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Anharmonic lattice mode of C&SIiO,:
Ultraviolet laser Raman spectroscopy at high temperatures
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Raman spectra of G&iO, have been obtained at temperatures up to 1723 K by using a continuous-wave
ultraviolet Raman spectroscopic system. At room temperature, the typical Raman speciu@a8iO, was
recorded. In the region of 1073—1123 K, two strong bands ofjtiase around 800 and 900 chndisap-
peared, which indicates the— «, transformation. Raman frequencies decreased imfh@nd«;, phases with
increasing temperature. The measured shifts are used in conjunction with available high-pressure Raman data
to calculate the Gruneisen parameter related to pressure variation at constant temperature, the corresponding
parameter related to temperature variation at constant pressure, and the anharmonic parameter. Although the
anharmonicity is weaker for the bands related to the internal vibrations of Si-O emde than around 400
cm™ 1), the band related to the lattice vibration mddeound 250 cm?) shows stronger anharmonic behavior.

DOI: 10.1103/PhysRevB.66.064306 PACS nuntder63.20.Ry, 78.30.Hv

[. INTRODUCTION the cement industry but also earth’s mantle minerals in the
physical geography. Remy, Reynard, and M&dbave re-

An anharmonic contribution to an equation of state of aported on the high-temperature Raman spectra ¢S{C in
substance is one of the current problems of physics. Vibrathe temperature range of 298—-1433 K. In this temperature
tional spectra are crucial for constraining lattice-dynamicalrange, however, it is difficult to estimate anharmonic effects
models, for understanding thermodynamic properties, andue to the discontinuous change of the spectra associated
for constraining phase equilibria. The same spectra recordedith the martensitic transformation betweeh (or 8) andy.
at high temperature and high pressure reveal detailed infofFherefore, in this work, Raman spectra of ,S#, have
mation on bonds and thermodynamic properties at temperdeen successfully obtained in the wide range of temperatures
tures and pressures that are beyond the range of direct therp to 1723 K by using a continuous-wave UV Raman spec-
modynamic measurements. Direct estimation of anharmonitroscopic system.Moreover, we calculate the Gruneisen pa-
effects on the heat capacity is difficult for several reasons. Imametersy;r, related to pressure variation at constant tem-
fact, for most minerals, anharmonic effects become noticeperature from the data of the high-pressure Raman spectra
able at temperatures above 1000 K. Accurate calorimetrichat have been reported in Ref. 7, and the corresponding
measurements at these temperatures can only be achievegrametersy,p, related to temperature variation at constant
with a few grams of mineral. We must therefore use othempressure from the data of the high-temperature Raman spec-
investigative methods. tra in this work. Intrinsic anharmonic parameters can also be

Raman scattering is one of the most powerful tools forderived from these parameters. Intrinsic anharmonicity leads
observing anharmonicity. However, the measurable region ab an important departure from the Dulong and Petit limit of
temperatures is limited in conventional Raman spectroscopghe heat capacity at a temperature above 1000 K. These an-
using visible region excitation. This can be explained inharmonic effects can substantially affect the position of cal-
terms of the fact that it is difficult to detect weak Raman culated equilibrium curves in the phase diagram of%1Q, .
scattering using a substance at high temperatures in compatri-
son with an intense continuous background due to thermal
emission. In such a case continuous-wave ultraviglay) Il. EXPERIMENTS AND DATA ANALYSIS
Raman spectroscopy is more suitable for the measurements
at high temperatures, because the UV excitation shifts the
Raman scattering to shorter wavelengths away from the in- It is important to use a compositionally homogeneous
tense thermal emission pe&k.Recently, by means of UV sample for measuring vibrational spectra. The solid-state re-
Raman spectroscopy, we have observed the phase transitieation route was used for preparafiaf CaSi0,. CaCQ
and soft phonon modes in SrZg@round 1200 °G,0H va- (55.55% as CaO, Seimi Chemical Co., Inc., Kanagawa, Ja-
cancies arising in hydroxyapatite at high temperatfirmsd  pan and SiQ (99.89%, Wako Pure Chemical Co., Inc., To-
the phase transition of hafnia around 2083 K this study  kyo, Japaih powders were manually mixed as ethanol slur-
we propose that an UV Raman system is very useful to obries and dried powders in an agate mortar with a pestle for 1
serve anharmonicity at high temperatures. h. The mixed powder was pressed into a lump by hand. This

Silicates are attractive substances since they have longas fired in air at 1773 K in an electric furnace with MgSi
been known as not only hydraulic and refractory materials iheaters and cooled in the furnace.

