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Abstract
Knowledge of single crystal and aggregate elastic moduli of materials at high temperature is important in the development of hightemperature structural ceramics as well as for other areas of material sciences. Sound velocities, and hence elastic moduli, can be readily
measured on micro-crystals, polycrystalline aggregates and amorphous materials using Brillouin scattering. We have developed techniques
for determining the elastic moduli at high temperatures, using both electric resistive heating (to 1800 K) and CO2 laser heating (to T > 2500 K).
The full set of elastic constants of transparent oxides at high temperatures can be measured on samples with dimensions of 100 × 100 × 20 m
or even smaller. Compact resistance heaters of our design were used to study the temperature dependence of the elastic moduli of a variety of
crystalline oxides and glasses, and can be used to observe high-temperature phase transitions involving elastic softening. The combination of
Brillouin scattering with CO2 laser heating allows measurements of the elastic moduli of oxides at even higher temperatures, approaching the
melting points of refractory materials. The acoustic velocities of single-crystal MgO were measured to a maximum temperature exceeding
2500 ± 100 K. Both Brillouin and Raman measurements were performed on CO2 laser-heated samples of single-crystal ␣-Al2 O3 to temperatures exceeding 2000 ± 100 K. Our results show that Brillouin scattering coupled with CO2 laser heating is a viable means of performing
sound velocity measurements at temperatures significantly higher than those readily made using resistance heating.
© 2005 Published by Elsevier Ltd.
Keywords: Spectroscopy; Mechanical properties; High-temperature elasticity measurements by Brillouin scattering

1. Introduction
Knowledge of the high-temperature elastic properties is
fundamental for understanding the mechanical behavior and
performance of structural ceramics under high temperature
conditions. In particular, it is highly desirable to understand
how properties such as elastic stiffness, fracture toughness,
and anisotropy in mechanical behavior of composite materials depend upon the single-crystal elastic properties of
the individual constituents. Such information would be extremely valuable in the design and development of high tem∗
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perature composites with superior properties.11 In addition,
the temperature derivatives of elastic moduli allow dimensional changes and stresses due to heating under physical
constraints, as well as acoustic excitations to be calculated.2
Brillouin scattering provides a means of studying the hightemperature elastic properties of oxides and other refractory
materials. It is an optical spectroscopy method that does not
require any mechanical contact with the sample, and can be
performed on very small samples with dimensions comparable to the size of a focused laser beam. From Brillouin experiments one can easily obtain the entire single-crystal elastic
modulus tensor, Cijkl (or Cij in the reduced Voigt notation) for
materials of arbitrary symmetry, and from this the aggregate
elastic moduli (such as the bulk modulus, Young’s modulus,
Poisson’s ratio, etc.) can be calculated via suitable averaging schemes. Brillouin spectroscopy can be used to study
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other properties at high-temperature such as the refractive
index,3,4 photoelastic properties,5 hypersonic attenuation,6
and the mechanisms of phase transitions.4,6–12
The considerable potential of the Brillouin scattering technique for characterizing material properties at high temperatures has only begun to be exploited. Of the relatively few
high-temperature Brillouin scattering experiments reported
in the literature, most have used large samples with dimensions that typically exceed several millimeters. Although this
does not present a problem for work with common materials, many novel materials of interest cannot be synthesized as
large single crystals. Therefore, one emphasis in our laboratory program has been to employ methods that are suitable for
experiments on microscopic-sized single crystals, and to extend Brillouin scattering studies to polycrystalline samples.
Measuring the elastic properties on such samples by more
conventional methods such as ultrasonic interferometry is often problematic or not possible, especially for single-crystal
samples of low crystallographic symmetry.
In this paper we review both resistance and laser-heating
methods developed in our laboratory that allow measurements of the full elastic modulus tensor on small samples
(≤100 m) to extremely high temperatures, approaching the
melting points of refractory materials. We further describe
the advantages and limitations of each heating method.

2. Brillouin scattering
Brillouin scattering arises from the inelastic scattering of
incident light (photons) from thermally generated acoustic
phonons in the sample. The Brillouin portion of the light
scattered by the sample is shifted in frequency with respect
to the incident light by a factor that is proportional to the
velocity of the acoustic waves:



