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a b s t r a c t

Yttrium aluminium garnet (Y3Al5O12:YAG) singly doped with Dy3þ at different concentrations was
prepared by solid state reactions using repeated heating cycles over the temperature range of 1300
e1600 �C. X-ray powder diffraction analysis confirms the presence of a well-crystallized YAG perovskite
phase with cubic structure (by Rietveld refinement). The rare earth dopant is successfully integrated into
the YAG host lattice without any major changes in the original structure. The temperature dependence,
up to 250 �C, of the conductivity, dielectric constant, dielectric loss, and loss tangent, at various fre-
quencies of up to 5.0 MHz for undoped and doped crystals is compared to understand the electrical and
structural characteristics. The experimental results reveal that Dy3þ dopants in YAG crystal significantly
influence the conductivity, dielectric constant, and lossy mechanisms, which is probably due to the 3d-Al
ions and 4f-Dy ions incorporated at different positions of both tetrahedral and octahedral symmetries in
YAG:xDy3þ ceramics.

© 2018 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
1. Introduction

Substitution in perovskite materials by rare earth and transition
metal ions such as Gd, La, Nd, Pr, Sm and Co, Ni, Mn as active ions
have been widely utilized in applications for improving optical, me-
chanical, magnetic, dielectric and ferroelectricity properties.1,2 These
properties mainly depend on the quantity of substitution, composi-
tion, fabrication methods, and temperature and time of sintering.3

Yttrium aluminium garnet (Y3Al5O12; YAG) ceramics are promising
materials for resonators, antennae, and filters used for high frequency
applications. For improving a higher frequency telecommunicating
device, microwave/millimetre wave dielectric materials with
both lower dielectric constant and greater quality factor (Qf) are
required.4,5 The fine dielectric properties of the single crystal indicate
that dense YAG ceramics are also characterized by a high Qf value.6 In
addition, above all, the comprehensive study in both optical and
dielectric properties of Dy-doped YAG presents a crucial importance
over a wide range of thermographic application enabling surface
temperatures measurable over a wide range extending from sub 0 �C
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up to over 1400 �C by exploiting the temperature-dependent lumi-
nescence of any lanthanide-doped YAG.7 In general, YAG is synthe-
sized through a solid-state reaction above 1600 �C.7

YAG doped with a transition metal or lanthanide element is an
important class of solid-state laser material widely used in lumi-
nescence systems and as window material for a variety of
lamps.8 The electrical conductivity of YAG is also reported to be
lower than that of any other polycrystalline oxide.9 YAG ceramics
doped with rare earths are extensively used to achieve high
dielectric performance and low dissipation factor of the
capacitors.10 The incorporation of trivalent rare-earth cations such
as La3þ, Dy3þ, Sm3þ, Er3þ, and Ho3þ in the perovskite lattice mod-
ifies the microstructure and electrical properties of doped
YAG.11 The larger ionic size rare-earth ions (La, Sm) predominantly
dissolve in A-sites and act as donors, and the intermediate ionic size
rare-earth ions (Dy, Ho, Er) dissolve in both A- and B-cationic lattice
sites depending on their concentration and may act as donors or/
and acceptors.12 The dysprosium ion (Dy3þ), shows amphoteric
behaviour and can occupy both A and B cationic sites in the crystal
structure. Dy3þ ions incorporated at A sites act as donors whereas
those incorporated at B sites act as acceptors. The degree of Dy3þ ion
incorporation at A and/or B sites depends on the A/B ratio.13,14 In this
study, YAG:Dy ceramics via solid state reaction method was
eserved.
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synthesized and theirmicrostructure and dielectric propertieswere
investigated.

2. Materials and methods

The Dy-doped YAG samples were prepared by a solid state route.
Y2O3 (99.9%, US-Nano) and Al2O3 (99.9%, US-Nano) powders were
used as starting materials for preparation of Y3Al5O12 (YAG) at a
chemical ratio of 3:5. For preparation of Dy3þ doped YAG (YAG:xDy;
x ¼ 0.01 wt%, 0.05 wt%, 0.07 wt%, and 0.09 wt%) samples, the
stoichiometric amount of Dy2O3 (99.9%, US-Nano) was added to
YAG, mixed well, ground within an agate mortar, and then com-
pressed into pellets. After that each pellet was placed in an Al
crucible and then sintered at 1300, 1500 and 1600 �C for 5 h sub-
sequently. Between each heating step, pellet was ground, made
pellet and sintered. Finally, the products were cooled to room
temperature.

