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� YAG:Dy nanopowder was produced
by Solution Combustion Synthesis
(SCS) method.

� Powders are composed by well-
defined and separated nanoparticles.

� Some particles are agglomerated but
there are also separated particles.

� The dielectric function was modeled
by the Maxwell–Garnet formula.

� Optical phonon confinement is
registered.
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a b s t r a c t

The solution combustion synthesis was used to prepare nanopowders of yttrium aluminum garnet (YAG)
and YAG doped with dysprosium ions, Dy3+, (YAG:Dy). The morphology, specific surface area, texture, and
optical properties of the prepared materials were studied by the means of scanning electron microscopy
(SEM), nitrogen adsorption method, and far-infrared spectroscopy at room temperature in the spectral
region between 80 and 600 cm�1. It was established that all the examined samples were microporous.
The Maxwell–Garnet formula was used to model dielectric function of YAG and YAG:Dy nanopowders
as mixtures of homogenous spherical inclusions in air.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Importance of yttrium aluminum garnet, Y3Al5O12, commonly
abbreviated as YAG, arises from its high chemical stability as well
as excellent optical and high-temperature mechanical properties
[1]. It is a ceramic material with a cubic garnet crystallographic
structure whose thermal expansion is isotropic, whereas its optical
properties are homogeneous, without birefringence effects [2,3].
Over the last five decades the structural properties of YAG were
the subject of numerous studies, which proved its technological
relevance and led to its use in a broad range of applications. For
example, YAG has found its role as a host material in solid-state
lasers of different kinds, luminescence materials, and scintillators
[4–6].

Two prospective applications particularly draw attention
toward trivalent dysprosium-activated optical materials. Namely,
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if the phonon energy of host matrix is low, these materials could be
an alternative to praseodymium-doped optical amplifiers used in
the second telecommunication window [7]. The second promising
area of application, the solid-state lasers operating in the visible
part of the spectrum [8], is based on the blue and yellow emissions
originating from 4F9/2 level of Dy3+. These emissions are muchmore
probable than the non-radiative relaxation to the next lower
energy level, 6F3/2, that corresponds to large energy gap of approx-
imately 7500 cm�1. Consequently, relatively high phonon energy
of yttrium aluminum garnet presents YAG crystal as a prospective
host material for dysprosium ions [9].

We used solution combustion synthesis (SCS) method to pre-
pare nanopowder samples of YAG and YAG doped with 2 mol%
Dy. Optical properties of the samples were analyzed by far-
infrared spectroscopy (FIR), whereas nitrogen adsorption method
was employed to examine specific surface area and texture. The
dielectric function of the nanopowders was modeled using the
Maxwell–Garnet formula.
2. Samples preparation and characterization

The SCS method used to prepare the YAG and YAG:Dy
nanopowder samples was performed in several steps. Yttrium
oxide (Y2O3) and aluminum oxide (Al2O3) of 99.99 % purity was
purchased from the NOAH Technologies. The oxides were dissolved
in HNO3 followed by the addition of carbohydrazide to the solution
of aluminum nitrate and yttrium nitrate:

3YðNO3Þ3 þ 5AlðNO3Þ3 þ 15CH6N4O

! YAGþ 42N2 þ 15CO2 þ 45H2O:

Good reactivity of the raw materials provided absence of the
intermediate phases, e.g., YAM (Y4Al2O9) or YAP (YAlO3), in the
obtained YAG powder. The YAG:Dy samples were produced by
doping YAG host with Dy3+ ions using the concentration of 2 mol
%. Further, YAG:Dy nanopowder was annealed in the air atmo-
sphere at 1300 �C with the aim to obtain full crystallinity [10].

The morphology of the prepared YAG and YAG:Dy nanopowders
was examined using a high resolution scanning electron micro-
scope (SEM) equipped with the high brightness Schottky Field
Emission gun (FEGSEM, TESCAN) operating at 4 kV. In order to
provide conductivity of the samples needed for SEM analysis, the
samples were coated with gold/palladium. The SEM images of
our YAG and YAG:Dy samples are given in Fig. 1. The powders
are composed of well-defined and separated nanoparticles,
Fig. 1. SEM micrographs. The micrographs of YAG and YAG:Dy
clusters, and agglomerated particles. The size of individual spheri-
cal particles is in the range of about 30–50 nm. The spherical shape
of particles is of great importance because it provides lower light
scattering and brighter luminescence performance [11].
3. Results and discussion

3.1. Adsorption isotherms – BET experiments

The analyzer Surfer (Thermo Fisher Scientific, USA) was used to
examine YAG and YAG:Dy nanopowders.