ω
c
ωλ
V =
=
(1)
ω
2n sin(θ/2)
2n sin(θ/2)
where V is the velocity of an acoustic wave, ω is frequency
shift of scattered light, ω is the frequency and λ is the wavelength of the incident light, c is the speed of light in vacuum,
n is the index of refraction of the sample, and θ is the scattering angle, or the angle between the incident laser ray and
scattered ray inside the sample.
Among the advantages of this technique are that it requires
only very small samples, and that acoustic velocities can be
measured along numerous crystallographic directions in a
single sample, which makes it highly suitable for measurements on low-symmetry crystals. Brillouin spectroscopy also
has several noteworthy characteristics for high-temperature
measurements. First, the intensity of the Brillouin peaks
increases with sample temperature.13 Second, no physical
contact with the sample is needed, thus reducing sample contamination problems and allowing measurements on reactive
samples in a controlled atmosphere. Moreover, the fact that
one only needs optical access to the sample allows great flex-

ibility in furnace design. Third, for transparent oxide crystals
the thermal emissivities are generally extremely low (orders
of magnitude lower than those of metals),14 which results in a
low background from thermal emission and allows measurements to be performed at temperatures exceeding 2000 K.3,15
It can be seen from Eq. (1) that Brillouin scattering
is geometry-sensitive. The scattering angle, and phonon
direction must be carefully controlled in any experiment.
In general, one must know the orientation of the sample
crystallographic axes, crystal faces, and optical indicatrix to
determine the acoustic velocity and corresponding phonon
direction. For practical purposes it is more convenient to
use a special symmetrical geometry16 in which a plate-like
sample with two flat parallel faces is oriented symmetrically
with respect to the incident and scattered light directions
(Fig. 1). In this geometry the phonon direction, q, is in the
plane of the sample. As seen in Fig. 1, for the case of an optically isotropic material, Snell’s law allows the replacement
of n sin(θ/2) with n0 sin(θ * /2) in Eq. (1), where θ * is the
predefined external scattering angle, and n0 is the refractive
index of air, which for practical purposes is set equal to 1. The
main advantage of this “platelet symmetric geometry” is that
velocities are measured independent of the sample refractive
index, (which changes appreciably with temperature, pressure, and across phase transitions) so long as two principal
axes of the optical indicatix are within the plane of the platelet
(a condition that is usually easy to satisfy). This geometry is
especially advantageous when the sample is mounted inside a
high-pressure diamond anvil cell, or a high-temperature cell.
Another geometry commonly used in high-temperature
experiments is back-scattering (BS) geometry.3,17 In this geometry the incident laser light is focused and the scattered
light is collected through the same lens (θ = θ * = 180), and
the sampling phonon direction is identical to the direction of
the incident/scattered light inside the sample. Because BS geometry requires optical access in only one direction, it places

Fig. 1. Platelet, or symmetric, scattering geometry. Solid lines indicate directions of the incident and scattered beams in the sample (rectangle). α and
φ are the angles between the incident (i) and scattered (s) beams and sample
face normals. q is the phonon direction. θ is the actual scattering angle, and
θ * is the external scattering angle.
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minimal restrictions on the design of high-temperature cells.
In general, heaters designed to be used with Brillouin scattering in a BS geometry can achieve higher temperatures
with better thermal stability (lower temperature gradients).
The major disadvantages of BS geometry is that normally
only longitudinal acoustic modes are observed, and that the
measured Brillouin shift is proportional to the product of the
acoustic velocity and the refractive index (ω = 2nV/λ). Although obtaining single crystal elastic moduli is somewhat
problematic with BS geometry, it has proved useful in studies of phase transitions.12 Also, the combination of platelet
and back-scattering geometry can provide information on the
refractive index of the sample.3,17
The velocities of acoustic phonons are related to the
adiabatic elastic moduli and density of a material through
Christoffel’s equation:18
|Cijkl qj ql − ρV 2 δik | = 0

(2)

where V is phonon velocity, qj and ql are unit vectors in the
phonon propagation direction, Cijkl is the elasticity tensor for
the material, ρ is the density, and δik is the Krönecker delta
function. Using Eq. (2), the measured acoustic velocities in
known crystallographic directions can be inverted to obtain
the single crystal elastic moduli using, for example, a linearized general least-squares inversion procedure.19
The minimum number of crystallographic directions in
which the velocities need to be measured to obtain the complete elasticity tensor depends on the crystal class. Lower
symmetry materials have more independent single-crystal
elastic moduli.20 For example, cubic materials (e.g., MgO,
YAG) are characterized by three independent elastic moduli and require measurements of longitudinal and transverse
acoustic velocities in two distinct crystallographic directions,
whereas orthorhombic crystals with nine single-crystal elastic moduli generally require velocity measurements in six
directions.

Fig. 2. Schematic diagram of the Brillouin spectrometer with six-pass FabryPerot interferometer. Abbreviations: BS, beam splitter; FL, focusing lens;
CL, collecting lens; L, lens; M, mirror; SF, spatial filter; R, retroreflector;
PR, prism; PMT/SSD, photomultiplier tube or solid-state detector; FPC,
Fabry-Perot interferometer control unit.

perature cells, and increases the sharpness of Brillouin peaks.
The scattered light is directed to either a Raman spectrometer, or to a piezoelectrically scanned plane-parallel tandem
Fabry-Perot interferometer,13 used in six-pass configuration.
The tandem interferometer suppresses neighboring orders of
scattered light. A combination of a dispersing prism and a
spatial filter after the Fabry-Perot interferometer serves as an
interference filter, removing any fluorescence and most of the
thermal radiation generated by the sample so that it does not
show as a high background in Brillouin spectra.

