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Cesium thiomolybdate, G8loS,, has been investigated at pressures up to 12 GPa. Two phase transitions
have been detected by absorption measurements, Raman spectroscopy, and energy dispersive x-ray diffraction.
The first phase transition to a monoclinic phase[dF14.061(9) A, b=11.552(7) A,c=9.852(6) A,
B£=97.146)°] has been observed at 8.0 GPa. The second transition at 9.7 GPa has been observed from the
monoclinic phase Il to an orthorhombic phase [l#=12.085(4) A,b=15.707(6) A,c=11.828(5) A.
Absorption and luminescence measurements have indicated an increase in the absorption edge energy with
pressure up te-3 GPa. At pressures greater than 3.5 GPa, the absorption energy decreases. Raman spectros-
copy has revealed a low-frequency phonon mode with a negative pressure shift in the low-pressure phase I.
The pressure-temperature phase diagram has been determined up to 250 °C. The transition pressures decrease
linearly with slopes of~—0.013 GPa/°C. Models for the pressure-induced structural and electronic transitions
are proposed.S0163-182807)06305-4

[. INTRODUCTION at 8 and 9.7 GPa. These phase transitions have been con-
firmed with energy-dispersive x-ray diffraction and the struc-

Recent studies of divalent molybdatelhave revealed ture was determined to be monoclinic with a space group
the existence of pressure-induced phase transitions in theb@sed on descend in symmetryR2,/c for phase Il above 8
materials. Jayaramagt al. have even reported pressure in- GPa and to be orthorhombic for phase Il above 9.7 GPa.
duced amorphization in Tb and Gd trimolybdates at a modJThe structural data provided the base for an interpretation of
erate pressure of 6 GP4.Furthermore, they have found a the interesting_results of the absorpti_on, Igminescence, an_d
spectacular pressure induced electronic transition ifx@man scattering measurements, which will be presented in
KTb(MoO,),, which they attribute to #5d transition in Th  thiS paper.
initiated by the structural transition and consequent interval-
ence charge transfer between Th and Mihese results in
combination with the fact that molybdenum sulfides are im-
portant in bioorganic chemistry and heterogeneous Single crystals of G#oS, were prepared as reported
catalysig® generated the interest to study molybdenum sul-earlief by the hydrothermal reaction of molybdenum powder
fides. The fact that samples of S40S, have been success- with K,S; and K;Se, (a sacrifical oxidantin 500 ul of a
fully synthesized, as well as no high-pressure studies havé.0-M cesium acetate solution. The compound crystallizes as
been performed on this material before to the best of oubrange needles.
knowledge, motivated us to study the physical properties of High-pressure measurements were performed using the
CsMoS, at ambient and high pressures using energygasketed diamond-anvil-cell technique. The Inconel gasket
dispersive x-ray diffraction, absorption, and luminescencevas preindented to a thickness of 0.1 mm and a hole of
measurements, and Raman spectroscopy. The optical studie2-mm diameter forms the sample chamber. The energy-
indicated the existence of two high-pressure phase transitiordispersive x-ray measurements were performed at the beam-

Il. EXPERIMENT
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line B1 at the Cornell High Energy Synchrotron Source
(CHESS' using powdered material mixed with NaCl for
pressure determination. The broad reflections of the NacCl
pressure sensor, which in same cases even overlapped with
reflections of the sample, resulted in a rather large error
(0.2 to 1.0 GPa For the optical measurements a single
crystal with a typical size of 0.05 mm was loaded into the
gasket hole together with a small chip of Shdoped SrFCI
used as a pressure sensor. This luminescence sensor was
used instead of the standard ruby sensor in order to increase
the precision of the pressure measuremé&h#s4:1 mixture
of methanol and ethanol was used as the pressure transmit-
ting medium for the Raman and absorption measurements up @ &
to 12 GPa. This guaranteed hydrostatic conditions up to at @
least 10 GPa. For the low-pressui@<3 GPa lumines-
cence measurements paraffin oil was used to ensure hydro-
static conditions.