The dependences of the adsorbed amount of N2 on the relative
pressure, P/P0, at the temperature of �196 �C, i.e., the nitrogen
adsorption isotherms, for the YAG and YAG:Dy samples are given
in Fig. 2. The adsorptions at low relative pressures, given in the
graph inserts, indicate that there are micropores on the particle
surfaces. According to the IUPAC classification pores are classified
as macropores (pore width above 50 nm), mesopores (pore width
2–50 nm) and micropores (pore width below 2 nm) [12]. At the
same time, non-limiting adsorption at high P/P0, was found to cor-
respond to non-rigid aggregates of particles giving rise to slit-
shaped pores [13]. Note that these conclusions are in agreement
with the SEM images given in Fig. 1, which show that our samples
contain agglomerated as well as separated particles. The separated
particles are found to be spherical with the diameter of approxi-
mately 40 nm. The specific surface areas calculated by the BET
equation, SBET, are found to be 5 m2 g�1 and 12 m2 g�1 for the
YAG and YAG:Dy samples, respectively. Since the radius of Dy3+

ion of 0.1167 nm is larger than the radius of Y3+ ion, which is
0.1159 nm, it comes as no surprise that the presence of Dy led to
increase of the overall specific surface of particles. Also, dopants
introduce defects into the structure of the material which results
in different charge on the particle surface when doped and
undoped are compared. This charge on the particle surface leads
to differences in packaging particles and their greater or lesser
agglomeration, which on the other hand have significant role on
the porosity and specific surface area. Incorporated dopants have
a tendency to concentrate at the surface of nanomaterials. All these
have significant role on the increasing of the specific surface area.

3.2. Far-infrared spectroscopy

The far-infrared measurements were carried out with the
BOMEMDA – 8 FIR spectrometer. The wave number range between
80 and 600 cm�1 was covered with the DTGS pyroelectric detector.
nanopowders are given in part (a) and (b), respectively.
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Fig. 2. Nitrogen adsorption isotherms. The amount of adsorbed N2 given as a function of the relative pressure is shown in graphs (a) and (b) for YAG and YAG:Dy
nanopowders, respectively. Solid symbols correspond to adsorption, whereas open symbols represent desorption. The shapes of the curves around zero are enlarged in the
inserts.
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Fig. 3. Far-infrared reflection spectra of YAG nanopowder (a) and YAG:Dy
nanopowder (b) at room temperature. The experimental data are represented by
circles. The solid lines are the calculated spectra obtained with the parameter
values given in Table 1 and the fitting procedure based on the model given by Eqs.
(1) and (2).
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If the visible light wavelength, k, is much larger than the char-
acteristic size of semiconducting nanoparticles, d, i.e., if k� d,
the heterogeneous composite of nanoparticles with the dielectric
function e2 distributed in a medium with the dielectric constant
e1 can be treated as a homogeneous medium and effective medium
theory is applicable. The effective dielectric permittivity of such a
mixture can be modeled by a number of mixing models [14]. We
chose the Maxwell–Garnet model since our samples are well
defined and separated nanosized spherical grains. Consequently,
the predicted effective permittivity of the mixture becomes [15]:

eeff ¼ e1 þ 3f e1
e2 � e1

e2 þ 2e1 � f ðe1 � e2Þ ; ð1Þ

where spheres of permittivity e2 were taken to occupy a volume
fraction f as well as to be randomly located in a homogeneous envi-
ronment characterized with e1. In the considered nanopowders,
nanoparticles are situated in air, therefore e1 = 1. To determine
the dielectric function of the nanoparticles, i.e., e2, we used the plas-
mon–phonon interaction model [16]:

e2ðxÞ ¼ e1
Yn
k¼1

x2
LOk �x2 þ icLOkx

x2
TOk �x2 þ icTOkx

� x2
P

xðx� is�1Þ

 !
ð2Þ

where e1 is the bound charge contribution and it is assumed to be a
constant, xTOk and xLOk are the transverse and longitudinal fre-
quencies, cTOk, and cLOk are their dampings, xP is the plasma fre-
quency and s is the free carrier relaxation time. The first term in
Eq. (2) is the lattice contribution, whereas the second term corre-
sponds to the Drude expression for the free carrier contribution to
the dielectric constant.

The measured and calculated far-infrared spectra of YAG and
YAG:Dy nanopowders, in the spectral range between 80 and
600 cm�1, at room temperature are shown in Fig. 3. The experi-
mental data are depicted by circles, whereas the solid lines are
used to draw the calculated spectra obtained by the fitting proce-
dure based and the model defined by Eqs. (1) and (2). The best fit
parameters corresponding to YAG and YAG:Dy nanopowders are
given in Table 1. The values corresponding to the YAG single crystal
are taken from [17].
YAG crystallizes in the cubic structure, it has the symmetry of
Oh