4. Resistance heating
4.1. High-temperature cells

3. Brillouin system
Descriptions of the instrumentation used in our Brillouin
measurements are given in Ref. 21. A schematic diagram
of the Brillouin system currently in use is shown in Fig. 2.
Briefly, light from an Ar-ion laser (λ = 514.5 nm) passes
through a polarization rotator and Glan-Thompson polarizer
in series, which allows control of both the polarization and
intensity of the incident light. Samples are typically mounted
on an Eulerian Cradle so that their orientation can be varied and phonon directions probed over a wide angular range.
The incidence angle is typically 40◦ or 45◦ (80◦ –90◦ platelet
symmetric scattering geometry). The light is focused on the
sample with a lens with focal distance of 25–50 mm, and
the scattered light is collected by a small f-number (∼3.4)
lens. A vertical aperture mask in front of the collection lens
minimizes astigmatism caused by the windows in high tem-

4.1.1. Symmetric (Brillouin) high-temperature cell
We have designed a high-temperature cell for use
with symmetric scattering geometry Brillouin experiments
(Figs. 3 and 4) to temperatures in excess of 1500 K.22 The
cell is compact (about 5 cm in maximum dimension), and
easily fits onto a standard three- or four-circle goniometer,
allowing a number of additional applications such as X-ray
scattering. Because the cell mounts on a goniometer, one obtains very good control of the scattering geometry, and any
phonon direction within a plane of the platelet can be easily sampled by changing the χ-angle of the goniometer. Finally, the cell is easily used with very small samples (e.g.,
100 × 100 × 20 m or smaller).23–25
The main body of the original cell can be constructed from
a machinable alumina silicate ceramic22 or metal (Inconel)
depending on temperature requirements. A metal cell pro-
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Fig. 3. Schematic diagram of Brillouin scattering in the high-temperature
symmetric Brillouin cell. TC: thermocouples, HW: heating wires.

vides better mechanical stability and is easier to handle, but
the high thermal conductivity of the metal body limits the
maximum temperature to about 1300–1400 K if a Pt–Rh heating element is used. With a ceramic symmetric cell up to
this point we were able to achieve temperatures exceeding
1600 K.
For windows we used a variety of refractory transparent
materials. Fused silica windows are adequate to 1500 K, but
can lose optical quality or soften at higher temperatures. Silica can also react with other cell materials, such as hightemperature cements, at high temperature. As alternative window materials we have used single-crystal sapphire and cubic
zirconia, both of which have higher temperature stability and
lower chemical reactivity. The disadvantage of these windows is that their higher refractive indices introduce more
astigmatism that diminishes the quality of the Brillouin peaks
and increases collection times. As a heating element we typically use Platinum or Platinum70 Rhodium30 wire, wound on
both sides of a threaded ceramic core. We use the largest pos-

Fig. 4. Top-view (A) and cross-section (B) of sample mounting on a window.
This setup shows a small sample embedded into platinum foil and polished
plane-parallel together with the foil. If a sample is large enough (>300 m)
it can be inserted into platinum holder without using the foil.

sible ratio of heater length-to-inner diameter of the heater to
minimize temperature gradients. It was found that the doublecoil design of the heater (the heating wire wound inside and
outside of the heater core) produces more stable temperatures
and smaller temperature gradients in the sample chamber.
The temperature is measured directly by two or more
thermocouples (K or R type) through a computer data acquisition board. The thermocouples are attached with hightemperature cement to a window or embedded into a platinum
sample holder (Fig. 4).23,26 The thermal mass of a relatively
large Pt sample holder helps to damp out any temperature
fluctuations in the cell. At the highest temperatures, the temperature fluctuations usually do not exceed 2◦ over several
hours of operation.
Samples can be cemented directly onto the window,22,25
or embedded into a thin platinum foil24 that is cemented to the
cell window, with thermocouples placed around the sample
(e.g., Fig. 5 in Ref. 22). In later experiments we used 250 m
thick platinum foil as a sample holder to provide thermal
mass. The sample is either cemented into the holder, or to
avoid reaction with a cement it can be placed in a recess and
held with a platinum cap (Fig. 4).
4.1.2. Axial (synchrotron) high-temperature cell
We have designed an alternative ceramic heating cell with
limited optical access (Fig. 5) for backscattering Brillouin