The sample was excited by a He-Ne |a&&82.8 nm for
the Raman measurements. In order to avoid thermal heating
the laser power was reduced to less than 4 mW. The Raman
spectra were recorded using a triple spectrograp84000”
(Instruments SAwith a liquid nitrogen cooled CCD detec-
tor. The resolution was less than 1 chFor the lumines- FIG. 1. Bravais cell of C#MoS,. View is along thex axis of the
cence measurements the sample was excited with th&thorhombic cell.
488-nm line of an argon laser and the luminescence intensity
was recorded with &-m Czerny-Turner spectrograph “SP
275" (Acton Research Corpand a Peltier-cooled CCD de-

diffraction patterns of G#MoS, in low-pressure phase | and

tector. The incident | b f d h in the two high-pressure phases Il and lll, respectively. The
ector. The incident laser beam was focused on the sampig, positions were determined by fitting each peak or over-
with a typical spot size of &m for these measurements. For lapping peaks with a Gaussian function. The energy of the

It'hit optical ab;otrkﬁ)tlon Stug'is’ t'a quarttz—tungiten{rr:allogegeak was converted using Bragg's Law and the angle of the
Ight source and the same detection system as 1or the IUMyaiactor, which was determined using a gold foil. The index-

nescence measurements was used. The reference spectr, % of the reflections was performed with Prodkind the
was measured beside the sample through the diamond-anyjli o refinements were performed with U it

cell. This reduced possible errors due to the absorption by The hkl values are listed in Tables | and Il together with

theTcrillamonds and thte p[)essure me?mm. ture for the det the observed and calculatedvalues of the reflections ob-
_ 1 he measurements above room temperature for the Aeleg, 0 g jn phase Il and lll, respectively. Problems such as
mination of the phase diagram were made using a high

pressure cell with an internal ring heater. The heater Con|'3referential orientation and variations in incident x-ray flux

isted of a Th heati iahili bedded i prevented the evaluation of intensity data for the structure
sisted ot a Thermocoax heating W(. llipy embe €diNa  getermination. It can be seen that the indexing agrees well
high-temperature ceramic adhesive. Its construction w

8Rith the structural parameters listed in Table I1l. The number
similar to the heater described by Li and Jearifozhe tem- b

{ d usi K-t h o | of formula units in the unit cells of phase Il and Ill are based
perature was measured using a n-lype thermocouple In Coly, yansities determined from a fit of the Birch equation of
tact with the diamond anvil. This temperature was related t

. ated Qtate to the measured pressure-volume data points.
the sample temperature in the gasket hole by a calibration Though high-pressure powder x-ray diffraction data do

function. The calibration curve was me{asured at am.blen ot normally allow the determination of the space group, we
pressure with a thermocouple at the outside of the anvil an uggest that the space group of phase P2/c based on
one inside the sample chamber in analogy to the procedur&:eScent in symmetry. Kawadzt al® have found a mono-
outl|ned3|n Ref. 20. The temperature inside the cell was;ic high-pressure form of BaWQwith space group
roughly 7 of the temperature measured at the diamond anvil

Th timated int i ¢ b P2,/n, which is a nonstandard setting of the space group
5 Ke estimated error in temperature measurement was a 0ffltzl/c. They pointed out that the high-pressure structure

contains densely packed two-dimensional networks of;WO

octahedra. Monoclinic high-pressure phases have also been
Ill. RESULTS AND DISCUSSION found in SrMoQ,! CaMoQ,,> and CdMoQ.® Since the
phase transitions to monoclinic high-pressure phases of these
materials were accompanied by a coordination number

Cs,MoS, is a member of the class @f,BX, compounds change from 4 to 6, the transition to phase Il in the case of

which are isostructural wit-K,S0O, .12 The structure of the Cs,MoS, may be explained as in the case of BayMBef.
low-pressure phase | is built up frofiMoS,>~ clusters and  16) (Fig. 3.
Cs' ions forming an orthorhombic lattice with four formula ~ The y axis of the orthorhombic low-pressure phase | is
units in the Bravais cell(Fig. 1) (space groupD3¢ or  doubled and becomes thé axis in the monoclinic high-
Pnma).® Figure 2 shows the energy-dispersive powder x-raypressure phase Il. Theandz axis of phase | become th

