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Abstract

Brillouin light scattering, Raman light scattering and visible—infrared reflectometry techniques have been used to investigate, respectively, the
elastic properties, the phonons and the optical properties of bulk textured polycrystalline yttrium—aluminum garnet doped with 2 at% neodymium
obtained by the sintering of commercial oxides. From the analysis of the observed bulk longitudinal and transverse acoustic modes with the
knowledge of the refractive index 1.81 inferred from the visible reflectometry, the two independent effective elastic constants of the isotropic
polycrystal Cy; =362 GPa and (Cy; — C12)/2 =121 GPa are determined leading to the value of the bulk modulus B =(Cy; +2C},)/3 =200 GPa. The
ratio £p/e5 =3.1 and the optic permittivity e, =3.46 are derived from the infrared reflectivity data. Pair potential calculations of the three single
crystal elastic constants c¢j; =340, ¢j, =127 and c44 = 112 GPa, of the bulk modulus B=(c;; +2¢12)/3 =198 GPa, of the zone-center (I") phonons
and of the permittivity function provide good comparison with our experimental results.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The determination of the elastic and optical properties of
materials is important for both physical models and engineer-
ing application purposes. Yttrium aluminum garnet Y3Al50;2
(YAG) is of high technological interest either under ceramics or
single crystal form. YAG is host of neodymium dopants in solid
state laser. It crystallizes in a cubic la3d (Otllo) structure with
eight formulae per unit cell (160 atoms). The cations are all in
special positions: labeled as a, ¢, and d with no positional degrees
of freedom whereas the O atoms are placed in the general posi-
tions 96(h). Y occupies dodecahedral 24(c) positions, whereas
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there are two different sites for Al ions: namely, octahedral 16
(a) and tetrahedral 24 (d) in the lattice.

Since Coble,! as the first one, produced transparent alu-
mina ceramics, other teams have developed new polycrystalline
materials for optical applications. For example transparent poly-
crystals have been synthesized for electro-optical utilization?
or as laser amplifying media. For this last function, only few
compounds in transparent ceramic form have been successfully
tested in a laser cavity.>”’ Neodymium-doped YAG is one of
the best known single crystal laser materials. It is used for vari-
ous industrial or medical purposes. Because of its good thermal
conductivity of about 10 W/mK although a single crystal alu-
mina has about 30 W/mK, it is a good candidate for powerful
applications such as inertial fusion, or for military devices. Yet,
the maximum size of good quality YAG single crystals for opti-
cal applications does not exceed 18 cm in length and 2 cm in
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diameter. In polycrystalline form, there is theoretically no size
limitation. Undoped YAG translucent ceramics have been pro-
duced by de With et al.,® and Nd-doped polycrystalline YAG by
Sekita et al.” Major work on the subject has been provided by
teams of Ikesue and Konoshima Chemicals.!? Recently, Rabi-
novitch et al.” have demonstrated that high transparency and
laser efficient polycrystalline YAG:Nd can be synthesized by
sintering of commercial oxides. We used one of their polycrys-
talline sample in this study, with 2 at% Nd doping.

To better understand the intrinsic properties of polycrystalline
YAG, we have studied in detail some structural, mechanical and
vibrational aspects of this isotropic polycrystalline sample. Pre-
vious Brillouin light scattering (BLS) or acoustic studies dealt
with single crystal and measurements of high temperature or
pressure dependant elastic properties associated with refractive
index measurements.! 114 In this paper, the elastic, the dielectric
and vibration properties of polycrystalline samples are studied
in relation with the crystallographic texture. The experimen-
tal investigations have been carried out using X-ray diffraction,
Raman scattering, infrared—visible reflectometry with oblique
incidence and the BLS technique which has proved to be a
powerful nondestructive tool for the elastic characterization of
layered structures and bulk materials.!> The two independent
elastic constants of the isotropic samples are selectively deter-
mined from the analysis of a longitudinal and a transversal
acoustic modes traveling nearly parallel to the normal of the
samples. The calculated Voigt and Reuss average'® values of
the effective elastic constants for an isotropic polycrystal using
the pair potential calculated single crystal elastic constants are
compared to the ones derived from the analysis of our BLS
experiments. The vibrational features are also compared to the
pair potential calculations.