The structure of the phosphor samples was studied by X-ray
powder diffraction using a Shimadzu XRD 6100 X-ray diffractom-
eter (Cu Ka radiation, l ¼ 0.1540 nm). For electrical measurement,
silver paste was applied as electrodes on both sides of the pellets.
The electrical properties were studied by impedance spectroscopy
(IS) measurements performed on the sintered materials using
Novocontrol concept 50 system in the 1e106 Hz frequency range.
The IS measurements were performed at different temperatures
where the temperature was controlled by the Quatro cryosystem.
The samples were imaged in Teneo VS SEM (Thermo Fisher Sci-
entific) at an accelerating voltage of 1.0 kV, probe current of
100 pA and working distance of 5 mm in Optiplan mode. The
magnification range was from 1000� to 100 000�with 3 different
detectors.

3. Results and discussion

3.1. XRD analysis

Fig. 1(a,b) presents the XRD pattern of pure Y3Al5O12 phosphor
measured according to the database in Match!3 with card number
Fig. 1. XRD patterns (a) and Rietveld refineme
[96-152-9038]. A well-crystallized YAG phase is deduced. There is
minor amount of secondary phase of YAlO3 (YAP) in the product.
First, it formed an Al2O3 rich Y4Al2O9 (YAM) phase in low temper-
ature range (900e1100 �C). Then, it transformed into a YAP phase
upon increasing the temperature from 1100 to 1250 �C. Finally, it
was converted to YAG by reacting with Al2O3 ions at elevated
temperature (1250e1700 �C). Cubic structure of the obtained YAG
has been confirmed by Rietveld refinement using Match!3 and
Diamond software.

Based on our experimental measurements as seen in Fig. 1(a), all
the typical diffraction peaks match with cubic crystal structure of
YAG phase. Y and Al atoms have the same atomic coordinate while
oxygen atoms have different atomic coordinates. This indicates that
the orientation of the crystal structure has changed. Similarly, the
effects of doping Dy3þ ions into YAG phosphor are shown in Fig. 1.
As shown, no impurity phase is detected, which implies that Dy3þ

ions merged into the host lattice even when the content of Dy3þ

ions was increased. XRD patterns of the doped samples reveal a
slight shift toward smaller angles compared to the pure sample.
However, as Dy3þ substitution increases, the intensity of XRD peaks
decreases for x ¼ 0.05, 0.07 and 0.09 due to the low crystallinity of
the product (Fig. 1(b)). Upon increasing the Dy3þ concentration, the
lattice parameters that were recorded show a slight increase
(1.20044, 1.20050, 1.20053, 1.20052 1.20056 nm for x ¼ 0.00, 0.01,
0.05, 0.07, and 0.09, respectively). The changes in the cell param-
eters are due to the difference in the average ionic radii of Dy3þ

(0.103 nm) and Y3þ (0.101 nm) ions. Hence, the ionic size of the
Dy3þ ion is higher than that of the Y3þ ion. This causes a shift in the
XRD pattern, as reported previously.6 In fact, the concentration of
the doped ions has an influence on the lattice parameters of the
crystal owing to the difference in the ionic size of the ions.

3.2. Morphology investigation

SEM micrographs of Y3Al5O12 (Y3�xDyxAl5O12 (0.00 � x � 0.09))
have been performed in different areas of the samples at various
magnifications. Intermediary magnification was chosen as shown
in Fig. 2. The images display regular aggregates of spheres structure.
nt (b) of Y3�xDyxAl5O12 (0.00 � x � 0.09).



Fig. 2. SEM images along with EDX spectra of Y3�xDyxAl5O12 (0.00 � x � 0.09). (a) x ¼ 0; (b) x ¼ 0.01; (c) x ¼ 0.05; (d) x ¼ 0.07; (e) x ¼ 0.09.
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We observed a variation in spherical size from x ¼ 0.0 to x ¼ 0.09,
which exhibits an increase in diameter. The EDX spectra revealed
the presence of Y, Al, Dy, and O in all samples (except x ¼ 0.0). The
average grain size of all products is between 500 nm and 2 mm.