A. Energy-dispersive x-ray measurements



2802 B. LORENZ et al. 55
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FIG. 2. Powder x-ray diffraction patterns of
Phase I, P=9.7+05GPa  ° CsMoS, in phase |, 1I, and 11l

*

u [/\J . Phase I, P= 0.5+ 0.2 GPa
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andy’ axis of phase Il. The denser packing in the high-bondedMoS,]?~ molecule and the external lattice vibrations
pressure phase leads to a change in the coordination numbeglow 100 cm.}” The internal modes resulting from the
from 4 to 6 and creates a layered structure inythe' plane  fundamental vibrations of th¢MoS,]> tetrahedron have
[Fig. 3(c)]. This picture is strongly supported by the resultsheen investigated using IR and Raman spectrostdpy-

of the Raman study, which will be presented next.

B. Raman measurements

cording to theTy symmetry of the[MoS,]*~ ion, group
theory predicts four modes with symmethy, E, and 2F,.
Since two of these mod€k andF,) are accidentally degen-

The Raman spectrum of the low-pressure phase | is chaerate, three lines are observed at 458 tifA), 472 cm !
acterized by well separated internal modes of the stronglyF,), and 184 cm? (E+F,) in the Raman spectra of the ion

TABLE |. hkl-values and observed and calculagd/alues in
the high-pressure phase Il at Z8.5 GPa.

in aqueous solutioff In the crystalline structure of the sdlt,

the degeneracies are lifted and the internal modes appear as
vibrational bands in the vicinity of these energies. IMu

et al1®? have shown that th&, and the E+F,) modes

hkl dobs dcalo

002 4.906 4.888 TABLE Il. hkl values and observed and calculatdalues in
121 4.759 4.781 the high-pressure phase Il at 12.6.5 GPa.

220 4.455 4.449

112 4.141 4.148 hkd diovs dicalg
311 3.790 3.789 211 5.097 5.091
022 3.732 3.731 220 4.784 4.789
400 3.489 3.488 031 4.784 4.788
312 3.447 3.437 022 4.730 4.724
302 3.174 3.178 131 4.448 4.451
203 3.108 3.104 103 3.745 3.748
132 3.005 3.004 321 3.432 3.430
132 2.908 2.910 322 3.069 3.065
232 2.852 2.856 400 3.025 3.021
500 2.791 2.790 114 2.826 2.825
213 2.742 2.741 043 2.784 2.782
510 2.711 2.712 421 2.740 2.743
403 2.543 2.544 124 2.698 2.698
413 2.482 2.485 342 2.536 2.539
432 2.375 2.377 333 2.481 2.481
601 2.330 2.328 413 2.372 2.371
050 2311 2.310 520 2.310 2.310
333 2.289 2.285 170 2.208 2.206
251 2.121 2.122 270 2.103 2.103
414 2.094 2.094 344 2.036 2.038
252 2.034 2.030 165 1.737 1.737
424 1.996 1.998 710 1.716 1.716
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TABLE Ill. Unit-cell parameters for phases I, II, and IIl. /F e
B a
150 -
Phase I(Ref. 17 Phase I Phase Il —
(ambient pressuje(7.8+0.5 GPa (12.5+0.5 GPa g 100
a, A 10.04797) 14.0619) 12.0854) Nl
b, A 7.24634) 11.5527) 15.7076) S N
c, A 12.7831) 9.8527) 11.8285) 0 ,
a 90 90 90 0 50 100 150 200 ''450,, 500 550
B 90 97.146) 90 "] 81GPa
90 90 90 o0 )
Y —
Formula Units 4 8 12 R
R? 0.044 0.026 g‘ Ne
- , g 200
#The R value is defined as: =
0 | )
~ 3(26(0bs 20(cal0)’ 0 50 100 150 200 "' 500 550
- 7/
(N(hkl)_ N(var)) 300 |- (x9) 9.8 GPa
whereN g, andN,y are the number of data points and variables, Z 00 ¥ :
respectively. =
‘E‘ 400 |
. . . [=]
split into two Raman lines. Recent Raman measurements £ , |
show up to five different lines for th&, modes near 470
—1 ; ; - 17 0 .
cm ~and four lines in the band around 180 chr(E+ F»). o P 0 10200 70 w0 550
The external modes of g€oS, were observed in those ex- Raman shift fem™]
periments.

