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Amorphization and decomposition of scandium molybdate at high pressure
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The behavior of negative thermal-expansion material scandium molybdai®M&a,); is
investigated at high pressui@lP) and high temperaturéHT) using x-ray diffraction, Raman
spectroscopy, and scanning electron microscopy. The compound exhibits unusually high
compressibility(bulk modulus~6 GPg and undergoes amorphization at 12 GPa. On the other
hand,in situ laser heating of amorphous samples inside the diamond-anvil cell is found to result in
crystalline diffraction pattern and Raman spectrum different from those of the original compound.
Upon release of the pressure subsequent to laser heating, the Raman spectrum and the diffraction
pattern remain unchanged. Matching of several of the diffraction lines and Raman peaks in the
laser-heated samples with those of Mo€uggests a solid-state decomposition of the parent
compound under HP-HT conditions into Mg@@nd other compounds. Other diffraction lines are
found to correspond to $0,04, SGO3, and the parent compound. Quantitative analysis of the
characteristic x-ray emission from different regions of the sample during scanning electron
microscopic observations is used for obtaining the compositions of the daughter compounds. The
stoichiometries of two main phases are found to be close to those of; lME®SeM0,0,. These

results support the model that the pressure-induced amorphization occurred in this system because
a pressure-induced decomposition was kinetically constraine@0@5 American Institute of
Physics [DOI: 10.1063/1.1819975

I. INTRODUCTION pounds. As the process of nucleation and growth of macro-
scopic daughter phases is diffusion controlled, pressure-
Although the phenomenon of pressure-induced amorinduced solid-state decomposition can only occur at elevated
phization(PIA) is known to occur in nearly a hundred com- temperature. On the other hand, at ambient temperature, the
pounds, a complete understanding of its mechanisms ansstem is likely to get trapped in a metastable amorphous
causes is yet to emergéA wide variety of compounds with  (disorderegl state while attempting to decompose under the
different types of bonding such as covalei®iO,), ionic  application of pressure. The reported PIA in zirconium tung-
(LIKSO,), molecular(Snl,), and hydrogen bondingH,0)  state at 2.1 GPa and ambient temperdfuend pressure-
have exhibited the phenomendif.In addition, systems with  induced decompositiotPID) into mixture of simple oxides
more complex bonding such as those in silicdtes, at 0.6 GPa and 1073 are consistent with this model. The
tungstate§, molybdates, and other minerat§ are also found  condition AV< 0, whereAV is the volume change upon de-
to undergo amorphization at high pressure. A number of faccomposition, has been identified as a criterion for PIA at
tors such as metastable meltﬁginetic hindrance of phase ambient temperaturje.
transition;*  dynamical  instability?  polytetrahedral Scandium molybdate is a negative thermal-expansion
packing;® and orientational disorder of polyatomic idfs material that belongs to the family of compounds with net-
have been argued to be responsible for this. These featur@grk structure. It consists of corner-linked Sg6ctahedra
are not necessarily all distinct, i.e., more than one may b@nd MoQ, tetrahedrd® Several other network structures
applicable simultaneously in some cases and hence could Bgch as zirconium tungstatéscandium tungstat€,and Sm,
related. Although kinetic hindrance of equilibrium phasegy, and Gd molybdaté%are found to undergo PIA at rather
transitior}l has been frequently stated as the cause of PIAn'lOderate pressures of 2—-5 GPa. Among these Scandium mo-
the “final phase,” which the system should have ideallyjypdate is a unique system which exhibits amorphization in
evolved to, remains speculative or unknown in most in-yyo stage$! The pressure-induced amorphization in these
stances. Recently, kinetic hindrance of decompositionfetwork structures has been argued to arise due to kinetic
disproportionatiot? of the parent compound into a mixture pindrance of decompositidt2? All these compounds are
of dense-packed daughter compounds has been proposedg@o found to satisfy the conditiakV/< 0 for amorphization.
be the cause of PIA at ambient temperature in many comm view of this, it is of interest to examine whether scan-
dium molybdate(a) undergoes PIA at ambient temperature
dElectronic mail: aka@igcar.ernet.in and (b) exhibits decomposition under high-pressure high-
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temperature conditions. In analogy with the case of 14 T T T