3.3. Electrical conductivity and dielectric behaviour

YAG is a garnet-structured oxide, therefore, both yttrium and
two aluminium cations are located at positions of different sym-
metries. Here yttrium ions occupy the centre of a dodecahedron
surrounded by eight oxygen atoms. Al ions reside in two positions
of different symmetries within the YAG lattice. Al atoms in yttrium
aluminium garnet occupy two positions, one with a group sym-
metry of one octahedral point and another with a group symmetry
of tetrahedral point. Therefore, a complementary compound of the
lattice cell is built up quite largely, and so the cell comprises 8
structural formulae or 160 atoms. This complex structure of the
YAG can be considered as a network of interconnected octahedra,
tetrahedra, and dodecahedra, in which aluminium atoms are sur-
rounded by oxygen atoms at the corners, so that each oxygen atom
is a member of two dodecahedra, one octahedron, and one
tetrahedron.14 Further, the dielectric characteristics of a YAG crystal
are isotropic because of its cubic symmetry. Any electrical charac-
teristics and dielectric behaviour of some compound materials,
such as lanthanide-doped YAG, could be interpreted by any
percolation approach taken in several domains for various elec-
trical methodology. The well-known Fourier transformation can
also deconvolute the response to a sinusoidal stimulus to evaluate
the complex impedance. Therefore, it can be noted that complex
dielectric constant is presented by Eq. (1) 15,16:
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ε
*ðu; TÞ ¼ ε

0ðu; TÞ � iε00ðu; TÞ (1)

Further, the complex conductivity is calculated with the
following equation:

is*ðu; TÞ ¼ s0ðu; TÞ � is00ðu; TÞ (2)

where, u is the angular frequency of the bias potential difference
across the coupled electrodes. The ac conductivity (sac), dielectric
constant (ε0), dielectric loss (ε00), and tangent (tand) loss can be
examined using the standard relation,

ε0 ¼ Cd
ε0A

(3)

where, C is the electrode capacitance in Farad (F), A a cross-
sectional area of the pellet in m2, d the gap between the two
coupled electrodes, and ε0 (¼8.852 � 10�14 F/cm) the dielectric
permittivity of vacuum. It can be realized that the real part of ac
conductivity is acquired from the imaginary part of the dielectric
loss ε

00(u) relative to the expression, ε
00 ¼ ε

0tand and is also
expressed as,

sac ¼ uε0ε
00 ¼ uε0ε

0 tand (4)

where, ε00 is also termed the imaginary part of complex dielectric
permittivity (ε*). In addition, it is realized that the evaluated fre-
quency dependence of conductivity is useful to determine the
electrical transportation in a variety of compound materials. In
general, the conductivity is assigned to two components in most
compositions of YAG:xDy. The first component is dc conductivity
owing to “band conduction” and the second component is ac
conductivity due to “hopping mechanism” between the ions of the
same element, for instance Al, occurring in more than one valence
states. Here, a power law dependency is represented with a certain
power exponent as illustrated in the power law equation in the
following section. All aforementioned theoretical evaluations, that
is, ac/dc conductivities (sac/sdc), dielectric constant (ε0) and
dielectric loss (ε00), dielectric tangent loss, and finally dielectric
modulus were examined as functions of frequency, compositional
ratios of x ¼ 0.00, 0.05, 0.07, 0.09 and temperature up to 250 �C
using an impedance analyser in the frequency range up to 5.0 MHz.
Fig. 3. (a, b) ac Conductivity versus frequency of YAG:xDy3þ (x ¼ 0.0, 0.05). (c) dc
Conductivity versus temperature for different Dy3þ concentration.
3.4. Conductivity

The measurement of ac conductivity (sac) of the YAG:xDy3þ

ceramics (x¼ 0.0, 0.05) as a function of frequency was performed in
the temperature range of 20e250 �C as mentioned earlier. The
frequency dependence of conductivity for YAG:xDy3þ ceramics in
Fig. 3(a,b) was calculated from the standard equation expressed
as,15

s0ðu; TÞ ¼ sacðu; TÞ ¼ ε
00ðu; TÞuε0 (5)