Fig. 5. High-temperature axial ceramic furnace for back-scattering Brillouin, Raman, and synchrotron X-ray measurements. (1) Thermocouple connector; (2) ceramic thermocouple/sample holder; (3) sample holder with
sample and thermocouple; (4) heating elements; (5) silica glass/MgO window; (6) insulating ceramic fiber tape; (7) ceramic furnace body; (8) pins;
(9) ceramic base; (10) through holes in ceramic base to minimize its thermal
conductivity; and (11) metal base for mounting the furnace.
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measurements or for synchrotron X-ray measurements of
thermal expansion.27 This cell also fits easily onto a standard X-ray goniometer and is compatible with our Brillouin
system. The advantages of this cell over the cell for symmetric scattering experiments are higher thermal stability, lower
thermal gradients (due to the aspect ratio of the furnace and
better thermal insulation), and higher temperatures (up to
1800 K with Pt70 Rh30 heating elements).
The limited optical access provided by this cell allows it
to be used only in back-scattering or near-forward scattering
geometries. While such measurements do not provide acoustic velocities and elastic moduli directly without the knowledge of the refractive index, they can be extremely useful in
studying phase transitions.12 In addition to X-ray diffraction
and Brillouin experiments, this cell has been used for other
high-temperature applications such as measurements of the
refractive index and Raman scattering.28
4.2. Results using resistance heating
4.2.1. Single crystals
The symmetric high-temperature cell has been used to
measure the elastic properties of single crystal MgO, which is
an important ceramic and is used in a variety of applications.
Because the elastic properties of MgO have been investigated
in several previous studies,17,29,30 it also provides an excellent
means of assessing the accuracy of our resistance heating
techniques.
The acoustic velocities in MgO as a function of temperature and crystallographic direction were measured from room
temperature to 1510 ± 10 K with 100–200 K intervals, both
on increasing and decreasing temperature.22 Up to the maximum temperature the Brillouin spectra were of superb quality
with negligible thermal background (Fig. 6). At three temperatures (295 ± 1 K, 1073 ± 5 K, and 1510 ± 10 K) the data
were collected in more than 10 crystallographic directions
(Fig. 7) which allowed us to perform a “joint inversion” for

Fig. 6. Brillouin spectra of MgO in [1 1 0] direction in symmetric hightemperature cell. Unshaded peaks – room temperature spectra, shaded peaks
– spectra at 1510 ± 10 K. The intensities of the peaks are scaled to fit on the
same plot.
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Fig. 7. Acoustic velocities in MgO as a function of crystallographic direction
(χ-angle) at room temperature (solid symbols) and 1510 K (open symbols).
Lines show acoustic velocities calculated from the best-fit elastic moduli at
room temperature (solid) and 1510 K (dashed).

both the crystallographic orientation of the sample and singlecrystal elastic moduli.31 The results of the joint inversions
yield sample orientations at the three different temperatures
(that are within one crystallographic degree), which we applied to the data at all temperatures to calculate phonon directions. At other temperatures the data were usually collected
in 6–7 directions, which provides redundancy in calculation
of the three independent Cij ’s for cubic MgO. Note that measurements in only 3–4 crystallographic directions would be
sufficient to obtain orientation and elastic moduli of such cubic phases, providing that the normal to the sample plane is
known. Such a dense dataset was used to assess the internal
consistency of the measurements.
Acoustic velocities were inverted for the elastic moduli
using a linearized inversion procedure described by Weidner
and Carleton.19 The density of MgO at high-temperature was
calculated from the thermal expansion data from Refs. 32,
33. The resulting single-crystal elastic moduli are shown in
Fig. 8 and listed in Table 1, along with the previous ultrasonic
results of Sumino et al.30 and Isaak et al.29 Our Brillouin results are in agreement with previous measurements, and no
systematic deviations from the trend of the ultrasonic results
were observed. Further descriptions of these results are given
by Sinogeikin et al.22 The excellent agreement between our
results and independent measurements at lower temperatures
demonstrates that our experimental techniques can be used
to obtain accurate high-temperature single-crystal elasticity
measurements on very small crystals to temperatures in excess of 1500 K.
The symmetric high-temperature cell was used to measure
the temperature dependence of the single-crystal elastic moduli to 1473 K of Yttria (Y2 O3 ), which, in the form of dense
polycrystalline ceramics, has been considered for use in nuclear applications and infrared optics.2 We have further performed single-crystal studies on a number of geophysically
important silicate minerals, including the high-pressure poly-
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Fig. 8. Single-crystal elastic constants of MgO as a function of temperature. Open symbols (circles and squares) represent two different runs from
this study. Diamonds and crosses show ultrasonic data of Isaak et al.29 and
Sumino et al.30 for comparison. The size of the symbols is bigger than the
experimental uncertainty.

morphs of olivine (␥-Mg2 SiO4 and ␥-(Mg,Fe)2 SiO4 ),24,25
lawsonite (CaAl2 (Si2 O7 )(OH)2 ·H2 O),26 and magnesiumaluminum garnet—pyrope (Mg3 Al2 Si3 O12 ).23
4.2.2. Polycrystalline aggregates
The synthesis of crystals large enough for single-crystal
elasticity measurements can be a significant experimental
challenge, and the ability to measure elastic properties using polycrystalline aggregates is essential in this case. The
main restriction for measurements on polycrystals is that the
samples need to be well sintered, so that they are transparent
and do not produce a lot of elastically scattered light. Elastic Rayleigh scattering of light from the sample generally
produces a very broad central elastic peak and increases the
background in these types of experiments.
Table 1
Polynomial representation of single-crystal and aggregate elastic moduli of
MgO
Modulus/coefficient