. : o 8.3 GP
Zr(WQ,),, if one considers the decomposition of the parent Wi-
compound into a mixture of simple oxides as
L N A 4GPl
S6(M0O,); — SGOs + 3MoO;, (1) MMPa
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N
T
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then the volume change upon decomposition can be calcu-
lated from volumes per formula unit of these compounds
using their unit-cell data. Volumes per formula unit for
S6(Mo0Oy)s, SO, and MoG are 304.96, 59.64, and
50.75 A3, respectively. From theseAV turns out to be
-30.5% of the parent volume, predicting amorphization/ 0
decomposition under appropriate conditions. Although in the

case of zirconium tungstate the decomposition products were

simple oxides, in other systems it is possible that moreG. 1. Diffraction patterns of scandium molybdate at different pressures in
complex-mixed oxides may emerge as daughter compoundthe orthorhombic phase.

This can be sorted out only by carrying out actual high-

pressure high-temperatufieP-HT) experiment. In this paper 25 ym in diameter. In order to heat the whole area of the
we report detailedn situ high-pressure investigations on sample within the hole of the gasket, the diamond anvil cell
scandium molybdate using x-ray diffractigfRD) and Ra-  (DAC) was moved in small steps in they plane perpen-

man spectroscopy in a diamond-anvil cell. The changes takdicular to the direction of the laser beams. On the average,
ing place upon laser heating the sample at high pressure apgating at each point was done for about 30 s and the total
examined also in the recovered samples using scanning elegeating time was about 30 min. Temperature of the sample
tron microscopy(SEM) in addition to x-ray diffraction and during laser heating was estimated by analyzing the spec-
Raman spectroscopy. Characteristic x-ray emission is usegum of the black-body radiation from the heated spot using
for estimating the composition of phases formed due ta 300-mm focal length monochromator fitted with CCD de-
HP-HT treatment. The results are discussed in the light of gector. For laser-heating runs, no pressure-transmitting me-
recent model of amorphization/decompositfdn. dium was used. Pressure was also measured after each heat-
ing run. Raman and x-ray diffraction measurements were
carried out in the DAC as well as on the recovered samples
after releasing the pressure. Microscopic observations were

Scandium molybdate was synthesized from the constitumade on polished fragments of the recovered samples after
ent oxides using standard solid-state technique describe@mbedding them in an epoxy resin using a JSM-5600 scan-
elsewherd® Powdered sample was loaded in a 3@@-hole  NiNg electron microscope.
of preindented stainless-steel gasket of the diamond-anvil
cell. A 4:1 methanol:ethanol mixture was used as thegll. RESULTS AND DISCUSSIONS
pressure-transmitting medium. Ruby fluorescence was useAj
for the estimation of pressure. Raman-scattering measurée-
ments were carried out using a Photon-Design micro-Raman Scandium molybdate belongs to space gréuyab (60)
spectrometer that uses HR-320 monochromator and a liquidwith an orthorhombic unit cell containing four formula
nitrogen-cooled charge-coupled deviq€CD) detector. unit$* and cell parameters c,=9.6404,b,=9.5481, and
About 15 mW of power at 514.5-nm wavelength from anc,=13.2472 A at ambient temperat&rSeAII the reported dif-
argon-ion laser was used to excite the sample. X-ray diffracfraction peak%4 were identified in 0.1-MPa patterns, and the
tion measurements were made using Kipradiation from a  cell parameters obtained were in good agreement with those
5.4-kW Rigaku rotating anode generator equipped with aeported earliet® Figure 1 shows the diffraction patterns at
100-um collimator. An image platglP) was used as the several pressures. At higher pressure, the diffraction peaks
detector. For calibrating the diffraction angle, the distance oexhibited shift to higher 2 and changes in their intensities.
the IP from the samplé.e., camera lengjhwas determined The intensities of the diffraction peaks decreased rapidly up
by recording the diffraction from silver powder placed on theto 4 GPa and further decrease was much slower. Further-
outer face of the diamond. Averagespacings were obtained more, some of the diffraction peaks grew weaker and more
by averaging those from the left and the right patterns. Thigsapidly than others. This sugges;féa possible evolution of
eliminated the error ird spacing arising from that in fixing positional disorder of selective atoms at high pressure. Fig-
the center spot on the image plate. Compression run was alswe 2 shows the pressure dependence of sedesphcings.
repeated using synchrotron radiation from 13B beam line aThed spacings decrease monotonically as a function of pres-
Photon Factory, KEK, where a 30m collimator was used. sure. The behavior of some of the weak peaks could not be