where, s0(u; T) is the real component of complex conductivity, ε00

the imaginary part of complex dielectric permittivity (ε*), ε0 the
vacuum permittivity, and u the angular frequency of ac stimulation
signal applied across the sample as mentioned earlier. The ac
conductivities of a variety of YAG:xDy3þ ceramics (0.00 � x � 0.09)
as a function of frequency, up to 1 MHz, for various temperatures
ranging up to 250 �C is shown in Fig. 3(c). Clearly, pure YAG and all
the doped YAG ceramics show a linear tendency in the logelog
graphs, regardless of the dopant (Dy) concentration, which im-
plies that the conductivity tends to vary with the power exponent
law of frequencies, as follows:
sðw; T; xÞ ¼ s0ðT ; xÞun (6)

where, s0ðT ; xÞ denotes both temperature and dopant-dependent
proportionality pre-coefficient of ac conductivity and n(T, x) is the
power exponent which can vary with both temperature and doping
concentration level with reference to the curve of pure YAG. The
power exponent is therefore calculated easily from the slope of the
graphs of lgsac versus lgu for each of the four substitutions. When



Fig. 4. (a, b) The dielectric constant versus frequency of Y3�xDyxAl5O12 (x ¼ 0.0, 0.09);
(c) The dielectric constants versus temperature with various Dy3þ concentrations.
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the tendencies of all the curves are examined carefully, fluctuations
occur at higher frequencies. However, the fluctuation level shifts up
and down as the dopant concentration, frequency, and temperature
are increased. Better variation of the regular tendencies is espe-
cially presented for pure YAG and YAG:xDy3þ with x ¼ 0.07, almost
reaching up to 10 kHzwhile others start to fluctuate earlier. Because
of the detailed analysis of the last graph, it should be emphasized
that both dc conductivity is considered at the lowest frequency of
10 Hz for a variety dysprosium substitution including the pure one
for comparison. The ac conductivity of pure YAG at some lower
frequencies up to 107 Hz provides many insights on the influence of
dysprosium ion doping on the conductivity of YAG. It is clearly
noted that the dc conductivity at the lower frequency of 10 Hz in-
creases sharply up to a value of 210 pS/cm, reaches a maximum
value with various tendencies at temperatures up to 140 �C as
shown in Fig. 3(c). Then, it slightly decreases corresponding to a
temperature of 170 �C. Subsequently, the curve reaches another
peak value at 190 �C, while the conductivity of the doped ceramics
shifts to a higher temperature with a single maximum value at
~213 �C, regardless of the level of dysprosium substitution. How-
ever, the dc conductivity of pure YAG ceramics realizes twin values
of the peak of 97 pS/cm centred at 140 �C and of 86 pS/cm centred
at 190 �C, while that of all YAG:xDy ceramics achieves only single
peak between 7 and 11 pS/cm at 213 �C, again, as depicted in
Fig. 3(c). Therefore, we can summarize that dc conductivity de-
pends on any doping levels with a complicated up-and-down
tendency. This type of variation might be due to some contribu-
tion of “small polaron hopping” to the conductivity. This obviously
implies that the conduction phenomenon is ac conduction due to
the hopping of charge carriers across the sites. In general, the
conductivity of non-doped YAG decreases quickly with any level of
the substitutional dysprosium ions while it is strongly dependent
on both temperature and frequencies. These types of tendencies
could be considered for a general dielectric behaviour and can be
explained on the basis that the hopping conduction increases at
higher frequencies while some charges from different trapping
centres are released, which supports hopping electron conduction
between octahedral and tetrahedral symmetries of aluminium to
be the conduction mechanism, as mentioned earlier. Beyond these
discussions, there is not much information based on dielectric
properties of YAG:xDy3þ ceramics in the literature, except for op-
tical properties16e18 (Fig. S1(aee) show ac conductivity character-
istics of YAG:xDy3þ (0.00 � x � 0.09) as a function of frequency for
various temperatures up to 250 �C, (f) shows both dc conductivity
at the lowest frequency at 10 Hz for different Dy3þ concentrations
including the pure one for comparison and the lower frequency
conductivity of pure YAG at frequencies between 10 and 107 Hz, as
depicted in the legend).