10–Ia3d space group, and eight molecules of Y3Al5O12 per
primitive unit cell. Out of the ninety-eight theoretically predicted
Brillouin zone center modes that correspond to the Oh structure
in the YAG group, 3A1g + 5A2g + 8Eg + 14T1g + 14T2g + 5A1u + 5A2u +
10Eu + 18T1u + 16T2u, only the eighteen T1u modes are IR-active
[19]. Further, out of these eighteen theoretically predicted IR-
active modes, fourteen are visible in the experimental and modeled
far-infrared reflectivity spectra of the YAG and YAG:Dy nanopow-
ders, and in the data corresponding to the YAG single crystal
retrieved from literature, see Fig. 3 and Table 1. The bands at
around 430, 453, 477, 510 and 566 cm�1 represent the characteris-
tic metal–oxygen vibrations, which are in our example Y–O and
Al–O. Our data are in agreement with the previous reports regard-
ing single crystals [18,19] as well as with the results on nanocrys-
tals of YAG [20,21]. The peaks located in the vicinity of 477, 510
and 566 cm�1 are the asymmetric stretching vibrations, whereas
the peak at approximately 453 cm�1 is the symmetric vibration



Table 1
Best fit parameters of far-infrared spectra of YAG single crystal, YAG nanopowder and YAG:Dy nanopowder.

YAG single crystal YAG nanopowder YAG:Dy nanopowder Vibrations

xTO (cm�1) 122 122 122 T (+Td) translations of tetrahedral and dodecahedral cation
165 165 163 Td translations of dodecahedral cation
180 178 178 Td (+T) translations of tetrahedral and dodecahedral cation
221 220 219 Td translations of dodecahedral cation (translations of cations in YO3 and AlO4)
291 290 289.5 T0
327 330 328 T translations of tetrahedral cation
375 375 373 R libration of tetrahedral cation
390 388.5 389 T0 translations of octahedral cation
396 399.5 396 R libration of tetrahedral cation
432 431 431 T0 translations of octahedral (translations + libration) cations in AlO6 and AlO4

453 447 444 m2 symmetric
477 465 465 m4 symmetric
510 508 507 m4
566 563 564 m4 (symmetric and asymmetric stretching of Al–O in octahedrons)

xP (cm�1) 220 190 220 –
s (cm�1) 0.001 0.002 0.035 –
f 1 0.96 0.80 –
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of Al–O bond in the octahedral arrangement of garnet structure.
The four lowest energy peaks correspond to the translation and
vibration of cations in different coordination – tetrahedral, octahe-
dral and dodecahedral [22]. The peaks around 165, 220, 375 and
396 cm�1 have been attributed to the translator motion of Y3+ ions
within the distorted cube that has eight oxygen ions at its vertices,
as well as to the heavy mixing of the translational, rotational, and
m3 mode of the (AlO4) unit.

Differences in the structure of YAG single crystal and YAG
nanopowder cause changes in the phonon frequencies. Namely,
decrease in the crystallite size causes optical phonon confinement.
The influence of doping of YAG by Dy3+ on the spectral properties
and lattice vibrations is not significant. Compared to the spectra of
YAG single crystal and YAG nanopowder, there are no new phonon
modes corresponding to the YAG:Dy nanopowder; however, fur-
ther decrease of phonon frequencies is registered. Since Dy3+ ions
are by 0.69%, larger than Y3+ ions, substitution of Y3+ with Dy3+

leads to further distortion of the cubic cell, and consequently to
the shift of characteristics frequencies toward lower frequencies,
as can be seen in Fig. 3 and Table 1.

The values of filling factors were determined from the analysis
of reflection spectra. The main volume fraction, f, obtained as the
best fit parameter estimation, is listed in Table 1. These results
are consistent with the results obtained by the BET experiment
described in Section 3.1. Namely, high values of the filling factor
are associated with the existence of micropores.
4. Conclusions

Due to their prospective application in optical amplifiers for the
second telecommunication window and solid-state lasers that
operate in the visible part of the spectrum, properties of the
YAG:Dy nanopowder were investigated and compared to those
corresponding to the YAG nanopowder and YAG single crystal.
The nanopowders were synthetized by the solution combustion
synthesis technique and the samples were analyzed by the scan-
ning electron microscopy, nitrogen adsorption method as well as
by the far-infrared spectroscopy. The measured far-infrared spec-
tra were in complete agreement with the modeled spectra
obtained with the Maxwell–Garnet formula, plasmon–phonon
interaction model, and fitting procedure. It was determined that
the Dy doped as well as non-doped YAG nanopowders are microp-
orous. Spherical, well-defined and separated nanoparticles as well
as agglomerated particles were detected. The far-infrared mea-
surements revealed that the YAG nanopowder has lower phonon
frequencies than the YAG single crystal as well as that doping of
YAG by Dy3+ does not have significant influence on the spectral
properties and lattice vibrations. However, the doping caused fur-
ther decrease of phonon frequencies, with respect to the frequen-
cies that correspond to the YAG single crystal and YAG
nanopowder.
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