Double-sidedn situ laser heating was carried out in the followed up to the highest pressure. The cell parameters of
diamond-anvil cell using a 100-W cw multimode Nd:YAG the orthorhombic phase obtained from profile analysis de-
laser operating at 1.064m. The laser-heating setup used in creased monotonic as a function of pressure to &§82
the present experiments was similar to that describe®.916@,, and 0.868; at 11 GPa, indicating that the compres-
elsewheré® The heated area in this system was aroundsion is anisotropic. The unit-cell voluménormalized to the

Intensity (arb. units)
-~ [+

N

20 (degree)

Il. EXPERIMENTAL DETAILS

Compression at ambient temperature

Downloaded 14 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



013508-3 Arora et al. J. Appl. Phys. 97, 013508 (2005)

— N T T T 1 T 2.0 T T T T T T T
65 my - s
- 16l () 10 GPa |
a (002)
60 oy . &
oo = b
oo S12L 0 0.1 MPa (P-cycled)
55 |- " £
%o 8
L 0 g ho 11 o 1 % 08}l (@) _
- 50 F _ § 12.5 GPa
s .. = 0.4F <
a °
D 45| L ) e
% A ¢ ...(020). o0 J SOV PR NEPUEY USSR SN SR S
§ A‘An‘ a T 6 8 10 12 14 16 18 20 22
2 40 |- A A .
° b8 Ay ‘:“ & aaa0120) , 26 (degree)
® a (211) A
@, A A . . .
35 | * o T TN & FIG. 4. Diffraction patterns of scandium molybdate at 12.5 GPa(b) at
+, Soe * . o113 | ambient pressure aft_e_r pressure cycling to 15 GPa,(anat 10 GPa with-
.t w4 . ¢ out pressure-transmitting medium.
30F grve vy o7 : o+ oq) + ]
v (031) ]
v WYV Vv ed g . L .
251 mm oo - It is worth pointing out that the orthorhombic phase of
P L/ TP T Sc,(MoQ,); transforms to a monoclinic phase upon cooling

0 2 4 6 8 10 12

below 178 K& This phase with eight formula units per unit
Pressure (GPa)

cell belongs to the space grolg2,/a and is 1.4% denser
than the orthorhombic phase. Application of pressure is often
considered to be equivalent to cooling as both these result in
) ) o ) the reduction of volume. In view of this, one may expect that
ambient pressure volumé, is shown in Fig. 3 as a function hjs phase transition could occur at higher temperature under
of pressureP. One can note that at a pressure oflll GPa, th%pplied pressure. Recently, Paraguassal. have argued‘f
volume reduces to as small as 0.7 of the ambient pressuigyseq on the Raman spectra, that this transition occurs at

value, suggesting the compound to be a very soft solid. Thg 59 Gpa; however, their energy-dispersive XRD data does
P-V data were fitted to the third-order Birch-Murghanan ot give any evidence for the transition. These authors fur-

equation of stafé ther claim about the occurrence of another structural transi-
P:%Ko(u7’3—u5/3)[1—;3’1(4—K(’))(u2/3—1)], ) ti(_)n at_2.7 GPa. On the other hand, the present angle-
dispersive XRD measurements clearly show that the
where u=V,/V. The fit yielded the bulk modulu¥, as diffraction peaks of the orthorhombic phase can be identified
6+1 GPa and its pressure derivatigto be 9+2. The fitted and followed up to 11 GPa. When pressure is increased be-
equation of state is also shown in Fig. 3. A valuekyf yond 12 GPa, all diffraction lines disappeared suggesting
=6 GPa confirms that the compound is highly compressibleamorphization at 12 GPgig. 4). This is in contrast to the
Furthermore, a large value & implies that as compression conclusio® of the occurrence of amorphization above
proceeds, bulk modulus changes rapidly making furtheB.7 GPa, arrived from the behavior of the Raman modes and
squeezing more difficult. High compressibility of network energy-dispersive XRD pattern. We have earlier shown that
structures arises because of the presence of considerahle broadening of the Raman lines arises due to molybdate
amount of empty spaces in between polyhedral structurabn disorder while the crystalline order persists up to
units. Although several other molybdates have been investit1 GPat
gated at high pressuti®*®*from the point of view of amor- Note the broad amorphouslike background in the pattern
phization, their equations of state have not been determinedt 12.5 GPa. The occurrence of PIA in this system, as pre-
dicted by theAV<0 condition, thus supports the unified
: T T T T r : model of am0rphization/decompositié?w.It may be men-

FIG. 2. Pressure dependencedo$pacings in scandium molybdate.

