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A compact ceramic high-temperature cell for Brillouin spectroscopy was designed and tested. The
cell can be mounted onto a three- or four-circle goniometer and allows collection of the full set of
elastic constants of minerals to temperatures in excess of 1500 K from samples with dimensions of
100X 100x 20 um or smaller. As a test of the instrument the single-crystal elastic constants of MgO
were measured to 15(1D) K, and are found to be in excellent agreement with earlier independent
results. The high-temperature cell should be useful for other types of spectroscopic measurements,
and is especially useful in situations where spectral properties vary with the scattering geometry.
© 2000 American Institute of PhysidsS0034-67480)02201-3

I. INTRODUCTION hundreds of microns. Other limitations may include dif-
ficulty in the precise orientation of samplég) very limited
A knowledge of elastic and other fundamental propertiesangular access to the sample, which restricts the number of
of materials at high temperature is important from both thescattering directions and elastic constants that can be ob-
technological and scientific points of view. High-temperaturetained, especially for symmetries lower than cubic, &B)d
elasticity data provide fundamental information on the inter-difficulty in measuring the refractive index as a function of
atomic forces in solids. They are important in geophysics fotemperature independenfly?
constructing reliable mineralogical models of the Earth’s in-  To overcome these problems we designed a ceramic
terior by comparing laboratory elasticity data on mineralshigh-temperature cell for single-crystal Brillouin spectros-
with seismologically determined properties. For geophysicatopy to temperatures in excess of 1000 °C. The cell is com-
purposes and for materials that may be used in highpact(about 5 cm in the maximum dimensigand easily fits
temperature applications, it is obviously advantageous tento any standard three- or four-circle goniometer, allowing
characterize materials at elevated temperatures. a number of additional applications such as x-ray scattering,
Brillouin scattering provides a means of studying theetc. Our Brillouin cell utilizes a symmetric scattering
high-temperature elasticity of materials. Being a purely optigeometrfi1 which yields velocity measurements independent
cal method, it does not require any mechanical contact besf the refractive index. This is important because the refrac-
tween the sample and measuring equipment, and can be peive index can change appreciably with temperature. Because
formed on very small samples with dimensions comparabl¢he cell mounts onto a goniometer, one obtains very good
to the size of the focused beam. In addition, Brillouin spec-control of the scattering geometry, and any phonon direction
troscopy can be used to study other properties at high tenwithin a plane of the platelet can be easily sampled by
perature such as the refractive index, photoelastic changing they-angle setting of the goniometer. As a result,
properties’ hypersonic attenuatichand the mechanisms of the complete set of elastic constants as a function of tempera-
phase transitions?° ture for crystals with symmetry higher than monoclinic can
Despite the considerable possibilities described abovehe obtained from a single sample if the sample plane inter-
there have been relatively few high-temperature Brillouinsects all three crystallographic ax@gzinally, the cell allows
spectroscopy experiments reported in the literature. Mostis to work with crystals approximately 18A00X 20 um or
have typically used bulky furnaces with limited optical ac- smaller* It should be straightforward to modify the cell for
cess and restricted possibilities for data collection, and thexperiments in a controlled atmosphere.
crystal samples typically exceeded several millimeters in
each dimension. Although this does not present a problem
for work with common materials, some materials of interest
cannot be synthesized with crystal sizes more than a feW. CELL DESCRIPTION

The geometrical design of the high-temperature Bril-

dAuthor to whom correspondence should be addressed; electronic mai|'0uin cell is similar to that of a large-opening Merill-Bassett
sinogeik@uiuc.edu . . . .

bCurrent address: Dept. of Civil Engineering and Geological Sciences, Unid'am(_)nd aTIVII ceft* (Fig. 1. H_Owever the cell described
versity of Notre Dame, Notre Dame, IN 46556. here is designed to generate high temperature only, not pres-
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Laser Sample Insulation
beam in / HIeater
‘: 3
TC = HW

Scattered Fused silica | window support r 4| r

beam out window FIG. 3. Base of the high-temperature cell. 1—Goniometer socket;