3.5. Dielectric constant

Generally, the dielectric constant decreases with increasing
frequencies up to a value of 5.0 MHz, whereas increasing with the
increase of temperature, which is especially more evident for
undoped YAG. So, the variation of dielectric constant is regulated
easily with the substitutional Dy ions. The characteristics of the
dielectric constant of Y3�xDyxAl5O12 (x ¼ 0.0, 0.09) are shown in
Fig. 4 as a function of frequency for various temperatures up to
250 �C. As shown, the dielectric constant reduces with a multi-
exponential tendency rather than either a power exponent or
simply-exponential tendency. The substitutional dysprosium cau-
ses a slight reduction in dielectric constant while the influence of
temperature over dielectric constant results in a larger variation at
lower frequency. However, the dielectric constant remains almost
unchanged at higher frequency. Additionally, the frequency of
applied ac signal has a significant effect on dielectric constant of
both pure and doped ceramics. In general, pure and doped ceramics
leads to no significant tendencies with respect to the real part.
When the dependence of dielectric constant on the lowest fre-
quency is examined in detail from the perspective of temperature
dependency, the characteristics of the doped ceramics is found to
be completely different from those of the pure one. Additionally,
YAG shows a doublet peak located at 135 and 188 �C while all the
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doped ones showa single shifted peak centred at ~210 �C regardless
of the dopant level, as depicted in Fig. 4(c). For all substitutions up
to 0.09, the dielectric constant as a function of temperature for the
entire frequency region shows some different characteristics. This
is attributed to the electrical conduction due to both electron and
polaron hopping mechanisms. Because of the complexity of a va-
riety of studied YAG:xDy3þ ceramics, as mentioned earlier for two
types of symmetries, the dielectric constant depends on how fast
the level of polarization organizes itself to communicate with the
stimulus of an externally applied electric field oscillations. As the
frequency is increased, the polarization orientation is reduced,
because the alignment of dipole moments requires a longer interval
of the response time compared with the orientation of the elec-
tronic and ionic polarizations. This gives rise to a reduction in the
dielectric constant, and the reduction rate varies for all the samples
depending on the frequency, temperature, and substitutional ratio
of the lanthanide ions. The frequency dependence of the dielectric
constant discloses the presence of electrode interface polarization
processes, which usually appear at lower frequencies. The incre-
mental temperature dependency, in general, could be attributed to
the molecular orientation and arrangement.19 Thus, the dielectric
constant of YAG:xDy3þ (0.00 � x � 0.09) increases with tempera-
ture because of the improvement in the boundaries among the
lanthanide ion substitutions in YAG due to changing dopant con-
centration (Fig. S2(aee) show the characteristics of the dielectric
constant of YAG:xDy3þ (0.00 � x � 0.09) as a function of frequency
for various temperatures up to 250 �C, (f) shows the dielectric
constants at the lowest frequency of 10 Hz for phosphors with
various Dy3þ concentrations including the pure one for compari-
son, as mentioned in the legend).
Fig. 5. (a, b) The dielectric loss versus frequency of Y3�xDyxAl5O12 (x ¼ 0.0, 0.09); (c)
The dielectric loss versus temperature for various Dy3þ concentrations.
3.6. Dielectric loss

In general, the dielectric loss for both undoped and Dy3þ-doped
YAG ceramics displays a power law tendency i.e., almost a linear
curve in the log-log plots. The temperature and frequency de-
pendency curves show a highly linear decrease with respect to the
frequency up to 5 MHz, which is more noteworthy at higher tem-
peratures. On the contrary, this curve shows a variety of tendencies
at higher frequencies depending on the concentration of the Dy3þ

ions. This linearity overall the frequency range of the log-log plots is
related to the power law with an exponent, as defined by,

ε
00ðu; TÞ ¼ ε

00ð0; TÞun (7)

where, u is the angular frequency and ε
00(0; T) is the pre-coefficient

dielectric loss that is strongly dependent on the temperature, as
shown in Fig. 5(aec). n is the power exponent correlated with the
temperature and substitution of lanthanide Dy3þ ions in YAG and
YAG itself, as illustrated in Fig. 5(a). It is also evident that the
capacitive response exhibits a higher temperature dependence
compared to the nature of reorganization of Dy3þ ions doped in
YAG. This linearity in the logelog plots corresponds to dc conduc-
tance (sdc), expressed as,