2. Light scattering techniques and infrared
reflectometry

In a BLS experiment, a beam of monochromatic light is
used as a probe to reveal acoustic phonons that are naturally
present in the medium under investigation. The power spectrum
of these excitations is mapped out from frequency analysis of
the light scattered within a solid angle, by means of a multipass
Fabry—Perot interferometer. Several scattering geometry can be
used and a number of acoustic modes in the material can thus
be revealed, and the elastic constants determined. 1720

In the present work we used the backscattering geometry. In
this condition the wave vector of the involved bulk phonons Op
is experimentally adjusted to the value:

O = 2nk; (D

where n is the refractive index of the material corresponding to
the propagation direction of light inside the film (isotropic for
materials of cubic symmetry), k1 the optical wave vector in air.
The velocity vp is deduced from the measured frequency £2 by
the relation:
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Due to refraction at the air/sample interface, the bulk waves
associated with the bulk longitudinal wave (BLW) and the bulk
shear waves (BSW) have a wave vector inside the material at an
angle:

o = sin”~! (sm(z)) 3)

n

from the normal of the sample where i is the angle of incidence
of light.

The Brillouin experiments were performed at room tempera-
ture. The light source is an Ar* laser tuned on a 514.5 nm single
mode line. Incident 100-500 mW p-polarized light is focused
inside the sample. The scattered light is analyzed by means of a
Sandercock-type 3 + 3 pass tandem Fabry—Perot interferometer.
The typical duration for the acquisition of a Brillouin spectrum
was 10 min.

The FTIR reflectance spectra were recorded using a Perkin-
Elmer GX spectrometer at a resolution of 2 cm™! with a spectral
range of 370-10,000 cm~ !, at an angle of incidence of 30°.
All IR spectra were the results of the averaging of 200 scans.
Raman spectra have been obtained with a triple monochromator
micro-Raman DILOR XY multichannel spectrometer equipped
with nitrogen cooled CCD detector (Jobin Yvon) using less than
100 mW green light.

3. Samples preparation and structural
characterizations

In this process commercial oxides are used. Alumina,
yttrium oxide (Alfa Aesar, 99.99%), neodymium oxide (reac-
ton, 99.99%) are weighed in order to obtain the compound
Nd,Y1-Als01> (Nd doped YAG) where x is the atomic substi-
tution of yttrium by neodymium. Silica (Alfa Aesar, 99.8%) is
added as sintering aid. Silica forms liquid phases above 1600 °C
with Nd>Os3 and 1660 °C with Y,Os3. Even if very small amounts
of silica are introduced in the sample, it is believed that these lig-
uid phases soak the grain boundaries. Indeed, scanning electron
microscopy (SEM) analyses’ have shown that the grain bound-
aries contain more yttrium and neodymium than the bulk of the
samples. The amount of silica added in our samples is 500 ppm
in weight and the neodymium atomic substitution rate is 2 at%.

The mean particle sizes are 1.1, 0.8, 6 um and 10nm for
Al O3, Y203, Nd>03 and SiOy, respectively. The powders are
mixed in water. The mixture is then dried or used directly
for axial or isostatic pressing between 200 and 300 MPa. The
compacted powders are then sintered at 1700 °C for 3 h under
vacuum. The density of the ceramics measured by Archimede
method was 4.56 & 0.02 g/cm?>. The microstructure of sintered
samples is shown in Fig. 1. The average grain length estimated
by an image analysis software is about 7 pm. Porosity and
secondary phases were not detected in our samples by SEM,
because of very few amount of defects which were estimated
below 0.1 vol.%. X-ray diffraction using a copper anode (see
Fig. 2) shows diffraction features comparable to those of a
powder (JCPDS Card No. 33—40) indicating no preferential crys-
tallographic orientation normal to the film plane, a value of the
cell parameter 12.006 4 0.006 A and a value of the mass den-
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Fig. 1. Microstructure SEM observation of a YAG:Nd 2 at% polycrystalline
sample sintered at 1700 °C for 3 h under vacuum.

sity 4.561 gcm™>. Thus the sample will be considered later as
an isotropic polycristal. In the literature, it has been shown that
secondary phases could appear during YAG sintering. This is
the case when a too large amount of silica is added.>! Moreover
alumina precipitates have been observed at the grain boundaries
or in grains as inclusions.??

