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Pressure-induced phase transitions ina-ZrMo 2O8
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We report high-pressure Raman, infrared~IR!, and optical-absorption spectra ofa-ZrMo2O8 ~trigonal! up to
38 GPa at room temperature. The spectroscopic studies are consistent with diffraction results that show that
a-ZrMo2O8 transforms intod-ZrMo2O8 ~monoclinic! at about 1 GPa and thed phase converts to the« phase
~triclinic! at about 2.0 GPa. Optical-absorption measurements give an estimate of the band gap of about 0.6 eV
at the lowest pressure. Band-gap changes with pressure are confirmed with visual observations. ZrMo2O8

changes from transparent at 5 GPa to yellow at 10 GPa, red at 18 GPa, and at about 30 GPa it becomes opaque.
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I. INTRODUCTION

In recent years materials that exhibit negative thermal
pansion have generated considerable scientific and tec
logical interest. Many studies have been performed
MX2O8 and MX2O7 ~M5Zr and Hf andX5W, Mo, and
V!, mainly due to their isotropic negative thermal expansi
For example, negative thermal expansion has been repo
in ZrW2O8,1 HfW2O8,2 ZrV2O7,3,4 and cubic ZrMo2O8.5 It
has been proposed that the negative thermal expansion i
tungstates and molybdate is due to the presence of
frequency rigid modes and in the vanadate it is due to
rotation of the VO4 tetrahedra.1,3,4,6 ZrMo2O8, one of the
MX2O8 compounds, has several known polymorphs a
atm.: g-ZrMo2O8 ~cubic!,5 a-ZrMo2O8 ~trigonal!,7–9 and
b-ZrMo2O8 ~monoclinic!.10 Neutron and x-ray diffraction
measurements show that like its structural ana
b-ZrW2O8 , cubic ZrMo2O8 exhibits isotropic negative ther
mal expansion, from 11 to 573 K.5 Unlike ZrW2O8, which
has an order-disorder phase transition@a ~acentric! to b ~cen-
tric! phase# at 428 K, ZrMo2O8 does not show a phase tra
sition in this temperature range.2 A high pressure x-ray dif-
fraction study has found that with compression, cu
ZrMo2O8 has a phase transition at 0.7–2 GPa with a volu
decrease of 11%.11

At ambient conditionsa-ZrMo2O8 has the space-grou
symmetryP3̄c with unit-cell parametersa510.139 Å and
c511.7084 Å.8,9 It has a ~two-dimensional! 2D network
with layers perpendicular to thec axis, which are formed
from the ZrO6 octahedra linked together by MoO4 tetrahe-
dra. Three of the four oxygen atoms of the molybdate te
hedra are linked to different Zr atoms. The fourth oxyg
atom of each tetrahedron points into the interlayer region
the oxygen atoms form a cubic-close-packed an
arrangement.7,12 Recently, high pressure x-ray powder d
fraction studies by Carlson and Andersen7 show that at room
temperaturea-ZrMo2O8 transforms tod-ZrMo2O8 ~mono-
clinic and space-group symmetryC2/m! at around 1.1 GPa
and another phase transition from thed phase to the« phase
~triclinic and space-group symmetryP1 or P1̄! takes place
in the pressure range 2 to 2.5 GPa. The unit-cell volu
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decreases by 4.9% in thea to d-ZrMo2O8 phase transition
and by 10% over thed to « transformation.7

In this paper, we report the high-pressure Raman, in
red, and optical absorption spectra of ZrMo2O8 up to 38
GPa. By the appearance of new vibrational modes in
pressure range 1.1 to 1.3 GPa and 1.9 to 2.3 GPa, Raman
IR spectroscopy reveal two phase transitions.

II. EXPERIMENT

Powder samples ofa-ZrMo2O8 ~Ref. 7! were loaded in a
Mao-Bell-type diamond-anvil cell. Diamonds with 350mm
culets were used and a spring steel gasket contained
sample. Less than 5% ruby powder was included and use
calibrate the pressure13 and no pressure transmitting mediu
was used in the optical-absorption measurements. For
Raman measurements 4:1 methanol:ethanol mixture
used as the pressure transmitting medium. For IR meas
ments the sample was diluted with KBr powder~1:99! for
ambient and~1:20! for high-pressure measurements.