10} i tioned that if no pressure-transmitting medium is used, amor-
ard order BM EOS phization is found to be complete even at 9.5 GPa. Decrease

— J3ra oraer . . . -
oslh K,: 611 GPa; K. 922 of amorphization pressure under nonhydrostatic conditions

due to presence of shear stresses is similar to that found in

3 other compound&3® When pressure was reduced to ambi-
081 . ent, the broad pattern remained, suggesting irreversibility of
amorphization. One can also see from Fig. 4 that the center
07k - of the amorphous peak depends on the pressure and shifts to

lower 20 when pressure is released. This is because of the
relaxation of the average nearest-neighbor distance in the
amorphous state with only the short-range order.

Figure 5 shows the Raman spectra at several pressures.
FIG. 3. Relative volume of scandium molybdate as a function of pressureThe Raman spectrum below 450 tmconsists of lattice

Pressure (GPa)
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1400 T T T y est frequency component of thetriplet) exhibit an opposite
1200 M behavior. A temperature-dependent Raman spectroscopic
1000l 41GPa ) study of .scandium mplybda_lte has shdtvthat the phonon .
2 frequencies change discontinuously across the orthorhombic-
5 soof 2GPa ] monoclinic transition. The large compressibility of the com-
% 800 | 0.9 GPa ] pound suggests that a volume change of 1.4% wguld occur at
£ . rather low pressure of only 0.1 GPa. Hence if this transition
é was to occur at high pressure, one should have found the
- phonon frequencies at the lowest pressure to be different
0 . from those at the ambient. Recently, Paraguassal. inter-

preted their Raman results in terms of an orthorhombic-
monoclinic transition at 0.29 GPa. On the other hand, the
present experiments did not show any evidence for the
1000-cm? peak, characteristic of the monoclinic phase. Fur-
thermore, the changes observed in the relative intensities can
be explained on the basis of the evolution of orientational
disorder of molybdate ions.

One can see from Fig. 6 that thg mode frequency
continues to decrease above 4 GPa also. The decrease of the
fenter frequency of; mode by about 27 cim between 4.1

1 1
800 1000

600
Raman Shift (cm™)

FIG. 5. Raman spectra of scandium molybdate at different pressures.

modes and the, andv, bending modes of Moptetrahedra.
On the other hand, above 750 tythe modes correspond to
only symmetric stretchingr;) and antisymmetric stretching
(v3) vibrations. The modes below 200 thmcould not be
observed using this Raman spectrometer because of atten ; ] ;
tion of the intensity due to the use of notch filter for elimi- @hd 10.5 GPa is clearly evident in the spectrum at 10.5 GPa

nating the Rayleigh background. The nondegenerate syn@!SC (Fig- ). It may be pointed out that the softening of
metric stretching modey, exhibits a set of three peaks at internal modes of tetrahedral ions is quite unco_mmon..OnIy
951, 968, and 982 cm, the middle peak being only a shoul- écently, a softening of, mode has been found in the high-
der. On the other hand, at 0.9 GPa, this shoulder becomes tREeSSure phase of @o0,), prior to its amorphizatiof!
strongest component and the intensity of the strongest conjficrease/decrease of the internal mode frequency of the
ponent at 982-ciit peak reduces drastically. Presence ofXYs tetrahedral molecular iongsuch as SQ WO,, and
more peaks than predicted by group theory has been attriLMOOzt) due to_ the roesosluctlon/extensmn ®fY bond distance
uted t&" the existence of orientational disorder of MO 1S Well established>* Hence, the decrease of the mode
tetrahedra. The change of relative intensities between diffeff€quency during compression observed in the present case
ent components of the same mode as a function of pressut@plies that Mo-O bond distance increases instead of de-
or temperature arises due to the change of orientations &€asing, suggesting an instability of Mg@n at high pres-
polyatomic ion from one to another. Orientational disorder ofSure. The oxygen atoms moving farther away from molybde-
polyatomic ions has been shown to cause amorphization. num may eventually result in increase of average oxygen
Above 4 GPa, the modes become broad rapidly and sever§pordination around Mo in the disordered state from fourfold
weak modes lose their identity and only three broad bandi. say, octahedral sixfold. In the related negative thermal-
centered at 38%v,), 817 (v5), and 966(v;) cm™t are seen. expansion material ZWO,),, the instability of tetrahedral
The positions of the broad Raman lines were obtained bPxygen coordination around W atoms has been conjecttired
fitting Lorentzian line shapes with a standard error of abouto be responsible for the breakdown of framework structure
2 cn’. The pressure dependencies of the mode frequenci@g]d the occurrence of PIA. It may be mentioned that increase
are shown in Fig. 6. Note that the frequencies of severaPf 0xygen coordination has also been found in molecular-
modes increase as a function of pressure, whereas the mod@g1amics simulation study of amorphization of quaftin