The vibrational spectrum of phase | of the, @S, crys- FIG. 4. Room-temperature Raman spectra at different pressures.

tal can be analyzed using the standard factor group analysigelow 100 cmi* are clearly separated from the internal ones
The Cs and Mo ions have site symme@y. Factor group  above 170 cm! by a gap of 80 cm’. Due to the stronger
analysis using the correlatiom(z,x) for Cg in Dy, yields  pressure shift of the external modes this gap becomes
that 42 Raman modes are allowed by symmetry. 18 externamaller. However, at the highest pressures in this experiment
modes with symmetry &;+6B,,+3B;4+3B3,, 6 libra- (12 GPa the internal modes are still separated by about 15
tional modes with symmetryA;+ B,y +2B,4+2B34, and cm ™! from the external ones.
again 18 internal modes with symmetryAgG+6B,,+ ~ The pressure shifts of all Raman active modes are shown
3B,4+3B3,. The last result was obtained by applying thein Figs. a), 5(b), and §c). The values of the mode frequen-
same correlation to the four modes with symmetryE, and  cies at ambient pressure and of the pressure derivatives,
2 F, of the[MoS, 2= tetrahedral ion withT 4 symmetry. dInwvd P at room temperature are compiled in Table IV and
The room-temperature Raman spectra of the three phas!otted in Fig. 6. It is interesting to note that the four lowest

oo ; _ 1
are shown in Fig. 4. At ambient pressure the external model§équency external modegv,—v, below 40 cm™) have
anomalous small pressure derivatives, and even more impor-

tant that the modes, has a negative pressure coefficient
[Table IV and Fig. 5a)]. With increasing pressune crosses

the lowest mode/; and becomes the lowest frequency pho-
non above 4.5 GPa. At the first phase transformation this
phonon vanishes completely suggesting that the change of
structure is related to the phonon softening.

A softening of a low-frequency mode involving
MoO; —MoOj;~ stretching in the low-pressure phase as
well as a downward shift of stretching vibrations within the
M-O polyhedron(M=W, Mo) in the high-pressure phase
was also observed in CaMg@® SrMoQ,,* and BawQ.*
Jayaramaret al}?! and Christofiloset al2 pointed out that
this behavior is connected with an increase of the coordina-
tion number of the metal ion in the high-pressure phase. We
also observe such a behavior in,ll®S,. Therefore, the
results of our Raman study support the proposed model
based on x-ray diffraction for phase Il, presented in Sec.
1 A.

FIG. 3. (a) Top view on thex-y plane in the low-pressure ortho-
rhombic phase I{b) Top view on thex'-z’ plane in the monoclinic
high-pressure phase Il¢) Layered structure in thg’-z" plane of
the monoclinic high-pressure phase Il. Cs-ions are not shown for In order to determine the phase diagram oHMIBS,,
clarity in (a), (b), and(c). high-pressure—high-temperature measurements were per-

C. Phase diagram
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FIG. 5. Pressure dependence of the Raman active modes,bfoSg. (a) external modes(b) internal modes around 180 cth (¢
internal modes above 450 ¢rh The low-pressure phase is labeled with and the two high-pressure phases withand(lll ), respectively.

formed. The abrupt changes of the Raman spdetxternal  the transitions is smaller than the error in pressure determi-
modes have been used to estimate the transition pressures oftion indicated by the error bars in Fig. 7.