ε
00
dc ¼ sdcðuCoÞ (8)

where, Co is the vacuum capacitance. The dielectric loss ultimately
reaches a minimum at a higher frequency with some fluctuations,
and shifts to higher side of frequency in general, being dependent
upon the substitutional ratio of the lanthanide ions in YAG. Owing
to charge transfer between the octahedral and tetrahedral sym-
metries of aluminium ions, a limited drift motion of charges occurs
in the direction of the externally applied electric field, which es-
tablishes the polarization. The degree of polarization reduces with
increasing frequency because the electronic transition between the
octahedral and tetrahedral symmetries of aluminium ions delays
the following electric field. The dielectric loss of Y3�xDyxAl5O12
(x ¼ 0.0, 0.09) as a function of frequency for various temperatures
up to 250 �C is illustrated in Fig. 5(a,b). As observed, the dielectric
loss decreases with a multi-exponential tendency as in the case of
the real part, rather than showing a simple exponential tendency.
Yet, the dysprosium dopant induces a slight reduction in the
dielectric constant while the temperature effect leads to a bigger



Fig. 6. (a, b) The real modulus versus frequency for Y3�xDyxAl5O12 (x ¼ 0.0, 0.09); (c)
The real modulus versus temperature for various Dy3þ concentrations.
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variation at lower frequencies; however, the dielectric constant
remains almost unchanged at higher frequencies. Further, the fre-
quency of the applied ac signal significantly influences the dielec-
tric constant for both pure and doped samples. In general, the
imaginary part of pure (~10) and dopant samples (~1.8), regardless
of the dopant level, shows substantial changes when compared
with the corresponding real part. For the dopant concentration of
x ¼ 0.07, it shows a slight difference from others showing a higher
value. When electrical tendency for temperature dependency is
examined dielectrically under a lower frequency range within a
lossy perspective, the characteristics of the doped samples is
altered completely from those of the YAG. Additionally, YAG sample
contains a doublet peak located at 141 and 189 �C while all the
doped ones, regardless of their level, have a single shifted
peak centred at about 215 �C, as depicted in Fig. 5(c) (Fig. S3(aee)
show the characteristics of the dielectric loss of YAG:xDy3þ

(0.00 � x � 0.09) as a function of frequency for various tempera-
tures up to 250 �C, (f) shows dielectric loss at the lowest frequency
of 10 Hz for phosphors with various Dy3þ concentrations including
the pure one for comparison, as mentioned in the legend).

3.7. Dielectric modulus

The dielectric modulus can be divided into both real and
imaginary components of complex dielectric data relevant to the
dielectric constant ε0 and dielectric loss ε

00 and then expressed in
the form of,20,21

M* ¼ 1
ε
* ¼ M0 þ iM00 ¼ ε

0 þ iε00

ε
02 þ ε

002 (9)

where, M0 and M
00
are the real and complex components of the

dielectric modulus, respectively.
The real Modulus of both undoped and Dy3þ ion-doped YAG

ceramic versus frequencies of up to 5.0 MHz for temperatures
ranging from 23 to 250 �C is summarized in the form of graphs in
Fig. 6(a,b). It is important to emphasize that the real modulus in-
creases with incremental frequency, obeying a type of power law. It
is also noteworthy that less variation is observed at higher fre-
quencies for all temperatures. At lower temperatures, the real
modulus shows a considerably high variation in magnitude while a
small variation is only observed at higher frequency, especially after
medium frequencies, say being greater than 1 kHz. However, it is
almost independent of temperature for higher frequency, which
implies that all the curves are saturated, wherein the saturation and
dependency are also relevant to the level of substitutions. It is
important to note that the temperature dependency is considerably
high at lower frequencies for all samples but especially for undoped
YAG. Fig. 6(c) also shows the significant variation between the
undoped and doped samples at a frequency of 10 Hz. The curve of
real modulus for pure YAG ceramics exhibits double minima at
temperatures of both 140 and 190 �C whereas a single minimum is
observed at about 213 �C for all the doped YAG. We can conclude
that a small amount of Dy3þ ions doped in YAG structure produces
an important effect on modulus attitudes (Fig. S4(aee) show the
characteristics of real modulus of YAG:xDy3þ (0.00 � x � 0.09) as a
function of frequency for various temperatures up to 250 �C, (f)
depicts both the real modulus at the lowest frequency of 10 Hz for
phosphors with various Dy3þ concentrations including the pure
one for comparison and that of pure YAG at the frequency of 10 Hz
shown in the legend).