at 815(the main component af; mode and 951 crii! (low-  addition, broadening of internal modes is also found across
amorphizatiorf>** As mentioned earlier, guided by the

changes in the Raman spectra, Paraguassai. identified
another structural transition at 2.7 GPa prior to
amorphizatiorf® The changes in the XRD pattern at 4 GPa

T T T T

1000 |- i%

900

T
v, mode b

T ool BEEEET ——a—— e | were argued to be associat_ed with this transition; however,

) no attempts were made to identify the structure of the new

g 700 | : phase. On the other hand, we have earlier félitigat the

& so0f ] intensities of some of the diffraction peaks decrease more

= rapidly than those of others. These anomalous changes in the

§ seor v, mode intensities may make the diffraction pattern appear different
400 a4 and could possibly be misinterpreted as an evidence of a
300 %————- . . s . phase transition. The anomalous changes in the intensities

0 2 4 8 8 10

FIG. 6. Pressure dependence of mode frequencies in scandium molybdate.

Pressure (GPa)

Straight lines through data are guides to the eye.

have been shown to arise due to the molybdate ion
disorder!

Although complete disappearance of diffraction pattern
(complete amorphizatigroccurs at 12 GPa, the initi@lip to
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4 GPg rapid decrease of diffraction intensities is associated j ' ! '
with the molybdate ion disorder in the lattitkj.e., gross 200000
positional and orientational disorder of Mgp@trahedra sets

in at a much lower pressure than the complete amorphization
at 12 GPa. In this context, it is important to point out the
critical disordef® and critical defect density models of
solid-state amorphization. According to these models, the in-
crease in entropy due to positional disorder lowers the free

z

Ei

g 8+10W
£ 400000 |- f
2

w

5

=

energy of the amorphous state. Similarly, the orientational 50000 - 1
disorder of polyatomic ions beyond a critical value has also !

been shown to cause amorphizatf§hese are qualitatively 0 . ) . )
analogous to the Lindemann criterion of melﬁﬁgwat states 8 12 18 20

that long-range order is destroyed when atomic displace- 2 (degree)

ments are typically 10% of the interatomic separation. Al-gig. 7. Diffraction patterns after heating scandium molybdate at 10 GPa
though the liquid and the amorphous phases differ in termgside DAC with different laser powers of YAG laser.

of their thermodynamic stability and the time scales of
atomic diffusion, both of these lack long-range order and

hence are often treated as structurally analogous. The cent stallization of the sample. This pattern is different from

idea of these models, i.e., the existence of a critical disordetrhalt of scandium molybdate. When pressure is released, the
required for the loss of long-range order, originally devel'diI"fraction pattern does not change. This suggests that either

oped for single-componeiimonatomig systems can be ex- .
: . . the phase/phases formed as a consequence of laser heatin
tended also to compounds, which have different interpen: b P g 9

. . have no structural transition up to 10 GPa or these high-
etrating sublattices. The present results on,(I800,); P 9

: . . pressure phase/phases can be quenched to the ambient.
syggest that thg extent of d|sor<jer and its rate of grovvth_ |rP Figure 8 shows the diffraction pattern of the recovered
different sublattices could be different, and one sublattice

could amorphiz&disordered beyond a critical valuearlier sample. Here several diffraction peaks are found to agree
than the other did. From this it emerges that amorphizatio with those of the orthorhombic phashnm (62) of molyb-