Optional fused 2—ceramic plate; 3—metal support for the heater and thermocouple con-
silica window nectors; 4—insulating ceramic fiber strip; 5—ceramic base; 6—threaded
FIG. 1. Schematic diagram of Brillouin scattering in the high-temperatureholes for optional water cooling; 7—screw well for connecting the ceramic
Brillouin cell. TC—thermocouples; HW—heating wires. base with the metal base; 8—spacer for mounting window supports;

9—holes for ceramic guide pins.

sure. The cell consists of five major components: the cellhent and can be used for a more precise match of cell com-
base, window supports, windows, heater, and thermocouplgspnents.

(Fig. 2), each of which is described below.

The main body of the cell is constructed from machin-
able alumina silicate ceramic, which is inexpensive and i€\ Base
easily obtained from a variety of manufacturers and distribu-  The base of the cellFig. 3) consists of two main parts:
tors (e.g., McMaster—Carr Supply Companyrhis type of a goniometer socket and a ceramic base. The goniometer
ceramic is rated to withstand temperatures of up to 1370 Ksocket was machined from brass. Alternatively, commercial
and has proved reliable for sample temperatures well in exsockets/height adapters can be obtained from any x-ray
cess of 1500 K. For higher temperatures, a different machinequipment supplier.
able ceramic can be readily substituiedg., RESCOR 960, The upper part of the cell base, to which the main body
Cotronics. Although RESCOR 960 ceramic is more expen-of the cell is mounted, was made from machinable alumina
sive, it has better thermal shock and mechanical properties agilicate ceramic. The spacer for mounting window supports
higher temperatures than alumina silicate ceramic. in the upper part of the base is machined with a thickness

The advantage of using a machinable ceramic is that it isvhich is slightly greater than the thickness of the two win-
soft and easily shaped with conventional tools. Since thesgows to allow for the thickness of the sample and the ther-
types of ceramics are usually quite brittle, care must be takemocouples. We used 1/8 if3.175 mm thick windows and
not to chip sharp edges during machining. After the parts are thickness for the spacer bar of 6.5 mm to ensure a 0.15 mm
machined, they are heat treated according to the manufactugap between the windows.
er's instructions to obtain their maximum strength and ther-  Since the cell is mounted on a goniometer, special care
mal stability. Note that during heat treatment the aluminashould be taken to prevent the goniometer from overheating.
silicate ceramic can expand slightli1.8% in our case  The cell can be water cooled to minimize the temperature at
which must be taken into account when fitting with metalthe base. Due to the low thermal conductivity of the ceramic
parts such as the goniometer socket. A number of machirand holes for water coolingwhich decrease the effective
able ceramicge.g., RESCOR 960do not require heat treat- area for heat transfgrthe base of the cell remained rela-
tively cool (60—70°Q without water cooling even at the
highest temperature achievétb10 K).

A strip of 1 mm thick stainless steel was placed between
the lower and upper parts of the base and bent appropriately
so it could provide support for electrical connectdfgy. 2).

A piece of insulating ceramic fiber strip was placed in be-
tween the connector support and the ceramic base. The go-
niometer socket and ceramic base were connected with two
screws.

B. Window supports

Top and side views of the window support plates are
FIG. 2. View of the entire high-temperature cell. 1—Goniometer socket;Shown in Fig. 4. The window supports were machined from
2—insulating ceramic plate; 3—metal support for the thermocouple and] 5 in. diam rods of machinable alumina silicate ceramic.
heater connectors; 4.—ceram|c k_)ase; 5—threaded holes for wa.ter coollnqehe cone has an overall Opening of 100°, which allows its
6—heater connector; 7—ceramic window support; 8—screws; 9—fused . . . . o o
silica window; 10—ceramic guide pins; 1l—ceramic spacer; 12— US€ in & symmetric scattering geometry with up to a 90°-95