Phases rich in yttrium and silica occur frequently when silica
content is generally above 1500 ppm in conventional transparent
YAG ceramics.?3 In our case, the silica content was sufficiently
low to overcome this problem. Concerning alumina precipitates,
our process was finalized to avoid their formation, especially by
controlling the oxygen partial pressure in kiln atmosphere during
annealing stage of the ceramics at 1400 °C.
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Fig. 2. X-ray diffraction spectrum of the polycrystalline YAG:Nd with Cu Ko
radiation compared to the spectrum of a powder (from JCPDS Card No. 33—40).
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Fig. 3. Visible reflectometry spectra for an angle of incidence of 55° and p-
polarization (dashed line) or s-polarization (line) of the incident light.

Visible reflectometry with an angle of incidence ranging from
30 to 60° with p- and s-polarization of the incident light were
performed (see Fig. 3). The material does not show significant
dispersion of the refractive index with the wavelength and is
highly transparent. The analysis for both polarization provides
the value of the refractive index n = 1.81. These properties com-
bined with its high laser efficiency’ confers to this material a
high potentiality.

4. Results and discussion

The bulk acoustical waves observed in the Brillouin spectra
have been analyzed considering an isotropic elastic symmetry of
the polycrystalline sample that is confirmed by the observation
of identical results for various experiments with different angle
of incidence of the light that probe different wave propagation
direction within the sample.
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Fig. 4. Experimental Brillouin spectrum obtained (p incident light — np scat-
tered light geometry) at high frequency with an angle of incidence i=65°
corresponding to « =30°. The peaks labeled BSW and BLW correspond, respec-
tively, to the bulk shear acoustic wave and to the bulk longitudinal acoustic wave.
The background comes from the luminescence.
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Table 1

Measured velocity v of the bulk acoustic waves and their related elastic constants pv? (the mass density is assumed to be 4.561 g/cm® from X-ray measurements.

Other experimental or calculated results are reported for comparison

Sample vBsw (m/s) vpLw (m/s) Cyq (GPa) C11 (GPa) E (Gpa) v B (Gpa) ad) p(g cm™3)
Polycrystal (this work) 5155425 8905 + 40 1211 36243 30243 0.248+£0.002 20042  12.0064+0.006  4.561
Voigt or Reuss 4910 8685 110 344 297 0.229 198
vpsw (m/s) vBLw (m/s) i cn B (Gpa) p(gem™3)

Single crystal

Stoddart et al.'! 116 114 339 189

Chistyi et al.'? 114 114 333 187

Yogurtcu et al.'3 4940 8490 114 106 328 180 455

The Voigt or Reuss estimated values of the elastic constants for the isotropic textured polycrystalline sample using for calculations the calculated single crystal values

from Kukjla et al. potential?®

InFig. 4, we show a spectrum for an angle of incidence i =45°
with no polarization of the analyzed scattered electric field. The
peaks labeled BSW and BLW correspond, respectively, to the
bulk shear wave and the bulk longitudinal wave traveling nearly
parallel to the film normal.

The measurements of the frequency position of these Bril-
louin peaks and the knowledge of the refractive index n=1.81
determined by visible reflectometry, provide the phase veloc-
ity v of the corresponding acoustic modes, according to Eqs.
(1) and (2). Notice that the phase velocity of the BLW
is +/Ci1/p and that of BSW is +/(C11 — C12) /2p, so that
C11 and C44 =(C11 — C12)/2 can be directly determined using
p=4.561 g/cm® for the mass density as calculated from unit
cell contents and constant (conform Fig. 2.). The measured
velocity data are reported in Table 1 with their related elas-
tic constants. The elastic moduli and the Poisson’s coefficient
can be calculated through well-known relations.”* The value
of the Young modulus E and of the Poisson ratio v are,
respectively, 302 GPa and 0.248 while the bulk modulus is
B=(C11+2C12)/3=200 GPa.