High-pressure optical-absorption measurements in
range 1 to 4 eV were carried out in transmission geome
using a monochromator with a liquid nitrogen cooled pho
multiplier tube, and a tungsten-halogen lamp was used as
light source. Spectra were initially collected without th
sample to determine the system response. Spectra of the
mond anvils were also collected and used as referenc
determine the absorbance of the ZrMo2O8. Raman measure
ments were carried out using an OMARS 89 Raman sp
trometer equipped with a liquid nitrogen cooled charge
coupled device. The 514.5 nm line of an argon ion laser w
used as the excitation source and the scattered light from
sample was collected in the backscattering geome
Infrared-absorption measurements were carried out usin
Nicolet Nexus 670 Fourier transform infrared spectrome
equipped with a liquid nitrogen cooled MCT-A detector.

III. RESULTS AND DISCUSSION

The pressure-induced changes in the Raman active vi
tional modes are shown in Figs. 1~a! and 1~b!. The spectrum
recorded at ambient conditions has eight modes. By comp
©2002 The American Physical Society01-1
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son with the spectra of other molybdates14–16 the strong
modes centered at 1003, 960, and 948 cm21 are assigned to
the symmetric stretching of MoO4 tetrahedra and the 887 an
753 cm21 modes are assigned to the asymmetric stretch
those at 364 and 331 cm21 to the MoO4 symmetric bending
and asymmetric bending, respectively; and the peak at
cm21 to a lattice mode. With compression the mode at 3
cm21 develops a shoulder and becomes a doublet~317 and
326 cm21! and the lattice mode at 177 cm21 also becomes a
doublet ~166 and 199 cm21! at 1.3 GPa. Two other new
modes appear at 409 and 910 cm21 at this pressure@Fig.
1~a!#. These changes can be related to thea to d-ZrMo2O8
phase transition that has been observed in high pres
x-ray diffraction measurements, where the crystal struct
changes from a higher-symmetry~trigonal! to a lower-
symmetry~monoclinic! phase.7,12

With increasing pressure, new modes appear at 192,
281, 340, 353, 703, 729, 770, 813, 838, 964, and 1032 c21

at 1.9 GPa@Fig. 1~a!#. This change is associated with thed to
«-ZrMo2O8 phase transition observed in the high-press
x-ray measurement at 2 GPa.7 Above ;6 GPa all the modes

FIG. 1. ~a! Raman spectra recorded at various low pressure
the range 130–1130 cm21 for the a, d, and« phases of ZrMo2O8 .
The symbol* indicates new modes~b! Raman spectra recorded
various high pressures in the range 130–1130 cm21. The spectrum
recorded at 8.5 GPa has broad Raman modes, characteris
amorphous samples.
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become weak and start broadening@Fig. 1~b!#. At 8.5 GPa
and above, the modes are centered approximately at
545, 807, and 950 cm21 @Fig. 1~b!#. These modes that ar
present to the highest pressure for which Raman spectra
collected, 23 GPa, demonstrate the existence of the M4
tetrahedra. This is similar to the two broad WO4 Raman
modes observed at 3.5 GPa in amorphous ZrW2O8.17 Thus,
we suggest that the mode broadening above 6 GPa ma
due to amorphization of ZrMo2O8 @Fig. 1~b!#. Carlson and
Andersen7 observed a weakening and broadening of
Bragg scattering from ZrMo2O8 at ;8 GPa, which they at-
tributed to either increasing nonhydrostatic conditions in
diamond-anvil cell or pressure-induced amorphization. Si
the pressure-transmitting medium in their experiment~4:1
methanol:ethanol! is hydrostatic to over 10 GPa, we woul
suggest that the sample is undergoing pressure-indu
amorphization.

Figure 2 shows the plot of the Raman frequencies vs p
sure. The appearance of new Raman modes at around 1.1
again at 1.9 GPa further documents the high-pressure p
transformations. The mode Gru¨neisen parameters, which ca
be related to the Gru¨neisen parameter, a key parameter
determining thermal properties, are calculated for the vari
Raman active modes. The mode Gru¨neisen parameterg i is
defined asg i5(v ixT)21(]v i /]P), where v i is the fre-
quency of thei th mode,P is the pressure, andxT is the
isothermal volume compressibility. Table I lists the press
derivatives and mode Gru¨neisen parameters of the variou
Raman mode frequencies ofa-, d-, and «-ZrMo2O8. It is
noted that some of the lattice modes and the MoO4 symmet-
ric stretching and bending modes exhibit negative Gru¨neisen
parameters.