thermocouple connectors. scattering angle. Since no pressure is applied to the cell, the
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refractive index of the fused silica is about 1.46 and does not
change appreciably with temperature. For a window thick-
ness of 1/8 in(3.175 mm the diameter of the outside sur-
face of the window should not be smaller than 4.8 mm in
order to use an 80° symmetric scattering geometry With
=3.3 lenses and achieva 1 mmworking area inside the
cell. Failure to meet these conditions will result in vignetting
(shadowing part of the incident and/or scattered cones of
light) and systematically lower the observed Brillouin shifts.
A discussion of vignetting effects on Brillouin spectra is be-
yond the scope of this article; we refer the reader to the
discussion by Oliveet al® who considered an optical ge-
ometry identical to ours in the context of Brillouin scattering

with a diamond anvil cell. We note only that the dimensions
N of our high-temperature cell are easily altered to suit almost
- any optical configuration without significantly changing the

. . N eperformance of the cell.
FIG. 4. Top view and cross section of the ceramic window support plat . . .
with the attached window. 1—Window; 2—ceramic window support plate; The windows were machined from 1/8 i8.175 mm

3—holes for guide pins; 4—screw hole; 5—grooves for thermocouplethick disks of fused silica with polished parallel faces. For
wires; 6—grooves for heater wires; 7—high-temperature cementyyindows 6 mm in diameter the disks were cut into 6
8—optional outer window. X 6 mm square or octagonal blocks. These blocks were glued
. ) . with superglue to 6 mm diam silica-glass rdggth the pol-

diameter of the central hole in the supporting plate can bgspeq surfaces of the blocks perpendicular to the axis of the
nearly as large as that of the vylndows. ) rod). These rods were secured in a drill press, and the blocks

The paralleliness of the window supports is controlled,yere ground to the desired conical shape with a conventional
by proper dimensions of ceramic spacg@mse bar of the base diamond file

gnd one tgbg on top sitting OB guide ping’ge dist.ancedd. The fused silica windows proved adequate to tempera-
etween window supports can be increased by putting addy, og o up to 1500 K, but can lose optical quality or soften at

tlonz_T_Ihwashers (t)'n IOFI) ct)f thﬁ cer?mu:trs]spacehrsﬁ les: th ‘ higher temperatures. The silica may also react with certain
€ supporting piates have five through Noles. tree 10, giq g5 at high temperature. Alternative materials used for

gerzmlc guuje tphlns and tw? fqr sclretws. The guide psnnan—. windows were sapphire and cubic zirconia. The advantage of
ard ceramic thermocouple insulatoesnsure proper posi- these two materials are higher temperature stability, lower

tioning of the windows and connect the window sul:’portsreactivity, and higher refractive indexes. This reduces the

with the base. In one of the two support plates the SCT®inimum window diameter-to-height ratio, which will result
holes are threaded. in a more uniform temperature distribution, and allows work
. Before heat treatment we made grooves 1-1.5 mm dee\Bith larger sample areas. The disadvantages are higher
wh|ch are used_ to recess and secure the thermocouple aggength(which makes the machining of windows more dif-
heating wires(Fig. 4.)' : ficult), high acoustic velocities and velocity anisotropy
On the outer side of th_e WlndOW. supports we cut 1._2(WhiCh could complicate the Brillouin spectra of very thin
mm deep.steps. tq allow gluing of add|t|opal §|I|ca—glas§ W'r.]'sampleﬁs and higher astigmatism due to the higher refractive
dows, which eliminate contact of the main windows with air indexes.
and reduce the temperature gradient inside the cell. The Sapphire windows were also machined from 1/8 in. thick

trade-off is that the outside windows introduce additional olished sapphire disks. The windows, shaped as truncated

astigmatism and reflect an appreciable part of the indde”gctagonal pyramids, were cut using a fine diamond saw. Cu-
and scattered beams, diminishing the quality of the BrillouinbiC Zirconia windovx;s were made from round diamond-cut