A. Sample preparation
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B. Ultraviolet Raman spectroscopic system 2000

Raman measurements for the,G#8, specimen at vari- 1 1723K *
ous temperatures have been performed by using a 1800 11673K
continuous-wave UV Raman spectroscopic system designed 1600 1623K
to measure the Raman scattering from substances at high {11573K |
temperatured.This system is based on an ultraviolet argon- 1400 1523k | %u
ion laser(363.8 nm), a spatial filter, a triple monochromator, a 1200 | 1473K
and a two-dimensional charge-coupled device detector. The 2 . 1433K
plasma lines from the laser are rejected by a Pellin-Broca %’ 1000 1373K
prism combined with apertures. Its detail was described & 800 1323K
elsewheré. It has been reported that the UV excitation pro- & I 1273K o
vides good-quality Raman spectra with practically flat back- 600 1223K |
grounds even at 1773 K, in sharp contrast to the conventional 400 11173K
visible excitation shown in Ref. 1. The sample was mounted ] 128K
in a furnace with a Pt-Rh heater where the sample was 200 _ 1073K 1Y
placed and then fixed on a Pt/13% Rh thermocouple with ; . I/m ] 298K
alumina cement. The specimen was heated at a rate of 10 00 200 400 600 800 1000

K/min, and then a temperature was kept constant during
measurementéwithin =1 K). Each measurement was done
in air after a constant temperature was maintained for 10 g 1. Temperature dependence of Raman spectra s8iOa

min. The laser power at the tube level was set at 50 MWeycited by a 363.8 nm UV laser line. Note scale factor to the spec-
Considering the spectral resolution and the high spectral ingum at 298 K. The relative change of Raman intensities up to 1123
tensity at high temperatures, the entrance slit width was set & has an indefinite factor because of orientational changes of
100 um, which corresponds to the full width at half maxi- grains, due to thesto-a; phase transformation. The plasma lines
mum of 4.7 cm™. In the region of 1573-1723 K, the ther- (x) from the laser source appeared. The symli@sin the spec-
mal emission backgrounds from the sample and the furnaceum at 1073 K represent two strong bands16iC&SiO,. The
were measured without the laser line, and then these weieaks of the considered Raman balfigsare labeled by external,
subtracted from the Raman spectra at this temperature re,, v4, v1, andvs.

gion. An Hg line was used for Raman-shift calibration for

each measurement. No artificial smoothing was used on th&1 MPa. The results are presented in Table | and Fig. 2. The
acquired Raman spectra. pattern decomposition of the Raman bands around 800-900

cm ! (v; or v3) was performed by using a commercial
profile-fitting programGrAMS, and assuming two Lorenz
[ll. RESULTS AND DISCUSSION functions. The Raman bands in this range of frequency
are enlarged in Fig. (®). All of the bands show a linear
frequency decrease with increasing temperature. The value
of (dw;i/dT)p of the band {;,=875cm 1) slightly
At room temperature, the powder x-ray-diffraction patternvaried around 1433 K due to probably th¢-to-a;, phase
of the specimen showed that the sample waand single transition.
phas€, the typical Raman spectrum of-CaSiO, was
recorded® With an increase in sample temperature, all bands B. Theoretical approach of anharmonicity
broadened(Fig. 1). The two strong bands o#-CaSiO,
(@ in Fig. 1), which reflect atomic displacements around the
SiO, groups in they phaset® weakened at 1073 K, and dis-
appeared up to 1123 K. This indicates that fh®-«| phase
transformation completed up to this temperature, which
consistent with the result reported by Remy, Reynard, an
Madon® In the range of 1073-1723 K, the spectra mainly
show seven Raman bands: externgl, 2v,, 2(v; or vy),

Raman shift (cm'l)

A. Effect of temperature on Raman spectra

Anharmonicity is responsible for crystal properties, such
as the thermal expansivity and temperature-induced shifts of
normal-mode frequencies. The temperature and pressure de-
i£endences of a given frequency arise from two
(gontributionsl.l*12 (1) a pure-volume contribution due to the
compressibility and the thermal expansi@uasiharmonic-
ity), which cannot be negligible above 300 &) a volume-
independent(pure-temperature and -pressum@ntribution

bands are assigned later in this paper. Raman spectra asscr)}’cl:rii-smg from the higher-order anharmonic interactitingin-
. ’g , Paper. 'SP .27 sic anharmonicity, which may become important above
ated with thea/| , «},, anda phases are very similar, which

1000 K. Knowing the compressibility and the thermal expan-
corresponds to closely related structures among these pol

hs. The diff . f h ? , ion, it is possible to separate two contributions by perform-
morphs. 1he difterences Just come from the or|entat|o_n 0ing measurements of both pressure and temperature depen-
the SiQ tetrahedra and the slight movement of calcium