As a further step in estimating the elastic properties and the
dielectric properties of YAG, neglecting the 2 at% Nd doping
of our sample, we have performed pair potential calculations
using the GULP software written by Gale.>> We used a pair
potential that is adapted to ionic materials with Kukjla,?® Bush?’
or Schuh?® parameters for the Buckingham potential®® Eq. (4)
with parameters (A, p and C) that are reported in,Ref. [26-29]
instead of the Born—Mayer potential that was used by Papagelis

are also reported for comparison below our experimental results.

Accurate representation of the ionic polarization of the crys-
talline lattice was shown to be very important for defect
modeling and description of optical properties of YAG.?® There-
fore, we have considered all the constituent ions of YAG
(i.e.,Y?*, AP, and O%7) as being polarizable ions in the lat-
tice adding three spring core-shell parameters”® (K*) to the
description of the crystal lattice energy. For calculations, before
optimization of the structure, our experimental unit cell param-
eter 12.006 A is considered and the O positional parameters in
the lattice were taken from neutron-diffraction measurements by
Prince®! and are given by x=—0.029, y=0.053, and z=0.151.
The structural optimization that minimizes the energy leads to a
final unit cell constant of 11.988 A and new O positional param-
eters in the lattice: x=—0.023, y=0.055, and z=0.154 (O core)
and x=—0.025, y=0.0519, and z=0.155 (O shell). The calcu-
lations are made for this optimum structure. Whereas Geller,?
determined the most accurate value of the lattice constant for
the stoichiometric YAG that is 12.000 &+ 0.002 A, several other
experimental studies have determined the lattice constant to be
slightly higher (we found 12.006 + 0.006 A), which may be due
to the presence of excess yttrium in the lattice.>?

We calculated the elastic constants, the dielectric properties
and phonons at the I point, the parameters from Kukijla et al.?
leading definitely to the best agreement with the overall experi-
mental results (structural, elastic and dielectric properties). The
elastic constant matrix has been calculated from second deriva-
tive of the energy density with respect to external strain. Due
to the cubic symmetry of garnet structures, the elastic con-

et al.30 stant matrix elements that have to be estimated are ci1, c12,
and c44. The values of elastic constants and the bulk modulus
W(r) = Aexp (_r) _cr6 ) B=(ci1 + 20.12)/3 so derived are summ.ariZf.:d in Table 2. These
P calculated single crystal constants are in fairly good agreement
Table 2
Pair potential calculations of structural (a, p) and elastic properties (ca4, ¢12, c11 and B) to be compared to the experimental results of Table 1
c44 (GPa) c12 (GPa) c11 (GPa) B (Gpa) a(A) p(gem™)
GULP
Kuklja et al.2 112 127 340 198 11.988 4.58
Bush et al.2” 131.3 164.6 330.5 220 12.143 4.40
Schuh et al.?8 117 135 395 221 12.002 4.53
Papagelis et al.> 60 102.4 263.3 156
(Brout’s formula) Hofmeister et al. 33 220

The bulk modulus calculated from the single crystal constants has to be compared to the polycrystalline one as it is an invariant parameter.
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with the experimental determinations and provide a value of the
bulk modulus B =198 GPa (Kukjla potential®® is used for this
evaluation) that compares very well with our experimental result
(200 GPa). For comparison purpose, the calculated values of the
effective elastic constants of non-textured isotropic polycrys-
talline YAG following a Voigt and Reuss averaging procedure'®
using the calculated single crystal elastic constants with Kukjla
potential®® are also reported in Table 1. It provides close agree-
ment with our elastic constants on a polycrystalline sample and
with a bulk modulus value that is the same for the single crystal
and the polycrystalline estimations.