"Yenum trioxide. This suggests a possible decomposition of
of different sublattices could occur in stages. It may be men; 99 P P

. _ . the parent compound into Mgnd other products. In anal-
tioned that ‘hefe. hav_e been some rgﬁBrf"éof gragiual dis- ogyF:/vith Zr(WOp4)2, if one considers this IZompound also to
oLc_ier Pf H positions in COH),. Partial or su_blatt|ce amor pave undergone decomposition into mixture of simple ox-
phization found in th|s_ system_ can be cont_;ld_ered as a Stat‘&es, the other product could be ,8g. However, it is not
analog of the sublattice me_lt_mg N Superionic CondUCtorShecessary that decomposition should always lead to mixture
The displacements from equilibrium positions in the presen

. - . . Bf simple oxides. More complex-mixed oxides have been
case represent frozen-in static disorder, whereas in the 0Nk ind as the daughter produ%&®in the case CuGegand
conductors it is dynamic in nature.

Mg,SiO,. In view of this, one needs to examine other mixed
oxides of SgO; and MoQ,. The only other known mixed
oxide is SgM0,0,.** We find that several of the prominent
lines observed in the laser-heated sample correspond to
In order to examine if a pressure-induced decompositiorsc,Mo,0O, (Table ). It may be pointed out that although the
occurs in this system under HP-HT conditions, pressured spacings for SgMo,04 have been reporteAé,its pattern is
amorphized samples were subjected to laser heating insidéhindexed and structure and cell parameters have not been

DAC with different laser powers. In order to exclude the obtained. In order to know the structure and the unit-cell
possibility of reaction of the sample with the pressure-

transmitting medium at high temperature, no pressure-
transmitting medium was used in the heating runs. The 16
sample, which was transparent and colorless at 10 GPa to
begin with, was found to turn black immediately upon laser
heating. After laser heating the sample x-ray diffraction pat-
terns were recorded at high pressure as well as after releasing
the pressure. Pressure was also measured after each heating
run and was found to be within 0.5 GPa of that before heat-
ing. Figure 7 shows the diffraction patterns at 10 GPa after
heating the sample with successively higher laser power.
From the spectrum of the incandescent light emitted from the
sample, the temperature was estimated to be 1350+100 K
for heating with 15 W laser power. No temperature measure- 26 (degree)

ment was possible durlng_ heat_lng with lower laser pOWGI’.SFIG. 8. Diffraction pattern of the sample recovered after laser heating. The
One can see that for heating with 8 W, weak and broad difpeaks labeled 1-20 are indexed to various phases in Table I. The peak
fraction peaks just begin to ride over the amorphous backtabeled 16 could not be indexed.

round. On the other hand, 15 W power resulted in complete

B. Laser heating of amorphous samples

Intensity (arb. units)
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TABLE I. Observedd spacingg(in A) in the SgMo;0,, sample recovered ! T T !

after laser heating at 10 GPa. The calculadedhlues and their indices are I 2800 ]
also given. Different compounds are labeled as: S12M8¢0;, M3: .g 2400 |- .
MoOg, S9: SgM0,0,, and S3: SgO;. Some lines have multiple indices. 3 2000 Region 4
3 i
< .
Observedd spacing Calculated spacing Index > 1600 Region 3 4
£ :
1 6.741 6.621 (002 S12 g 1200 Region 2 1
2 6.100 6.016 (111) S12 = soof Region 1 ]
3 4.378 4.521 (201 S12 400
4 4.123 4.081 (211) S12 MoO,
5 3.769 3.807 (110 M3 0 L L L L
4
6 3.413 3.440 (120 M3 200 00 600 8?0 1000
3.377 (220) S12 Raman Shift (cm')
7 3.282 3.275 121) S9
8 3.200 3189 (021)M3 FIG. 9. Raman spectra from different regions of the recovered samples.
’ ’ (021 Spectrum of MoQ is also shown for comparison.
9 3.061 3.075 (031 S12
10 2.929 2.970 (420 S9
11 2.807 2.843 (222 s3 Some weak peaks could not be indexed, suggesting some
12 2.591 2,612 (140 M3 additional unidentified phases may also have formed.dhe
13 2.482 2.497 (041) M3 spacings indexed to orthorhombic structures of MoO
2.483 (133 512 S6Mo0,0,, and Se(MoO,); were used for calculating the
y » a1 22'4;168 (sgo) SZ cell parameters. For Mof) these area=3.9585), b
: : (069 =13.911), andc=3.5897) A; for Sc,M0,0,, a=14.381),
15 2.256 2.276 (150 M3
5 957 (041 S9 b=10.551), and c=4.3665) A; and for Sg(MoO,);, a
16 2170 " =9.6197), b=9.4839), and c=13.241) A. It may be
17 2118 2112 (141 M3 pointed out that the calculated cell parameters are slightly
18 2.049 2.049 (212 S9 different from those reported in the JCPDS data. However,
19 1.986 1.979 (200) M3 the calculated cell volumes are close to the reported value.
20 1.918 1.915 (720 S9 This may be due to a slight departure of the stoichiometry of

