperature dependencies of
dielectric constants also show independent variability over
the incremental substitutions of Eu®* ions in YAG ceram-
ics. So, the enhancement of dielectric constant is achieved
by a regulation of substitutional level of any lanthanide ions
in YAG.

The characteristics of dielectric constant of YAG:xEu
(0.00 <x<0.10) ceramics are depicted in both 2D and 3D
of Fig. 6 as function of frequencies for a variety of tem-
peratures up to 120 °C. For YAG ceramics, the dielectric
constant decreases with increasing frequency, however, it
increases with the elevated temperatures. For Eu** ion sub-
stitution of x=0.01, dielectric constant has more dominant
fluctuation at lower and higher frequencies while there is
no significant variation at medium frequencies although it
increases slightly with temperature. Some tendency simi-
larities in dielectric constant were also observed when com-
pared with the one for x=0.07, except for high frequency
side. It is also noticed that the characteristic dielectric con-
stant was observed to increase with the elevated temperature
for x=0.10 by indicating maximum peak tendencies in the
highest side of frequency just below 3.0 MHz. Especially,
for x=0.05 substitution, the graph leads to some regular
tendencies in dielectric constant for function of frequency
up to 3.0 MHz at temperatures up to 120 °C. Initially, the
dielectric constant is kept unchanged for a certain frequency
of 1.0 kHz for all temperatures, then above that all the curves
shift to a higher frequency side with a type of “fall-off”
attitude.

When the frequency dependence of dielectric constant
is evaluated in details for a variety of temperature depend-
ency, and for a given substitutional ratio including YAG, all
the ceramics are found to have completely different charac-
teristics from each other. So, this is attributed to the con-
duction mechanism in consequence of the contribution of
both electron and polaron hopping mechanisms. Owing to
the dielectric complexity of a variety of YAG:xEu>* ceram-
ics for both symmetry types, dielectric constant relies on
how fast the polarization takes places in ceramics to link
with the oscillation frequency of the applied electric field.
Whilst frequency is raised up, the polarization orientation
decreases. So, the rearrangement of dipole moments neces-
sitates a longer time interval for the response of oscillation
according to the orientation of both ionic and electronic
polarization, which yields an insignificant reduction in die-
lectric constant. So, for all the YAG and YAG:xEu ceram-
ics, both reduction rate and tendencies of all the plots vary
with a variety of dependencies such as on temperature and
frequency as well as substitutional ratio of the Eu®* ions. In
addition to above all discrepancies, the frequency depend-
ency reveals the presence of electrode interface polarization,

which usually appears in the lower frequency regions. The
temperature dependent increase in dielectric constant could
be attributed mostly to the molecular re-organisation and
molecular orientation [24, 25]. Thus, the dielectric con-
stant of YAG:xEu’* (0.0 <x <0.10) ceramics rises up with
elevated temperature due to the substitutional enhancement
of boundaries within YAG ceramics. In addition above all,
the dielectric constant and loss are reported to decreases
with increase in A1** ions [26].The electrical conduction in
these YAG ceramics is easily interpreted based on the hop-
ping mechanism. So, the dielectric constant adheres to the
Maxwell-Wagner interfacial polarization.