both phase transformations. Figure 7 shows the phase dia- The absence of a hysteresis in the transition to phase Il as
gram from room temperature to 250 °C and for pressures upell as the presence of a soft phonon mode suggest a second
to 10 GPa. The high-pressure phagésand(lll) extend to  order phase transition driven by a soft mode. On the other
lower pressures with increasing temperature. The phadeand, a first-order transition with a very small transition en-
boundaries are well defined and slightly curved with an avthalpy cannot be ruled out, especially as the almost linear
erage slope of-0.013 GPa/°C, and cycling several times pressure dependence of the soft mode provides evidence for
through the transitions showed no hysteresis. The width othe nonexistence of any critical exponent. Such scaling be-
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TABLE IV. Mode frequencies and pressure derivatives of the 10
Raman active modes in the low-pressure phase gf1GS,.
(1)
Frequency Pressure derivative oL
(p=0) dInwvdp
Mode (cm™Y (GPa'h _
<
v 23.8 0.022 S sk
123 31.2 —0.016 g (n
V3 36.3 0.07 %
vy 39.7 0.046 -y .L 1
g 45.9 0.107
Ve 50.9 0.18
v 63.3 0.144 (1
Vg 64.9 0.156 6T , . , ,
Vg 76.3 0.115 0 50 100 150 200 250
V1o 81.7 0.131 Temperature [°C]
Vi1 93.1 0.112
V1o 175.2 0.025 FIG. 7. Phase diagram of €doS,.
V13 182.8 0.014
Vi 186.5 0.015 9. Two phase transitions are clearly reflected in abrupt
Vs 190.6 0.021 changes of the edge enerdy, at the transition pressures of
V16 450 0.007 8.0 and 9.7 GPa in agreement with the transitions observed
v, 456.7 0.008 in the Raman data. At the first transitioR, suddenly de-
ig 469.3 0.015 creases by about 50 meV and then continues to decrease
Vi 473.9 0.011 linearly with pressure in phase Il. At 9.7 GPa, the edge en-
Voo 478.4 0.011 ergy jumps l_Jack to its value.at 8 GIPphasg [} followed by
Va1 488.3 0.012 a decrease it upon increasing pressure in phase lll.

tions are of first order.

D. Absorption and luminescence measurements

Selected absorption spectra at different pressures are
shown in Fig. 8; the absorption edge was determined from
the intersection of the two straight lines A and B. The pres-
sure dependence of the absorption edge is displayed in Fig.

0.20

o
o
0.15 |-
o
—_
o o
& o
& | . eo
E’O.IO -
LS
~
o)
2 o
=
o
= 005 | o
) %o
o e %o
1 " 1 1 L
0 100 200 300 400

v(p=0) [em™]

FIG. 6. Absolute values of the pressure derivativati v/dp,

of the mode frequencies versuép=0).

500

The most interesting feature of the pressure dependence
of the edge energy in the low-pressure phase | is the sign
havior, however, is crucial for a second-order transition. Fur£hange of the pressure derivativez/dP, at about 3.5 GPa.
thermore, we were able to record Raman spectra showing thEne pressure dependence of the absorption edge in the low-
characteristic features of two coexisting phases. If we exPressure phase can be described by a quadratic equation
clude pressure gradients this again indicates that the transi-

(1) 0.45GPa
(2) 4.04 GPa
4) 8.13GPa

—
w
!

Optical density

—_
(=1
I

1.8

2.0

Energy [eV]

FIG. 8. Room-temperature absorption spectra at different pres-
sures. The absorption edge is defined by the intersection of the

straight lines A and B.
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FIG. 9. Pressure dependence of the absorption edge.
E(eV)=ao+a;P+a,P? (P in GPa

with a,=2.132(1) eV, a;=0.0155(7) eVI/IGPa, and
a,=—0.0021(1) eV/GPa This behavior implies that the
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Intensity [arb. units]

£ 1 1 1 1
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Pressure [GPa]

FIG. 11. Integrated luminescence intensities versus pressure.

sample as well as the luminescence signal of the diamond
anvils and of the pressure medium. The maximum of the
luminescence intensity shifts to higher energies up to 3 GPa,
with a concomitant decrease of the integrated intensity by

electronic structure is more complicated than that of a typicafibout one order of magnitud€ig. 11). Due to the necessary
semiconductor; there is no well-defined single gap in thecorrections of the spectra, the relative error of the integrated
band structure which determines the optical properties. Thifitensities is about 10%. However, the intensity decrease
change of sign oflE/dP indicates that a band crossing may With pressure is well established by the plot in Fig. 11.
occur with increasing pressure. The luminescence maximum shifts to higher energy,
In order to provide further support for a direct-indirect Which is related to the opening of the direct gap at the
band crossing, luminescence measurements were perform&ﬁ.,'m, of the Brillouin zone with increasing pressure. This
High-pressure investigations of G#&s2and InB52" have shift is about 30 meV from ambient pressure to 3 GPa and is
shown that a direct-indirect band crossing results in a chaiS0MParable with the shift of the absorption edge in the same