the daughter phases from their ideal value arising from fac-
tors such as dissolution of Sc in Mg(etc. This may also be

volume, we carried out a structure search on the rep8tedthe reason for marginal disagreement between the observed
pattern and found best fit for an orthorhombic unit cell with @nd the calculated spacings. Stoichiometries obtained from
a=14.48%8), b=10.4335), and c=4.4252) A and Z=4. the SEM angly3|s are dls_cussed I_ater in this section.

For this standard softwanerow supplied with STOE x-ray As mentlo_ned in the introduction, a I_arge volume red_qc-
diffractometer was used. No lines were left unindexed. Al-ion Of 30.5% is expected to take place if the decomposition
though the averag&(26) had a reasonable value of 0.02, the OUte is that of Eq(l). It is worth examining whether the
figure of merit turned out to be only 2.6. This is because théjomlnant decomposition route found in the present studies,
figure of merit is defined agN(observed/ N(possiblg]/ €.,

[AverageA(26)]. '_I'he ratio of number of possible lines to SG(M00,); — S6M0,0, + MoOs, 3)
those observed in this case was lafge20). It may be

pointed out that this data is classified by ICDD as of pooralso corresponds to a volume reduction. From the estimated
quality “O” due to inadequate range of intensities. Henceynit-cell volume of 668.64) A3 for S6Mo0,0,, its volume
obtaining further structural information from this data wasper formula unit turns out to be 167.172AFrom this we

not possible. This fit also allowed us to index the reportecestimate the volume change for this decomposition reaction
pattern. Furthermore, the 100(822) peak of SgO3 is also  to be —28.6%. This is also large and implies that the other
present in the recovered sample as a weak peak. This sugecomposition product $i10,0y is only slightly less dense
gests that a small amount of &% was also formed during packed compared to the constituent oxides.

laser heating. In addition, a few weak diffraction peaks were  Raman spectra collected from different regiglabeled
found to correspond to the parent compoungd(8B0O,);.  1-4) of the recovered sample are compared in Fig. 9 with
This may be due to recrystallization of the part of the samplehat of MoQ;. One can see that the 815-chpeak found in
that did not experience the highest temperature. Out of theéhe recovered sample is present in both Maoshd in the
total sample thickness70 um), the part that is in contact parent compoundFig. 5). Hence, this peak cannot be used
with the diamond faces does not get sufficiently heated duér unambiguous identification of the phases. On the other
to high thermal conductivity of diamond, while the sample inhand, the sharp peak at 993 ¢nand also those at 282, 332,
the interior reaches the maximum temperature. Thus it imnd 662 cri® provide unambiguous evidence for the pres-
likely that the region of the sample in contact with the dia-ence of MoQ as one of the decomposition products. Note
mond faces got recrystallized. Thus the present results sughat in Sg(MoO,),, the corresponding peak at 982 ¢nap-
gest MoQ and SgMo0,04 to be the main decomposition pears as a triplet. Table Il gives a list of Raman peaks found
products, while a small amount of £8; is also formed. in the spectrum of the recovered sample along with those of

Downloaded 14 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



013508-7 Arora et al. J. Appl. Phys. 97, 013508 (2005)

TABLE Il. Positions(in cm™) of the peaks in the Raman spectrum of the
Sc,(Mo0O,); sample recovered after laser heating at 10 GPa. The character-
istic peaks of SEM00,);, S603, and MoG, are also given for comparison.