This study,
to 1510 K

Sumino et al.30
300–1300 K

Isaak et al.29
300–1600 K

C11

315.5
−0.058
−1.703
158.9
−0.010
−2.773
93.8
0.007
−3.084
168.1
−0.016
−1.907
137.7
−0.022
−1.729

315.2
−0.062
0.692
160.7
−0.014
−0.086
92.9
0.011
−6.005
167.1
−0.013
−3.616
138.6
−0.026
0.668

317.9
−0.062
0.283
161.4
−0.013
−1.467
93.8
0.010
−5.468
168.5
−0.014
−3.547
139.6
−0.025
−0.036

C44

C12

K0S
µ

a
b
c
a
b
c
a
b
c
a
b
c
a
b
c

All the coefficients are given for the equation: M(T) = a + b × T +
c × 10−6 × T2 , where M is an elastic modulus, and T is temperature in K.

The high-temperature elastic moduli were measured on
fibers of mullite (∼2.5Al2 O3 ·SiO2 ), a common ceramic material, to 1475 K.1,34 Even though the samples consisted of
highly-textured polycrystalline fibers,35 with crystallites having different rotation about their c axis by up to 5◦ , it was
possible to extract all nine single crystal elastic constants
(orthorhombic symmetry). That study34 revealed substantial differences between bulk elastic properties calculated
from “single crystal” measurements and the properties reported in the literature for polycrystalline-sintered mullite. It
was shown that factors, such as microstructure, intergranular silicate glassy phases, and composition have significant effect on the elasticity of mullite ceramics, especially
at hightemperatures.
We also performed high-temperature elasticity measurements on a range of polycrystalline garnet-structured compounds (Mg4 Si4 O12 –Mg3 Al2 Si3 O12 solid solutions), that are
stable at high pressure and are geologically important phases
in the deep Earth.23 The measurements were performed on
extremely small samples (<100 m in lateral dimensions and
∼20 m thick) with randomly oriented grains of submicron
size. Such a texture allowed us to measure the aggregate
acoustic velocities and elastic moduli directly, providing essential information for geophysical modeling.
4.2.3. Phase transitions
High-temperature Brillouin scattering has been extensively used to study the mechanisms of phase
transitions,4,6–11 particularly those involving elastic mode
softening. An example studied in our laboratory involves the
high temperature phase transitions of enstatite (MgSiO3 ),12
an important component in some ceramics. It is well known
that the low-temperature orthorhombic form of this mineral
(orthoenstatite) undergoes at least one phase transition to either a monoclinic (clinoenstatite) or another orthorhombic
nonquenchable polymorph (protoenstatite). Both the temperature of this transition and the structure of the stable high
temperature form are controversial.36,37 High temperature Xray studies of the phase transitions in this material have not
been definitive, due in part to the complexity of the crystal
structures involved, the close similarities in structures of the
polymorphs, the presence of twinning, and the sensitivity of
the transitions to shear stresses. Our single-crystal Brillouin
scattering measurements on natural orthoenstatite to 1623 K
at 1 atm12 provide clear evidence for a phase transition that
is accompanied by significant softening of the elastic moduli C33 and C55 . This softening makes the occurrence of the
phase transition at 1363 ± 2 K ≤ TTr ≤ 1448 ± 7 K far more
obvious in the Brillouin data than in X-ray diffraction. These
are the first observations of elastic softening in orthoenstatite
at high-temperature. The details are given in Jackson et al.12
4.2.4. Glass transition
A final example of the applications of resistance heating Brillouin experiments is in the glass ceramic field. The
glass transformation temperature, Tg , from the glassy to the
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supercooled liquid state is easily seen in Brillouin scattering
measurements.7,15,38,39 In addition to obtaining the elastic
properties by measuring the magnitude of the Brillouin shift,
analysis of the widths of the Brillouin peaks gives information on relaxation and viscoelastic properties of glasses and
melts. This information can in turn be related to the mobilities
of atomic species in these materials.40

exciting Brillouin scattering, is significantly higher than the
intensity of Brillouin peaks, that is when Brillouin peaks can
not be distinguished from thermal background. Optically
transparent samples (especially well polished single crystals)
have extremely low emissivity in the visible, usually orders
of magnitude lower than metals. This allows relatively low
thermal emission and the possibility of performing Brillouin
scattering to temperatures exceeding 2000–2500 K.