spectra. jewelry obtained from a commercial gemstone dealer. A flat
inner facet was hand ground and polished parallel to the
table of the gemstone using a metal jig and a series of silicon
Brillouin spectra are geometry sensitive, and the scatterearbide abrasive filmg30, 5, 1 um grit size. Excess mate-
ing angle must be carefully controlled in any experiment. Torial on the sides was ground off with silicon carbide sandpa-
ensure that no part of the incident or scattered beams is cpeer. Alternatively, the windows from either of the above ma-
off, the ratio of window height to outside window diameter terials can be easily machined using a lapidary faceting
should not exceed a critical value which is defined by themachine.
refractive index of the window material used, the scattering  Note that only two parallel facets of the windows should
geometry, and the numerical aperture of the focusing antiave near-optical quality. The sides of the windows should
collecting lenses. The maximum height to width ratio for thebe coarse ground, which makes it easier to glue the windows
windows is easily calculated through Snell's law. For ex-to window supports and to glue thermocouples to the win-
ample, in our experiments we used windows made of fusedows.
silica. At a wavelength ok =5000 A, the room temperature The windows were attached to the window supports with

C. Windows
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either Cotronics 903 HPRT alumina adhesive or Cotronics A Cement Sample
906 magnesia adhesive. We found that, since the alumina

adhesive contains much finer powder than the magnesia ad-

hesive, it is easier to work with, especially where very fine

work is required. Nevertheless the magnesia adhesive shows

less reactivity and better stability at high temperature.

Thermocouple Silica window

D. Heater

B A /
The core of the heater was machined from a 1/2 in. diam v

rod of alumina silicate ceramic. The rod was threaded inside

and outside with a 1/4 and 1/2 x40 tpi tap and die, respec-

tively, cut into 5 mm thick disks, and heat treated. A high

ratio of the height to the inner diameter of the heater is very

important for creating stable temperature conditions and A

maintaining small temperature gradients.
It was found that the double-coil design of the heaterrig. 5. sample mounting on a window. The thermocouples shown are nor-
(the heating wire wound inside and outside of the heatemally attached to an opposite window.
core produces more stable temperatures and smaller tem-
perature gradients in the sample chamber. It also reduces tiperature fluctuations did not exceed 2° over several hours of
temperature of the heater wires needed to maintain a giveoperation. Since the cell is made from materials with very
temperature in the sample chamber, which allows higher exow thermal conductivity, the thermal gradient inside the cell
perimental temperatures to be obtained. It was found benefibetween thermocoupless small. The thermal gradient is
cial to use different heating wires for the internal and externot perfectly symmetric. Preliminary measurements in the
nal coils with higher power density for the internal coil. We direction of the maximum thermal gradient show that this
used 0.01 in. Pt—30Rh wire for the internal coil and 0.005 ingradient does not exceed 10°/mm at temperatures below
Pt or Pt—30Rh for the external coil. Outside the heater, the 000 K and 20°/mm at temperatures around 1500 K. The
two coils were connected together in parallel and lead to théhermal gradient is very sensitive to the choice of materials
high-temperature ceramic connector outside the cell. for the cell and the configuration of the heater and windows.
The heater was powered with a digital dc power supply
rated to a maximum of 18 V and 10 A. The temperature wasgj|. ELASTICITY OF MgO TO 1500 K
controlled to 0.5° by controlling the output voltage. At any . . .
temperature the voltage did not exceed 14.6 V with a corre- 9O is an ideal substance for testing our new furace. It

spondina current of 6.6 A. At the highest temperat(irg10 is cubic in structure, and therefore its elasticity is character-
KF)) the o%tput power was 96.6 W g peraiirs ized by only three independent elastic constants. The high-