T . oy dences of a vibrational mode. An infinitesimal change in
ions:™ Relations describing dependences of the frequenmeﬁequency () can be written as

on the temperature were obtained by fitting the results by !
least squares as followsw;= wiq+ (dw;/dT)p(T—Ty), dinw;=a;dT+y7dInp=c;dT+edP=f,dP+ y;pdInp,
where subscripts O refer to parameter values at 298 K and (h)
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TABLE I. Slope of the regression lines for the frequency shifts as a function of temperature and pressyfe, the, anda; values
for the different Raman-active modes,, refers to the frequency at 298 K and 0.1 MPa by extrapolating Raman spectra at high tempera-

tures.
&wi dwi
) =),
[ wio (cm™h) (cm YGPg? YiT (em™YK) Yip a; X 10° (K™Y
External 2514) 4.7(5) 3.47) —0.0143) 1.012) 12(6)
vy 3993) 1.81) or 1.63) 0.7512) or 0.6719) -0.0132) 0.51) 1.3(16) or 0.820)
vy 5301) 1.158) 0.366) —0.00928) 0.293) 0.47)
vy 547(5) 1.32) 0.4(2) —0.00713) 0.2(2) 1(2)
v, Of vy 854.89) 4.728) 0.9(1) —0.02245) 0.442) 3(1)
vy OF vg 8753) 4.5614) 0.92) —0.0182) 0.364) 3(1)
V3 9703 4.508) 0.779) —0.0312) 0.555) 1(1)
#Data from Ref. 7.
aln w, tion of y-CaSi0,, (dw;/dT)p and (@w;/dP); can be
Ci= T ' ) evaluated over the phase transitions among them. The value
P of a=1Ny(dV/dT)p was 5.9(2x 10 ° K™, which was
obtained by a linear least-squares fit for the molar volume of
o= ( dln wi) &) B, @ , anday,-CaSiO, as a function of temperature in Ref.
P |’ 13. The bulk modulus 0f3-C&Si0O,, K;=—V(JdP/dV)t
=166(15) GP4a® was used. Their andy,p parameters are
aIn w; Ky [ dw; proportional to the equilibrium length of a considered bond
Vit= (W) =eiKT=;(ﬁ> , (4) (i), r;, and the local thermal expansion coefficient of a con-
Plg : T sidered bond(i), a;, respectively; yiroKr3 and yip
« a;/a.* For the higher-frequency banfis= v,, 2v,, 2(v;
(9w} 1 [dw; g5 Or vg), and ], the values ofy,r and yp parameters are
YP= 9np o a  aw\dT])’ ) smaller than for the lower-frequency mode=(external),
which represents shorter equilibrium bond distance and
aIn o smallerea;, reflecting their relative incompressibilities, weak
a= ') =—a(¥ip— Y1) (6) expansivities, and strong bonds. The bulk modulus of,SiO
at ]y tetrahedral units is larger than that of the crystal; the incom-
pressibility of 220-500 GPa was estimated for the general
a1n w; 1 Si-O bonds:*** The thermal expansion coefficient of tetra-
fi:< 7P ) :<— K_T)(')’iP_ i), (7)  hedral units is smaller than that of the crystal; the thermal
\%

wherep is the molar densityg is the volume thermal expan-
sion of the crystal, an&+ is the bulk modulus that charac-
terizes the incompressibility of the structure.

1. Gruneisen parameter®;; and the corresponding
parametersy;p

vit Is the Gruneisen parameter of a considered b@nd
related to pressure variation at constant temperatygeis

expansion coefficient ofxj~0K™! for the general Si-O
bonds has been estimated from the systematics in olivine
structures® This result shows that these high-frequency
modes involve stretchin% and bending motions of the Si-O
bonds ¢;~1.6 A)*1%7~%n the SiQ tetrahedra(internal
modes$. On the other hand, botl;; and y,p are larger for

the lower-frequency band df=external than the bands
=v,, 2v,4, 2(v1 OF v3), andvs, which represents the oscil-
lator having the longer equilibrium bond length and larger
«a;, reflecting its relative compressibility, strong expansivity,

the constant-pressure parameter with temperature variatigghd weak bond. The weaker bond is caused by a lower

defined in a similar way ag;t . c; is the frequency shift due
to temperature increase at constant presgyrées generally
negative. In the same way; is the frequency shift due to
pressure at constant temperat(generally positive Values

charged atom and a higher coordination number. This band
can be assigned to a lattice vibration mgdetranslational
lattice mode of C4Ca-O bondy;~2.3—2.9 A%1017-1% gj
and/or a rotational lattice mode of SjQ etc). Overall

of ¥t and y;p for each Raman-active mode estimated frompressure- and temperature-induced volume changes are taken

Egs.(4) and(5) are summarized in Table | and FiggaBand
3(b). (dw;/dT)p and @w;/dP); are estimated from the
spectra ofw| , @/, anda-CaSiO, in this work and those of

B-Ca&SiO, in Ref. 7, respectively. Because the Raman spec-

up by weaker bonds in the crystal structure. These results are
supported by deducible assignments frai¥6i-2°Si and
40Ca-*Ca isotopic shift£?