Next, we discuss the dielectric and elastic properties derived
from infrared and Raman scattering. The 240 degrees of free-
dom of the rare earth aluminium garnets can be classified
for the BZ center according to the irreducible representations
of the Oy group as follows: I"=18Ty +3A g +8Eg +14Tog +
5Azg +5A 1y +5A0y +10Ey + 14T g +16Ty. For the garnet
structure a large number of zone center modes are silent (5Ag,
5At1u, 5Azy, 10E, 14Ty, 16T2y) and have not been investigated
through inelastic neutron measurements so far. The 25 modes
having symmetries Ay, E; and Tog are Raman active while
the 18 having T, symmetry are IR active. Most of these peaks
are observed in Raman and infrared spectra (see Fig. 5). The
knowledge of the zone center phonon frequencies : mainly, IR
and Raman frequencies, along with the structural parameters
can be exploited for an adequate estimation of the elastic prop-
erties of cubic crystals.’®> According to this model®3 which is a
generalization of Brout’s formulation for diatomic cubic crys-
tals for any cubic solid,>* the bulk modulus of the garnet crystal
can be estimated to 220 GPa that is 10% higher to both our
experimental and calculated determination (see Tables 1 and 2).
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Fig. 5. Comparison of a micro-Raman spectrum (green incident light with
150 mW power) with an infrared reflectometry spectrum (30 incidence). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.)
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Fig. 6. Experimental (dashed line) and calculated (line) infrared reflectometry
spectrum with an angle of incidence of 30° and no polarization of the incident
light.

The frequency of TO and LO T;, modes can be determined
from reflection spectra using a multi-oscillator analysis or from a
direct Kramers—Konig transformation of the reflectance spectra.
We performed both analysis. The best fit of the factorized form
of the dielectric function Eq. (5) to our reflectivity data is shown
in Fig. 6. The incident light is not polarized and the angle of
incidence is 30°.

2 2 .
Wi o — ©° + IYkLO®
8(0) = 0o | [ FL—F— (5)
i Wito — ®©° + IKTOW

The fitting parameters: frequencies and line widths of both trans-
verse optical (TO) and longitudinal optical (LO) modes are given
in Table 3. The oscillator strengths of the modes, in other words
the contribution of the polar modes to the dielectric constant, are
also given in Table 3. Oscillator strengths Ag; are not adjustable
parameters in this model. They are calculated from the splitting
of polar modes into TO and LO components with the aid of Eq.

(6):
Agj _ V=2 [ (wklzo) - (‘Uﬁzo)
Eoo /1o Hk;é j (“)k_T20) - (")]—T20>

The static gy and the high frequency e dielectric con-
stants are related to the infrared frequencies trough the
Lydane—Sachs—Teller (LST) relation3’-38

2
& _ I (a)kLo> ™
¢ k

(6)

00 WETO

In Table 4 the values for the ratio go/eso are derived from the
experimental wr o and wTo reported in Table 3. The theoretical
values of £, calculated with the Kukjla potential®® (3.5) shows
1-7% difference to the ones obtained independently from mea-
surements of the refractive index in the visible region (3.27),
from the Kramers—Kronig analysis (see Fig. 7) of the FTIR



4724 P. Djemia et al. / Journal of the European Ceramic Society 27 (2007) 4719-4725

Table 3

IR optical modes frequencies and damping factors as inferred from the best fit of the oblique incidence reflectivity spectrum using a factorized form of the permittivity

function (see the text)

Mode number & wyro (em™!) ykto (cm™1) wro (em™) yxLo (em™!) Ay
1? 122.3 (130) 4.5 122.6 (136.9) 4.5 0.06
20 164.5 (164) 46 173.4 (169.2) 2.8 1.35
32 178.8 (186) 2.0 180.0 (188) 2.0 0.06
42 219.9 (246) 4.0 224.5 (255.9) 4.0 0.42
54 290.6 (294.1) 3.7 295.7 (300.5) 3.7 0.49
6% 329.4 (312) 55 338.4 (314) 5.5 0.72
7 375.4 (336) 1.2 381.5(352.4) 4.3 0.72
8 386.6 (353.9) 7.2 389.5 (365.1) 6.9 0.22
9 393.7 (380.1) 6.5 403.3 (415.6) 10.0 0.30

10 430.0 (419.2) 7.6 4349 (422) 14.0 0.40

11 453.9 (442) 20.0 477.0 (476.2) 14.0 1.48

12 478.0 (508) 15.0 504.8 (516) 11.0 0.05

13 509.3 (518) 14.0 547.8 (563) 104 0.09

14 565.7 (572) 9.0 583.4 (600.1) 9.8 0.07

15 693.0 (608) 16.0 707.3 (633.1) 11.0 0.40

16 720.7 17.5 765.8 15.3 0.29

17 785.3 154 860.5 17.3 0.12

The optic permittivity is 5 =3.46 and the oscillator strength Agy is calculated from the splitting of TO and LO modes (see the text).
2 Are the results from Le Floch et al.3® below 370 cm™!. The frequencies of TO and LO modes that have been obtained from the maximum or the zero, respectively,
of the calculated real part of the permittivity function with GULP program and kukjla et al. potential (see Fig. 8) are indicated in parenthesis.