The imaginary modulus of both undoped and Dy3þ-doped YAG
versus frequencies of up to 5.0 MHz for temperatures ranging
from 23 to 250 �C is shown in Fig. 7(a,b). For undoped YAG, the
imaginary modulus decreases rapidly with the frequency up to
100 kHz and then it fluctuates at the highest frequency over
2.0 MHz. For the Dy3þ-doped YAG ceramics, it reduces rapidly
with the frequency up to 1 kHz when the doping level is increased
up to x ¼ 0.09. Further, the temperature dependency at the low
frequency of 10 Hz is quite large for the YAG ceramic compared to
doped samples. When the graphs of Fig. 7(c) are examined, the
undoped sample presents three valleys centred at the tempera-
tures of 130, 171, and 216 �C (drop) whereas the modulus



Fig. 7. (a, b) The imaginary modulus versus frequency for Y3�xDyxAl5O12 (x ¼ 0.0,
0.09); (c) The imaginary modulus versus temperature for various Dy3þ concentrations.

Fig. 8. (a, b) The dielectric loss tangent characteristics versus frequency for
Y3�xDyxAl5O12 (x ¼ 0.0, 0.09); (c) The imaginary dielectric constant versus temperature
for various Dy3þ concentrations.
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increases with temperature and reaches a maximum. Additionally,
doped samples show less dependency on the temperature
depending on the doping level. Clearly, it increases to a same
maximum value of ~216 �C with a band shift of 15 �C in relation to
the dopant dependencies (Fig. S5(aee) show the characteristics of
the imaginary modulus of YAG:xDy3þ (0.00 � x � 0.09) as a
function of frequency for various temperatures up to 250 �C, (f)
shows both imaginary modulus taken at lowest frequency at
10 Hz for a variety of given dysprosium concentration including
pure one for comparison and that of pure YAG at frequency of
10 Hz shown in the legend).
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3.8. Dielectric tangent loss

The characteristic evaluation of the dielectric loss tangent of
Y3�xDyxAl5O12 (x ¼ 0.0, 0.09) is depicted in Fig. 8(a,b) as a function
of frequency for various temperatures up to 250 �C. The dielectric
loss tangent clearly decreases with a multi-exponential tendency
rather than a simple exponential one. Yet, the dysprosium dopant
introduces a significant reduction in loss while the temperature
effects lead to a bigger variation at lower frequencies; however,
dielectric loss tangent remains almost unchanged at higher fre-
quencies. Moreover, the frequency of the applied ac signal signifi-
cantly influences the loss for both pure and doped samples. In
general, the dielectric loss tangent of doped samples (~0.13),
regardless of the dopant level, is substantially modified compared
with pure sample (~0.98). When the dielectric loss tangent is
evaluated carefully under the lowest frequencies within the lossy
perspective for temperature dependency, the characteristic of the
doped samples is altered completely from those of the pure one.
Additionally, YAG samples show a doublet peak centred at 144 and
190 �C whereas all the doped ones, regardless of their dopant level,
showa single shifted peak located at ~218 �C, as depicted in Fig. 8(c)
(Fig. S6(aee) show dielectric loss tangent characteristics of
YAG:xDy3þ (0.00 � x � 0.09) as a function of frequency for various
temperatures up to 250 �C, (f) shows imaginary dielectric constant
taken at lowest frequency of 10 Hz for a variety of Dy3þ ions con-
centration including pure one for comparison as depicted in the
legend).

4. Conclusions

In this study, the dielectric and microstructural properties of
YAG:xDy3þ (0.00 � x � 0.09) ceramics were investigated. The
structural characterization indicates that the synthesized samples
are uniform with good quality of crystallization. The electrical and
dielectric properties of Y3Al5O12 ceramics including those of the
counterparts doped by various concentrations of Dy3þ ions were
evaluated extensively from the perspective of the substitutional
effect of the 4f-ions of the lanthanide-doped YAG ceramics. The
temperature dependence of the conductivity, dielectric constant,
dielectric loss, and loss tangent at various frequencies of up to
5.0 MHz for doped Dy3þ ions in YAG are responsible for various
influences in the conductivity, dielectric constant, and loss mech-
anisms, which can be attributed to various lattice locations such as
3d-Al ions and 4f-Dy ions in both tetrahedral and octahedral
symmetry in YAG:xDy3þ ceramics.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jre.2018.04.011.
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