acteristic decrease of the luminescence intensity across fgessure rangéFig. 9. However, at ambient pressure the

direct gap. Selected luminescence spectra at different pregﬁosmon of the maximuni2.46 eV} is 300-meV higher than

sures are shown in Fig. 10. The spectra are corrected k}¥1
subtracting the Raman and resonance Raman lines of th5

Intensity [arb. units]

1400 +

1200 |-

g

3

2

=4
T

600 -

I

r=3

E=3
T

[

=3

k=3
¥

=3

A: 0.38GPa
B: 1.15 GPa
C: 2.55GPa

I

24
Energy [eV]

2.5

26

2.7

e absorption edge, indicating that excitonic states below
e conduction band are probably responsible for the ob-
erved absorption.

Based on the results of the absorption and luminescence
measurements we propose a qualitative schéfige 12 to
explain the effect of pressure on the electronic excitation
spectrum. At ambient pressure the onset of absorption is de-
termined by excitations into excitonic levels, which are about
0.3 eV below the conduction band at the point of the
Brillouin zone. The photoluminescence is due to the recom-
bination of charge carriers from the bottom of the conduction
band(2.46 eV above the valence barat thel” point. The
fact that the luminescence intensitiyig. 11) shows no pla-
teau, as in the case of Irf®;?’indicates that there is at least
one more local minimum in the conduction band at another
point in the Brillouin zone, most probably at a zone bound-
ary. This minimum forms an indirect gap with the valence
band. The width of this indirect gap is expected to be of
similar size as the direct one, so that a portion of the photo-

FIG. 10. Room-temperature luminescence spectra at differenéxcited carriers does not take part in the luminescence pro-
pressures.

cess[Fig. 12a)].
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. : Only detailed band structure calculations will provide an
r unambiguous answer which picture will be right. We hope
: ? that the results presented here together with results of Jayara-

|1,2l,

manet al?1?8will motivate such calculations.

IV. SUMMARY

; We have observed two high-pressure phase transitions
absorption rﬁr{bsomﬁon with no measurable hysteresis and a very small transition
region in CsMoS,. The structure of the high-pressure phases
was determined to be monoclinic and orthorhombic, respec-

: tively using energy-dispersive x-ray diffraction. The results
from our Raman scattering study support that the coordina-
tion number increases at the transition to the first high-
pressure phase. The observed decrease of a low-frequency
external mode is explained with this increase of the coordi-
nation number. The electronic excitation spectrum is inves-
sligated by absorption and luminescence measurements. We
apave shown that the results can be explained by a band cross-

formula for the luminescence intensity derived by Kobayashfng merI where abovg 3.5 .GF_’a the optical a_bsqrpnon IS
determined by electronic excitations across an indirect gap.

et al?® One of the parameters of the expression for the pres:

sure dependence of the emission intensity is the transitioﬁand structure calculations are necessary to prove the occur-

pressure of the direct indirect band crossing. Jayarama??nce of a direct-indirect band crossing.

et al! report a decrease in the optical gap with increasing
pressure in SrMoQ They claim that it appears also from
their observations on other molybdate€that thed state of This work is partly based upon research conducted at the
the Mo ion decreases in energy with increasing pressure, thu@ornell High Energy Synchrotron Source, which is sup-
reducing the optical energy gap of the material. Howeverported by the National Science Foundation under Award No.
they do not refer to an indirect gap. Based on the results 0dbMR-93-11772. Furthermore, we acknowledge the support
our luminescence measurements, we favor the direct indirecif the National Science Foundation through Grant Nos.
band crossing picture. DMR-93-10222 and CHE-96-25378.

(@) | (b)

FIG. 12. Schematic band structure diagram compiling the result
of the absorption and luminescence measurements.

The fact that we do not see the plateau in the lumine
cence intensity prevents a fit of our data to a theoretic
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