5. IR laser heated measurements

5.1. Experimental methods

Conventional high-temperature Brillouin scattering,
which employs resistance heaters, can be routinely performed to temperatures of about 1500 K.2,12,22,34 There are
a few examples of Brillouin measurements performed to
higher temperatures.3,17 The highest temperature measurements performed by Brillouin scattering with resistive heating thus far are those by Vo-Thanh et al.15 who measured
the product of the compressional acoustic velocity (VP ) and
refractive index of silicate melts up to 2350 K. In theory it
is possible to make resistance furnaces which will be able to
achieve higher temperatures, but there are a number of limitations that make these cells impractical for Brillouin measurements.
One limitation is a high thermal background in hightemperature Brillouin spectra which, at temperatures below 2000 K, is usually related to the radiation from heater
elements (e.g., heating wires and polycrystalline ceramic
components), rather than a sample itself. The maximum temperature of elasticity measurements is also limited by any reactions which can take place between a sample and furnace
elements or a ceramic cement, usually resulting in a deterioration of the sample at extreme temperatures.3,17 In addition,
there are practical limitations to the construction and operation of resistance furnaces for temperatures far above 1500 K,
especially for ones which are compact and have sufficient
optical access for accurate Brillouin measurements. Therefore, it is desirable to use non-resistive, or contactless heating
methods in order to achieve maximum temperatures and fully
exploit the benefits of high-temperature Brillouin scattering.
The most effective contactless method for heating ceramic (oxide) materials is irradiation by longer-wavelength
infrared lasers (λ∼10 m). Such techniques are routinely
used for thermal processing of silicates and oxides41,42 and
material synthesis,35 as well as for studying phase relations
and physical properties of such materials, especially at
high pressures.43–45 The maximum temperature which
can be obtained with IR laser-heating is limited only by
the maximum temperature of sample stability (melting,
decomposition, deterioration) rather than heater limitations.
The maximum temperature in Brillouin scattering experiments is also determined by the thermal background from
the sample (which is directly proportional to emissivity
of the sample). The collection of Brillouin spectra is no
longer possible when the intensity of thermal emission
in the region corresponding to the frequency of the laser,

The CO2 laser-heating system used with Brillouin scattering measurements is shown schematically in Fig. 9. It is
based on a conventional Brillouin system (Fig. 2) with the
addition of a 100 W CO2 (λ = 10.6 m) pseudo-CW laser
operating in TEM00 mode, a broadband spectrometer, and
optical components to deliver the CO2 laser beam to a sample and analyze Raman and incandescence spectra. The CO2
laser is equipped with a built-in power stabilization system
which provides a nominal power stability of ±0.5% (after
warm-up). In all experiments we used an unfocused laser
beam with a near-Gaussian beam profile and a full width
at half maximum (FWHM) of ∼2 mm. All Brillouin/Raman
measurements were performed in a platelet symmetric scattering geometry. A detailed description of the system and
experimental setup is given in Sinogeikin et al.28
5.2. Results from laser-heating measurements
5.2.1. Brillouin scattering on MgO
The feasibility of performing Brillouin measurements
on laser-heated samples (temperature stability, maximum

Fig. 9. Schematic diagram of the laser-heating system for Brillouin measurements. Abbreviations are: AM, aperture mask; BSt, beam stop; M, mirror;
BS/FM, beam splitter or flipping mirror; NF, notch filter; PM, powermeter;
VC, video camera. The details of the Brillouin spectrometer are given in
Fig. 3.
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experimental temperatures, thermal gradients) was first
demonstrated on single crystals of MgO in the (1 0 0)
orientation polished plane-parallel to ∼50 m thickness.
The Brillouin measurements were performed in the [1 0 0]
and [1 1 0] crystallographic directions. Below 1900 K the
thermal background in the Brillouin spectra was negligible
and became significant only above 2100 K. At high temperature the Brillouin peaks remained sharp and well defined to
a temperature of ∼2400 K (Fig. 10). At higher temperatures
the quality of the spectra degraded due to an extremely high
thermal background, and significantly longer collection
times were necessary to obtain a reasonable signal-to-noise
ratio (note that the intensity of the Brillouin peaks increases
linearly with temperature,13 whereas the intensity of
thermal radiation is proportional to T4 ). Temperatures in
the laser-heating experiments were obtained by comparing
measured velocities of MgO with previous measurements to
1500 K with a resistance heater22 and extrapolated to higher
temperatures. The acoustic velocities in this experiment
served as an internal thermometer, and the temperatures
calculated separately from VP and VS peak positions were
within 80 K. We calculated that the highest temperatures of
our Brillouin measurements were 2300 ± 100 K in the [1 0 0]
direction and 2520 ± 100 K in the [1 1 0] direction. We
believe that optimization of the system (e.g., using a shorter
wavelength phonon probe, such as 488 nm) can increase the
temperature limit by several hundreds of degrees.
The Brillouin measurements on laser-heated MgO were
also used to access the thermal gradients in the laser-heated
spot. Laser heating is a localized heating method as compared to resistive heating where the entire sample is heated
uniformly. Therefore, it is important to consider axial (along
the axis of CO2 beam) and radial (perpendicular to the laser
beam) temperature gradients. The radial thermal gradients