Figure 3 shows the vibrational modes measured by in
red spectroscopy at various pressures at room tempera
Due to the experimental limitations only modes above 6
cm21 were recorded. At ambient conditions there are mo
centered at 668, 681, 741, 871, 932, 975, and 996 cm21.
With increasing pressure new modes start appearing, e

in

of

FIG. 2. The pressure dependence of the observed Raman m
1-2
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TABLE I. Mode Grüneisen parameters (g i) and pressure derivatives (dv/dP) of the various Raman modes ofa-, d-, and«-ZrMo2O8 .
Reported values ofxT55.131022, 4.231022, and 1.131022 GPa21, respectively, for the three phases are used in the calculation.7

a
~0 GPa!

d
~1.3 GPa!

«
~1.9 GPa!

Assignment
Mode freq.

~cm21!
dv/dP

~cm21/GPa! g i

Mode freq.
~cm21!

dv/dP
~cm21/GPa! g i

Mode freq.
~cm21!

dv/dP
~cm21/GPa! g i

1032 5.90 0.52
1003 4.09 0.08 995 23.55 20.08 992 2.03 0.19

ns(MoO4) 960 0 0 948 27.64 20.19 964 2.22 0.21
948 24.75 20.10 934 211.55 20.29 927 27.28 20.71

910 28.73 20.23 904 7.03 0.71
838 7.03 0.76
813 0.97 0.11

887 1.31 0.03 770 0.86 0.10
nas(MoO4) 753 4.68 0.12 756 1.29 0.04 757 4.75 0.57

729 1.51 0.19
703 5.02 0.65

das(MoO4) 364 9.47 0.51 409 13.09 0.76 437 2.49 0.52
365 10.01 0.65 392 2.42 0.56

353 4.24 1.09
340 20.33 20.09

ds(MoO4) 331 21.50 20.09 326 21.85 20.14 326 23.36 20.94
317 29.46 20.71 311 21.25 20.36

281 4.50 1.46
243 4.52 1.69

199 12.16 1.45 207 4.11 1.81
Lattice modes 177 22.25 20.25 192 20.41 20.19

166 0.77 0.11 166 1.50 0.82
e
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cially in the 760 cm21 region. This change is similar to th
new modes observed in the Raman spectra around 1
where thea- to d-ZrMo2O8 phase transition takes place7

With further compression a new mode appears around
cm21 and it is clearly visible at 2.8 GPa. This change may

FIG. 3. A series of infrared absorption spectra recorded at v
ous pressures.
06410
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related to the new modes observed in the Raman spe
around 2 GPa, the pressure for thed- to «-ZrMo2O8 phase
transition.7 Table II lists infrared frequencies ofa-, d-, and
«-ZrMo2O8. Figure 4 shows the pressure dependence of
infrared frequencies.

Representative transmission spectra, normalized to
reference spectrum are shown in Fig. 5~a!. The spectra
clearly show the change in transmission with pressure. A
ratioing to the reference spectrum, the transmitted li
through the sample yields the absorbance of the sample@the
absorbance is the absorption coefficient~a! times the sample
thickness~t!#. Assuming parabolic conduction and valen
bands, as well as a direct band gap, a plot of (atE)1/2 vs
incident photon energy~E! should yield a straight line in the
high energy regions of the spectrum@Fig. 5~b!#, where the
contribution to the absorption coefficient due to other mec
nisms is negligible. With these assumptions, an extrapola
of the linear portion to zero absorption yields the ba
gap.18,19If ZrMo2O8 has an indirect band gap, then the actu
band gap at each pressure is slightly off from the band-
energy quoted here.20 The color of the sample directly indi
cates the changes in the band gap. The initially pink sam
becomes transparent at 5 GPa, yellow around 10 GPa,
around 18 GPa, and by 30 GPa the central region of
sample becomes opaque, although the outer rim, which
a lower pressure, is still red.

i-
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Figure 6 shows the estimated band gap vs pressure. A
lowest pressure~;0 GPa! the estimated band gap is 0.6 e
Up to a pressure of 1.3 GPa the band gap changes from
to ;0.3 eV. Above 1.3 GPa the band gap starts increas
until it reaches a maximum of 1.4 eV at around 11 GP
Above this pressure the band gap starts decreasing with
creasing pressure, reaching 0.9 eV at 38 GPa.