To further increase the effectiveness of the heater, Wéemperature single-crystal elasticity of MgO has been mea-

packed all empty space in between the window supports witﬁ“red by a number of differeqt experimental techniqugs up to
insulating ceramic fiber tape. This additional insulation de-tS meltlng point. The experlmental measuremeqts QQSIUde
; rngasonlc(rectangular parallelepiped resonanstudies®

and Brillouin measurement§.In addition, MgO is a very
good Brillouin scatterer, large flawless single crystals can be
easily obtained, and perfect cleavage aldd@C planes
makes the orientation of samples easy. MgO is nonreactive,
The temperature was measured directly by two thermoand the sample does not deteriorate in air even at tempera-
couples fixed with high-temperature cement to the windowtures exceeding 1500 K.
The cement also served to insulate the thermocouple wires The single-crystal elasticity measurements were per-
from heating and conducting heat to the thermocou(pte)  formed on two samples of MgO by Brillouin scattering in
junctions. The thermocouples were placed as close to thievo separate runs up to a temperature of 15Q0K.
sample and as far away from the heater as possible. The slab of a synthetic single crystal of MgO was pol-
We used typeK (Chromel-Alumel thermocouples ished on both sides along tk&00) direction to a thickness of
made of 0.005 in. diam wire. At temperatures above 1000 °C+~100 um and cleaved into plates of 1X2 mm. These
the thermocouple wires oxidize and reliability can be lostplates were glued to the fused silica window with Cotronics
after long durations at high temperatufedthough covering high-temperature alumina or magnesia adhesive. Because of
them with an appropriate cement inhibits the oxidaktion strong capillary forces some of the adhesive flowed under the
Therefore, at temperatures in excess of 1000 °C, Pt-baseshmple and therefore lifted it from the surface of the window
thermocouplestypesB, S, R are prefered, even though the by 20—30um (Fig. 5. Subsequent optical goniometry indi-
sensitivity and reliability of typeK thermocouples at lower cated that the angle between the face normals of the window
temperatures are superior. and sample faces did not exceed 1°.
The temperature in the cell is stable over time. Even at  In both runs we utilized 80° symmetric platelet scatter-
the highest temperatures, after thermal equilibration the teming geometry with an Ar-ion lasem(= 5145 A) light source

inside the cell.

E. Temperature control

Downloaded 09 Jan 2007 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum.,

Vol. 71, No. 1, January 2000

Brillouin scattering

205

11.0 T T Y T v T
Vs Vs O~ This study
, ' * Sumino (1983)
! . 100} * /saak (1989) h
j o Btamr , oy on
Vp Vp ] BASZ R}
| ¥ ool Vp 80 o
j= ! x
QL X -
k5 Z
Q
o 80F E
[
>
Q
: 2
t 3 70} 1
OO L | O . 1 < Vs
-12-10-8 6 4 -2 0 2 4 6 8 1012 6.0F Bty 4
Velocity, km/s ’ *Boqn, oo
- |
FIG. 6. Brillouin spectra of MgO in thg011] direction. Solid lines—Room 50 b——u L il ———
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temperature spectra; dashed lines—spectra at(181B. The intensities of Temperature, K

the peaks are scaled to fit on the same plot. At 1510 K, the actual intensity

of the Brillouin peaks was a factor of 5 h.|gh.er_tha_m at room temperaturgFIG_ 8. Aggregate acoustic velocities in MgO as a function of temperature.
Note the low background, even at 1510 K; this indicates that thermal emis= - -

) . ] The symbols have the same meaning as those in Fig. 7.
sion was effectively filtered out.

and a six-pass tandem Fabry8einterferometer. Further with the silica windows at high temperature, although the

description of the Brillouin system is given elsewhététis ~ '€action was restricted to the contact zone only.

worth noting that the scattered light is filtered with a combi- h In the n?Xt rund, we usled mzarlgnegiadadhesi\(/je to glue _the
nation of a dispersing prism and a pinhole. This filters out althermocouples anh sample to the window, ar]: no reactlkc])n
light except for the green region. Thus, thermal radiationV&S observed to the maximum temperature of 1510 K. The

does not show as a high background in Brillouin spectra, 2@ were collected at temperature of 300, 473, 673, 873,
typical example of which is shown in Fig. 6. 1073, 1173, 1273, 1373, and 1510(8hown by squares in