Fig. 10. Brillouin spectra of MgO in the [1 1 0] direction with CO2 laser
heating at 1920 ± 100 K and 2520 ± 100 K.

are not a serious concern in the present experiments because
we used a broad unfocused CO2 laser with FWHM ∼ 2 mm,
while the spectra were collected from an axial area of
40–60 m.
The axial thermal gradients were estimated based on the
width of the MgO Brillouin peaks as compared to measurements in resistively-heated cell with practically nonexistent
gradients. The acoustic velocities in MgO decrease rapidly
with temperature (especially VP [100] and VS [110] )22 thus the
presence of temperature gradients in a sampling volume
would increase the width of Brillouin peaks. Analysis of the
Brillouin peaks obtained using laser-heating indicated that
the axial thermal gradients across the samples at the highest
temperatures do not exceed 50 K (which is within the uncertainty of temperature determination). The further details are
given in Sinogeikin et al.28
5.2.2. Brillouin and Raman scattering on Al2 O3
One of the drawbacks of laser heating (especially for
transparent samples) is that the temperature cannot be measured with a thermocouple, and can only be characterized by
thermal emission above 1200–1500 K in the best of cases due
to extremely low emissivities of transparent oxide materials.
An inability to characterize moderate sample temperatures
would significantly limit the applicability of CO2 laser
heating for high-temperature elasticity measurements.
Therefore, to characterize temperature in the range from
ambient to 1500–2000 K, alternative ways of measuring
temperature are needed.
Even though the thermal radiation is the primary way
of measuring and calibrating temperatures above 1200 K,46
there exist a variety of alternative ways of temperature measurements based on the temperature dependence of measurable physical properties of materials, for example vibrational
frequencies obtained from Raman spectroscopy. Our experimental setup allows the collection of Brillouin and Raman
spectra from the same spot on the sample (Fig. 9). Therefore,
it is possible to use information contained in Raman spectra to characterize the temperature in the laser-heated spot
(except for some cubic crystals, such as MgO, which do not
produce any first-order Raman spectra). The temperaturesensitive properties of Raman spectra are anti-Stokes/Stokes
intensity ratio, the widths of Raman peaks, and the absolute
positions of Raman peaks.
The anti-Stokes/Stokes intensity ratio is widely used for
temperature measurements.47–49 The theoretical limit of this
method is about 1200 K, above which the anti-Stokes/Stokes
intensity ratio approaches unity. In practice this method may
be accurate only at temperature below ∼750 K.47 The widths
of Raman peaks increases with temperature.48,50 Unfortunately, the quality (and therefore the accuracy of width measurements) of the Raman peaks progressively degrades with
increasing temperature51 thereby limiting the applicability of
this technique.
In our experiments as an internal thermometer, we have
explored the use of temperature-induced Raman shift, which
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seems to be the most accurate spectroscopic method of
measuring moderate temperatures.47 The Raman shift is
geometry (scattering angle) independent, and can be readily
calibrated in any geometry with a variety of high-temperature
devices.51,52
Brillouin and Raman spectra were measured on a laserheated sample of ␣-Al2 O3 (sapphire). This material was chosen because of its importance as a ceramic, and it has been
characterized by a variety of experimental techniques. Sapphire has a high melting temperature (2326 ± 3 K) and does
not undergo any high-temperature phase transitions. Its single
crystal elasticity at high temperature was previously measured by rectangular parallelepiped resonance to 1825 K53
and by Brillouin spectroscopy to 2100 K.3
The calibration high-temperature Raman measurements
were performed in an axial resistive heating furnace (Fig. 5)
in a near-forward scattering geometry. An argon-ion laser
(λ = 514.5 nm) was used as an excitation source. Both Stokes
and anti-Stokes Raman shifts were measured to 1500 K.
Above that temperature the thermal emission by the platinum holder, heater, and ceramic parts produces extremely
high thermal background which significantly degraded the
quality of the Raman peaks, and did not allow us to precisely
determine their positions. The temperature shifts of the Raman peaks were fitted by quadratic functions.48 The sharp
and intense peak at 417 cm−1 gave the most consistent positions (Fig. 11). The temperatures, as calculated from the
position of this peak and a fitted function in the interval from
300 to 1400 K, were within 10 K of temperatures measured
by thermocouples.
The laser-heating Brillouin measurements were performed in a 80◦ symmetric platelet geometry on single
crystals cut into ∼1 mm × 4 mm slabs and polished to
50–60 m thickness. High-temperature Brillouin spectra
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Fig. 11. Frequency shift of the most intense line (417 cm−1 ) in the Raman
spectrum of sapphire as a function of temperature measured by thermocouples in an externally—heated cell. The solid line is the quadratic least-squares
best fit (ν = 4.95 − 0.0157 × T − 3.4556 × 10−6 × T2 ). Data above 1400 K
were not used in the fit. The uncertainty in temperature and peak positions
is smaller than the size of the symbols.