Raman and IR spectra can generally be described in terms

tra vary continuously due to the similarity of the crystal of internal modes and external lattice modes. Modes derived

structures among the polymorphs of,G&, with the excep-

from motions in the Si@ group are considered as the inter-
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FIG. 2. Temperature dependence of the Raman bands o

Ca,SiO, at room pressuréa) in the entire range of the frequency
measuredb) around 850 cm. Straight lines represent fits by least-
squares regression.
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FIG. 3. Values of(a@ y;r, (b) y;p, and(c) a; for the Raman
bands of CgSiO,. y;r and y;p parameters are proportional to the
equilibrium length of a considered boffd, r;; yr<K+r? and the
local thermal expansion coefficient of a considered b@nde; ;
vip* a; | a, respectively. The zero lines {a) and(b) represent pure
harmonic behavior. The zero line {0) represents pure harmonic or
qguasiharmonic behavior.

448 cm ! [v, (E) doubly degenerate in-plane bendjn§35
cm 1w (F,) triply degenerate asymmetric stretchjngnd
607 cm 1 [v, (F,) triply degenerate out-of-plane benditfg
Since the site symmetry of the Si@roup is modified in the
crystalline lattice, the spectra will be varied by the selection
r]ules. However, the internal modes originate from the
v,, vz, andv, modes of the isolated ion. When compared
with vibrational modes of the isolated SiOtetrahedral ion,
the bandsw;,=399, 530, 547, and 970 cr probably cor-
respond to the modes derived from the, v,, v,, andvg
internal modes of the Si{tetrahedra, respectively. The two

nal modes to distinguish them from the external modes inbandsw;,=855 and 875 cm' may be due to the,; or v,

volving Ca and Si lattice vibrations. For the isolated 6iO
tetrahedral ion with th@ ; symmetry, the four normal vibra-

internal mode of the SiPgroup. It is difficult to assign the
external lattice mode;o=251 cm ! to the Ca or Si mode.

tional modes have been predicted to occur at the followingSeveral vibrational band assignments have been performed

wave numbers: 777 cnd [v; (A;) symmetric stretchinly

on Mg,Sio,.%*%
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2. Anharmonic parameters a (acoustic, IR, and Raman actjvender pressure and tem-

a, corresponds to an intrinsic anharmonic parameter. [Perature. However, itis the certain fact that theparameter
expresses a change in frequency induced by temperature 'Qf the lattice vibration modelow-frequency modgis lo-
constant volumef; is also an intrinsic anharmonic term ex- catéd far from zero.
pressing a frequency change due to a pressure change at
constant volume. In the pure harmonic approximatan
=f;=c;=¢;=7v;p=7v7=0. In the quasiharmonic approxi-
mation all the bonds in a given crystal volume behave har- In this study Raman spectra of £3i0, have been ob-
monically, but their equilibrium lengths can change. It fol- tained at temperatures up to 1723 K by using a system of UV
lows thata;=f;=0, y;p= 7,7, andc;/e;= — aK;. Pressure Raman spectroscopy. The intrinsic anharmonic behavior of
and temperature affect vibrational frequencies only througc&SiO, has been studied by using data of high-temperature
volume changes. In this approximatiofs and v, bear the ~ and high-pressure spectroscopic measurements. The measure
same information. In a true anharmonic model none of the&f & allows calculations of intrinsic anharmonic effects on
above parameters is equal to zero and they can all be calcthe heat capacity at constant volume and the departure from
lated from the experimenta| measure @f and g . aigﬁo the Dulong and Petit limit. The ultraviolet Raman technique
implies that frequency changes are not driven by volumévould open a door for powerful tools that can be used to
changes alone. study anharmonicity, for which accurate thermochemical

The difference between quasiharmonicity and intrinsic an/measurements at high temperature cannot be achieved.
harmonicity can be explained by studying the frequency shift
of a given mode in response to pressure, temperature, and
volume changes. It appears that the anharmonicity calculated

IV. CONCLUSION
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