The mode frequencies in bold correspond to the strongest lines. ) L
T
=] -
Recovered sample MoO Sc,05 Sc,(Mo0Oy)3 g
5 .
211 216 ; Daughter Phase |
239 5 Daughter Phase |l
282 282 ES o .
325 315 326 3 Parent Compound
332 332 345 o : A ’ :
353 355 356 2 4 6 8 10
385 388 Energy (keV)
415
485 492 FIG. 11. Energy-dispersive x-ray emission spectra from phgseMoO,)
and phase I[~SgMo,0,) of the sample recovered after laser heating. The
505 520 i . -
spectrum of the original compound scandium molybdate is also shown for
662 662 comparison.
797
818 817 815 o ) ] ) )
832 834 has the characteristic peaks of Mg@vhile region 4 is typi-
934 951 cal of partially recrystallized $€Mo0O,); with no peaks be-
976 968 tween 400 and 800 crh The regions 2 and 3 have other
982 peaks more dominant than those of MpOhese results
993 993 show that the sample becomes inhomogeneous over a mi-
crometer length scale during laser heating resulting in de-
composition.
Sc,(Mo0Q,)3, MoOs, and SgOs. If one considers spectra col- The morphology of the distribution of phases of daugh-

lected from different regions of the recovered sample, peakser compounds is also examined using SEM. Figure 10
at 325, 353, 385, 485, 505, 797, 832, 916, 934, and 976 cm shows the backscattered electron image of the recovered
are found in addition to those of MgOOut of these, the sample after laser heating. The bright regions, less than a
ones at 325, 353, 832, and 976¢mcorrespond to micrometer in size, are rich in Mo. In order to obtain the
Sc(MoQ,)5. Other peaks may correspond to the other destoichiometry of these phases, the characteristic x-ray emis-
composition product SMo,0,. Its Raman spectrum has not sion spectra from brightlabeled as phase and dark(la-
been reported yet. It may be mentioned that although x-rayeled as phase)ltegions were analyzed quantitatively. Fig-
diffraction showed some evidence for the presence of a smallre 11 shows the energy-dispersive x-ray emission spectra
amount of SgO5 in the recovered sample, the strongest Rafrom regions/phases with different contrast. Note that the
man peak of S at 415 cm* is not found in the spectrum intensities of SK, line in phases | and Il are very different.

of the recovered sample. This may be due to insufficientn the phase |, it is extremely low suggesting that this phase
intensity. If the decomposition reaction proceeds for suffi-is nearly free from scandium. Also note that in phase I, the
cient time, then one could expect sample to become macr&cK, line is stronger that than that of the parent compound
scopically inhomogeneous. The extent of inhomogeneousuggesting that this phase is richer in Sc as compared to
distribution of daughter phases was also examined using th®c,(MoQ,);. This implies that the parent compound has in-
sharp-focus laser beam of the micro-Raman spectrometedeed undergone decomposition into Sc-rich and Sc-depleted
One can see from Fig. 9 that different spectra have differenphases. Table Il gives the composition of two main phases
relative intensities of two or more sets of peaks. Region ¥rom the x-ray analysis. One can see that the stoichiometry

TABLE lll. Composition of phases | and (bright and dark regions of Fig.
10) obtained from x-ray analysis.

SG0, MoO,
(wt %) (Wt %) Stoichiometry
Phase |
Spot 1 6.1 93.9 S6M0g 0,05
Spot 2 10.6 89.4 $6M0g ¢03
Spot 3 4.4 95.6 SeIM0g 905
Ideal value 0 100 Mo@
Phase I
R T Spot 1 33.0 67.0 $GMO; 605
Spot 2 34.4 65.6 SG MO0, 903
Spot 3 30.3 69.7 S@M0, O3
FIG. 10. Scanning electron micrograpbackscattered electron imggef Ideal value 32.4 67.6 SW0,0,

the recovered sample. Brighter regions correspond to the J\ib@se.
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of phase Il deviates slightly from that of $40,04 and there
is some amount of $O; presen{dissolved in MoO; (phase

1) as impurity. These results confirm that the daughter phas
have stoichiometry close to those of Mg@nd SgMo,0,.
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