were collected in the [1 0 0] and [0 1 0] crystallographic
directions up to 2000 ± 100 K. Up to the highest temperature, the quality of Brillouin spectra was excellent. The
thermal background in Brillouin spectra was observed only
above 1900 K, but remained negligible up to the maximum
temperature. Raman spectra were collected during each run
before and after the Brillouin measurement and were further
used to calculate sample temperature (note that the Raman
and Brillouin spectra were collected from exactly the same
volumes of the sample, where the light from Argon ion laser
passes through the sample). Unfortunately, the Raman peaks

Fig. 12. Acoustic velocities in ␣-Al2 O3 , measured on laser-heated samples, as a function of temperature in a-direction ([1 0 0]) (plate A) and b-direction
([0 1 0]) (plate B). Diamonds and circles are measurements from this study. The temperature was calculated from the temperature-induced frequency shift of
the 417 cm−1 Raman peak (see Fig. 11). Open squares—ultrasonic (RPR) measurements of Goto et al.53
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The good agreement between our results and those measured
by ultrasonic techniques demonstrates the viability of using
Brillouin scattering of laser-heated samples in combination
with Raman spectroscopy to obtain reliable elasticity information at moderate temperatures where the application of
thermoradiometry is not possible.

6. Summary

Fig. 13. Selected single-crystal elastic moduli of ␣-Al2 O3 , measured on
laser-heated samples, as a function of temperature (solid symbols). Open
symbols are from ultrasonic measurements of Goto et al.53 .

were not distinguishable from the thermal background above
2000 K, which prevented us from performing measurements
at higher temperatures.
The measured acoustic velocities in the [1 0 0] direction as
a function of calculated temperature are shown in Fig. 12A.
Fig. 12B shows the velocities measured in two distinct orientations corresponding to the [0 1 0] crystallographic direction.
Also shown are the velocities calculated from single-crystal
elastic moduli reported in Goto et al.53 (Fig. 12A and B,
open squares). From our measured velocities the single crystal moduli C11 , C66 and C12 were calculated (Fig. 13 and
Table 2) using the thermal expansion data of Goto et al.53
Table 2
Selected single-crystal elastic moduli of Al2 O3 at high temperatures
T (K)

C11 (GPa)

T (K)

C66 (GPa)

C12 (GPa)

297
518
518
798
979
1173
1417
1648
1805
1980
1928
2083

498
488
486
473
468
456
444
432
423
414
415
407

296.9
296.9
503
805.2
1008.3
1213.7
1456.5
1701.6
1826.3
1967
1939
296.9
296.9
296.9
484
752.2
957.7
1136.6
1398

167.5
167.0
164.0
157.5
152.7
148.8
142.9
136.8
133.5
128.7
130.1
168.1
168.1
167.7
164.6
158.6
154.3
151.0
145.1

162.5
163.5
160.3
159.4
159.1
156.8
155.8
155.0
154.7
156.2
155.1
161.3
161.3
162.1
160.0
159.7
158.5
156.2
154.6

The uncertainty in temperature is <5%. Uncertainties in C11 and C66 are 1%,
and uncertainty in C12 is 2%. C12 was calculated from C12 = C11 − 2C66 .

We have developed techniques for measuring the elastic moduli of ceramic materials at high temperatures, using both external heating (to 1800 K) and laser heating (to
T > 2500 K) of samples. The full set of elastic constants of
transparent oxides (even possessing low symmetry) at high
temperatures can be measured on samples with dimensions
of 100 × 100 × 20 m or even smaller, which is not readily
achieved by other techniques.
We have designed compact resistance heaters which were
used to study temperature dependence of the elastic moduli of
a variety of single-crystal and polycrystalline oxide materials
and glasses, and were used to observe high-temperature phase
transitions involving elastic softening and glass transitions in
various materials.
We have combined Brillouin and Raman scattering with
CO2 laser heating. This allowed measurements of the elastic
moduli of oxides performed at yet higher temperatures,
approaching melting points of refractory materials. Brillouin
scattering velocity measurements with CO2 laser heating
were performed on MgO to 2510 ± 100 K (the highest
temperature thus far at which Brillouin scattering measurements have been made) and ␣-Al2 O3 to 2000 ± 100 K.
Brillouin and Raman scattering measurements were made
simultaneously at high-temperatures. The sample temperatures were inferred either from independent sound velocity
measurements performed with a resistance heater (MgO),
or from temperature dependence of the Raman modes
(Al2 O3 ).
Our results show that Brillouin scattering coupled
with CO2 laser heating is a viable means of performing
sound velocity measurements at temperatures significantly
higher than those readily made using resistance heating.
We demonstrate the viability of combining Brillouin
and Raman spectroscopies on laser-heated samples for
obtaining reliable velocity measurement at moderate temperatures where the application of thermoradiometry is not
possible.
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