Table 4

The ratio eg/ex derived from the LST relation by using the experimental values of the wto and w0 frequencies

Calculations (GULP) Experiments

Potential £0/€c0 €00 ) LST ep/exo KK e n? S

Kuklja et al.? 3.26 35 11.4 3.10 3.614+03 3.2740.01 3.46+0.03
Bush et al .7 4.08 3.96 16.15

Schuh et al 28 2.79 2.9 8.1

The value of €, inferred from the Kramers—Kronig analysis of the reflectivity spectrum is also given. The refractive index n is derived from the visible reflectivity
experiments and nearly constant in the entire range of wavelength. e, is also obtained from the best fit of reflectivity data using the factorized form of the permittivity

function (last column).

reflectance spectrum at high frequency (3.61) or from the best
fit of the reflectivity data using the factorized form Eq. (5) of
the permittivity function (3.46). The theoretical frequencies of
phonons reported in Table 3 are derived from the analysis of the
calculated real part of the permittivity function with the GULP
program (see Fig. 8), in the range 50-900 cm™!, with a damping
factor and a frequency step of 2cm™!. In Fig. 8, we compare
this theoretical function to the factorized form of Eq. (5): the TO
modes frequencies are given by the maxima and the LO modes

Wavelength (1/cm)

Fig. 7. Refraction index (real part: line, imaginary part: dashed line) in the
infrared region obtain from the Kramers—Konig transformation of the experi-
mental reflectance spectrum of Fig. 5.

frequencies by the zero. The comparison is qualitative and some
modes are missing at higher frequency.

Our experimental results are in agreement with pre-
vious determinations in single crystal or polycrystalline
samples.’%3>3% For Y garnets, a value around 10 is found
for €9, which seems to be correct also in the case of alu-
minum garnets, if we consider our experimental g¢/goo ~ 3.1
ratio values. The difference between the optic and static dielec-

50

Real part £

-50
50

650 850
Wavenumber (1/cm)

Fig. 8. Real part of the permittivity function in the infrared region: factorized
form (line) and GULP calculation (dashed line). The frequencies of TO and LO
modes can be obtain from the maximum or the zero, respectively.
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tric constants (g9/e~0) ~ 7 indicates a rather mixed character
in the bond strengths of the whole crystal class. This has
to be attributed to the presence of various types of bonds
and to the strongly coupled polyhedra present in the garnet
structure.

5. Summary and conclusion

We have determined using Brillouin light scattering the
elastic properties of a transparent isotropic textured poly-
crystalline yttrium-aluminum oxyde made by the sintering of
commercial oxides. The two independent effective elastic con-
stants of the isotropic textured polycrystalline crystal have
been successfully measured. The two elastic constants of the
polycrystalline sample C;; and C44 were obtained from mea-
surements of the phase velocity of the bulk longitudinal and
of the shear horizontal modes. The single crystal elastic con-
stants c11, c12 and ca4 constants, the static and optic permittivity
and phonons frequencies at the zone-center were calculated
with the GULP software® using 3 different available pair
potentials.?®28 The calculated single crystal elastic constants
were used as input for the calculation of the Voigt and Reuss'6
averages for our isotropic cubic polycrystalline sample. A fairly
good agreement was found with our experimental results. The
dielectric properties €, and eo/ex were determined from the
Lyddane—Sachs—Teller relation using experimental frequencies
from IR measurements. Semi-empirical relations of vibrational
data with macroscopic properties, such as that of LST and of
Brout’s formula for bulk modulus, were found to be in rea-
sonably good agreement with both experimental values and
pair potential calculations. It demonstrates that the sintering of
commercial oxides can be used to synthesized extremely good
quality transparent polycrystalline YAG ceramic for technical
purposes.
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