In the first run, alumina adhesive was used to attach th&19s- 7 and B After the data collection at 1273 an_d 1510 K
sample and thermocouples to the cell window. Data werdhe temperature was rgturned b |f.there was
obtained at temperatures of 295, 523, 773, and 1023 @any dlfferenc_e in velocity measurements maFie on increasing
(shown by circles in Figs. 7 and).8Above 1050 K, one of and decreasing tempera.tures. Np systematic dlfference_ was
the thermocouples broke. In addition, the optical quality Ofobsgrved, a”‘,’ both elastic moduli and aggregate acoustic ve-
the MgO sample started to deteriorate, probably due to vadeCItIeS were in mutual agreement.
reaction with the alumina adhesive, and the run was stopped. At temperatures 9f 293), 10733), and 151Q10) K_the_

We found that the Chromel thermocouple wires had reacted2t@ Were collected in more than 10 crystallographic direc-
with the alumina adhesive, and one of them was completel)t)ons(F'g‘ 9 which allowed us to solve for both orientation

destroyed during the run. The alumina adhesive also reactetd Single-crystal elastic moddfi.Our results show that the
calculated phonon directions at the three different tempera-
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FIG. 7. Single-crystal elastic constants of MgO as a function of temperaturefF1G. 9. Acoustic velocities in MgO as a function of crystallographic direc-
Open symboldcircles and squargsepresent two different runs from this
study. Closed symbols show ultrasonic data of Sungnal. (Ref. 16 and

Temperature, K

Angle X

tion (y angle at room temperaturéclosed symbolsand at 1510 K(open

symbolg. Acoustic velocities calculated from the best-fit elastic moduli at

of Isaaket al. (Ref. 17 for comparison. The size of the symbols is bigger room temperaturésolid line) and at 1510 Kdashed ling The[010], [011],

than the experime

ntal uncertainty.

and[001] crystallographic directions

are marked.
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TABLE I. Single-crystal elastic constants, aggregate elastic m@&dH average and acoustic velocities of
MgO as a function of temperatur€lhe uncertainty in density is less than 0.1%. The uncertainty in the elastic
moduli is less than 1%, and in the acoustic velocities it is less than D.5%.

Run Temperature Density Cyy Cus Cio Ks GyrH Vp Vs
No. (K) (g/co (GPa (GPa (GPa  (GPa (GPa (km/s) (km/9)
mgltl 2951) 3.584 297.7 154.5 95.3 162.8 130.4 9.691 6.032
mglt2 523 3.555 285.5 152.9 96.7 159.6 126.0 9.600 5.953
mglt3 7735 3.519 269.2 148.1 97.3 154.6 119.0 9.435 5.815
mglt4 102820 3.481 253.7 144.5 99.0 149.0 112.0 9.289 5.681
mtfl 3002) 3.584 297.8 156.4 95.2 162.7 1314 9.710 6.055
mtf2 473 3.562 288.2 1535 96.4 160.3 127.1 9.622 5.973
mtf3 673 3.534 276.1 151.0 96.6 156.4 122.6 9.513 5.888
mtf4 873 3.504 263.6 147.7 97.0 152.5 117.4 9.391 5.787
mtf5 10735) 3.474 251.7 144.6 97.2 148.7 112.4 9.271 5.688
mtf6 1173 3.458 245.2 142.7 97.2 146.5 109.6 9.200 5.629
mtf7 1273 3.442 238.8 141.4 97.0 144.3 107.2 9.133 5.578
mtfg? 1073 3.474 250.7 144.6 95.8 147.4 112.6 9.253 5.691
mtf9 1373 3.426 232.4 139.6 96.5 141.8 104.6 9.059 5.522
mtf10 151Q10) 3.405 2245 136.3 97.2 139.6 100.4 8.961 5.427
mtf112 1073 3.474 252.0 144.8 96.9 148.6 112.7 9.275 5.694

aMeasurements were performed on the temperature decrease.

tures were within 1°. At other temperatures the data weraised for high-temperature single-crystal elasticity measure-

usually collected in six to seven directions since the samplenents on very small crystals to temperatures in excess of

orientation was already known. We wish to point out that thel500 K.

high-temperature cell allows a high density of data points to

pe coIIecteq over a wide range of crystallographic d'reCtlonsACKNOWLEDGMENTS
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