At about 1 GPa, ZrMo2O8 undergoes a structural phas
transition ~a to d!. The a and d phases have volume com
pressibilities of 5.131022 and 4.231022 GPa21,
respectively.7,12 The compressibility is larger in thec direc-
tion and the applied pressure is mainly accommodated
decreasing the interlayer distance instead of compressing
Zr-O and Mo-O bonds.12 Since the bond lengths of the poly
hedra do not change significantly in this pressure regime
application of pressure would be expected to increase
bandwidths of the bands without affecting the band cen
thus, leading to a reduction in the band gap with press

FIG. 4. The pressure dependence of the observed infr
frequencies.

TABLE II. Infrared frequencies~cm21! of ZrMo2C8 of the a
~trigonal!, d ~monoclinic!, and« ~triclinic! phases

Assignment a ~0 GPa! d ~1 GPa! « ~2.3 GPa!

996 998 996
ns(MoO4) 975 976 966

932 956 932
902 902

871 867
831 837
774 804

nas(MoO4) 762 771
754 757

741 747 746
681 673 657
668
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e.Similar pressure effects are observed in high-pressure b
gap measurements of As2S3

21,22 and GaTe.23

At about 1.3 GPa, the band gap increases and reach
maximum of 1.4 eV at around 11 GPa. In this pressure

ed

FIG. 5. ~a!: Representative plots of transmission vs incide
photon energy for various pressures.~b!: The solid lines are graphs
of (atE)1/2 (a2absorption coefficient,t2sample thickness) vs the
incident photon energy (E), for various high pressures. The dash
lines are the linear fits to the high energy region, and the band
is determined by extrapolating the fit to zero absorption.

FIG. 6. The band gap of ZrMo2O8 vs pressure on compression
The solid lines between 0 to 11 GPa are guides to the eye. The
line from 11 to 38 GPa is a linear least-squares fit to the data.
1-4
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gime ZrMo2O8 is in the triclinic « phase. The« phase has a
volume compressibility of 1.131022 GPa21 which is 4–5
times less than thea and d phases, and is more dense
packed than the other two phases.7 We speculate that for the
« phase, the applied pressure may alter the centers of
conduction and valence bands as well as the bandwidth
may be that the shift of the band centers is greater than
broadening of the bandwidths, leading to an overall incre
in the band gap as in the case of the layered semicondu
GaTe and tetragonally bonded amorphous Ge, Si,
GaAs.23,24The discontinuities in the slope of the band gap
1 and 2 GPa may be due to thea to d and thed to « phase
transitions~Fig. 6!.

Above ;11 GPa, when the ZrMo2O8 is amorphous the
band gap again starts decreasing with pressure at a ra
20.01860.005 eV/GPa. A linear extrapolation indicates th
ZrMo2O8 will become a metal at around 90 GPa.

IV. CONCLUSION

In conclusion, we report Raman, IR, and optica
absorption measurements for the three crystal structures~a,
ce

A
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.

en
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B
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d, and«! and for noncrystalline ZrMo2O8 under high pres-
sure. Raman and IR spectroscopy document the previo
identified phase transitions from thea ~trigonal! to the d
~monoclinic! phase at 1 GPa and thed to the « ~triclinic!
phase at 1.9 GPa, through the appearance of new modes
discontinuities in the slopes of other modes. Additiona
Raman spectroscopy supports the« to amorphous ZrMo2O8

transition at ;8.5 GPa. Optical-absorption measureme
show a small decrease in the band-gap energy below
GPa, an increase of about 1.2 eV between 1.3 to 11 GPa
a linear decrease above 11 GPa. It would be interestin
calculate the band structure of ZrMo2O8 under compression
to get additional insight into the behavior of the band g
with pressure.
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