3.6 Dielectricloss

As can be seen from both 2D and 3D plots of Fig. 7, the
dielectric loss of both YAG and YAG:xEu®* ceramics dis-
plays an exponent power law tendency within a certain fre-
quency region i.e. nearly a linear tendency in log—log 2D
plots. For x=0.01, 0.07 and 0.10, this linearity over a cer-
tain frequency range in log—log 2D plots obeys the power
law, where the exponent, n is having a positive and negative
value, as defined by €"(w,;T) = €"(0;T)w" for high frequency
region above 10.0 kHz and, by ¢"(w,T) = €"(0;T)w™" for
low frequency region below 10.0 kHz, where £"(0;7) is the
pre-coefficient parameter of dielectric loss that is strongly
dependent on the temperature. ‘n’ is the power exponent
correlated with temperature and substitutional ratio in
YAG:xEu, and also YAG, as illustrated in 2D plots of Fig. 7.
Yet, the loss ultimately reaches a minimum at a frequency of
about 10.0 kHz. Besides, the characteristic linearity for both
YAG and YAG:0.05Eu’* become more complicated. The
dielectric loss of YAG ceramics experiences three regional
variation with a negative—positive—positive exponent order
while the loss curves for YAG:0.05Eu®* ceramics undertake
variable behaviour with a negative—positive—negative expo-
nent order, which seems to have high temperature depend-
ency, especially for medium and high frequency regions.
Therefore, the temperature dependent mechanism of die-
lectric loss can be considered to depend upon the nature of
reorganization because of the structural diffusion of ionic
substitutions in YAG. It is also evident that the capacitive
response exhibits a higher temperature dependence com-
pared to the nature of reorganization of Eu®* ions in YAG.
This linearity in log—log plots corresponds to dc conduct-
ance (o,.), expressed as €";. = 0,(wC,) where, C, is the
vacuum capacitance. Due to charge transfer among both O,
and T, symmetries of the AI’** ions in YAG ceramics, a
restricted drift motion for carrier charges takes place along
the orientation of an externally applied electric field, result-
ing in a type of polarization establishment. The polariza-
tion level reduces with an incremental frequency because
the electronic type conduction between the octahedral and
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Fig.7 2D and 3D plots of tem-
perature and frequency depend-
ence of dielectric loss for Eu**
ion doped Yttrium Aluminium
Garnet ceramics (YAG:xEu
(0.00<x<0.10))
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Fig.8 Dielectric loss tangent characteristics of Eu** ion doped Yttrium Aluminium Garnet (YAG:xEu (0.00 <x <0.10)) versus frequency for a
range of temperatures up to 120 °C
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tetrahedral symmetries suspends the subsequent electric
field [26].

In addition above all, the dielectric constant and loss
are reported to decreases with increase in AIP* jons [27].
The electrical conduction in these YAG ceramics is eas-
ily interpreted based on the hopping mechanism. So, the
dielectric constant adheres to the Maxwell-Wagner inter-
facial polarization.

3.7 Tangent loss

The characteristic representation of dielectric tangent loss
of Y;_,Eu Al;0,, (0.00<x<0.10) is demonstrated in Fig. 8
as function of frequencies for a range of temperatures up
to 120 °C. The dielectric loss tangent evidently declines at
first with a multi-exponential approach instead of a single
exponential tendency. It is then kept constant up to a certain
frequency value for each which is dependent on substitu-
tional ratio except for x=0.05. Finally it increases exponen-
tially with an elevated frequency at the highest side of the
plot. However, YAG:0.05Eu ceramic shows a quite different
behavior in dielectric loss tangent similar to other character-
istic parameters. It is clearly seen for YAG:0.05Eu ceramics
in Fig. 8 that dielectric loss tangent possesses a peak value of
about 10.0 kHz at a temperature of 20 °C, and then shifts to a
high frequency side by increasing temperature up to 120 °C.
It should be also noted that peak value is kept constant but
shifts to the opposite side at a temperature of 100 °C, then
shifts to higher frequency side by dropping to the peak value
down to 0.15. It is well known that the frequency dependent
reduction in both dielectric constant and tangent loss is a
normal behaviour in the octahedral/tetrahedral symmetries
of aluminium ions in YAG ceramics, which can be attributed
to charge polarization. The reduction in these parameters
occurs due to the hopping efficiency of electron replacement
between the octahedral and tetrahedral symmetry sites of
aluminium atoms in YAG. Thus, this becomes far irrelevant
to the stimulation of external electric field. This type of ten-
dencies in dielectric loss tangent provide us with a useful
modification, some kind of tuneability adjustability and a
variety of modulations for some certain instrumentations
such as band-pass filters and some type of laser application
in optoelectronics [20, 24, 25].

4 Conclusion

Eu** Ton substitution YAG has been synthesis via solid
state reaction. The resulted compositions are characterized
by XRD powder pattern, scanning electron microscope,
and high-resolution electron microscope to approve the
YAG structure. Dielectric-impedance analyser was imple-
mented for studying dielectric properties. The electrical

and dielectric properties of both YAG and Eu:YAG ceram-
ics as functions of frequency for temperature ranges up to
120 °C were evaluated extensively from the perspective of
the conduction mechanism. The temperature dependence of
dielectric constant, loss tangent, conductivity, dielectric loss
up to 3.0 MHz for both types of the ceramics is ascribed to
various lattice locations such as 4/~Eu and 3d—Al ions in
both T, and O, symmetry in YAG:xEu®* ceramics as well
as YAG itself. It is obvious that the reduction of the dielec-
tric constant and the loss tangent by frequency leads to an
expected tendency in the O,/T; symmetries of APt jons in
YAG ceramics attributable to the charge polarization.
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